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Recent advances in microfluidics have enabled the molecular-level study of polymer dynamics using
single DNA chains. Single polymer studies based on fluorescence microscopy allow for the direct
observation of non-equilibrium polymer conformations and dynamical phenomena such as diffusion,
relaxation, and molecular stretching pathways in flow. Microfluidic devices have enabled the precise
control of model flow fields to study the non-equilibrium dynamics of soft materials, with device
geometries including curved channels, cross slots, and microfabricated obstacles and structures. This
review explores recent microfluidic systems that have advanced the study of single polymer dynamics,
while identifying new directions in the field that will further elucidate the relationship between polymer

microstructure and bulk rheological properties.

1. Introduction

Microfluidics has revolutionized the study of biological systems
and soft materials. Recent advances in microfabrication have
enabled the precise control of small-scale flows in microfluidic
devices, which provides a powerful platform to study the
dynamics of soft materials at the molecular level. In particular,
single polymer dynamics provides a direct view of polymer
solution microstructure, including non-equilibrium polymer
chain dynamics, polymer—solvent interactions, and macromo-
lecular transport phenomena. In this way, single polymer
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dynamics holds strong potential to tremendously benefit the field
of molecular rheology by providing a direct link between poly-
mer microstructure, molecular-based constitutive models, and
bulk rheological properties of polymeric materials. A compre-
hensive understanding of single polymer dynamics is crucial for
applications including materials processing, non-Newtonian
rheology, electrophoresis, DNA manipulation for genomics,
biosensing, and lab-on-chip devices.

Single polymer studies have primarily focused on semi-flexible
polymers using fluorescently labelled DNA, but recent interest
has turned toward flexible polymer chains. For the last two
decades, double stranded deoxyribonucleic acid (DNA) has
served as a model system for single molecule polymer
dynamics.»* Monodisperse samples of double stranded DNA
can be readily synthesized via molecular cloning or polymerase
chain reactions, and DNA molecules can be fluorescently
labelled for direct observation with videomicroscopy.® Early
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single polymer studies of DNA relied on optical tweezers and
bead-tethered DNA to study chain relaxation,* entanglement,®
and the stretching dynamics of single DNA molecules in uniform
flow.® Other techniques including magnetic tweezers and atomic
force microscopy have been used to study the mechanical prop-
erties of DNA.” More recently, single polymer studies of DNA
have involved surface tethering, flow channels, and micro-
fabricated structures and devices.

Although DNA has been extensively used as a model polymer,
double stranded DNA is a semi-flexible polymer chain with
distinct molecular properties compared to flexible chains,
including a significantly larger persistence length (~65 nm for
fluorescently labelled DNA) relative to truly flexible polymers
(~0.6 nm for many synthetic polymers).® Recently, our group
developed a new system that has enabled single molecule studies
of flexible polymer chains based on fluorescently labelled single
stranded DNA, which has a bare persistence length of ~0.65 nm.?

For nearly all single polymer studies, microfabricated flow
geometries are coupled with fluorescence microscopy, which
allows for direct observation of non-equilibrium polymer
microstructure. The main purpose of this review is to explore the
use of recent microfluidic platforms in the field of single polymer
dynamics. Microfluidic systems have also played a key role in
measuring bulk-level rheological properties'®!' and biosensing
single molecules,'>'* both of which have been extensively
reviewed elsewhere.

Using recent approaches in soft lithography, microfluidic
devices can be fabricated inexpensively and reliably with tailored
geometries to achieve well-defined microscale flows."* Micro-
devices commonly rely on pressure-driven or electrokinetically
driven flows to stretch polymer chains far from equilibrium.
Fundamental studies of single chain dynamics typically rely on
simple device configurations to generate model flows, such as
uniform, shear, or extensional flow, whereas increasingly
complex flow networks can be achieved through interconnected
channels, valves, and reservoirs. In microfluidic channels, the
physics of viscous-dominated flows is characterized by principal
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dimensionless numbers.’”> Dimensionless groups relevant to
polymeric studies include Reynolds number Re = pUL/n(7),
where p is the fluid density, U is the average velocity, L is a
characteristic length scale, and n(¥) is the solution viscosity and
Weissenberg number Wi = 7, where 7 is the shear rate and t is
the longest polymer relaxation time.

This review is organized to explore the study of single polymer
dynamics using distinct microfluidic geometries, including
channel-based flows, cross slots, arrays, and nanofluidic
confinement (Fig. 1). Each platform results from a different set of
microfabrication methods, naturally lending to the study of
polymer dynamics in tailored microscale flow fields. Prominent
methodologies and unique architectures are highlighted for each
system.

2. Channels

A single, straight channel is the fundamental element of a
microfluidic device. Channels form the basis for more complex
microfluidic designs, such as converging channels, micro-
contractions, cross-slots, and post arrays. Microscale flows differ
from macroscopic fluid flows because high surface-to-volume
ratios enhance polymer—wall interactions, and small length scales
result in laminar flow conditions within microchannels. In some
cases, the dimensions of macromolecules can approach the
dimensions of microchannels. For example, single A-DNA
molecules (contour length L = 16.3 pm and radius of gyration
R, = ~0.7 pm) may be confined in channels with dimensions
ranging from ~100 pm to sub-micron scales.'®!'” Increased
interactions between polymers and device surfaces can result in
non-Newtonian flow phenomena, even at dilute polymer
concentrations (Section 5).

Moving boundaries, pressure gradients, or electric field
gradients are commonly used to drive fluid flows in micro-
channels. Channel-based studies generally aim to measure
polymer conformations in flow, polymer effects on fluid flow,
and single polymer transport mechanisms.

2.1. Moving boundaries

Surfaces can be used to generate well-defined fluid flows in
microfluidic channels. For example, simple shear flow can be
generated near the vicinity of a moving boundary in a channel. In
some cases, surfaces can play additional roles in polymer chain
dynamics, e.g. adsorbing polymer chains or screening intra-
molecular hydrodynamic and/or excluded volume interactions.
Under strong confinement, surface effects play a key role in
polymer chain dynamics (Section 5).

