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ABSTRACT: We consider the ejection dynamics of a flexible polymer chain out of confined environment.
This situation arises in different physical contexts, including a flexible synthetic polymer partially confined in
a nanopore and a viral genome partially ejected from its capsid. We describe the chain release from
confinement both analytically and by means of dynamic Monte Carlo simulation. We find two distinct
regimes of ejection dynamics depending on whether the chain is fully or partially conﬁned Partially confined
chains are ejected from a pore of length L and diameter D after a typical time 7 o< L>D?, regardless of their
contour length N. The process is driven by a constant force f ~ 5kgT/D and follows a capllldry” law. The
force value is model-independent as long as the pore diameter exceeds the persistence length of the polymer
chain and for pore walls that do not attract the segments of the polymer. In contrast, the ejection of fully
confined chains is largely diffusive, the residence time being a nonmonotonic function of N. The drift-
dominated ejection of long chains is characterized by narrow distribution of exit times whereas for diffusive-
dominated ejection the exit times are described by a broad distribution. One finds good agreement with recent

nanofluidic experiments with DNA.

I. Introduction

Properties of macromolecules in confinement are important
for many areas of science and technology. Examples include the
translocation of polymers through nanopores ? partitioning of
polymers from solutions into nanopores™ packagm% of DNA
inside of virus capsids®~'" or nanofluidic devices.'*"® Despite
intensive research during the past decades,'> ° the quantitative
and sometimes even the qualitative picture of polymer-in-pore
behavior remain elusive. Recent experiments™'? have provided a
series of fascinating results on the kinetics of polymer release
from confinement. For relatively short macromolecules initially
confined in tubes the residence time, i.e., the time required for the
polymer to completely vacate the tube, shows a nonmonotonic
behavior with respect to the chain molecular mass, first increasing
and then decreasing again.’ Above some threshold value of the
polymer molecular mass the residence time becomes nearly
insensitive to further polymer mass increase.” Traditional theo-
retical description of a homopolymer chain in a cylindrical tube
includes three competing length scales that define the system: the
chain contour length Na, the persistence length /p of a free chain,
and the confinement length D (the tube diameter). The tube itself
is considered to be infinitely long. The existing scaling theory
describes very well the equilibrium and dynamic aspects of chain
behavior as confirmed by simulations.”® The chain ejection
experiments, however, contain explicitly yet another length
paremeter, namely, the tube length L. Depending on the polymer
molecular mass, the initial chain conformation could be fully
confined for relatively short chains or only partially confined with
a fraction of the chain comprising a tail outside the pore. The
ejection kinetics turns out to be qualitatively different in these two
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cases. One possible theoretical approach to understand the
ejection kinetics has been already briefly sketched,” but no
detailed study has yet been made.

Inhomogeneous flowerlike conformation with partially con-
fined stem and a free tail appears naturally in the process of
expulsion of a single chain out of dense polymer brushes in a good
solvent.”” The same conformation has also been observed in
experiments where an external electric ﬁeld was used to drive an
assembly of DNA molecules into tubes.'> Upon switching the
field off, partiually confined molecules were seen to recoil back
into the free region. Expulsion kinetics involving partially con-
fined macromolecules has important implications for biological
processes in vivo. These include ejection of phage genome from a
capsid'! or ejection of a polymer from a protein channel in a lipid
membrane.

In this paper we present computer modeling and analytical
theory describing the ejection kinetics. We predict the residence
time of a polymer, confined in a narrow pore, in dependence of
the contour and persistence lengths of the chain, the tube
diameter, and the initial position of the chain regarding the open
end of the tube. We demonstrate that ejection of fully confined
chains is dominated by simple diffusion along the tube while the
motion of partially confined chains is close to deterministic drift
subject to constant driving force. Thus, the dominant ejection
mechanisms are qualitatively different in these two cases.

Recent developmens in micro- and nanofabrication by chip
lithography provide a powerful tool for producing channels of
precise geometry with characteristic dimensions on the scale of
tens to hundreds of nanometers. Experiments with DNA driven
by pulsed electric field into nanofluidic devices open up venues
for developing new separation methods for enormously large
DNA molecules with unprecedented resolution.'*** Our paper
can be considered as a basis for the theory of such separation.
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Figure 1. Snapshots of an initial (left) and final (right) polymer chain conformation, placed in a rectangular nanopore of side D = 2 within a
semitransparent impenetrable matrix. The pore exit is at height L = 30. The chain length is N = 128 (above) and N = 24 (below).

