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ABSTRACT: We study catenated ring polymers confined inside
channels and slits with Langevin dynamics simulations and address
how the contour position and size of the interlocked or physically
linked region evolve with time. We show that the catenation
constraints generate a drag, or topological friction, that couples the
contour motion of the interlocked regions. Notably, the coupling
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strength decreases as the interlocking is made tighter, but also ? T
shorter, by confinement. Though the coupling strength differs for 0.4 ]
channel and slit confinement, the data outline a single universal ol ]
curve when plotted against the size of the linked region. Finally, we Qo2 .
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study how the relaxation kinetics changes after one of the rings is
cut open and conclude that considering interlocked circular
polymers is key for isolating the manifestations of topological
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friction. The results ought to be relevant for linked biomolecules in experimental or biological confining conditions.

utual entanglement, or linking, between fluctuating

filaments is ubiquitous in biological systems'~* and is
increasingly present in designed soft-matter systems, such as
supramolecular constructs,”* olympic gels,g_11 and inter-
locked ssDNA rings.'”

The convergent theoretical and experimental focus on
interlocked molecular systems has given us much insight
about the unusual physical properties of these systems, e.g,
how they typically establish low-dimensional extended
structures, how they elongate and flatten when sheared,"™!*
and how they are affected by adsorbing surfaces® or varying
quality of the solvent.'® Multichain entanglement is also found
in genomic DNA subject to anisotropic spatial confinement in
vivo, such as intertwined sister nucleoids inside newly divided
bacteria'” and intermingled chromosomes inside eukaryotic
nuclei.*

Despite these relevant and common examples, linked ring
polymers have been limitedly studied compared to polymeric
systems with nonpermanent forms of entanglements, such as
solutions or melts of linear polymers where the interplay of
entanglement density and chain length has been extensively
addressed.'* %!

Little is known about the response of linked polymers to
confinement, too. While the linking probability of confined
rings has long been studied,””** there are no results yet for
how metric properties of interlocked rings vary from one- to
two-dimensional confinement. Also, we mostly ignore how the
rings’ internal dynamics is differently affected by confinement
and catenation constraints. This is partly due to the challenges
posed by pinpointing the interlocked or physically linked
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regions or mutually entangled open or closed chains, for which
algorithmic strategies combining geometrical and topological
concepts have only recently become available.”***

Here, we address these unexplored questions for the
prototypic case of two Hopf-linked rings, which are evolved
with a Langevin dynamics in one- and two-dimensional
confinement. By using the methods of refs 24 and 25, we
directly track interlocked regions and analyze how their
contour lengths, / x, and contour migration kinetics vary
with confinement. We establish that the Hopf link topological
constraint introduces an effective coupling or topological
friction, in the migration of the interlocked segments, expose
the key role played by /;x across all types and degrees of
considered confinement, and contrast the slow migration
kinetics with the fast unthreading of one of the rings after
cutting it open.

Our reference system consists of two catenated semiflexible
rings, each of N = 360 beads, placed inside channels or slits of
width D, see Figure la,b. The beads have nominal diameter o,
and their excluded volume interactions are accounted for by a
truncated and shifted Lennard-Jones (LJ) potential. The same
LJ term is used for the steric repulsion of the beads and the
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Figure 1. Typical configuration of semiflexible Hopf-linked rings inside a channel (a) and a slit (b) of width D = 200. Each ring comprises N = 360
beads of diameter & and has a persistence length I, = 50. The linked portion, highlighted with different saturated colors, consists of the shortest
pairs of segments (one per ring) that yield a Hopf link topology upon closure, see the SI. (c,d) Box-whisker plots (point, average; center line,
median; box limits, upper and lower quartiles; whiskers, 10th and 90th percentiles) of the linked portion length, / , for different channel and slit
widths. The curves are the best fits based on the expected scaling in the range of the anisometric blob regime for linear chains, 10 < D/ < 28,
marked by the dashed portion of the fitting curves. The horizontal dashed lines are for the unconstrained (bulk) case. More general scaling fits and
with different ranges of the bare and effective confinement widths are presented in Figure S2.
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Figure 2. (a,b) The contour migration of the linked region is described via the contour displacements of its two central monomers, Am, (blue,
channel; red, slit) and Am, (green) computed for a time lag of 1007;;. The latter was picked for efficiency, as the associated Am’s are smaller but
still comparable to /;x in our strongest confinements. The traces show the typical time evolution of |Aml at two different channel (top) and slit
(bottom) widths D, time-averaged over windows of 1041LJ for clarity. The absolute value |Aml was considered to discount reversals of migration
directionality due, e.g., to ring “flips”, see Figure S3. The side plots show the corresponding probability distributions cumulated over several
trajectories. Effect of confinement on the average of |Aml (c) and on the Spearman’s rank correlation coefficient of |Am,| and |Am,| at equal times
(d). The horizontal dashed lines are for the unconstrained (bulk) case. Error bars are the standard deviation of the mean from block analysis.