Parallel plates. Shear-induced migration and the non-equilib-
rium tumbling dynamics of polymer chains in shear flow have
been studied using single polymer dynamics. In quiescent
conditions, polymer molecules adopt random coil configura-
tions, but polymers are known to deform into highly stretched
conformations in steady shear flow. Initial studies of single DNA
molecules in shear flow revealed a rich spectrum of molecular
conformations (Fig. 2).'®' In this work, shear flow was gener-
ated in the gap between two translating parallel glass plates.
Polymers in dilute and semi-dilute solutions were observed to

Soft Matter

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2sm26036k

Downloaded by University of Illinois - Urbanaon 22 August 2012
Published on 03 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 26036K

View Online

[

7y =">
7 il

Fig. 1 Schematics of several microfluidic platforms highlighted in this review. For each schematic, the direction of fluid flow is indicated by the arrows.
(a) Straight channel; (b) planar micro-contraction; (c) planar 90° bend; (d) channel-based micro-curvilinear flow device; (¢) hyperbolic contraction;
(f) linear converging channels; (g) cross-slot geometry; (h) single obstacle; (i) ordered array of obstacles; and (j) slit-like confinement.

Fig. 2 Conformations of single DNA molecules in steady shear flow at

= 19. Time between images is (A) 6 seconds, (B) 0.84 seconds, or (C) 6
seconds. Scale bar: 5 um. From D. E. Smith et al., Science, 1999, 283,
1724-1727. Reprinted with permission from AAAS.

stretch during the start-up of shear flow, and flows above a
critical Wi resulted in an overshoot in fractional extension,
coupled with an overshoot in shear viscosity.?® Interestingly, the
overshoot in ‘bulk’ shear viscosity was directly related to
molecular stretching conformations in shear flow.*!

DNA stretching dynamics were also studied in the flow-
gradient plane of shear flow, where polymers were imaged in a
thin gap between a pair of parallel quartz slides mounted upright
with respect to the microscope objective.?* Using this approach,
the tumbling dynamics of single DNA molecules in shear flow
was directly observed for the first time.?*?3 In shear flow, it was
observed that polymers undergo periodic end-over-end tumbling

events such that the frequency of characteristic periodic motion
scales sublinearly with flow rate.**

The dynamics of semi-dilute and concentrated solutions were
also characterized in the flow-gradient plane of shear flow using
single molecule studies. Entangled DNA solutions were studied
at concentrations up to 35¢", where ¢’ is the overlap concentra-
tion, which revealed two distinct relaxation time scales following
shear deformation. Teixeira et al. also observed molecular indi-
vidualism, wherein molecules exhibited vastly different confor-
mations despite exposure to identical flow histories.?

Torsional flow cell. Larson and co-workers developed a
torsional flow cell to generate shear flow between a rotating
circular glass plate and a fixed coverslip. In the vicinity of the
fixed boundary (distances < ~0.3L from the surface), DNA
stretching was reduced from that observed in bulk shear flow,
especially near adsorbing walls.?® Dilute and concentrated DNA
solutions in torsional shear flow also exhibited shear-migration
behaviour, wherein flow-stretched molecules drifted toward the
centreline of the channel.*”*® Shear migration resulted in
depleted DNA concentrations in the near-surface region
compared to bulk concentrations. Moreover, compact molecular
extensions and weakened shear-induced migration were also
observed in the near-surface region of flow in a microfluidic
channel, and these phenomena were attributed to an upward
drift velocity from surface-induced reduction of hydrodynamic
interactions within the polymer chain.?® Importantly, shear
migration and shear-induced extension appear to play significant
roles on the flow profiles and molecular configurations of poly-
mers in microfluidic platforms.

Translating tubes. Chu and co-workers constructed a novel
microdevice that creates well-defined mixed flows with dominant
elongational or rotational flow character. In this device, Teflon
tubes and rods are translated in opposing directions to explore
the coil-stretch transition of DNA molecules for mixed flows in
the neighbourhood of simple shear flow. As extension-domi-
nated mixed flows approached simple shear flow, the transition
between coiled and extended states partially softened, such that
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extended polymers were occasionally “kicked” out of alignment
by Brownian fluctuations, resulting in a collapse to a coiled state.
In rotation-dominated mixed flows, polymer conformations
exhibited periodic deformations.*®

2.2. Pressure-driven flow

Straight channels. Pressure gradients in channels generate
Poiseuille (parabolic) flow, such that shear flow develops near
channel walls. Microfluidic pressure-driven oscillatory flow, in
which fluid flow alternates directions at a given frequency,
primarily generates a shear flow profile.?! Oscillating flows allow
for prolonged observation of DNA molecules, which directly
enabled additional dynamical studies. The oscillatory flow
resulted in shear-migration-induced focusing, in which molecules
migrated toward the centreline and formed depletion layers at
channel walls. Jo et al. observed that high Weissenberg number
flows enhanced stretching and focusing, but larger oscillation
frequencies reduced both of these effects.®*

Converging/diverging flows. Microfluidic devices frequently
contain converging and/or diverging features. A decrease in the
cross-sectional area of a channel accumulates fluid strain and
stretches incompressible fluid elements to conserve mass
(volume), thereby resulting in an extensional flow. Several groups
have studied the response of soft materials in the context of
converging or diverging channels, which are typically fabricated
in silicon®3? or quartz*® devices for structural precision.

Shrewsbury et al. characterized the effects of converging flow
on DNA conformations in dilute (0.1% ¢")'® and semi-dilute
(10% ¢")** solutions. DNA molecules were observed to stretch in
extensional flow generated in a contraction flow. Conversely,
partially stretched molecules relaxed while moving through the
channel and into diverging flow upon exiting the channel (Fig. 3).
Near the device floor and ceiling, DNA molecules were observed
in partially stretched conformations, resulting from near-surface
effects of shearing flow. In dilute solution, molecules near walls
had longer median lengths at the channel entrance than at the
exit, suggestive of chain scission under high shear flow.'® Higher
concentrations suppressed both DNA molecular stretching and
median length variations between the channel entrance and
exit.3? Overall, these results suggest that entanglements dissipate
stress and prevent chain scission. Clearly, solution concentra-
tions play a key role in DNA transport and should be considered
when designing microfluidic devices.

