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Abstract

This paper uses computer simulations to reveal unprecedented detailz/about linearization of
DNA inside dynamic nanochannels that can be repeatedly wide dﬁﬁldxiowed. We first
analyze the effect of rate of channel narrowing on DNA lineariéwi{hnamics. Quick (~0.1s)
narrowing of nanoscale channels results in rapid overstr@:\f ¢ semi-flexible chain
followed by a slower (~0.1-10s) relaxation to an equil rium egt sion. Two phenomena that
induce linearization during channel narrowing, r@"ely e tional-flow and confinement,
occur simultaneously, regardless of narrowing“speedy Ifiterestingly, although elongational
flow is a minimum at the mid-point of w nel, and increases towards the two ends,
neither the linearization dynamics nor t 7@1’3&& DNA extension vary significantly with
the center-of-mass of the polymer prhed-on the channel axis. We also noticed that there
was a significant difference 'nr‘:&%@ach the equilibrium length, as well as the degree of
DNA linearization at short timx«\epending on the initial conformation of the biopolymer.
Based on these obs ions, we tested a novel linearization protocol where the channels are
narrowed and r/ed }epeatedly, allowing DNA to explore multiple conformations.
Repeated oW and widening, something uniquely enabled by the elastomeric
nanochdnnels, significantly decreases the time to reach the equilibrium-level of stretch when
pe f;(_)\§/\wi}ﬁin periods comparable to the chain relaxation time and more effectively
untangle &ains into more linearized biopolymers.

S
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I. Introduction

Deoxyribonucleic acid (DNA) is the bio-molecular storage medium of genetic information
for living organisms. DNA is a linear polymer whose size is extremely disproportionate in
that the ratio of its length to width is on the order of 10’ in human c?( DNA in the nucleus
therefore exists in highly compact and condensed structures. Even pu k{i decondensed

DNA in vitro forms a globular and coiled structure in solution. ever, a number of

analysis techniques, such as DNA mapping [1-3], require ‘)hmn.i to be linear, rather than

o

coiled. KS

There are a number of mature techniques toNQrDNA, which have been reviewed
M

extensively in recent papers [4-8]. An early o stretch DNA was to tether each end of

Ty

the molecule to a bead, and to apply an extensional force using optical or magnetic tweezers

\ 2

[9]. Later, various flow-based sttetching methods were investigated [5]. These usually relied

on applying a moving bou a'eq\pr sure gradient, or an external electrical field. The

resultant flows induce these driving forces tend to be simple shear, cross, or converging
flows that all result/in extensional-strain distributions.
£

Recently, oﬂ‘@\of linear polymers in one or two dimensions has attracted attention as

an efféctive togl to linearize them [6, 10-16]. Nanoscale slits or channels can drastically

/
reduce th eéree of freedom of DNA and induce linear conformations. More recently, a
ethed t

.m linearize DNA using squeezing flows generated inside elastomeric nanochannels

was §ep0rted (Fig. 1) [17]. The method uses tunneling cracks generated in an elastomer

S whose channel dimensions can be adjusted by applied strain [18, 19]. Two features of this

method stand out from the other methods described in the literature. One is that the geometry
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of the channels is not fixed, and is easily tunable. Another is that effects of both flow and

confinement are used together, leading to effective linearization of linear bio-polymers under

low-shear-stress conditions. This method will therefore improve the mature technologies

involving DNA linearization [20, 21]. However, while nearly full-lizg rization of DNA and
o

chromatin has been demonstrated, variables in the procedure ar ye@) Ily understood

and controlled. \

T~

—
The aim of the present study is to enhance the understanding of)the physical processes behind

the method, and to build a knowledge base upo@licb)efﬁcient and reliable experimental
protocols can be developed. There are, however, fumber of non-trivial modeling tasks

required to simulate squeezing-flow-mediated D linearization. For example, the flow is

/

strongly transient in the initial phase of théssgueezing process. Because there are significant
three-dimensional elongational \f,SWQ as potential hydrodynamic effects between the
chain components, the solv Wer modeled explicitly. In addition, because the length
scales and the configuratignal regimes in the problem are quite varied, no existing single
modeling approachfcan Ceyer the entire process from the globular state to the fully-linearized
state of the D?/Aéﬁ{,qvp’ focus on the dynamic processes occurring during the early stages
of channe na‘lj)win nd DNA linearization, where the channel starts out relatively wide and
then rro;vs wn to a few persistence lengths in width. DNA is modeled as a semi-flexible
polymer, 'ng the bead-spring model of Underhill and Doyle [22]. Furthermore, we use a
~partt e-b)sed mesoscale-modeling method called the dissipative-particle-dynamics (DPD)

techlhque to model the solvent [23]. The flow condition within a narrowing curved wall is

S modeled by adopting an image-particle-based technique [24, 25], and the condition at the exit

is modeled by using selective deletion proportional to the velocity profile. In all, the
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integrated modeling approach ensures that the DNA linearization in squeezing flow is

accurately simulated with modest computational cost.