structureless walls of the channels and slits, which extend for a
length of 4000 in the longitudinal direction(s), where periodic
boundary conditions apply. Chain connectivity is provided by a
FENE potential, and the chain bending rigidity is set to yield a
nominal persistence length of ], = 5. The Langevin dynamics
of the system was 1ntegrated numerically with the LAMMPS
simulation package with default values for the mass and
friction coefficients” and with an integration time step equal
to 0.0057;), where 7y is the characteristic simulation time. At
each value of D, we collected ten trajectories, each covering a

time span of 1077;;, which is much larger than the slowest
relaxation times of the system, see the Supporting Information
(SD).

The interlocked or linked region was identified using the
strategy of ref 24, which uses a top-down search to single out
the shortest (linear) portions of the two rings that yield the
same Hopf topology of the whole system, once suitably closed.
The closure is obtained by prolonging the termini of one
portion away from the center of mass of the other and then
bridging “at infinity”, see the SI.
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We first discuss the effect of confinement dimensionality and
degree on the static properties of the linked region and
specifically on its size, /;x, which is given by the summed
contour lengths of the interlocked portions of the two rings.
The results are given in Figure lc,d. For both slits and
channels, the average linked portion length, (7 ), decreases
from the bulk value of 62 + 26 as D is reduced.

The considered range of confinement includes the
anisometric blob regime of linear chains, which is expected
in channels and slits of widths ZIP < D < /o, where the blob
length expectedly scales as L o« D*? for channels®” and as L. o
D for slits.”**” The implied scaling for the longitudinal span is
D3 for channels and D™/* for slits, which both apply for our
Hopf links, too, see Figure SI.

Based on the ansatz that the entangled portion is
sequestered inside two interlocked anisometric blobs,” one
can speculate that (/) o I;;, where @ = 0.36 + 0.05 is the
bulk exponent for unconstrained Hopf links.”* The argument
yields (/) o D**%*%% for slits and (/) o D"+ for
channels. As shown by the fit in Figure 1lc, the Ilatter
relationship is in accord with the channel data, confirming
previous results.>® On the other hand, data for slits deviate
from the expected trend (see Figure 1d) and are best described
by the power-law fit (/) & D***, see Figure S2b.

As a matter of fact, the average /; levels off for slit widths
about equal to the Kuhn length, 106, and only modest changes
are observed in the corresponding /; x probability distributions
compared to the channel case, see Figure S1(ef). Thus, in slit
confinement, the progressive longitudinal elongation of the
rings is accompanied by a weaker tightening of the linked
region compared to channels. We surmise that this could be
related to entropic segregation forces’' ~** being weaker in slits
than in channels.

The sensitive dependence of the linked portion static
properties on confinement extends to kinetics too. To address
this, we considered how the two interlocked regions migrate
along the rings’ contours over time spans of at least 1061'LJ. The
migration process appears to be diffusive, see Figures S3 and
S4, and we studied it by tracking the chain indexes, m,; and m,,
of the central monomers of the interlocked regions and
computed their absolute increments, |Am,| and |Ams,l, for a
fixed time lag At = 1007y

Typical time evolutions of the |Aml’s are presented in Figure
2a)b and establish two results. First, the |[Aml’s magnitude
responds very differently to increasing confinement in channels
and slits. Specifically, the average contour displacement
reduces by a factor of 3 when the channel width is reduced
from D = 400 to D = 100, while for slits, this decrease is
milder, see Figure 2c. Thus, at equal D, channels both shorten
the physically linked regions more effectively than slits and also
introduce a larger hindrance to their contour sliding motion.

