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Abstract

The separation of polymers based on their size, rigidity, and topology is an
essential but also highly challenging task for nanoscience and engineering. Using
hybrid Molecular Dynamics simulations that correctly take into account hydro-
dynamics, we have designed microfluidic channels for separating linear from ring
polymers in dilute solutions. We establish that the transport velocity of the
polymers is independent of their topology and rigidity when the channel walls
are smooth and repulsive. However, when the walls are decorated with attrac-
tive spots arranged on lines parallel to the flow, ring polymers exhibit an order
of magnitude higher transport velocity compared to linear chains. The spots
induce a homeotropic-like reorientation of ring polymers close to walls leading
to a tank-treading motion along them, whereas linear chains are immobilized
upon adsorption. This mechanism becomes more enhanced with increasing poly-
mer rigidity. The presented technique holds thus promise for reliably separating

nanoparticles based on their topology.



Biological molecules can feature varying topologies, for example DNA and RNA, which
can occur in both linear and circular form.'™ The lack of ends in circular RNA dramati-
cally improves their resilience against degradation.*® Nature also employs highly knotted
structures that are assumed to be of high relevance for the global arrangement of DNA,68
whereas synthetic chemists have been developing techniques to construct macromolecules of
controlled topology and knotedness.*!® Polymer topology also plays a crucial role in tech-
nological applications, as it can influence the rheological properties of polymer melts: the
viscosity of ring polymer melts is drastically changed by the presence of linear contami-
nants.!? To exploit topology and the resulting distinct behavior and properties for novel
materials, scientists are in need of reliable separation strategies. 113 Currently, liquid chro-
matography at the critical condition or gel electrophoresis are frequently used depending on
the desired topological separation.®141% While the former method suffers from impurities, *!
the latter is restricted to charged polymers.'”

In principle, nano- and microfluidic devices can overcome these hurdles, and allow for
an automated separation of the molecules in a continuous way.'® Flow-induced separation
techniques are independent of the specific polymer chemistry, rendering them more widely
applicable compared to electrostatic methods such as gel-electrophoresis. For instance, previ-
ous strategies used channels of varying cross-section to separate (uncharged) polymers based
on their shape and size. % 2! Moreover, microfluidic devices are not only limited to the use in
polymer science, but are highly versatile:?? they have proven themselves reliable for sorting
cells in channels decorated with pillars,?3?* for focusing rigid particles by using inertia in

2527 or viscoelastic effects in polymer solutions.?®3° Nature exploits as

Newtonian liquids
well the focusing of soft, deformable vesicles in the center of blood vessels.?"3? In addition,
these "labs on a chip" are promising candidates for single, un-amplified and un-chopped

3334 an essential step for understanding the global spatial arrangement of

polymer analysis,
DNA, which is crucial for transcription in cells.*® Finally, single genome analysis gives valu-

able insights in genetic mosaicism responsible for tumor formation.3® Besides separation,



hydrodynamics can be as well used to efficiently trap particles.?”3® In general, however, the
interplay between ring topology and hydrodynamics is not sufficiently well explained and
understood. 3’

We propose a microfluidic device with a slit-like geometry, where the channel walls are
decorated with tracks of attractive spots. In this setup, linear polymers adsorb on the
spots and are immobilized, whereas rings are transported though being (partly) adsorbed,
allowing for a truly continuous separation of the two species. In the case of ring polymers, the
attractive spots enforce a tank-treading motion as the dominant dynamical pattern, enabling
transport with a finite-velocity, in contrast to chains that become immobilized on the spots.
Further, this tank-treading motion is accompanied by a change in orientation from planar
to homeotropic. To recover the adsorbed chains, the device can be flushed by a poor solvent
resulting in the collapse and evacuation of the remaining adsorbed polymers.