The paper is organized as follows: after this Introduction, in
section I we give a brief description of the model and Monte
Carlo method of simulation. In section III we present the results
of scaling theories for long chains in infinite tubes. In section IV
we present theory and simulation data concerning the ejection
time of flexible chain fully and partially confined in a nanotube in
dependence on chain’s length and pore width. We demonstrate in
section IV.A the governing “capillary” law of chain motion
during ejection and in section IV.C present the theory results
for the distribution of ejection times and compare predictions
with simulation data. In section V we discuss briefly the impact of
persistence length on the force of ejection and the way hydro-
dynamic interactions affect the kinetics, and in section VI we end
this scientific report by emphasizing the main conclusions which
follow from our investigation.

I1. Model and Method

Our system is shown in Figure 1. Nanopore was modeled as a
channel of square cross section D x D with impenetrable walls
which is sealed at depth L and has one open end. The polymer
chain is placed in this pore with end monomer of the chain
initially anchored in the bottom of the pore. Short chains are
fully confined in pore. Sufficiently long chains have a tail outside
the pore. Thus, the polymer segments are confined between
structureless and impenetrable walls. The pore diameter D has
been varied in the range D =2—6 and the pore length in the range
L=16-35.

We have used a coarse-grained off-lattice bead spring mode
to describe the polymer chains. The effective bonded interaction
is described by the FENE (finitely extensible nonlinear elastic)

129

potential:

max 10

UFENE = —K(1—10)2 In |:1—< l_/() )2:| (21)

with K = 20, [ax = 1,1y = 0.7, and [, = 0.4
The nonbonded (excluded volume) interactions are described
by the Morse potential

UM (}’)
€M

= exp[— 20.(1‘ - rmin)] -2 eXp[_ (l(r - rmin)] (2'2)

with o= 24, rpim = 0.8, and ey/kgT= 1. With this choice of units
the mean distance between beads in the simulations is found to be
a = 0.766. For this model the ®-temperature is at kgT/ey =
0.62% so the chain is in the good-solvent regime.

One advantage of this model is that in bulk solutions it
approaches the scaling region rather rapidly; already relatively
short chains exhibit power laws with effective exponents close to
the asymptotic behavior. In the present work we use chain length
Nup to N = 256, and our observations (see Figure 2a) indeed
indicate a very good agreement with the expected scaling beha-
vior of a polymer in a tube.

The size of the container box was 128 x 128 x 128. The
standard Metropolis algorithm was employed to govern the
moves with self-avoidance automatically incorporated in the
potentials. In each Monte Carlo update, a monomer was chosen
at random and a random displacement attempted with Ax, Ay,
Az chosen uniformly from the interval —0.5 < Ax, Ay, Az < 0.5.
The transition probability for the attempted move was calculated
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Figure 2. (a) Variation of the end-to-end distance R. and gyration radius R, of a flexible self-avoiding polymer chain against scaling variable ND™ 23

for dlfferent chain length N and different tube diameter D. (b) Effective frlctlon coefficient ¢ =

(ND)~" (per monomer) against inverse tube diameter

D! for two different chain lengths N = 64, 256. In the inset we show the variation of the total friction coefficient of the chain D™' with the number of

monomers N.

from the change AU of the potential energies before and after
the move as W = exp(—AU/kgT). As for a standard Metropolis
algorithm, the attempted move was accepted if W exceeds a
random number uniformly distributed in the interval [0,1). A
Monte Carlo Step (MCS) is elapsed when all N monomers of the
chain are selected at random and given the chance to perform an
elementary move. The chain length was varied in the range N =
4—256. Except for the shortest chains, the pore diameter is smaller
than radius of gyration R, of a chain in free volume. In order to
study the mechanism of chain ejection from the pore, we keep
initially the last monomer fixed at the sealed bottom of the pore z =
0 while the polymer chain of a particular length N is equilibrated for
a period of about 65 536 MCS. Then the link of the last monomer
with the bottom of the pore is removed, and the chain is released to
diffuse along the tube. While the chain escapes from confinement,
we record the temporal position of the last monomer in the tube as
well as the pulling force exerted on it by the rest of the segments. The
ejection time 7 is measured, once this last monomer passes the
opening at z = Land leaves the pore. After the chain is ejected from
the pore, it is replaced by a new one in the starting position,
equilibrated while anchored, and then released for the subsequent
run again. Our averages are then taken typically on 500—5000 runs.
We find that the ejection times, observed in the simulation, range
between 10° and 10" MCS, depending on N, D, and L.