DNA stretching was also studied using pressure-driven flow in
continuously converging channels.** Researchers at U.S. Geno-
mics*® studied DNA dynamics in channels with funnel geome-
tries with specific dimensions to tailor strain rate profiles. DNA
molecules were pre-stretched in shear flow prior to transport
through the funnels in order to minimize the effects of molecular
individualism on chain stretching dynamics. High and low strain
funnels were observed to fully extend DNA molecules, but a
funnel with increasing strain rate yielded the most probable
extended conformation, which is important for applications of
DNA stretching such as genomic mapping. Kim e al. found
similar results through numerical simulation of the same geom-
etries, even though transport was modelled using an electric field
instead of a pressure gradient.*

Imaging Locations: A-F

B C DE

¢—— L=8mm —»

Fig. 3 DNA conformation along the channel centreline as a function of
axial position in the device. The representative images indicate the
dramatic stretching of the molecule due to the elongational flow at the
channel entrance, and the recovery of its equilibrium conformation as it
travels through the channel and into the downstream reservoir. From
ref. 16, with kind permission from Springer Science + Business Media.

Curved streamlines and elastic secondary flows. Viscoelastic
solutions significantly influence flow fields in a wide array of
channel geometries, particularly planar micro-contractions and
90° corners (Fig. 1b and c). Curved geometries can be fabricated
from polydimethylsiloxane (PDMS) or poly(methyl methacry-
late) (PMMA), which are inexpensive and allow for reliable
replication of micron-scale features using soft lithography tech-
niques. The abrupt onset of fluid flow in a micro-contraction
geometry results in elastic secondary flows, producing vortices or
other instabilities depending on the contraction type (planar,
square, or axisymmetric), contraction ratio, and fluid rheological
properties.*®

Rodd er al. >3 used polyethylene oxide solutions to study the
effect of elasticity on vortex formation and growth in a PDMS
micro-fabricated planar 16:1:16 contraction-expansion device.
This microdevice permitted the study of flow regimes within a
parameter space spanning several orders of magnitude of the
elasticity number (El = Wi/Re), which is a function of fluid
properties, flow rates, and characteristic length scales.

Flow through curved geometries is relevant to understanding
polymer transport in microfluidic lab-on-chip devices. DNA
solutions were used to observe viscoelastic flows in abrupt planar
2:1 (ref. 38) and 4:1 (ref. 39) micro-contractions (silicon and
PMMA devices, respectively). Hemminger et al*® used fluo-
rescently labelled tracer DNA molecules in a 1% DNA solution
to visualize vortex formation, transitional behaviour, and
“jerky” shear banding due to slipping of DNA entanglements.
Analogous to micro-contractions, flow of polymeric solutions
around corners and bends can generate elastic secondary
flows. Gulati et al.*® observed polystyrene tracer particles in
shear-thinning DNA and polyethylene oxide solutions to visu-
alize vortex development at the inner upstream corner of a 90°
micro-bend.
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Cheng et al*' developed a channel-based PDMS device to
manipulate DNA molecules with a micro-curvilinear flow
(Fig. 1d). This work demonstrated the ability to induce radial
acceleration in a circular side chamber and to observe simulta-
neous elongation and curvature of a single DNA molecule
tethered to the chamber entrance.

2.3. Electrokinetic flow

Channel-based electrokinetic studies of single polymer molecules
focus on migration mechanisms and molecular conformations,
both of which are central to understanding and studying
dynamics of single molecules in confinement, arrays of obstacles,
and electrophoretic separation. Negatively charged phosphate
groups along the backbone of DNA molecules allow for uniform
macromolecular transport in the presence of an external electric
field. Electric fields can be applied across various media, ranging
from buffered solutions to linear polymer gels, which can be
incorporated into microfabricated devices in order to investigate
the response of single polymers to an electric field. In micro-
channels, electro-osmosis results in uniform plug-flow velocity
profiles, such that shear flow is localized to a thin layer at the
channel walls in the vicinity of the Debye layer. Electrophoretic
flows have been extensively reviewed elsewhere.*?

Straight channels. Chiesl et al**** used channel-like PDMS
flow cells to study modes of electrophoretic DNA migration in
capillaries containing various polymer solutions. Single molecule
videomicroscopy revealed three different modes of migration for
DNA in these solutions: stationary entanglement coupling,
transient entanglement coupling, and reptation (Fig. 4), each of
which affects the performance of electrophoretic separation.*
Stationary entanglement coupling was observed in a co-polymer
network, such that the mechanism resembles a collision between
a DNA molecule and a single post (Section 4).** Transient

Transient Entanglement Coupling
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entanglement coupling occurs in dilute polymer solutions,
wherein the mechanism consists of entanglement of a DNA
molecule with a nearby polymer, thereby resulting in stretching
of the DNA molecule around the polymer, followed by disen-
tanglement and contraction into a globular conformation. The
migration behaviour of DNA transitions to reptation for poly-
mer concentrations approaching the polymer entanglement
concentration (¢™). In this regime, DNA molecules move
through an entangled polymer matrix by motion parallel to the
backbone conformation.**

Straight channels allow for the study of DNA conformation in
free solution in the presence of electric fields. Tang et al. studied
DNA conformations in straight channels using a uniform field.*®
Upon exposure to electric fields, DNA conformation was found
to depend on field strength and ionic strength of the solution,
rather than DNA location in the channel. Interestingly, uniform
direct current (DC) electric fields were observed to compress
DNA molecules, with coils appearing increasingly isotropic and
compact upon increasing the field strength. Alternating current
(AC) at a moderate frequency (up to 100 Hz) was observed to
lessen the degree of compressive behaviour. Following DNA
molecule compression, this study also observed the expansion
process for single DNA molecules, postulating disentanglement
from knotted conformations upon chain extension from the
compact state.