Pressure-driven flow of a Newtonian liquid in slit-like channels leads to a parabolic solvent
velocity profile, where the shear gradient varies linearly in confinement (z)-direction. A
measure for the shear experienced by a polymer is the dimensionless Weissenberg number
Wi = 47, 4 being the shear rate and 7y the polymer’s longest relaxation time (see SI for
details). Polymers under shear show a variety of conformations and motions that cannot
be captured by techniques measuring averaged quantities.?® To get microscopic insights of
polymer conformations, fluorescence microscopy is often employed in experiments as in Refs.
41-43. However, such measurements, are limited by the time- and spatial resolution of
the microscope, as well as the availability of appropriate staining agents, since the vast
majority of polymers is non-fluorescent. Further, it is still not clear whether staining has a
significant impact on material properties or not.***® In the past decade, computer simulations
have become invaluable for studying the flow properties of polymers, as they can provide a
detailed nanoscale picture. %675 Furthermore, simulations allow for an efficient and systematic
exploration of parameter space.

This work aims at elucidating the effect of polymer topology and rigidity on the polymers’



transport properties. We chose a generic bead-spring polymer model to reveal the principal
mechanisms, instead of concentrating on a single specific monomer chemistry. A bending
potential was employed to simulate polymers of varying stiffness, modifying their persis-
tence length Lp, which we express in multiples of the contour length Lg. All simulations
were conducted at dilute polymer concentrations. Further simulation details, in particular
the inclusion of hydrodynamic interactions via an explicit solvent using the Multi Particle

5152 can be found in the Supporting Information.

Collision algorithm,

We first investigated the transport and migration behavior of linear and ring polymers
for varying flow strengths and rigidities in a bare slit channel with purely smooth, repulsive
walls. This channel geometry has been chosen because it is easy to fabricate and commonly
used in experimental setups. The cross-streamline migration of linear polymers was inves-

5035 and as well computationally.*® Here, a repulsive

tigated experimentally,® theoretically
hydrodynamic interaction between polymers and the channel walls was identified, as well as
a movement away from the channel center due to the anisotropic diffusivity caused by the
chain’s deformation. However, the migration behavior of ring polymers in pressure driven
flow has not been investigated yet.

Li et al. showed in recent experiments using elongational flow that the stretching of linear
polymers sets in at smaller Weissenberg numbers compared to ring polymers,®® the reasons
for this distinct behaviour were recently investigated.? Since in Poiseuille flow polymers
experience a broad range of shear rates, we tested the possibility to separate them by ex-
ploiting their distinct sensitivity to shear. We have tested two channel widths corresponding
to 4 and 8 times the radius of gyration R, of a linear flexible chain (R, = 4.17 £+ 0.03 a for
a chain of 40 monomers) and varied the flow strength. (Note that the R, of a flexible ring is
smaller for the same number of monomers N = 40, i.e. R, = 3.1+ 0.01ao.) We found that
ring polymers show a variety of motions and conformations; amongst them tumbling and

tank-treading as previously observed in standard Couette flow.%%>7 In such bare channels we

observed only minor differences (< 5%) in the relative transport velocities between chains
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Figure 1: Scheme of a channel decorated with attractive spots, indicating the flow (z), vorticity (y) and
gradient (z) direction. Distances are indicated in multiples of R, of a linear flexible chain.

and rings of the same molecular weight, making an efficient separation of the two species
difficult (see SI for details). Therefore, more elaborate channels are needed for topological
filtering.

Recently, Marenda et al. employed computer simulations without hydrodynamics and
observed differences in the diffusivity of ring polymers of varying knot complexity in to-
pograhpically modulated channels.?® Here, we present an alternative strategy by decorating
the channel walls with attractive spots in addition to a short-ranged, purely repulsive wall
potential. Previous simulations have demonstrated that this approach can be indeed used to
separate dendrimers from linear polymers.® In principle, such spots could be experimentally
realized by E-beam lithography, thermal scanning probe lithography, or adsorption of poly-

61,62

mers onto the substrate. In addition to the purely repulsive wall potential, the point-like

surface spots exhibit an attraction with the monomers via

U =~ (%)’ 1)

r

with r being the distance between a monomer and a spot. This potential represents the
attractive part of the van-der-Waals potential, i.e. a common interaction that does not

demand a specific chemistry. The repulsive wall potential prevents monomers of penetrating
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Figure 2: (a)-(d): The average transport velocity vpoly as a function of the spots’ attraction strength e.
The persistence length Lp in units of L¢ is increasing from panel (a)-(d), linear polymers are in blue, ring
polymers in red. (e)-(h): Probability P,qs that a polymer is adsorbed with at least one monomer as a function
of the attraction strength . From panel (e)-(h) the persistence length Lp in units of L¢ is increasing. In
all panels error bars are indicated or smaller than the symbol size. The schemes indicate the regimes where
the polymers are flowing freely or are adsorbed to the channel walls.