Second, the contour migration of the two interlocked
regions is visibly correlated or coupled in both types of
confinement. For a robust measure of the |[Aml’s coupling
strength, we used a nonparametric association measure, namely
the Spearman’s rank correlation coefficient, see Figure S5. The
results are given in Figure 2(c,d) and show a stark qualitative
difference from one- to two-dimensional confinement. For slits,
the degree of correlation of the |Aml’s varies only modestly
across the range of explored widths. For channels, instead, the
correlation decreases noticeably with increasing confinement.
The conclusions are unchanged if a different time lag is used to

compute the |IAml’s, see Figure SS(e,f). Overall, the analysis of
Figure 2c,d shows that the linked region kinetics differs
strongly from channels to slits.

The results above have a common microscopic under-
pinning. This is illustrated in Figure 3, where the same
displacements of Figure 2c,d are plotted as a function of the
length of the linked region rather than confinement width. In
these plots, the |Aml curves appear to bridge naturally, with
deviations comparable to the estimated error bars. The
bridging is even clearer for the correlation data, that fall on
the same curve regardless of whether the data are for slits or
channels. This fact points at (/) as being a fundamental
physical length scale in topologically linked chains and gives to
the curves of Figure 3 a character of universality.

The |Aml’s amplitude and correlation data of Figure 3
capture the extent to which the two linked portions drag each
other due to their topological locking. The observed
“topological friction” decreases as the growing confinement
makes the linked region shorter and tighter. This is
counterintuitive because the hindrance of the contour sliding
of other forms of entanglement, such as knots in pulled
chains,®>*™* increases with the tightness of the knots.

The coupling strength thus grows with /;y, and this, we
surmise, reflects the additional opportunities for the folds
inside the overlapping regions of the two rings to interdigitate
and create entangled strand juxtapositions. Not dissimilarly
from the obstacles encountered by polymers in a gel,*" the
juxtapositions affect the rings’ kinetics too. It appears that it is
the numerosity of such entanglements, more than their
tightness, that builds an effective mechanism for transmitting
the contour motion across the two interlocked regions.

This conclusion is supported by a direct investigation of the
“rotational motion” coupling of the two rings in tight channels.
We adapted the method of ref 45 to compute the correlation of
the effective rotational motion of progressively longer arcs
centered on the innermost monomers of the two rings (which
in tight channels become viable proxies for the central
monomers of the linked portion, see Figure S8). The analysis
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Figure 3. Data of Figure 2¢,d are reported as a function of the average
contour length of the linked portion. The error bars on the x-axis are
smaller than the data point symbols.
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yielded a correlation strength analogous to that obtained for
the |Aml’s and further showed that the coupling becomes
negligible outside the linked region, see Figure S8.

We conclude the characterization of the kinetics by noting
that the diffusive migration of the linked region over the entire
rings’ contour is much slower than other global relaxation
modes such as the longitudinal self-diffusion and the rings’
reorientation,46 see Figures S6 and S7. The latter was
characterized using the terminal autocorrelation function
(TACF)*” and measures the average reorientation time of all
diameter vectors joining two monomers at half-ring separation.

A natural question is whether the correlated motion of the
rings’ contour is informative about the relaxation kinetics of
other polymeric systems where entanglement is not
permanently locked into a topologically linked state.

To this end, we cut open one of the two rings in a position
diametrically opposite to the linked region central monomer,
thus turning the topological link into a physical one without
affecting the interlocked region. We then monitored the
evolution of the physical link for several trajectories and
measured the average unthreading time, 7,nreading Which is the
time required by the cut ring to disengage from the other intact
ring.

The confinement dependence of Tunyreading 1S Shown in
Figure 4. One notes that 7,,mreading grows rapidly with
increasing channel confinement and thus is decoupled from
conventional modes of internal relaxation of individual
rings.%_57

A key point is that the unthreading process is about an order
of magnitude faster than the aforementioned migration time of
the linked region over the entire rings’ contours. For instance,
for the strongest considered confinement, the unlinking time
was about 3.6 - 1041LJ for slits and 10.7 - 104rLJ for channels,
while the global migration times are 2.2 - IOSTLJ and 11.6 -
lOsrLJ, respectively.