Converging channels. Randall et al. observed the transport of
single DNA molecules in the presence of a uniform electric field
in PDMS devices containing a region of cross-linked porous gel
and/or a hyperbolic channel (Fig. le), seeking a method to
uniformly stretch molecules.*” The hyperbolic contraction device
imposed only moderate strain on molecules, thereby resulting in
a broad probability distribution of chain extension due to
molecular individualism. The cross-linked porous gel was
observed to pre-condition an ensemble of DNA molecules, which

Reptation

P
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Fig. 4 Single molecule images show distinct modes of DNA migration through polymer solutions in the presence of electric fields. White dots are
superimposed as reference points for entanglement coupling mechanisms. Adapted with permission from T. N. Chiesl, K. W. Putz, M. Babu, P. Mathias,
K. A. Shaikh, E. D. Goluch, C. Liu and A. E. Barron, Anal. Chem., 2006, 78, 4409-4415. Copyright (2006) American Chemical Society.
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migrated through the gel by reptation and further stretched upon
exiting the gel region. DNA molecules exiting the gel exhibited a
broad extension probability distribution, but the addition of a
hyperbolic channel downstream a cross-linked gel resulted in
uniform stretching.

DNA extension was also studied by imposing electric fields
over converging channels of various geometries, analogous to
pressure-driven funnels (Section 2.2). Liao et al. investigated the
effect of DNA conformation on electrophoretic mobility in a
PMMA hyperbolic channel, where it was found that electric field
gradients produced by the converging channel locally stretched
and increased electrophoretic mobility of molecules.*® Lee and
co-workers fabricated a linear converging channel (Fig. 1f),
which yielded similar results, resulting in rapid chain relaxation
and compression in an expansion zone following the channel
outlet.* Geometrical variations indicated that shorter channels
and channels with smaller contraction outlets enhance stretching.
Lee and co-workers also investigated transport mechanisms of
polymers and hard spheres through converging and diverging
nozzles, finding distinct migration behaviours for the two
materials.®® Interestingly, in converging nozzles, nanoparticles
were observed to associate and block the nozzle outlet, while
single DNA molecules migrated through the nozzle outlet; in
diverging nozzles, opposite behaviour occurred.

3. Cross-slot devices

Microfluidic devices with cross-slot geometries have been
instrumental in studying single polymer dynamics in extensional
flow. Cross-slot devices have been extensively used to generate
planar extensional flows, and other applications have included
flow focusing, filament thinning, and microfluidic adaptations of
the four-roll mill. Pressure gradients or electric field gradients are
often used to drive flow through cross-slot geometries.

3.1. Pressure-driven flow

Stagnation point flow. Cross-slot geometries can be used to
generate planar extensional flows by directing two opposing inlet
streams to converge near the centre of the cross slot, with two
opposing outlet streams emerging in orthogonal directions to the
inlet streams (Fig. 1g). The velocity profile (v,,v,) in planar
extensional flow is given by eqn (1) and (2), where ¢ is the strain
rate of the fluid:

Vy = —&X @)
v, = &y (2

Near the centre of the cross-slot, the flow exhibits a stagnation
point or point of zero velocity (Fig. 5, inset).

Chu and co-workers performed the earliest studies of single
polymer dynamics in microfluidic devices using a stagnation
point flow.5*2 Single polymer studies of fluorescently labelled A-
DNA molecules showed that transient and steady molecular
extension were strong functions of the flow strength, character-
ized by the Deborah number (De = £1), molecular residence time,
and the initial conformation of individual molecules. Upon
analysing the subset molecules that had reached a steady state
extension for a given flow strength, the authors provided clear

&ﬂﬁftﬂ?ﬂl e
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Fig.5 DNA stretching in a planar extensional flow uncovered the effects
of initial polymer conformation on the transient extension of single DNA
molecules, thereby revealing “molecular individualism.” Top to bottom:
dumbbell, kinked, half-dumbbell, and folded conformations (sketches of
molecular configurations are included on the left). Time between images
is 0.13 seconds. Inset: planar extensional flow. From T. T. Perkins et al.,
Science, 1997, 276, 2016-2021. Reprinted with permission from AAAS.

5@82@£$£&&£i

experimental evidence of a sharp coil-stretch transition near
De = 0.5. These results underscored the importance of “molec-
ular individualism” (Fig. 5) and highlighted challenges associated
with interpreting bulk or ensemble-averaged measurements in
complex fluids.

Single polymer experiments and Brownian dynamics simula-
tions were further used to study the effects of intramolecular
hydrodynamic interactions (HI) on polymer chain dynamics in
extensional flow. For DNA molecules with large contour lengths
(L = 1.3 mm), Schroeder et al. observed hysteresis in the coil-
stretch transition for polymers in extensional flow.>*%* More
recently, we developed a new system to study single polymer
dynamics using fluorescently labelled ssDNA, which are truly
flexible polymer chains with dominant HI and excluded volume
interactions.’

In planar extensional flow, the stagnation point is a semi-stable
point for centre-of-mass confinement in the flow field. Active
control over the stagnation point position allows for single
polymers to be confined in the extensional flow field for
extremely long residence times. Manual control over the stag-
nation point was used to observe polymer hysteresis,*® to stretch
molecules for DNA sequence detection,®® and to characterize
salt-induced compaction of DNA from a stretched state.®® For
DNA sequence detection, a fluorescently labelled restriction
endonuclease was bound to one of five target sites along A-DNA,
and the positions of the target binding sites were determined to
within 1.5 kilobases.>® Salt-induced compaction was studied by
directing two different solutions with variable salt concentrations
in the opposing inlet streams. Stretched DNA molecules exposed
to high salt concentrations in the presence of polyethylene glycol
resulted in molecular compaction into a coiled state on a time
scale much shorter than the longest relaxation time of the
molecules.>®

Hydrodynamic trap. Recently, our group developed an auto-
mated feedback control system to trap single particles, single
cells, or single polymer molecules for extended periods of
time.’”** The automated hydrodynamic trap will enable long
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time measurements of single polymer molecules over a wide
range of flow rates, including large fluid strain rates that are not
accessible by manual trapping.