We analyze the basic features of DNA extension during the prQ/sKt!:arrowing the
nanochannel, focusing on the effects of elongational flows and nﬁtﬁment fects. We also
investigate how simple differences in the sample, and practic%k{ s in the narrowing

procedures, might significantly affect the outcomes. @sﬁ.ﬂcally, we consider the
ﬂ

effects of chain length, initial degree of extension, an squee?-relax-squeeze operations on

N
S
Q
-
&

o

;
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II. Simulation Method

The experimental procedure that we are simulating is referred to as “nanoscale squeezing.” It
starts with the application of tensile strains to an elastomeric bulk substrate that has normally-
closed nanochannels constructed within it. Super-resolution mié y measurements
indicate that a strain of about 10% on the substrate causes the n )ly-closed channels to
open to about 750nm in width. The open channels are t lledwyith' DNA solution (the
experiments used DNA from A-phage, which we will zefer to ENA). When the applied
strain is completely released, the fluid is squeezeCil;t, nd tbe channels fully relax in less

than a few seconds. The equilibrium state a N‘A chain confined within a narrow
o
ishe

channel can be estimated from previously,p sults [26, 27]. This literature suggests

that, if the cross-sectional diameter of%hannel, D, is greater than 1500 nm, the A-
is in

DNA is in its bulk state. If the dia e range 600 nm < D <1500 nm, then the de

™
Genes regime applies. If the dia&% the range 100 nm < D < 600 nm, then the extended

de Genes regime applies. If&@ﬂﬂer is less than 50 nm, the Odijk regime applies, with a

Cross-over regime exi ng%%t range of 50 nm < D < 100 nm.

£
Experimenta& e most significant change in the degree of linearization occurs in the early
stages of eaueezing process, when the channel is larger than the persistence length. This
correSponds to the de Gennes and the extended de Gennes regimes, in which both flow-

—
diatedsel gation and confinement effects are important. On the other hand, confinement

“effects
)

11l dominate in the Odijk regime. Our simulations, therefore, focus on the dynamic

S ss occurring during the early stages of channel narrowing and DNA linearization. This
~

contrast with the linearization by confinement without flow where the biggest slope in the

extension versus channel size is in the cross-over regime [28].
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The simulation model consists of four basic components: elastic channel, DNA, solvent, and
channel-solution interaction. First, the governing equation for the narrowing of liquid-filled
elastic channels is solved to obtain the radial boundary condition a%‘ﬁ&tion of time. We
consider the relatively simple geometrical case of a cir D’ube widened under
axisymmetric strain applied on the outer walls. When the Nﬂ is released, the tube
starts to narrow from the tube ends. The geometry is s_i_glp here than that in the model
experiment [17] where a channel of a large aspect reﬁio i unde} uniaxial strain. The effect of
the difference would not be trivial [29-31] utg.not‘yursued further in this work. The

evolution of the tube inner radius is governe@by the llowmg equations [29]:

N
S

=

% — ERiZO ,Dg—l azRi (l)
at 24u p% 0x2 \
with

R; (x,0) = Rw:R +Xmax\ Ry

©)

where Rpis ﬂ{e local inner radius of the tube, R;, is the initial inner radius before strain

release, e is the final inner radius after complete narrowing of the tube after the strain is

ﬁ
%éed D, 1s the ratio of the initial outer radius to the initial inner radius. E is the Young’s

X

medulus, u is the liquid viscosity, and z is the axial coordinate. The tube ends are located at

X = +Xpax respectively. The fluid flow is modeled as Poiseuille flow in the limit of narrow
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tubes, and the velocity profile is given as

5 p-10m;

(RZ —12), 3)

" 6uRy, p3 0x /

OR; . . . . .
The term % , along with R;, varies with x and imparts the axial endence of the flow

Uy

field. Equation (3) is the velocity distribution that is not p Qed-by the DNA chain in the

—
collapsing channel, and will be the basis for the bound condgions of DPD at the axial ends.
We chose initial conditions to match values fro%xp iments. The initial inner radius is

chosen as R;, = 0.75um, which is the ch nhﬁd&h‘h‘nder 10% strain as determined from

super-resolution microscopy [32]. In a normakexperiment, the strain is released not at one go,

—~

but with multiple steps for gentler li giza ign. Because we also focus on the early stages of

channel narrowing, we set the inn rz;i‘ius in the simulation as R, = 0.43 pm, which is
within the range of the extende Gennes regime. Equation (1) is in a form of diffusion
equation with a con = (ER;,/24n)(p2 — 1)/p2[um?/s] that is a measure of the
spreading speed co‘l}gl}ront. For reference, dimensioned parameters that give a value
of C = 10° [ufm’/s] are.ar outer radius of 1000[um], a solvent viscosity of 0.001[kg/(m's)],

]
and £ = .2@04 [kg/(m's”)]. The shear rate and strain rate developed by the channel are
be

estimated to
- V.
)

-

out 85.2 and 73.2 [1/s], respectively (See Appendix I).