the channel walls. We have also tested an alternative implementation, where the spots have
excluded volume and are protruding from the walls, but did not find any sizable impact on
the resulting polymer behavior (see SI for details). Since the interaction potential is short-
ranged, the polymers can only be adsorbed once they diffused close enough to the walls.
Thus, narrow channels are preferable for reducing the necessary diffusion time.

To exploit the linear topology of chains, the attractive spots were aligned on a track. To
increase the probability of adsorbing a polymer, each channel wall was equipped with multiple
tracks separated by ~ 5, in the vorticity direction as depicted in Fig. 1. This distance is
sufficiently large to avoid adsorption to multiple tracks, but small enough to minimize the
diffusive time until polymers encounter attractive spots. The distance between consecutive
spots corresponds to approximately the length of a Kuhn segment. Further, we have chosen
relatively small flow strengths (polymer Reynolds number Re < 1, maximum Weissenberg

number at the channel walls Wi < 70 for flexible chains) to minimize the hydrodynamic

repulsion from the channel walls.



Figures 2 (a)-(d) depict the effect of attractive spots on the mean transport velocity
of polymers as a function of the monomer-spot attraction strength. As expected, weakly
attracting spots do not influence the polymers transport. In contrast, at the highest tested
attraction strength of ¢ = 1.5 kgT' linear polymers are firmly adsorbed to the walls, leading
to an average transport velocity of vy, = 0, whereas rings flow considerably faster. The
ratio of vg to vy, shows an impressive increase of up to an order of magnitude (see Fig. 3).
Since linear chains are firmly adsorbed and do not migrate, this approach offers a promising
pathway to separate polymers of distinct topologies continuously. Note that the ratio vg /vy,
tends to infinity in that case and the finite value here is owed to a finite simulation length.
Hence, even fully-flexible chains with a ratio of vg/vr, & 2 can be separated, because chains
are sticking to the walls.

Although in most cases vg /vy, increases monotonically with increasing e, remarkably, for
rather flexible polymers there is a cross-over in the mobility of distinct topologies. For fully
flexible polymers, this cross-over occurs approximately at ¢ = 1.0 kg7T" and for polymers with
a persistence length Lp ~ 0.5 L. approximately at ¢ = 0.875 kgT. These findings can be
rationalized by computing the probability that a polymer is adsorbed at the wall as shown in
Fig. 2 (e)-(h). Here, we define a polymer as adsorbed when at least one monomer is within
a spots’ interaction radius 7. = 3ag. Comparing panels (e) and (f) reveals that rings have
a higher probability of being adsorbed at these attraction strengths. For a tight adsorption,
the gain in potential energy has to compete with the loss in entropy that an adsorption
entails. Consequently, more flexible polymers adsorb at higher ¢ compared to more rigid
polymers of the same topology. Moreover, flexible chains experience a higher entropic loss
upon adsorption compared to their ring analogue. Therefore, the cross-over in vg /vy, exists
only for rather flexible polymers.

These probabilities of adsorbing and desorbing are supported by analyzing the represen-
tative trajectories. Figure 4 shows a characteristic time series of the fraction ¢ of adsorbed

monomers for fully flexible chains and rings at € = 1.0 kgT. At small attraction strengths,
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Figure 3: The relative increase of the transport velocity of ring polymers vg to linear ones vy, is plotted as
a function of the spots’ attraction strength . Polymers of various persistence length Lp are shown. Error
bars are either indicated or smaller than the symbols. € = 0kgT corresponds to an undecorated channel
wall. The inset depicts the enlargement for weak attraction strengths.
only a few monomers are adsorbed (compare Figs. S2(a),S2(g) in the SI). With increasing
attraction strength this fraction is steadily increasing until full adsorption is achieved (com-
pare Figs. S2(c),S2(i) in the SI). At the cross-over, rings are adsorbed with approximately
half of their monomers, whereas chains adsorb and desorb frequently. This behavior leads
to a faster transport of chains than rings in this regime.
At high attraction strengths, ring polymers are transported with a finite velocity. In