We instead found that, for both slit and channel confine-
ment, the unlinking times are comparable to another relevant
metric time scale, 7, which is the time required by two rings to
diffuse away from each other over a distance equal to the
characteristic longitudinal size of the system, see Figure S6.
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Figure 4. D-dependence of 7 heading the average unlinking time
required to observe the separation of the entangled chains after one of
the catenated rings is cut open at a site diametrically opposite to the
linked region. The inset shows the ratio 7,weading/ 7| versus D, where
7 is the typical time required by two non-interacting rings to diffuse
away from each other over a distance equal to the characteristic

longitudinal size of the system, see the SI

Indeed, the inset of Figure 4 shows that at all considered slit
and channel confinements, 7,yreading remains comparable to 7.

The results clarify that the relevant relaxation mode
governing the unthreading kinetics is the longitudinal diffusive
motion of the two chains and not the global migration process
of the interlocked regions of the Hopf link, which would be
much slower. From this, we conclude that considering
interlocked polymers with circular topology is important to
isolate the manifestations of topological friction, as the latter
can be overriden by competing relaxation mechanisms in the
case of linear chains.

In summary, by harnessing a recently developed method to
identify reciprocally entangled chain portions,””*> we carried
out a first systematic study of how slit and channel
confinement affects the static and kinetics of catenated rings.
We observed that the contour motion of the two interlocked
regions is coupled by an effective drag or topological friction.
Differently from other systems® ™" the topological friction
decreases as the interlocking is made tighter, but also shorter,
by confinement. Finally, from the major changes of relaxation
kinetics observed after one of the rings is cut open, we
conclude that the manifestations of topological friction are best
isolated in interlocked polymers with circular backbones
(links).

Accordingly, it would be worthwhile to extend future
theoretical and experimental considerations to other inter-
molecular linking topologies beyond the Hopf link which
ought to present additional layers of metric and kinetic
complexity.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594.

MODEL and setup of MD simulations, detection of
linked portion, metric scaling of confined Hopf-linked
and isolated rings, size of linked portion at different
confinements, contour migration of linked region, and
characteristic relaxation times (PDF)

B AUTHOR INFORMATION

Corresponding Author
Cristian Micheletti — Scuola Internazionale Superiore di Studi
Avanzati - SISSA, 34136 Trieste, Italy; ® orcid.org/0000-
0002-1022-1638; Email: cristian.micheletti@sissa.it

Authors

Giulia Amici — Scuola Internazionale Superiore di Studi
Avanzati - SISSA, 34136 Trieste, Italy

Michele Caraglio — Institut fiir Theoretische Physik,
Universitit Innsbruck, A-6020 Innsbruck, Austria;

orcid.org/0000-0001-6567-6923

Enzo Orlandini — Department of Physics and Astronomy,
University of Padova, I-35100 Padova, Italy; © orcid.org/
0000-0003-3680-9488

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.1c00594

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acsmacrolett.1c00594
ACS Macro Lett. 2022, 11, 1-6


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00594/suppl_file/mz1c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00594/suppl_file/mz1c00594_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00594/suppl_file/mz1c00594_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00594/suppl_file/mz1c00594_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cristian+Micheletti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1022-1638
https://orcid.org/0000-0002-1022-1638
mailto:cristian.micheletti@sissa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Amici"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Caraglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6567-6923
https://orcid.org/0000-0001-6567-6923
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enzo+Orlandini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3680-9488
https://orcid.org/0000-0003-3680-9488
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.1c00594/suppl_file/mz1c00594_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00594?fig=fig4&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

B ACKNOWLEDGMENTS

We acknowledge the networking support by the COST
(European Cooperation in Science and Technology) Action
EUTOPIA.

B REFERENCES

(1) Chen, J.; Rauch, C. A.; White, J. H,; Englund, P. T.; Cozzarelli,
N. R. The topology of the kinetoplast DNA network. Cell 1995, 80,
61—69.

(2) Baiesi, M.; Orlandini, E.; Trovato, A,; Seno, F. Linking in
domain-swapped protein dimers. Sci. Rep. 2016, 6, 33872.