Nexb the DNA, a semi-flexible linear polymer, is modeled in the simulation as beads

S connected with extensional non-linear springs. The spring model by Underhill and Doyle [33]

is used. The spring force between the beads is:
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13 0.8172 2
_ kgT 7 _ 7f (i_i_i)" 2t -14.79/v*\ a2
f(r) = L {(1—?2)2 v(1-72)2 + 32 4v v? T+< 1- 4225+487/v2 7a e )

where r is the distance between interacting particle centers, p and 7 =71/l

lmax 1s the maximum extensible length of the spring. 1, sistence length. kp is the

Boltzmann constant. T is the absolute temperature.| This bs:a ~spring chain model is a

coarse-grain model of the continuous Worm-hkeéham J)ls reported to be reliable for long

polymers in both the small and large extension limits {33, 34]. The spring in the model can
i\sgﬁm

also represent dimensions as small as thl ¢ lengths, which is consistent with our

simulations, where the smallest channel sizeis comparable to the persistence length.

\ -

N\

In a dilute polymer solution, 1 \hpqﬁant to consider the hydrodynamic interaction through
which one segment %j er can influence another, even if they are far apart in the
sequential order n;/t%q ecule. In addition, the polymer is actively acted upon by the
squeezing fl at is abhshed within the solvent in response to the wall movement. To
include t@s effectively, it is useful to model the solvent explicitly using a coarse-
grain mﬁdel ed on dissipative particle dynamics [23]. The dissipative particles represent
a avera%e fect of a large number of molecules. The collective behaviors of the particles

“simu the behavior of molecules at a much coarser scales and, thus, at a lower

\ utational cost. The equations of motions in dissipative-particle dynamics (DPD) are
S

-

dTi

e = Vi (5)

10


http://dx.doi.org/10.1063/1.4967963

AllP

Publishing’ .

| This manuscript was accepted by Biomicrofluidics. Click here to see the version of record. |

_-)_ =c > -
= —Fi=2F;+ 0+ (0)

7 and U are the particle position and velocity vectors, respectively, and the subscripts i, ]

are the particle numbers. ﬁi ; is the force between two interac(mNa\rticles with the

conservative, dissipative, and random forces being indicated V\Quperscripts C, D, and

R, respectively. )
.\&“*
.

pe = 1% (1 =rj)fy, mj<re - (7
15) O’ rl] 2 ,r,C, ‘)

L
EP = —yw® (ryj) (R - By 8
el Yo (rll)(rll UU)T'U, \ 3

ﬁi? = ow® (1)) S\\ )

where, \
5 f'ij\

and . is the c‘yp d{us f}r he interaction. As will be elaborated later, 7. is the basic unit of

DPD simu ﬁ%lwt as twice the persistence length of DNA so that all the other length

scales eég%m re or 21,. In these equations, ¢ is a Gaussian white noise function with

sy, QQ/& {ji,» to ensure the momentum conservation and satisfies the following
usto astic))roperties:

)

- = = . _ -
Ty =1— T 1y = |y

\ 76 (0) = 03 (G (D%u()) = (Bubi + a8t — £, (10)

11
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The fluctuation-dissipation relationship gives

0% = 2kgTy, (11)

P

and

Dey — rR(2 = (A= T/10)5, r<rc )\
W) = [o* @1 = {{ NS \ (12)

o
All the parameters and functions except for p, and s dﬁ%ﬂow, are given according to

the original DPD prescription by Groot and Wafren [ 1)‘6 values of a;; of the non-

)
N
a;j = 75kgT/pn, ‘\:\ (13)
\

=

bonded conservative force are given by

where p, is the number r@e solution, including both the solvent and DNA

particles. The values of _a;; were derived by matching the compressibility of water, based on

the equation of stat @ﬂuid. This is used for all the non-bonded interactions between
3¢

éadyin the chain. o = 3 is used as a random-force coefficient, which

solvent parti%
cmrms of stability and performance in the dissipation. Equation (11) then

wcolh ions)ind, thus, higher viscous dissipation, improving the ability to model the viscosity

ofwéer [35].