contrast, chains have an approximate transport velocity of zero. At first, this behavior is

surprising, as rings have an equally high average probability of being adsorbed as the chain
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Figure 4: Representative trajectories for fully flexible chains (left, blue) and rings (right, red). The x-axis
shows the fraction g of adsorbed monomers polymers, while the y-axis depicts the time. The schemes help
to distinguish adsorption and desorption.

polymers [Fig. 2(e)-(h)]. This purely topological effect can be explained by examining the
orientation and the ensuing dynamics of ring polymers during adsorption.

In absence of attractive spots, ring polymers orient planar close to walls when they are
at equilibrium.% By applying a flow, ring polymers show a variety of dynamical motifs,
including tank-treading and tumbling. To successfully tank-tread, the ring must be oriented
rather homeotropic to the walls. Although this motion is present, the majority of time a ring
does not perform tank-treading in the absence of attractive spots. Accordingly, the average

orientation of ring polymers close to walls is planar, which was determined by a suitable

time ¢[10° tg]



order parameter (see details in SI). With increasing spot strength, the orientation changes
from planar to homeotropic, making tank-treading the prevalent dynamical mode. A video
of this tank-treading motion is available online. We emphasize that rings do not need to be
fully upright to perform tank-treading, but can tilt and rear with respect to the channel wall
as can be seen in the video.

Up to now, we have shown that separation of linear polymers from ring polymers can
be achieved by decorating the channel walls with attractive spots. Although both polymer
topologies are firmly adsorbed, ring polymers are transported significantly faster, since they
perform a tank-treading motion. The open question is, how can adsorbed chains be recovered
to make the filtering device functioning again. We tested stronger flows, a strategy which did
not work successfully for all rigidities. Therefore, we propose an alternative strategy where
the channel is flushed with a poor solvent, leading to the desorption and recovery of both
species. In the simulations, the solvent quality is changed by tuning the attraction strength
emm in the effective monomer-monomer interaction potential, where eypy = 0 kg7 and
emm = 1 kT correspond to good and poor solvent conditions, respectively (see SI). Figure
5 shows representative trajectories of the effect of a solvent exchange. At ¢ = 0 solvent is
exchanged and polymers start to desorb after some time. The worse the solvent quality, the
easier it is to trigger desorption. The effect of the solvent exchange is to facilitate desorption,
leading to finite transport velocity, although re-adsorption is not completely prevented, as
can be seen in Fig. 5. To shorten the cleansing time, one could combine this effect with
stronger flows.

In this work we have demonstrated an efficient and continuous mechanism for separating
polymers depending on their stiffness and topology. As a first approach we tried to exploit the
distinct migration behavior in a bare slit channel. However, the average transport velocity
differed only slightly. Therefore, we propose a channel decorated with attractive spots.
Our data show that linear chains adsorb firmly onto the spots reducing their transport

velocity to zero. For the rings, however, the attractive spots promote tank-treading as the

10
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Figure 5: Representative trajectories showing the fraction ¢ of adsorbed monomers for polymers with a
persistence length Lp ~ 1 Lc. The three panels clarify the effect of worsening solvent quality with increasing
monomer-monomer attraction strength eypy. The attraction strength of the spots is € = 1.0 kg7, and the
flow strength is not changed. At ¢ = 0 the solvent is exchanged.
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dominant pattern of motion, which is accompanied by a change in orientation, from planar
to homeotropic. This tank-treading motion, a mode that is not available for linear polymers,
results in a higher average transport velocity of circular polymers. This mechanism holds
true for polymers of varying stiffness and the major advantage of the presented strategy is
that it allows for a truly continuous separation. Cleaning of the filtering device is achieved by
solvent exchange. Future work will extend these studies on knotted polymers. Our findings
are in principle directly transferrable to experimental realization, and we hope to motivate

developments in this direction.
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