(3) Cremer, T.; Cremer, C. Chromosome territories, nuclear
architecture and gene regulation in mammalian cells. Nat. Rev.
Genet. 2001, 2, 292—301.

(4) Branco, M. R; Pombo, A. Intermingling of Chromosome
Territories in Interphase Suggests Role in Translocations and
Transcription-Dependent Associations. PLoS Biol. 2006, 4, e138.

(5) Leigh, D. A; Pritchard, R. G.; Stephens, A. J. A Star of David
catenane. Nat. Chem. 2014, 6, 978—982.

(6) Polles, G.; Orlandini, E.; Micheletti, C. Optimal Self-Assembly of
Linked Constructs and Catenanes via Spatial Confinement. ACS
Macro Lett. 2016, S, 931—-935.

(7) Marenda, M.; Orlandini, E.; Micheletti, C. Discovering privileged
topologies of molecular knots with self-assembling models. Nat.
Commun. 2018, 9, 3051.

(8) Datta, S.; Kato, Y.; Higashiharaguchi, S.; Aratsu, K.; Isobe, A,;
Saito, T.; Prabhu, D. D.; Kitamoto, Y.; Hollamby, M. J.; Smith, A. J.;
et al. Self-assembled poly-catenanes from supramolecular toroidal
building blocks. Nature 2020, 583, 400—405.

(9) Otto, M.; Vilgis, T. A. Topological Interactions in Multiply
Linked DNA Rings. Phys. Rev. Lett. 1998, 80, 881—884.

(10) Lang, M.; Fischer, J.; Werner, M.; Sommer, J.-U. Swelling of
Olympic Gels. Phys. Rev. Lett. 2014, 112, 238001.

(11) Krajina, B. A.; Zhu, A.; Heilshorn, S. C.; Spakowitz, A. J. Active
DNA Olympic Hydrogels Driven by Topoisomerase Activity. Phys.
Rev. Lett. 2018, 121, 148001.

(12) Wu, Z.-S.; Shen, Z.; Tram, K; Li, Y. Engineering interlocking
DNA rings with weak physical interactions. Nat. Commun. 2014, §,
4279.

(13) Klotz, A. R.; Soh, B. W.; Doyle, P. S. Equilibrium structure and
deformation response of 2D kinetoplast sheets. Proc. Natl. Acad. Sci.
U. S. A. 2020, 117, 121-127.

(14) O’Connor, T. C,; Ge, T.; Rubinstein, M.; Grest, G. S.
Topological Linking Drives Anomalous Thickening of Ring Polymers
in Weak Extensional Flows. Phys. Rev. Lett. 2020, 124, 027801.

(15) Soh, B. W.; Doyle, P. S. Deformation Response of Catenated
DNA Networks in a Planar Elongational Field. ACS Macro Lett. 2020,
9, 944—949.

(16) Ahmadian Dehaghani, Z.; Chubak, I; Likos, C. N.; Ejtehadi, M.
R. Effects of topological constraints on linked ring polymers in
solvents of varying quality. Soft Matter 2020, 16, 3029—3038.

(17) Gogou, C.; Japaridze, A.; Dekker, C. Mechanisms for
Chromosome Segregation in Bacteria. Front. Microbiol. 2021, 12,
685687.

(18) Doi, M.; Edwards, S. F. The theory of polymer dynamics; Oxford
University Press: 1988; Vol. 73.

(19) Everaers, R.; Sukumaran, S. K.; Grest, G. S,; Svaneborg, C,;
Sivasubramanian, A.; Kremer, K. Rheology and microscopic topology
of entangled polymeric liquids. Science 2004, 303, 823—826.

(20) Kremer, K.; Grest, G. S. Dynamics of entangled linear polymer
melts: A molecular-dynamics simulation. J. Chem. Phys. 1990, 92,
5057.

(21) Kalathi, J. T.; Kumar, S. K.; Rubinstein, M.; Grest, G. S. Rouse
mode analysis of chain relaxation in homopolymer melts. Macro-
molecules 2014, 47, 6925—6931.

(22) Arsuaga, J.; Blackstone, T.; Diao, Y.; Karadayi, E.; Saito, Y.
Linking of Uniform Random Polygons in Confined Spaces. J. Phys. A:
Math. Theor. 2007, 40, 1925—1936.