NI

In this DPD representation of DNA solution, the beads in the DNA chain and solvent are of

12
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the same size and under the same interaction-forces of Egs. (7-9), constituting an athermal
solvent, while the beads in the chain are under the additional spring force of Eq. (4). The
simulated chain dynamics in equilibrium agrees well with the Zimm model for a chain in
good solvent [36]. The hydrodynamic interactions between the segme(/ of the chain are then
well represented. So are the interactions between the chain eg@‘hﬁ the wall by
introducing s = 1/2 in Eq. (12) [37]. It also turns out that additional force is not necessary for
enforcing excluded volume interaction between DNA chai eQnenJ;. The repulsive force of
-~

Eq. (7), while soft, is enough for simulating the chain with exclslded volume interaction under

less than extremely high temperature [36]. L ,)
o

Because fluid-solid interfaces confine the\&@nd drive the fluid flow, it is essential to

\
apply accurate boundary condition T}Ns of boundary conditions must be satisfied at
the surfaces of the channels, w %sumed to be cylindrical in this simulation. First, the
ied by

no-penetration condition is straightforward method in which any particle that

crosses the boundary im'the simulation is, instead, specularly reflected. Second, the no-slip
condition is obtai dg\buting mirror-image particles outside the boundary; these have
an opposite axi lééy)() the original particles and interact with the same DPD forces [24,
38]. Thir th'o)motl of the wall during the collapse of the channels is prescribed by as a
functien 05 time. This time history of the wall position is obtained by solving the Eq. (1), as
dgSeribe fe{e. An alternative way to prescribe the wall motion is to apply a pressure on the

~cylinder )urface. However, the pressure in the simulation fluctuates considerably, so

displgcement—controlled boundary conditions are used.

\ <

The boundary conditions at the exits require special modeling. The axial length of a typical

13
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nanochannel (~300um) is far larger than the radius (~1um-50nm), so it is radial confinement
that dominates the DNA dynamics. Even fully-linearized A-DNA, which has a contour length
of about 22 um, occupies only a small fraction of the axial length of the channel. The rest of
the channel volume is composed of solvent molecules that have only / indirect influence on

the DNA, but would require the major part of the computation if em
wit

Therefore, we conduct the simulation over a shorter axial domainy

ctly modeled.

boundary condition

assuming fully-developed flow at the ends of the domains. The<bgundary regions at these
-~

ends have a length of 2.57, (see Fig. 2a). The particles, in the Seglons become the candidates

for deletion whenever the particle number in the@ion.sxceeds the equilibrium number. It

can be mentioned that, in a real experimentga situ jorl"can typically arise where multiple of

DNA occupy a channel, for example, fo hwput genome mapping [39].
&\
NCS .
\\e required velocity profile on the end boundaries:

We devised a simple method tx;ly

each solvent particle is sele x in the deletion operation, but the probability of the
selection is weighted ing to the parabolic velocity profile of the fully-developed flow.
The average densi %em is then controlled to be approximately constant when the
volume decrez(e%

boundary egﬁ)i, the'simulation is repeated with a larger initial volume. Most of the results in

ihe squeezing process. Whenever a portion of the DNA enters the

this dy/co ern the squeezing process, but a reverse, relaxing-back, process is also
considere té in the context of a periodic squeeze-relax process. At the boundaries, to keep
~the steéx density constant, the particles are inserted similarly at the selected positions

ropbrtional to parabolic profile. Because the particle interaction potential is of soft nature,

S the particle overlap is not a major concern in selecting the insertion position as in the

molecular dynamics. The resultant compact domain size makes the computational load less

14
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demanding. More comprehensive multiscale approaches combining a continuum solver and
particle simulation are available, but are not pursued here because this simple passive

condition appears to be sufficient [40].

To make the model of the DNA chains and water representative of @%\memtal system,

we first set the basic scales of the simulation to be consistent with those_ of the experiments.
Energy is normalized by kpT in the simulation. There )hsq@mperature is set to 1,
-

recognizing that this corresponds to a dimensioned value of [153 /kg. The cut-off length, .,

which is the basic length in DPD, is set equal to QLThe.;jnaximum bond length is set as 5/,

The A-DNA is assumed to have a contour le% ﬁm and a persistence length of 53 nm.
The third basic dimension in DPD sim lati}Q\is ally chosen to be that of the mass of the
\
solvent. However, this results in a viscosity“that is far less than that of water because the soft

sC
interaction potential generally L@D models [23] results in less dissipation within the
1quidsy[3

fluid than occurs within rea . In our model system, the transfer of matter by the

flow in the channel i itical element in assessing the linearization dynamics of DNA.
Therefore, the vis s@PD simulation is chosen to match that of water. The time unit
in the simula?&né@[gﬁlxmss]. The inevitable consequence of this choice is that the
density o e‘aokhqs much larger than that of water, so the speed of sound is lower than it

is in ate; is imposes an upper bound on the wall speed required to keep the solvent

approxim 1)/incompressible.