Microfluidic four-roll mill. Aside from purely extensional flow,
linear mixed flows with varying amounts of extensional and
rotational components are useful for studying polymer
dynamics. In order to generate linear mixed flows ranging in
character from purely rotational to purely extensional to simple
shear flow (50% rotation/50% extension), several groups have
designed and fabricated microfluidic analogues to the four-roll
mill using modified cross-slot configurations. Hudson et al
developed the first microfluidic four-roll mill using six inlet/outlet
channels arranged in a cross configuration.®® This device was
capable of producing a range of flow types, including purely
extensional and simple shear flows. Muller and co-workers
further developed a four-roll mill analogue with a cross-slot
geometry capable of producing extensional-dominated flows as
well as purely rotational flow.®® DNA tumbling dynamics in
shear and rotational flows were studied using this device.®*

Flow focusing. In addition to planar extensional flow, cross-
slot microfluidic devices can also generate uniaxial extensional
flow via flow focusing, whereby two opposing inlet streams
impinge on a third, middle inlet stream. Flow focusing was used
to study the deformation and relaxation of individual T2 DNA
molecules, demonstrating that focusing flow streams relax the
no-slip condition present in other extensional flow fields and
provide a more homogeneous extensional profile.®®

Filament thinning. Arratia and co-workers used microfluidic
devices to simultaneously measure bulk flow properties and
single molecule stretching in DNA suspensions.** Dilute and
semi-dilute DNA solutions with varying molecular weights were
compared, and it was observed that larger polymer molecular
weights and semi-dilute DNA solutions resulted in non-New-
tonian extensional strain rate thinning extensional viscosities.
Bulk flow measurements were compared to the behaviour of
individual molecules inside the fluid filament using fluorescence
microscopy, where it was found that the extensional flow
strength inside the thinning filaments was sufficient to extend the
molecules far from their equilibrium coiled state, while main-
taining a broad distribution of molecular extensions.**

3.2. Electrokinetic flow

Stagnation point flow. Dynamic measurements of “free-solu-
tion” polymer stretching are typically made near the centreline of
microfluidic devices, in order to minimize wall effects. In an
alternative approach, the Lee group used electrokinetic-driven
flows in a cross-slot device. In this work, microdevices exhibited
plug-like flow profiles due to minimal pressure drops and were
relatively simple to fabricate. Experiments with A-DNA mole-
cules resulted in similar behaviour in extensional flow in
comparison to previous hydrodynamic measurements, demon-
strating the viability of electrokinetic devices.®> An improved
device that employed a five cross design with twelve independent
electrodes was capable of generating a wide variety of flow types,

including extensional, mixed linear flows (near shear), and
rotational flows.%®

Doyle and co-workers used electric fields to generate an
extensional flow in microscale T-junctions®” and in nanoslit
cross-slot channels.® The work resulting from nanoslit confine-
ment showed evidence of an extension-dependent longest relax-
ation time (Section 5). More recently, the effects of strong electric
fields on DNA molecules revealed that molecules will form self-
entanglements under some conditions.*® The presence of self-
entanglements was verified by stretching compressed DNA
molecules in a cross-slot channel, where compressed molecules
required much larger forces to extend, and bright spots indi-
cating knot formation persisted along stretched molecules.

ABEL trap. Moerner and Cohen developed a method for
trapping individual particles using feedback-controlled electric
fields in a quadrupole configuration. Using the Anti-Brownian
ELectrophoretic (ABEL) Trap, particle position was determined
via image processing, and a feedback voltage was applied to a
quadrupole electrode setup such that electrophoretic drift in
solution cancelled a particle’s Brownian motion.®® An extensive
review of the trap and applications can be found elsewhere.”
Using the ABEL trap, Cohen and Moerner studied the equilib-
rium motion and fluctuations of single A-DNA molecules for
extended periods of time without perturbing internal dynamics,
observing evidence of internal hydrodynamic interactions that
were not observed in previous measurements of freely diffusing
DNA molecules.”

4. Obstacles

Gel electrophoresis is commonly used for DNA separation and
analysis. Initial observations of individual DNA molecules
undergoing gel electrophoresis revealed a hairpin hooking and
unhooking mechanism as molecules travel through the polymer
network.”” The transient hooking/unhooking mechanism
sparked interest in fabricating devices that are capable of
controlling the mobility of DNA fragments of variable length,
thereby enabling separation of DNA based on molecular weight.
DNA separation devices are designed to contain arrays of posts,
such that DNA molecules collide with microfabricated obstacles,
which increases the residence time of DNA in the arrays.”>7¢

A fundamental understanding of single polymer dynamics and
interactions with obstacles allows for devices to be engineered for
electrophoresis and other applications. A recent review by
Dorfman provides a comprehensive overview of microfabricated
devices for electrophoresis, including theory, fabrication, simu-
lations, and experiments.”” Therefore, in this discussion, we
simply highlight influential work on dynamics and interactions of
DNA molecules with single obstacles and arrays of obstacles.

4.1. Single obstacles

Upon collision with a single obstacle, DNA molecules may roll
off the obstacle or engage in a hooking event.” For hooking
events, a molecule extends and slides around the obstacle until
one end unhooks, and the entire molecule subsequently relaxes to
a coiled state. For collisions with a single post, the probability
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(Phook), time (fy), and molecular configuration throughout the
hooking event have been systematically studied.

Doyle and Randall extensively studied the collision of DNA
molecules with a single post in a large body of experimental
work.”®# Three main effects were observed for impact
dynamics (Fig. 6): obstacle size Ry, offset between the DNA
molecule and obstacle’s centres of masses b, and electric field
strength. The parameters were non-dimensionalized as a ratio of
length scales Robs/Rs, an “impact parameter” b/R,, and
Deborah number De = 2uE1/ Ry, based on the strain rate é =
2uE/IR s for a given electrophoretic mobility u and electric field
strength E.

For centreline collisions (b = 0) in the context of a large
insulating post (fabricated with PDMS, R,,/R, > 1), pre-
impact configuration of DNA significantly affected extension
upon contacting the obstacle.”®” Furthermore, DNA molecules
compressed affinely in the region near the rear of the obstacle.”
Insulated posts were observed to induce electric field gradients
that extended DNA prior to and following the collision event.