(23) Atapour, M,; Soteros, C.; Ernst, C.; Whittington, S. The linking
probability for 2-component links which span a lattice tube. J. Knot
Theor. Ramif. 2010, 19, 27—54.

(24) Caraglio, M.; Micheletti, C.; Orlandini, E. Physical Links:
defining and detecting inter-chain entanglement. Sci. Rep. 2017, 7,
1156.

(25) Caraglio, M.; Micheletti, C.; Orlandini, E. Mechanical Pulling
of Linked Ring Polymers: Elastic Response and Link Localisation.
Polymers 2017, 9, 327.

(26) Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 1995, 117, 1-19.

(27) Wang, Y.; Tree, D. R; Dorfman, K. D. Simulation of DNA
extension in nanochannels. Macromolecules 2011, 44, 6594—6604.

(28) Dai, L.; Jones, J. J.; van der Maarel, J. R. C.; Doyle, P. S. A
systematic study of DNA conformation in slitlike confinement. Soft
Matter 2012, 8, 2972—2982.

(29) Cheong, G. K; Li, X;; Dorfman, K. D. Evidence for the
extended de Gennes regime of a semiflexible polymer in slit
confinement. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip.
Top. 2018, 97, 022502.

(30) Amici, G.; Caraglio, M.; Orlandini, E.; Micheletti, C.
Topologically Linked Chains in Confinement. ACS Macro Lett.
2019, 8, 442—446.

(31) Jun, S.; Mulder, B. Entropy-driven spatial organization of highly
confined polymers: Lessons for the bacterial chromosome. Proc. Natl.
Acad. Sci. U. S. A. 2006, 103, 12388—12393.

(32) Jun, S; Wright, A. Entropy as the driver of chromosome
segregation. Nat. Rev. Microbiol. 2010, 8, 600—607.

(33) Jung, Y.; Kim, J.; Jun, S.; Ha, B.-Y. Intrachain Ordering and
Segregation of Polymers under Confinement. Macromolecules 2012,
45, 3256—3262.

(34) Liu, Z; Capaldi, X; Zeng, L.; Lamothe, R; Reisner, W.
Entropic localization of plasmids in nanofluidic compartments. Bull.
Am. Phys. Soc. 2021.

(35) Bao, X. R;; Lee, H. J.; Quake, S. R. Behavior of Complex Knots
in Single DNA Molecules. Phys. Rev. Lett. 2003, 91, 265506.

(36) Farago, O.; Kantor, Y.; Kardar, M. Pulling knotted polymers.
Europhys. Lett. 2002, 60, 53—59.

(37) Huang, L.; Makarov, D. E. Langevin Dynamics Simulations of
the Diffusion of Molecular Knots in Tensioned Polymer Chains. J.
Phys. Chem. A 2007, 111, 10338—10344.

(38) Di Stefano, M.; Tubiana, L.; Di Ventra, M,; Micheletti, C.
Driving knots on DNA with AC/DC electric fields: topological
friction and memory effects. Soft Matter 2014, 10, 6491—6498.

(39) Caraglio, M.; Micheletti, C.; Orlandini, E. Stretching Response
of Knotted and Unknotted Polymer Chains. Phys. Rev. Lett. 2015,
11§, 188301.

(40) Klotz, A. R;; Soh, B. W.; Doyle, P. S. Motion of Knots in DNA
Stretched by Elongational Fields. Phys. Rev. Lett. 2018, 120, 188003.

(41) Suma, A.; Micheletti, C. Pore translocation of knotted DNA
rings. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, E2991—E2997.

(42) Caraglio, M;; Orlandini, E.; Whittington, S. G. Driven
Translocation of Linked Ring Polymers through a Pore. Macro-
molecules 2017, 50, 9437—9444.

(43) Caraglio, M.; Orlandini, E.; Whittington, S. G. Translocation of
links through a pore: effects of link complexity and size. J. Stat. Mech.:
Theory Exp. 2020, 2020, 043203.

(44) Obukhov, S. P.; Rubinstein, M.; Duke, T. Dynamics of a ring
polymer in a gel. Phys. Rev. Lett. 1994, 73, 1263.