)

S ¢ modeling side, we first validated the basic simulation code in three ways. Two of the
~

validations involved consideration of static configurations: one in the bulk state, and the other

in a confined state. In the former case, polymer chains of various contour lengths were put

15
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into a cylinder of 4 um in length and diameter. The radii of gyration resulting from the
simulations were compared to experimental results available in the literature [41], as shown
in Fig. 2(b). We next considered the configuration of chains confined in narrow tubes. There
are few relevant experimental data on DNA linearization in channels (/Q{lli geometry and

size in the literature. Therefore, we compared the simulation results %h separate theoretical

predictions based on analyses in the de Gennes regime (Fig.&(g)\ ¢ contour length of

>

DNA is 22um. The following relationship between the meareftension and channel diameter

was used: C KS
\ D
L -
(X)/L = C,D DI, \\ (14)
~

where v = 0.5877, as recommend \1p [28], and C, = 9.72 were used to generate the

results shown in Fig. 2(c). B(m comparisons show reasonable agreements. The
N

disagreement in the smallest tmeter in Fig. 2(c) is likely to indicate lack of sufficient

resolution rather that@?w to the crossover regime. The tube diameter there is less than
r

twice the bead ett V}h e it 1s about the border between the extended de Gennes and

Crossover re irw .“The parameters in the fitting can be compared with those in

~086 of [42], which covers extended de Gennes and crossover regimes.

Finally; 'e/exynined whether the simulation can produce a correct profile of the axial flow in

—
t cham‘til. hen the tube diameter was much greater than the size of the beads, a fully-

—
Q‘ ped flow corresponding to the expected Poiseuille flow was obtained after applying an

R

a\x1a body force on the solvent (Fig. 2(d)). When the ratio of the tube diameter to the bead

size was less than about 2, the flow deviated from Poiseuille flow. When the size of the bead

becomes comparable to that of the tube, the particulate feature of the beads became

16
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noticeable near the wall, and the solvent became less homogeneous. This, along with the
results in Fig. 2(c), puts a lower limit of about 3 on the tube diameter with respect to the bead
size in the simulation. This limit corresponds to 6 times the persistence length of DNA in our

simulation. Therefore, the bulk and blob regimes, de Gennes and extended de Gennes, are

within the capability of our simulation study. Q
o
I11. Simulation results -

In the following results, we describe the state ¢f the. D chain mainly in terms of the
extension. There are several different measures he exténsion that can be used: the end-to-
end distance, the chain span along the chN ial direction, and the radius of gyration are

examples. We chose the chain span in&&@l axial direction, X, which is often used in

related literature because it is asier)m%asure in experiments. Many simulation results

presented are time trajecto e&\ewﬂal chain span where the mean axial span, <X>,

implies ensemble-averaged data. Tn the ensemble average, several trajectories for the same

boundary conditions, ineluding the initial and boundary conditions, are averaged for the same
£

given time. y.

III-1. Sing ueezeoperation: We first consider single-squeeze results, in which the channel

diametér changes in response to a single decrement of strain. The governing equation for
/

c charinel (Eq.(1)) was numerically solved using the finite difference method with

laps1
Rie O.43Sum and a half-channel length of z,,,, = 150um (See Appendix II). In Fig. 3(a), the

ﬁ
%be in the channel diameter with time at z=0 is shown for four collapsing channels with

X

collapse constants in the range of C = 10* to 10’ [um?/s]. For example, the diameter of a tube

containing the DNA solution decreases from 750 nm to 430 nm in about 1 sec for

17
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C=10°[um?/s] and in about 0.1 sec for C=10°[um?/s], respectively, according to the solution
of Eq. (1). This can be compared with the experimental observations that the rate of the
nanochannel squeeze is comparable to a second [17]. In Fig. 3b, two DNA linearization

results are shown according to the collapse constants of C=10’ [urg/ and C=10°Tum?%/s],

/
respectively. The time history of the mean axial span is obtained %nble veraging over
duc

10 trajectories. The squeezing flow in the narrowing nanoch nth\
ol

the linearization of
the DNA by two distinct processes. First, the DNA chain.is stretehed in a short period of

—

time by the strong elongational flow. It next relaxes bagk slo%ly to a new equilibrium state