II1. Chain in Infinitely Long Nanopore

We start with the analysis of the typical chain conformation in
an infinitely long tube. In this case the entire chain may be
thought of as a linear sequence of blobs. Each blob of size D «< ag”
contains g segments, where « is the segment size, and the value of
the Flory exponent v is approximately 3/5. The number of blobs

n, = N/g scales as
5/3
a

The average end-to-end distance R, of a fully confined chain is the
number of blobs ny, times the blob size D; therefore

a\ 23
R, = AeNa(B)

where A, is a model-dependent prefactor of order unity. This
relation was confirmed by simulations*'** and also by experi-
ments.”!

(3.1)

(32)

The free energy of a long flexible chain in an infinite tube is
given by

F, conf
kgT

a 5/3
= AFnb = AFN( > (33)

D

where A is another nonuniversal prefactor. Burkhardt and
Guim®? produced a rigorous theoretical proof that the relation
between F,,¢ and R, in the scaling regime Na >D > a is much
more universal:

F, conf _ BkB_T
R. D

(3.4)

The numerical coefficient B is model-independent; i.e., it has the
same value for all polymer chains in good solvents. The parameters
of the system that do affect the value of Binclude the spatial dimen-
sion d, the universality class of the monomer—tube interaction
(repulsion, adsorption, or critical adsorption point), the univer-
sality class of the monomer—monomer interaction (good, poor, or
0-solvent), and the tube geometry (circular vs rectangular cross sec-
tion). Calculations® based on field-theoretical methods gave B =
2.12 £ 0.01 for 2d geometry (strip) and hard-wall boundaries. This
is remarkably close to the results obtained by Monte Carlo simula-
tions for self-avoiding walks on a square lattice confined to infinite
strips, B=2.125."* MC simulations of fully confined self-avoiding
chains on a simple cubic lattice in 3d tubes of circular cross sec-
tions produced the values A.=0.92 £ 0.03 and Ap=5.33 £ 0.05.3
These values are reached asymptotically for long enough chains
with n, > 1, and their ratlo is B = 5.79. According to arguments of
Burkhardt and Guim, ™ the relationship

= (3.5)

is universal and applies to all chains in tubes with circular cross
section in the scaling regime. No direct data are available for tubes
of square cross section, and henceforward we will use the value B =
5.79 as an estimate for our case.
It is convenient to introduce the strain parameter = R./Na
describing the average elongation of the chain in a pore with
. : . _ 2/3
respect to its contour length. In the scaling regime A = A4.(a/D)""".
If hydrodynamic interactions are ignored, the dynamics of a
chain in a tube is well described by the Rouse model. The
characteristic time 74 for diffusion of a polymer along a narrow
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Figure 3. (a) Average ejection time 7 against polymer length N for chains in a pore with length L = 16 and different pore diameters D = 2, 3, 4. The
error bars result from 400 ejection attempts. (b) The same for pores of length L = 16 and L = 30 and diameter D = 2. The full lines are given by eqs 4.8
and 4.12. Evidently, for chains beyond certain critical length N* the ejection time 7 is independent of N!

tube D < R, on a distance of the order of its own size is found
from the relation

R.?

Tagift = QTJ (3-6)
whereas the diffusion coefficient & is
_ kg T

D = —— 3.7

Ve (37)

where  is the friction coefficient per monomer. It follows from
the above equations that the characteristic time of a chain,
diffusing in a tube, scales as

Tagoe N°D 43 (3.8)

in accordance with computer simulations."”