(45) Halverson, J. D.; Lee, W. B; Grest, G. S.; Grosberg, A. Y,;
Kremer, K. Molecular dynamics simulation study of nonconcatenated
ring polymers in a melt. II. Dynamics. J. Chem. Phys. 2011, 134,
204908S.

(46) Miiller, M.; Wittmer, J.; Cates, M. Topological effects in ring
polymers: A computer simulation study. Phys. Rev. E: Stat. Phys,
Plasmas, Fluids, Relat. Interdiscip. Top. 1996, 53, 5063.

(47) Katsarou, A. F.; Tsamopoulos, A. J; Tsalikis;, D. G;
Mavrantzas, V. G. Dynamic heterogeneity in ring-linear polymer
blends. Polymers 2020, 12, 752.

https://doi.org/10.1021/acsmacrolett.1c00594
ACS Macro Lett. 2022, 11, 1-6


https://doi.org/10.1016/0092-8674(95)90451-4
https://doi.org/10.1038/srep33872
https://doi.org/10.1038/srep33872
https://doi.org/10.1038/35066075
https://doi.org/10.1038/35066075
https://doi.org/10.1371/journal.pbio.0040138
https://doi.org/10.1371/journal.pbio.0040138
https://doi.org/10.1371/journal.pbio.0040138
https://doi.org/10.1038/nchem.2056
https://doi.org/10.1038/nchem.2056
https://doi.org/10.1021/acsmacrolett.6b00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.6b00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-05413-z
https://doi.org/10.1038/s41467-018-05413-z
https://doi.org/10.1038/s41586-020-2445-z
https://doi.org/10.1038/s41586-020-2445-z
https://doi.org/10.1103/PhysRevLett.80.881
https://doi.org/10.1103/PhysRevLett.80.881
https://doi.org/10.1103/PhysRevLett.112.238001
https://doi.org/10.1103/PhysRevLett.112.238001
https://doi.org/10.1103/PhysRevLett.121.148001
https://doi.org/10.1103/PhysRevLett.121.148001
https://doi.org/10.1038/ncomms5279
https://doi.org/10.1038/ncomms5279
https://doi.org/10.1073/pnas.1911088116
https://doi.org/10.1073/pnas.1911088116
https://doi.org/10.1103/PhysRevLett.124.027801
https://doi.org/10.1103/PhysRevLett.124.027801
https://doi.org/10.1021/acsmacrolett.0c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.0c00360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SM02374G
https://doi.org/10.1039/C9SM02374G
https://doi.org/10.3389/fmicb.2021.685687
https://doi.org/10.3389/fmicb.2021.685687
https://doi.org/10.1126/science.1091215
https://doi.org/10.1126/science.1091215
https://doi.org/10.1063/1.458541
https://doi.org/10.1063/1.458541
https://doi.org/10.1021/ma500900b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma500900b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1751-8113/40/9/001
https://doi.org/10.1142/S0218216510007760
https://doi.org/10.1142/S0218216510007760
https://doi.org/10.1038/s41598-017-01200-w
https://doi.org/10.1038/s41598-017-01200-w
https://doi.org/10.3390/polym9080327
https://doi.org/10.3390/polym9080327
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1021/ma201277e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma201277e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2sm07322f
https://doi.org/10.1039/c2sm07322f
https://doi.org/10.1103/PhysRevE.97.022502
https://doi.org/10.1103/PhysRevE.97.022502
https://doi.org/10.1103/PhysRevE.97.022502
https://doi.org/10.1021/acsmacrolett.9b00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0605305103
https://doi.org/10.1073/pnas.0605305103
https://doi.org/10.1038/nrmicro2391
https://doi.org/10.1038/nrmicro2391
https://doi.org/10.1021/ma2025732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma2025732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.91.265506
https://doi.org/10.1103/PhysRevLett.91.265506
https://doi.org/10.1209/epl/i2002-00317-0
https://doi.org/10.1021/jp071940+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp071940+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4SM00160E
https://doi.org/10.1039/C4SM00160E
https://doi.org/10.1103/PhysRevLett.115.188301
https://doi.org/10.1103/PhysRevLett.115.188301
https://doi.org/10.1103/PhysRevLett.120.188003
https://doi.org/10.1103/PhysRevLett.120.188003
https://doi.org/10.1073/pnas.1701321114
https://doi.org/10.1073/pnas.1701321114
https://doi.org/10.1021/acs.macromol.7b02023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b02023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1742-5468/ab7a20
https://doi.org/10.1088/1742-5468/ab7a20
https://doi.org/10.1103/PhysRevLett.73.1263
https://doi.org/10.1103/PhysRevLett.73.1263
https://doi.org/10.1063/1.3587138
https://doi.org/10.1063/1.3587138
https://doi.org/10.1103/PhysRevE.53.5063
https://doi.org/10.1103/PhysRevE.53.5063
https://doi.org/10.3390/polym12040752
https://doi.org/10.3390/polym12040752
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters pubs.acs.org/macroletters