-

with the newly-narrowed confinement. The latter'processican, therefore, be characterized as

the confinement effect. The former can be chq%?eé‘as the elongational-flow effect. After
lingari

a sufficiently long time, the final degree of ion would depend only on the degree of
\

confinement. However, the path a ﬁ%t each the equilibrium state depend on both the

effects. k\

The axial distributio ¢ monomers clearly shows the process of over-extension and
relaxation back t tl&b&:d state (Fig. 3(c)). During the long relaxation period, the
monomers beé¢gome e/evenly distributed. The radial distribution of monomers initially
shows a th%r%ﬁnic decrease from the centerline towards the tube wall (Fig. 3(d)). In
Fig. (c,d} thewdistributions are obtained by centering the center-of-mass and ensemble-
ayeraging 3 ‘trajectories. The monomers are then concentrated toward the centerline right
“afte squeezing period and slowly relax back to the more monotonic distribution with time.
)

I11-2. Effect of initial conditions on extension: We next investigate the extension dependence

on the initial conditions such as the extension and the center-of-mass (CM) position in the
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channel axis of chains at the start of the squeeze. The axial CM position of the DNA in a
channel varies in a typical experimental setting, owing to thermal fluctuations, as does the
initial extension to a lesser degree. We first set up the DNA in various axial CM positions and
compared the maximum extensions induced by squeezing. The i{ 1 CM positions are
determined by the average of bead x-coordinates. Fig. 4(a) shows e?)hﬂce on the axial
CM position at the start of the squeeze. Because any chain whose*CM 1Sunitially in a positive
x-coordinate is under the same physical condition as the chainfinsanegative x-coordinate of
—

the same absolute value and the outcome will be the same on észerage, only the chains whose

CM is located in a positive x-coordinate is consid%l. IL%lms out that the axial-CM-position

variation does not affect the degree of extensi{;:fﬁcantly even at the short times. In a
th

nterline and is constant with respect to

squeezing flow, the strain rate € is hi hes%a&
o~
the axial CM position, while the ega of |y| increases with distance away from the
center of the tube, in both the radial a a;211 directions. The relatively low dependence on
axial CM position suggests Z‘:akh chains in different locations in the channel axis
may undergo different rates, the chain is distributed mostly around the centerline, where
the effect of the ghear 1s_always low. On the other hand, it is clear that the maximum
extension is ?{iﬁgy%p{elated with the extent of the initial channel-axial extension for the
same datadsq %s»bols in Fig. 4(b)).

£

This depe erée of the extent of linearization on the initial extension may also explain other
“phe eba. Figure 4(c) shows the single-squeeze results of chains of various contour lengths.
he hegree of over-extension and recoiling time increases with contour length. The recoiling
time must increase, because the extended length for the recoiling increases with the span of

the chain in the channel-axial direction. However, the maximum extension ratio, represented
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by <X,..>/L, is a relative parameter, and would not increase with contour length if the initial
extension ratio were the same. As we discussed, the elongational flow near the centerline

gives the most dominant effect on linearization, and the centerline strain rate is constant in

the axial direction. A more plausible explanation is that a longer/%izdﬂ the same
confinement conditions would have a larger (initial) extension r io}hich ds to a larger
maximum extension (See solid circles in Fig. 4(b)). In ON , the initial chain

configurations that give the DNA a more ellipsoidal, rathe(%ph@rical, shape overall, are

—
more effectively stretched by elongational flows. This % dicatds that the squeezing method is

very effective in linearizing longer chains, and t@the.]s)nger chains need a smaller strain
change, or a longer relaxation period, to preyent ¢ vaév.
\

II1-3. Periodic-squeeze operation: In experiments, some DNA ends up in tangled states that
make further linearization difﬁc&(ha@d on the afore-described characteristics of chain
dynamics in squeezing flow,

the ability of the p ure to alleviate such tangled states. Three distinctive chain
distributions were repg;i)d their responses to the application of a periodic strain were

£

studied (Fig. 26 ). These #vere the globular, dumbbell, and half-dumbbell configurations. In

peated application of strain was simulated to investigate

Fig. 5, t ﬂu)nber ssociated with the identification of the configurations indicates the
fracti oif/ théschain in the linear form (See also Appendix III). The cross-sectional profile
WAS Tmpo l{y repeated application of a squeeze-relax-squeeze-relax operation in which the
~diameter )hanged between 629.3 nm and 449.5 nm over periods varying between 0.07 and

1.06§econds (see the inset in Fig. 5(b)). Four evolution trajectories are ensemble-averaged in