The variation of the average end-to-end distance R. and the
average gyration radius R, of self-avoiding off-lattice chains vs the
scaling variable ND >3 for several chain lengths and tube dia-
meters is displayed in Figure 2. Although the tube diameters
include the values down to D/a = 2.6, there are no pronounced
deviations from the scaling prediction, eq 3.2. The slopes provide
estimates for the two numerical coefficients A, = 0.746 and simi-
larly for the gyration radius 4, = 0.234. Note that our monomer
size a ~ 0.766 and not unity. The diffusion coefficient & e« N 1
(see the inset of Figure 2b), which is characteristic of free-draining
diffusive motion. One can define the effective friction coefficient
per monomer as { = (NY) ! The dependence of the friction
coefficient £ on the tube diameter is shown in Figure 2b, and is
well approximated by a simple expression

a
C = Cvol + CsurfB (39)
where &, ~ 218.3 is the friction coefficient in the absence of the
tube and &q,¢ & 623 can be interpreted as an extra friction due to
the walls.

IV. Ejection Kinetics for Short and Long Chains

One of the main results from the Monte Carlo simulation is
displayed in Figure 3a where we show the average time of ejection
in dependence of the chain length N in pores with different diame-
ters D=2, 3, 4 at the same length L =16. Figure 3b shows the effect
of pore length for L =16, 30 at the same diameter D = 2.

It is clear that there are two regimes. For short chains the
ejection time depends on N nonmonotonically whereas for long
chains it is practically independent of N. A crossover between
these regimes occurs at a critical chain length N defined by the
condition R(N*)= L, which gives

N* = (4.1)

ak
The short chains with N < N* are initially fully confined inside
the tube while the long chains with N > N* have a tail outside the
tube opening. In order to explain this unusual behavior, we
consider below the two regimes separately.

A. Long Chains with Tail (N > N*). We start with the
ejection regime of long chains N > N* having a tail outside
the tube. It was shown in*® that the tail outside a tube
opening creates a pulling force of entropic origin acting on
the confined part of the chain which is independent of the tail
size (as long as it exceeds the blob size). One may understand
the existence of such force by considering the free energy F of
a chain partially confined in a tube with the inner chain end
being at distance x from the tube opening (see ref 23). The
total free energy Fis due to the confined part of the chain and
is proportional to its lateral size. We use eq 3.5 to relate F'to
the end-to-end distance of the confined part, x:

kT
F = B—
DX

(4.2)

The slope of the free energy as a function of x has
the meaning of an average force acting on the inner end-
monomer:

P

5 (4.3)

with B=5.79. A more comprehensive analysis, given in ref
23, shows that the numerical value of B is slightly lowered
when the elastic response of the chain is accounted for.
However, the effect is rather small, and in this paper we are
not concerned with this difference. When all monomeric
units are confined, the free energy does not depend on the
end position x and the pulling force is equal to zero.
Langevin dynamics simulations have been performed for
an ideal flexible chain, partially confined in an open cylin-
drical pore whose diameter was slightly larger than the
monomer size.'' This work demonstrates that the force is
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Figure 4. (a) Scaling plot of the ejection time 7, With variable LD for chain sizes N = 128, 256 and different pore lengths L. The inset shows the
row data for 7j,,, on a logarithmic scale. (b) Squared distance x%(¢) of the last monomer from the pore exit against elapsed time from the onset of the
ejection process. Here N = 256 and L = 35. Solid lines denote the theoretical prediction, eq 4.7. A single trajectory for D = 5 is shown in the inset.

essentially independent of the tail length and of the length of
the confined part of chain and decreases with growing D.

Ejection of the chain in the presence of a constant force
can be described by choosing the end-monomer posi-
tion inside the tube, x, as a dynamic variable. The distance
is counted from the tube opening (see Figure 1). Balancing
the pulling force, f, and the total friction (drag force), acting
on all monomers inside the tube, yields the equation of
motion

dx
n(t)— = 4.4
e’y = f (44)
where ¢ is the friction coefficient per monomer, n is the
number of monomers still inside the tube, and the chain is
assumed to be free-draining. The time-dependent variables x
and n are related to each other by
x(1) = n(t)Aa (4.5)
For simplicity, we assume that the dynamic strain parameter,
A, is time-independent and coincides with that in the static
situation A o< D%, Then the equation of motion can be
integrated to give

() = 2(0) - L2 (16)
With x(0) = L, eq 4.6 yields
(1) = L* <1—Tt ) (4.7)
long

whereby the condition x(7) = 0 yields the ejection time of the
long chains (with a free tail)

¢ )

e (4.8)

Tlong =

Equation 4.6 can be recognized as the law of time-
reversed capillary flow. This law appears naturally for
systems driven by a constant force provided the total
friction changes proportionally to the front displace-
ment. In our case this friction is related to those mono-
mers which are inside the tube.