(48) Milchev, A. Single-polymer dynamics under constraints: scaling
theory and computer experiment. J. Phys.: Condens. Matter 2011, 23,
103101.

(49) Nikoofard, N.; Hoseinpoor, S. M.; Zahedifar, M. Accuracy of
the blob model for single flexible polymers inside nanoslits that are a
few monomer sizes wide. Phys. Rev. E 2014, 90, 062603.

(50) Hoseinpoor, S. M.; Nikoofard, N.; Zahedifar, M. Accuracy
Limits of the Blob Model for a Flexible Polymer Confined Inside a
Cylindrical Nano-Channel. J. Stat. Phys. 2016, 163, 593—603.

(51) Hagita, K; Koseki, S.; Takano, H. Relaxation of a Polymer
Chain Confined in a Slit. J. Phys. Soc. Jpn. 1999, 68, 2144—2145.

(52) Chen, Y.-L; Lin, Y.-H.; Chang, J.-F.; Lin, P.-k. Dynamics and
conformation of semiflexible polymers in strong quasi-1D and-2D
confinement. Macromolecules 2014, 47, 1199—120S.

(53) Jung, Y.; Jun, S.; Ha, B.-Y. Self-avoiding polymer trapped inside
a cylindrical pore: Flory free energy and unexpected dynamics. Phys.
Rev. E 2009, 79, 061912.

(54) Arnold, A; Bozorgui, B; Frenkel, D.; Ha, B.-Y,; Jun, S.
Unexpected relaxation dynamics of a self-avoiding polymer in
cylindrical confinement. J. Chem. Phys. 2007, 127, 164903.

(55) Reisner, W.; Pedersen, J. N.; Austin, R. H. DNA confinement in
nanochannels: physics and biological applications. Rep. Prog. Phys.
2012, 75, 106601.

(56) Tang, J.; Levy, S. L,; Trahan, D. W.; Jones, J. J.; Craighead, H.
G.; Doyle, P. S. Revisiting the conformation and dynamics of DNA in
slitlike confinement. Macromolecules 2010, 43, 7368—7377.

(57) Metzler, R; Reisner, W.; Riehn, R.; Austin, R.; Tegenfeldt, J.
O.; Sokolov, I. M. Diffusion mechanisms of localised knots along a
polymer. Europhys. Lett. 2006, 76, 696—702.

https://doi.org/10.1021/acsmacrolett.1c00594
ACS Macro Lett. 2022, 11, 1-6


https://doi.org/10.1088/0953-8984/23/10/103101
https://doi.org/10.1088/0953-8984/23/10/103101
https://doi.org/10.1103/PhysRevE.90.062603
https://doi.org/10.1103/PhysRevE.90.062603
https://doi.org/10.1103/PhysRevE.90.062603
https://doi.org/10.1007/s10955-016-1489-9
https://doi.org/10.1007/s10955-016-1489-9
https://doi.org/10.1007/s10955-016-1489-9
https://doi.org/10.1143/JPSJ.68.2144
https://doi.org/10.1143/JPSJ.68.2144
https://doi.org/10.1021/ma401923t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma401923t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma401923t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevE.79.061912
https://doi.org/10.1103/PhysRevE.79.061912
https://doi.org/10.1063/1.2799513
https://doi.org/10.1063/1.2799513
https://doi.org/10.1088/0034-4885/75/10/106601
https://doi.org/10.1088/0034-4885/75/10/106601
https://doi.org/10.1021/ma101157x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma101157x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1209/epl/i2006-10312-5
https://doi.org/10.1209/epl/i2006-10312-5
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