S Fig. 5(b-¢). Most of the profiles simulate gentle periodic squeeze-relax operation that should

be possible to realize experimentally.
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When the period of the squeeze-relax-squeeze operation is sufficiently large, the DNA
conformation approaches an equilibrium state, well before the next cycle. The response of the
DNA is then periodic, following the imposed operation. However, the/p?w the squeezing
procedures can be made to not allow the chains to reach comple Quilibrium (Fig. 5(b)).
When the period of the squeeze is sufficiently smaller thap/the relaxation time of the chain,
repeated squeezes linearize more effectively, even though«the final tube diameter and degree
of confinement are the same for all cases. The relaxation‘time beNA can range from 0.64 s,
based on a rough fit of the data in [12], to as s LO@S. (Fig. 5(c-e)). The dumbbell-like
distribution benefited most from repeated, sq&q—re X operations because it is in the most
linearized state to begin with in terms m‘-i-n.giégge X/L values and small globular fractions.
Also, in some cases, the standard \m’yn grows rapidly in time when a chain among the

e
ensemble is linearized much fasﬁk% e rest. The dumbbell-like distribution is linearized

more consistently than the %‘bbell whose ensemble shows large deviations at later
times. More quantitative analysis may be possible by comparing the responses of different
configurations ac€ording to“a, single squeeze. For the purpose, the period of the operation is
set sufﬁcie-ié ong, “Tinerva=4(sec). In Table I, dumbbell 0.1 and half-dumbbell
configurati Qave larger initial degree of extention, < X >;,itia1/L, than the rest. This leads
extensions. Furthermore, of the two configurations, the dumbbell 0.1 has
longer reglx ion time. The difference is likely to come from the hydrodynamic drag the
fractg)ns of the chain overcome to recoil back. The two fractions of globular sub-
configurations at both ends in a dumbbell configuration may face larger drag than the region
-

of linear sub-configuration in a half-dumbbell configuration. These points again underscore

the fact that the initial degree of linearization is one of the most dominant factors that
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determine final linearization result.
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IV. Conclusion

This work uses computer simulations to provide a deeper mechanistic understanding of a

previously published experimental method that uses cross-sect}'onal size-adjustable

l\dchromatin. The

mesoscale simulations were performed using a dissipative-part Qynamics method that

nanochannels to effectively linearized biopolymer chains such as

allows analysis of DNA linearization by both squeezing-in: csg hydrodynamic flow as well
as by confinement in elastomeric nanoscale channels¢TFhe medel specifically targeted the
configurational change from the de Gennes regime to tend&l de Gennes regime, and the
solvent was modeled explicitly. Semi-flexibl clrlcip dy‘rgmics were modeled by the bead-
spring model of Underhill and Doyle, an W c;;Fstic time for the squeezing rate was
obtained by solving the governing equ ';S‘stymmetric collapse of liquid-filled elastic
channels. The insights obtained not ‘b?xg\ in previous experiments but additionally point
to new experimental procedures\ may, further enhance biopolymer linearization in these

systems through the use wmized sequential and repeated nanoscale squeezing

procedures.

The major ﬁ?%ly simulation are summarized as follows.
1. S e%n gD

solutions in nanoscale channels causes a quick initial overstretching
of }he in followed by a far slower relaxation of the chain to its equilibrium state in

T th eély narrowed channel. The dual existence of the initial elongational flow and

biopolymers.

Q thé subsequent confinement effects makes the process effective in linearizing

X

S
2. A larger degree of initial extension positively affects the linearization performance.

On the other hand, there was no noticeable influence of the initial CM position of the
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chain. The latter fact suggests that the hydrodynamic flow effect mainly comes from
the elongation near the centerline, rather than from the shear flow near the walls. A
chain with a larger contour length is more effectively linearized by a given channel

and squeezing procedure because the initial degree of extensi?( ill be larger.

3. A periodically repeated application of squeeze-an p)nd was helpful in

linearization. It was found that, if the applied perio 'sisx{m order as that of the
relaxation time of the chain, repeated channel nartow ‘r-g\7v'fdening and renarrowing
may be helpful in gently unraveling the chain ffgw)tangled state.

-

Although our model analyzes cylindric@ which are different from the more
\

diamond-shaped cross-sectional shape o erimentally utilized channels, we believe that

the essential physical features a%: yn.l?r linearization characteristics are shared by both

geometries. The effect of g% ape on linearization performance also has practical
importance and deserves further study. Other outstanding topics of future study are the chain
dynamics in the cr ss-gwl Odijk regimes, the linearization of polymers more structured
than DNA su?( as<h’:)\m9ﬁn, and experimental testing of new procedures suggested by the
simulatio mﬁk

/
QY
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Appendix I: shear and strain rates in collapsing channel

Based on the solution of Eq. (1) and (2) with Eq. (3), the shear rate and strain rate in the
collapsing channel can be expressed, respectively, as

ouy, 6ux) 4 OR;
r X = [ — — )= - —=——71
Erx( ’ 't) (ax + ar R} ax ’