For obstacles with dimensions on the same order as the coil
size (Robs/ Ry ~ 1), the probability of hooking Pyqox Was observed
to increase upon increasing the electric field strength and
decreasing the impact parameter.”® Araki er al observed the
same dependence for Phoox on De and b/R, for zinc oxide
nanowires approaching the size limit of a point obstacle (Rops/
R, < 1). Moreover, these authors developed scaling arguments
for the time of hooking around a thin post, defining ¢ as the time
elapsed between the leading edge of DNA molecule reaching the
post and the trailing end unhooking from the post, such that #;; ~
exp[—c(b/R,)].*!

Randall and Doyle further classified hooking collisions with
small obstacles into four types (Fig. 7): U, J, W, and X (for
“extending”).® In U and J collisions, DNA molecules follow
rope-on-a-pulley behaviour, maintaining constant extension
while unhooking. U and J collisions are distinguished by
symmetric (U-shaped) or asymmetric (J-shaped) “arms” around
the post. W collisions result from two ends of a molecule on the
same side of the obstacle after impact. X collisions are similar to J
collisions, except that the long arm continues extending while the
short arm relaxes and retracts. Single molecule experiments were
used to develop detailed models of the unhooking dynamics for
each collision type.®®

Fig. 6 Schematic of a single DNA-post collision, with parameters
including the polymer radius of gyration Rg, obstacle size Rops, and offset
between centres of masses b.

Fig. 7 Classifications for hooking collisions of DNA molecules with a
single post: (a) U symmetric hooks, (b) J asymmetric hooks, (c) W
entangled hooks, and (d) X continuously extending hooks. Time between
images is 1.33 seconds. Adapted with permission from G. C. Randall and
P. S. Doyle, Macromolecules, 2006, 39, 7734-7745. Copyright (2006)
American Chemical Society.

4.2. Array of obstacles

Early studies of DNA separation in microfabricated devices
focused on post arrays’’¢ rather than single posts. Obstacle size,
obstacle shape, and electric field strength were found to affect the
dynamics of collisions with single posts. Moreover, obstacle
spacing (including frequency, orientation, and regularity) intro-
duces another set of parameters that significantly affect the
dynamics of polymer motion through an obstacle array.

A systematic experimental evaluation of the full parameter
space of post arrays has not yet been carried out.”” Challenges in
fabrication methods have driven recent work focused on fabri-
cation of nanoscale devices for biomolecule separation.®* The
ability to easily tune the aforementioned parameters may enable
a complete systematic study of dynamics. Due to fabrication
challenges and a myriad of mechanisms for DNA motion
through obstacle arrays, recent work has focused on the use of
post arrays for DNA separations.”

Several groups studied the dynamics of single DNA molecules
in post arrays using experiments and simulations. Doyle et al.®®
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and Minc et al. ¥ varied the density of disordered post arrays
with columns of self-assembled magnetic beads. Using electro-
phoretic flow, they achieved rapid separation of large fragment
DNA?®** and measured DNA velocity and dispersivity of the same
order of magnitude as lattice Monte Carlo simulations.® Ou
et al. highlighted the importance of accounting for electric field
gradients when considering DNA motion through a sparse
ordered post array.® Teclemariam et al. compared experiments
and simulations of DNA transport in a post array with pressure-
driven flow. Interestingly, this study demonstrated the ability to
control DNA conformation and guide the location of hooking
events by designing appropriate array geometries.®’

5. Confinement

Nanoscale devices are often used to study single polymer mole-
cules under confinement. Fundamental investigations of confined
polymer behaviour are motivated by practical applications
including polymer separation in porous media, nanofluidic
sensors, and DNA sequencing. In devices with nanoscale dimen-
sions, entropic forces significantly affect molecule conformation
and dynamics. Polymers are “confined” when placed in geometries
with at least one dimension d between the persistence length p and
equilibrium coil size R, of the polymer (e.g., p <d < Ry).

The degree of confinement influences the dynamical behaviour
of polymers and is classified by the scale of d relative to R, and
.21 The regimes of confinement include weak (bulk), moderate
(de Gennes), and strong (Odijk) confinement. In weak confine-
ment, the confining dimension is larger than the equilibrium coil
size (d > Ry). In the de Gennes regime, the confining dimension is
larger than the persistence length, but smaller than the radius of
gyration (p < d < R,). Finally, in the Odijk regime, the confining
dimension is smaller than the persistence length (d < p).

Features with the required dimensions for confinement can be
incorporated into nanofluidic devices. Fabrication generally
involves lithography or etching on silicon or glass-like materials
in order to maintain precise control over the structure.®* Lee and
co-workers have also developed a patterning technique that
involves DNA combing and imprinting, which holds promise for
lowering the cost of controlled, nanoscopic fabrication.”

The fundamental behaviour of confined polymers has been
reviewed elsewhere.’>** Here, we focus on two types of confine-
ment with particular attention to microfluidic platforms (Fig. 8):
slit-like (one confining dimension) and tube-like (two confining
dimensions). Experimental challenges limited early studies of
single polymers in confinement to computational and theoretical
methods,” but recent advances in nanofabrication®®®” and single
molecule microscopy have allowed for direct visualization of
confinement phenomena.

5.1. Slit-like confinement

Microfluidic devices imposing slit-like confinement on molecules
generally involve a microchannel with one sub-micrometre
dimension, typically channel height /. As described, the strength
of the confining region on a polymer chain depends on the
polymer equilibrium radius of gyration and persistence length.
Early single molecule experiments revealed dramatic effects of
confinement on polymer behaviour using arrays of posts in

Bulk or weak
confinement

Slit-like
confinement

Tube-like
confinement

Fig. 8 Schematics comparing polymer conformations in bulk solution,
slit-like confinement, and tube-like confinement given polymer radius of
gyration R, and confinement dimensions / and d. Adapted from ref. 94,
with kind permission from Springer Science + Business Media and the
Korean Society of Rheology.

nanofabricated slits of varying heights.”® Bakajin et al used
electrophoretic forces to drive DNA molecules through an array
and observed longer relaxation times of extended DNA mole-
cules in shallower slits, suggesting an increase in hydrodynamic
drag under confinement.”® Doyle and co-workers also studied
DNA dynamics in slit-like confinement, including scaling of
mobility, diffusion, and relaxation, and qualitative observations
such as molecular conformation. Quantitative analyses of slit-
like confinement by several groups have led to inconsistencies
between numerical values for scaling exponents and transitional
behaviour between regimes of confinement, which clearly moti-
vated future studies in the field.*>9**°