Hence, according to eq 4.8, the ejection time of chains with
N > N*scales as

Tiong o L? D3 o« N¥2D1/3 (4.9)
It does not depend on the size of the free tail as is clearly
demonstrated by Figure 3. In fact, the length independence
of the ejection time for long polymers is essentially replaced
by the quadratic dependence on the pore length L (cf. eq 4.8).
It is therefore remarkable that polymer ejection is governed
only by the pore length L and the tube diameter D.

The scaling plot of the ejection times 7jon, With variable
L*D? is presented in Figure 4 for two chain sizes N = 128,
256 and different tube lengths L. The inset shows the raw
data for 7jone vs pore diameter D on a logarithmic scale.

The master curve in Figure 4a confirms the prediction eq 4.9.
The data in the inset fall on straight lines with a slope ~1.25—
1.32. Note that for a given pore length L = 20 the times of
ejection Tion, coincide regardless of the polymer size N = 128 or
N =256, thus validating one of the main theoretical predictions
of section IV.

The squared distance x*(¢) between the last monomer and
the pore exit against elapsed time from the onset of the
ejection process is presented in Figure 4b for N=256, L =35,
and tube diameters D =4, 5. The curves are well approxi-
mated by straight lines as suggested by eq 4.6 with the slope
proportional to the ratio f/C.

Similar curves were obtained experimentally'? for the 72
phage DNA molecules with contour length 51 um. DNA
monodisperse molecules were pushed into tubes with D = 35
nm by pulsed electric field. The recoil of the molecules into
free region was recorded by fluorescence video microscopy,
and the end point position as a function of time was fitted by
an equation very similar to eq 4.6.

In our simulations, we measure directly the fluctuating force
acting on the last monomer of the confined chain both before
and after the chain is released from the anchoring point (see
Figure 5). Each fluctuating curve results from averaging over
500 independent runs. Smooth curves are obtained by addi-
tional averaging over a short time window. Each curve starts
with a plateau level that depends only on the tube diameter D.
Individual trajectories would show a sharp drop in the time-
averaged force at the moment the last few monomers
(comprising a blob) leave the tube. Owing to a distribution of
the first passage times, steplike individual trajectories average
out to smooth curves decreasing to zero with time. The force
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Figure 6. Time-averaged force f on the last monomer against inverse
tube diameter. Error bars indicate the variance over time of 500
measurements. The straight line is drawn according to eq 4.3. Also
shown are indirect estimates of the mean force obtained by fitting the
curves of Figure 3 (fit) as explained in section IV.B.

plateaus correspond to the situation when the chain is still
partially residing in the tube in all the trial runs. The plateau
values of force f are presented in Figure 6 against the inverse
tube diameter. Error bars indicate the variance of the stochastic
curves averaged over 500 runs. The straight line in Figure 6 is
drawn according to eq 4.3. We also show indirect estimates of
the mean force obtained from fitting the whole set of simulation
curves 7(N) of Figure 3 with theoretical eqs 4.8 and 4.12. One
may readily see that the scattering of points is quite significant
and the prediction, fe< D™! (see eq 4.3), is reproduced in the
simulation with some deviations. Most of the data points lie
below the theoretical straight line, suggesting a somewhat
smaller value of the coefficient B ~ 5.