€. (1% 1) = (a;rr +"%) =—C E’aa Rig2 4 2(%)21?1.]. \ (A4)
\hice ter, max aR‘|x 0)

?H;hen is averaged over the
, we obtained |€,|=

(A3)

The channel profile at the time of the maximum collapsin

is used in the following estimation. If the shear rate and strai
cross-section and —0.3L/2 < x < 0.3L/2 ( 0.3L #< X >,

85.25(2) and |&5] = 73.21(). g

Appendix II: analytical solution of equation rgﬂllap‘})g channel

An analytical solution of Eq. (1) in a seri w 1lable by using separation of variables
[43]. \

2.2
R;(x,t) =R, — 4Re- R")Zk 0 exp[ xﬂﬂm (z::ln (A.1)

Then, we have

4Re R, (2k+1)? 2c
Ry(0,8) = R, — % >zk® E ] (A2)

Appendix III erzylon various DNA configurations

The globula mb and half-dumbbell configurations are generated by following
procedurest the obular configuration, the position of the first bead is selected inside the

channel smon of the next bead is selected randomly among those in the equilibrium

distan€e from“the first bead on the condition that the nominal position is still inside the
sJhe rﬁst of the bead positions are selected in the same way as the second bead. The
dfimbbell figuration can be divided into three regions, two regions of globular

1gura§ons in both ends and one region of linear configuration in the middle. The globular
configurations in the two regions are generated similarly as before. For the linear
confhuration in the middle, the positions of the next beads are randomly selected as before
butthe relative position in the channel axis direction, x;,; — x;, of all the beads have the
same sign. i is the bead index. The half-dumbbell configurations are generated similarly.
The fraction of chain in the linear form then represents the number of the bead generated in
the linear configuration over the total bead number.
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Table 1. Comparisons for responses of various configurations according to periodic

squeeze*

Globular Dumbbell 0.1 Dumbbell 0.05 Half-dumbbell 0.2

* The time interval is Tjytervar =4(sec).

w1 is defined in Fig. 3(b). Qa..
Q

)

<X >umitiat/L 0.058 0.099 0.068 ©0.107
<X >max/L 0.13 0.24 0.15 0
T (sec) 0.93 1.59 0.88 Qoe

-

D
§\

N

;
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Figure 1 Schematic description of th Mtal system. Channel narrowing create
hydrodynamic effects and nanoconfineme t:%a@to uce biopolymer linearization. The relative
of the channel. The channel diameter effects
nm puts A-DNA is in the bulk state regime, 611 <D

<1547 the de Gennes regime, 106<D<6%{ t g&te ded de Gennes regime, 53<D<106 the crossover
imulation are of the de Gennes to extended de Gennes

regime, and D < 53 the Odijk regi Ou
regimes. \
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Figure 2 Validation of the mula ethods: (a) Schematic of the simulation performed. The
number of water particles in th ry regions is kept constant by removing randomly selected

ones from the boundary.
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Figure 2 (b) Simulation results uar(h \re well with experimental data (circle;[33]) for the
radius of gyration (Rg) of DNA i |n bul tio
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Figure 2 (c) Simulation resu@mpare well with theory (line) for the mean extension of

DNA in confined geometries. The comtour length is 22um. The blob theory for the de Gennes regime
"’m%v:assn [34]. The coefficient =9.72 is obtained by fitting.

is used where <X>/L=a
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Figure 2 (d) Velocity profiles of flows kn.h/ axial body forces within the cylindrical channels.
Tube size relative to bead and ma velocity [mm/sec] are varied as follows: 6.6, 5.2 for cross;
6.6, 53 for plus; 3.3, 0.036 for 3.8, 0.069 for pentagon; 3.3, 1.4 for star; 3.3, 14 for hexagon; 1.7,
0.01 for right arrow; 1.7, 0.0025 e ow; 1.5, 0.62 for diamond; 1.5, 6.2 for down arrow. The line

is for Poiseuille flow. All the error bars‘iadicate the standard deviation.
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Figure 3 DNA over-stretch ecoils to new equilibrium length for when the channel

diameter changes from 750 to nm(L=22[um]; 10 samples for (b) and 37 for (c,d)): (a) time

history of the channel diameter at x=0 for € =10* (diamond), 10° (circle), 10° (square), and 10’
(triangle). C = (ER%,/2 :.)%Sj)/p?, [um?/s] is the collapse constant in Eq.(1).
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PUbIIShmg Figure 3 (c,d) time evolution of the fractional bead distribution (FBD) in the x and r coordinates for C
=10°. FBD is defined as the number of beads in a bin divided by total number of beads in chain. The
bin size is 0.21[um] x TD%4 for the distribution in x, and (211r)0.053[um] x L for the distribution in r.
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