Scaling in regimes of confinement. In the de Gennes regime
(p < I < Ry), a confined polymer can be described as a chain of
self-avoiding blobs with diameter /.2%%° Balducci ef al.'® and Lin
et al'' measured an inverse scaling relation between DNA
diffusivity and molecular weight in this regime, suggesting that
the surfaces of the slit screened intramolecular hydrodynamic
interactions. Balducci et al. also observed two relaxation regimes
in moderate confinement,'®> where the faster relaxation regime
corresponds to conformational relaxation®® and the slower
relaxation regime agrees with rotational relaxation times.'*1%3

Additional work has focused on polymer behaviour in the
transition between de Gennes (p < h < Ry) and Odijk (p ~ h < R,)
confinement. In this regime, diffusivity D was observed to scale
with height such that D ~ 4°°, with no observable sharp transition
between confinement regimes, even for i >> p.100-19%1%4 [ contrast
to gradual scaling observed for diffusivity, Bonthuis et al
observed sharp transitions in relaxation time t and radius of
gyration between the de Gennes and Odijk regimes, such that R,
was independent of /1 and t decreased with /1 in the Odijk regime.'*®

Two recent studies revisited this transition, focusing on
conformation, diffusion, and relaxation in slit-like devices.*®-1%¢
Tang et al. observed a broad, gradual transition of radius of
gyration, diffusivity, and relaxation time,” in contrast to the
findings of Bonthuis ez al'® but in agreement with most other
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results. 00193194 The oradual transition was further supported by
Strychalski et al'°'°7 using a novel device consisting of a
nanofluidic staircase!®® that entropically drives transport of a
single DNA molecule from strong to moderate confinement. The
staircase varied stepwise in height to allow for observation of a
single molecule under slit-like confinement at varying heights
while maintaining all other conditions.® This work is also one of
few studies to explore the dynamics of nonlinear polymers using
circular DNA106:107

The effect of confinement on DNA mobility was characterized
in slits with varying height.'”-'* Stein et al. observed two distinct
regimes of transport in pressure-driven flow, such that mobility
increased with molecular weight in weak confinement (2 > 3R,),
and mobility had no dependence on molecular weight under
moderate confinement (4 < R,)."” Interestingly, electrophoretic
mobility showed the opposite effect, decreasing with increasing
molecular weight in strong confinement but showing no
substantial difference in moderate confinement.'®®

A nanofluidic cross-slot device was also used to characterize
relaxation times®® and the coil-stretch transition'' of electro-
phoretically stretched DNA molecules in weak confinement.
Similarly to studies of the de Gennes regime, two relaxation
regimes were observed.®® Furthermore, the onset of stretching
began earlier, and the coil-stretch transition occurred gradually
with two distinct critical strain rates.''® Confinement enhanced
stretching, trapping, and imaging focus of the molecules in
comparison to other cross-slot devices (Section 3).

DNA conformation in nanofabricated structures. A remarkable
feature of polymer behaviour under confinement is shape
anisotropy,'®**71%7 which is manifested by spontaneous chain
extension.'" In free solution, polymer molecules generally form
isotropic coils. In confinement, conformational dynamics are
attributed to the balance between entropic compression by the
slit and electrostatic repulsion within the charged DNA back-
bone. Electrostatic repulsion serves as an opposing force on
DNA conformation in confinement, and this phenomenon has
been investigated in both slit- and channel-like confinement by
observing conformation in solutions of varying ionic strengths.
In slit-like confinement, lower ionic strengths resulted in
increased extension of both linear and circular DNA molecules,
which was attributed to fewer ions available to screen electro-
static repulsions within DNA."? Interestingly, scaling exponents
for radius of gyration and relaxation time with varying ionic
strength and slit height were the same for confined linear and
circular molecules.'*?

Studies of entropic effects in slit-like confinement have
involved a wide array of artificial topographies. Nanopillar array
devices generally consist of an entropic interface between regions
of slit-like confinement with and without nanopillars. DNA
molecules can be driven across the interface using an electric
field. Upon removal of the field, molecules stretched across the
interface undergo entropic recoil into the region without nano-
pillars, whereas molecules fully incorporated into the array
would remain stationary.'"* Such devices have also been used to
separate DNA molecules of different lengths''® (Section 4).

Entropic interfaces have also been studied using arrays of
nanopits. A proof-of-principle experiment by Reisner et al.
demonstrated the ability to influence position and conformation

of DNA molecules, which spontaneously filled entropically
favourable nanopits.'*® This system has been further extended to
tune dynamic properties of single DNA molecules such as
diffusion.'” Stein et al. also utilized pressure-driven flow over
nanopits, wherein DNA molecules exhibited single- or multiple-
pit occupancy behaviour based on dimensions, and DNA were
transported through the device by “hopping” between pits.''®
Similar behaviour was observed using fabricated channels in
which one or both lateral walls took the shape of a periodic
waveform.'*12* A uniform electric field induced DNA migra-
tion, such that molecules stretched over protruding wave struc-
tures before contracting into globular conformation between
protrusions.'*®

Finally, an entropic trap has been developed by introducing an
close-fitting oil droplet into a microfluidic device (Fig. 9)."*' The
trap allowed for observation of extension and self-assembly of
DNA molecules in slit-like confinement without fabrication of a
nanoscale device.

5.2. Tube-like confinement

Experimental studies of tube-like confinement of single polymers
require fabrication of devices with two sub-micrometre dimen-
sions, typically the height and width of rectangular channels.
Guo et al. pioneered this fabrication process using nanoimprint
lithography,'** and entropic forces in the resulting devices with
tube-like confinement further constrain polymer molecules than
in slit-like confinement. The increased entropic effects ultimately
influence the natural extension of DNA driven through nano-
tubes by capillary force.'??