B. Short Chains with N < N*, The ejection process of the
short chains with N < N* which are initially fully confined in
the tube occurs in two stages. First, the chain must approach
the tube opening in order to be able to form a tail. At this
stage there is no net force acting on the chain and the motion
is described by simple diffusion with a reflecting boundary
condition at the closed end of the tube. Evaluation of the
duration of this diffusive stage is straightforward. In order to
reach the opening, the chain must cover a distance L — R.,
moving with diffusion coefficient &. The mean first passage

time for such a diffusive process is given by**

(L—R.)*

o (4.10)

T, =

Once a tail is formed, the pure diffusion is replaced by a
motion due to the constant pulling force. In this second stage
the diffusive contribution is expected to be less important,
and the motion should become nearly deterministic. Equa-
tion 4.6 still applies, but the initial value x(0) is now related to
the end-to-end distance, x(0) = R, = ANa:

arl . ,
Ty = —N 4.11
=5 (4.11)
Adding together the two contributions gives a simple (albeit
not rigorous) estimate for the full ejection time of the short
chains:
NE 2 aAl, o
shor :—L_N/’L —N 4.12
Tshort 2kBT( a. ) + 2f ( )
For chains that are not too close to the critical length N, the
diffusive stage provides the dominant contribution to the
total time of ejection 7. This corresponds to the following
condition:

NkgT

N*— N>
fai.

(4.13)

The maximum residence time is achieved for short chains
with N = N*/3, yielding

_ (28 )\,
Tinax = (27&1)L (4.14)

The scaling theory predicts that the ratio of 7,,,x and the
ejection time of long chains, 7y, depends only on L/D:

Do (g)£ (4.15)
Tiong 27)D

The theoretical predictions (4.10) and (4.12) were used to
describe the 7(N) curves of Figure 3, produced by simula-
tions. The values of the monomer friction coefficient in tubes
of various diameters were taken from the data for diffusion

of the N = 64 chain in infinite pores. These data are
representative of the chain lengths in the vicinity of N* in
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horizontal line. Solid black lines indicate the theoretically predicted
“capillary” law, eq 4.16.

most pores. The nonmonotonic curves ©(N) of the short
chain regime contain the strain parameter 1. The values of
A(D) were also taken from the data on chains in infinite tubes.
It turned out that in order to achieve the best fit for the
relatively short tube of length L = 16 the values of 1 had to be
slightly corrected by a factor of 0.9 while for chains in the
longer tube with L = 30 the correction factor was 0.96. No
other adjustable parameters were used to produce the non-
monotonic theoretical curves in Figure 3.

One can notice that the theoretical maxima are quite
pronounced while the simulation data points appear to give
“flattened” maxima. This is due to the fact that some of the
runs with L = 16 were not long enough to explore accurately
the late-time tail of the residence time distribution W/(r), thus
providing an underestimate of the mean ejection time (see the
next subsection for a more detailed discussion).

The flat portions of the () curves, representing the force-
driven ejection, were employed to produce the indirect
estimate of the force according to eq 4.8 (using the corrected
values of A(D) obtained before). The resulting values of
fappear in Figure 6 as “fit” estimates.

The number of monomers inside the tube as a function of
time, n(7), can be deduced from eq 4.7. After normalizing n(z) by
its initial value, the result may be presented in a compact form

Z((—é) Y _n;g (4.16)

=

Itis clear that the above equation represents the capillary /¢ law
where the time is counted backward from the moment of exit. A
similar expression would describe the second stage of the short
chain ejection, if Tjope is replaced by 7, (see eq 4.11). The n(?)
dependence can be directly measured by fluorescence video
microscopy.'>!'* For illustrative purposes we show two repre-
sentative samples of n(7)/n(0) curves obtained from individual
Monte Carlo runs for L =35, D=5 and two chain lengths N =
256, N = 80 (Figure 7). The critical polymer length for this pore
is N*=117. For the long chain N =256 the stochastic trajectory
follows the theoretical prediction rather closely, although the
noise is also quite prominent. The diffusive regime of the short
chain is represented by a horizontal line since all monomers
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Figure 8. (a) Probability distribution of the ejection time (first passage
distribution) () for polymer chains in a narrow pore with diameter D =
2 and length L = 30 in semilog coordinates. A short chain with N = 161s
originally confined deep in the pore (blue line), whereas for a long chain
with N = 128 (filled red curve) the tail is always outside the pore. Full line
denotes a fit with the analytic function, eq 4.17. The inset shows the same
in normal coordinates.