Several groups characterized the extension of DNA molecules
in tube-like confinement, measuring linear scaling between end-
to-end distance and contour length'** and power law scaling with
channel size.*'?*> The power law scaling of linear molecules
deviated from predictions of blob theory; however, the scaling of
circular DNA molecules appears to agree with blob theory,'?*125
which clearly motivates additional computational studies and/or
experimental work.’>** Reisner ef al. also observed a qualitative
shift in extension for channels with smaller dimensions, possibly
corresponding to a transition from the de Gennes to Odijk
confinement regimes."** Fluctuations of internal DNA segments
were also probed in the transitional regime, revealing folded,
blob-like structures separated by relatively straight “Odijk-like”
segments with a mean average extension of 10 um.'? Locally

Fig.9 Deformation of a DNA molecule that is electrokinetically driven
into confinement between a stationary oil “slug” and microchannel wall.
Reprinted figure with permission from S.-F. Hsieh and H.-H. Wei, Phys.
Rev. E: Stat., Nonlinear, Soft Matter Phys., 2009, 79, 021901. Copyright
(2009) by The American Physical Society.
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compact, non-stretched regions of DNA could significantly
impact the resolution of genomic mapping applications that rely
on DNA confinement.

Craighead and co-workers conducted pioneering work on
tube-like confinement, reporting the first measurements of
relaxation from a compressed state, rather than an extended
state’?” and observing conformational effects on electrokinetic
transport through nanochannels.’*® The group also studied
entropic forces acting on polymers in tube-like confinement by
stretching DNA across an interface between slit-like confinement
and nanochannels,' in similar fashion to the entropic studies of
slit-like confinement using nanopillars.'**'** The nanochannel
study simplified the optical analysis in comparison to the nano-
pillar study and revealed several types of DNA motion in tube-
like confinement, including relaxation, unfolding, and ultimately
entropic recoil (Fig. 10).2?® Further investigation of folded DNA
molecules in tube-like confinement indicate increased extension
of folded portions and entropically induced unfolding, likely due
to excluded volume interactions.'*

Studies of electrostatic repulsion on DNA molecules in tube-
like confinement have reported an increase in DNA extension
with reduced ionic concentrations.’3***** Optimized experimental
conditions allowed for stretching a DNA molecule to nearly 90%
of its contour length.’*® Reisner er al determined that the
increase in persistence length was too drastic to be explained by
only the change in salt concentration, suggesting an increase in
self-avoidant chain behaviour due to reduced screening of elec-
trostatic interactions within the charged DNA backbone.'*!
Interestingly, the introduction of a neutral crowding agent, such
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Fig. 10 Schematics of polymer behaviour in tube-like confinement: (A) a
relaxed polymer molecule recoils by entropic forces across interface at
nanochannel entrance; (B) a folded molecule unfolds and recoils simul-
taneously; (C) a molecule driven electrophoretically into the nanochannel
relaxes to an equilibrium extension length; (D) a molecule driven partially
into the nanochannel relaxes and recoils simultaneously. Reprinted from
J. T. Mannion, C. H. Reccius, J. D. Cross and H. G. Craighead,
Conformational analysis of single DNA molecules undergoing entropi-
cally induced motion in nanochannels, Biophys. J., 2006, 90 (12), 4538—
4545. Copyright (2006), with permission from Elsevier.

as dextran nanoparticles, can lead to both extension and
compaction of DNA molecules in confinement at low salt
concentrations.'**!3* Prior to compaction, the crowding agent
promoted extension by reducing the effective channel diameter.
Upon reaching a threshold volume of dextran, the DNA mole-
cules collapsed into a globular state.’** While this behaviour
paralleled DNA response to dextran in nanoslit confinement, it
appears to deviate from the behaviour in bulk solution.!3*

6. Perspectives

Recent advances in microfabrication and novel microfluidic
geometries and have directly facilitated the study of polymer
dynamics at the molecular level. Microfluidic platforms have
enabled forays into challenging areas of polymer physics,
providing new perspectives in single polymer dynamics and
opening the door to further explorations. As discussed in this
review, double stranded DNA has served as the “model macro-
molecule” for single polymer studies in non-equilibrium fluid
flows. In the near future, the horizons of this field will be
expanded to allow for the study of a wide variety soft materials at
the molecular level, including flexible polymers, branched poly-
mers, and copolymers. Furthermore, the study of entangled
solutions and/or complex flows will allow for improved
connections between polymer microstructure, macroscopic flow
properties, and processing of industrially relevant materials.

Previous attempts at single molecule studies of fluorescently
labelled synthetic organic polymers have been limited.'*®
However, there is a strong need to study new materials at the
molecular level, thereby broadening the range of material
properties for single molecule studies. Recently, our group
synthesized and observed long molecules of single stranded
DNA,? which is a promising platform for flexible polymers. In
addition, a few studies have explored architectural effects using
star-branched DNA'"'3¥ or DNA nanostructures,’* though
these investigations often focus on the synthesis and biological
applications of these materials.

A second key need in the field is in-depth studies of the
dynamics of entangled polymer solutions in flow. Smith and co-
workers have extensively investigated the diffusion of entangled
linear and circular DNA molecules.'**'*? These findings clearly
motivate additional studies of extensional and mixed flows,
which hold the potential to enable development of new molec-
ular-based models and constitutive relations. A recent and
interesting example of single polymer studies in entangled
conditions involved uniaxial extension of a film, which was
imaged wusing scanning near-field optical microscopy.'*?
Advanced imaging techniques such as high-resolution and/or
super-resolution fluorescence imaging methods have also begun
to appear in single polymer studies,"** potentially leading to
exciting discoveries by imaging at the nanoscale (20 nm), far
below the diffraction limit for optical microscopy (~250 nm).

Finally, we envision the convergence of single polymer studies
with “bulk” rheometry in the context of microfluidic devices, as
recently demonstrated by coupling confocal microscopy with a
torsional flow cell rheometer.'*5 Such work can be further aided
by automating microfluidic devices, which would further enable
the study of soft materials in well-defined ways.>~*° Microfluidic
trapping and lab-on-chip devices demonstrate the ability to exert
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precise control over nanoparticle or polymer dynamics, all of
which will be useful in making the connection between micro-
structure and bulk material properties.
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