remain inside the pore, n(¢) = n(0) = N. Once the tail is formed,
time-reversed capillary law sets in. For a short chain individual
curves from different runs may differ dramatically by the mo-
ment the tail is first formed. This reflects the fact that diffusive
first passage times are characterized by a broad distribution.
C. Residence Time Distribution. Residence (or ejection)
time distribution, W(7), is shown in Figure 8 for two poly-
mers with lengths N=16 and N=128 in a pore with D=2 and
L =30. The critical chain length for this pore is known to be
N* ~ 48. The theoretical description of the residence time
distribution for long chains is mathematically involved and
therefore falls outside the scope of the present paper. It is
clear from the graph that this distribution for a long chain is
rather narrow, consistent with the fact the ejection process is
force-driven. For short chains the residence time is domi-
nated by simple force-free diffusion. From the theoretical
point of view, the relevant Fokker—Planck equation describ-
ing the residence time distribution can be mapped onto a
simple diffusion problem with one reflecting and one adsorb-
ing boundary condition.* The exact solution is given by

P = [

W(t):wi:(—l)k(k+%> expd — @ Dt

(4.17)

whereby at short and long times the right-hand side of eq 4.17
yields the following asymptotics

1 12
Wexp(—m>, fort— 0

1Y) LAl
IT exp < - 4]2MT> 5

W(r) =

for >1

(4.18)

where [ = L — AaN is the diffusion distance. The true mean
first passage time for diffusion (r) coincides exactly with the
simple estimate (t) = [2/2.
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For the short chain N = 16 one observes a perfect agree-
ment (with no adjustable parameters) of the sampled PDF
with the corresponding solution 4.17 if we use a diffusion
coefficient & = 2.0 x 10~ %, which is very close (within
error bars) to the value of ¥ = 2.5 x 10~ * found earlier
(cf. Figure 2). It is also evident from Figure 8 that the long
chain with a tail in the open (N = 128) takes much shorter
time to leave the pore than the short chain, ©(N = 16)/t(N =
128) ~ 8, even though in the latter case originally nearly 3
times more chain segments are confined in the pore.

V. Discussion

Biological polymers are generally charged and stiff on length
scales much larger than their monomer size. In the native state the
DNA is a polyelectrolyte; however, with the buffer concentration
used in experiments,'> the Debye screening length was about
0.7 nm. The presistance length of DNA is estimated as 50 nm. In
the experiments reported in ref 12 the contour length of the T2
phage DNA was nearly 51 um, and the number of Kuhn segments
was close to 10°. The strain parameter A for DNA in a tube of
diameter D =~ 110 nm was estimated visually as 0.35.

In our Monte Carlo simulations we use a model of a fully
flexible chain with persistence length of the order of monomers
size, a. For real flexible polymers @ ~ 1 nm. The strain parameter
was about A = 0.15 in wider tubes and increased uptoA = 0.32in
the narrowest tube of diameter D = 2. At this relative elongation
the blob picture is essentially correct. It can be applied equally
well to semiflexible chains as long as the tube diameter is large
compared to the persistence length D > /p.

We would like to emphasize that the opposite regime of very
strong confinement of semiflexible chains specified by the condi-
tion D < [p/2isalso well understood from the theoretical point of
view.* In this regime the chain can be approximated as a weakly
curved rod of finite flexibility with the mean end-to-end distance

9\ 2/3
1—,41(_)
Ip

where the constant 4; = 0.170 was determined recently by
simulations.*® The confinement free energy in the Odijk regime
was studied analytically*’ and numerically***" and is given by

R. = Na (5.1)

5/D

. (5.2)

F = AQNkBT<%)

with 4, = 2.46 £ 0.07. Using the same arguments as presented in

the subsection on long chains with tail, one concludes that the

force produced by the tail in the Odijk regime will be given by
S A

- Vie/D (5.3)

ksT — D> 1— 4,(2D/1p)"3

In a tube of the same diameter a stiff polymer with /p > 2D
experiences a weaker tail-induced force than a flexible polymer
with /p < D. A crude estimate for not excessively small D/lp ratios
gives a relative decrease by a factor of 2 or 3 compared to flexible
chain case.

Although we have omitted hydrodynamic interactions in our
Monte Carlo simulations, they are certainly present and very
important in nature. At the level of the scaling theory one can
incorporate hydrodynamic interactions for tube geometry in a
straightforward way.”® At the level of a single blob the chain can
be considered as nondraining with an effective friction coefficient
per blob &, < nD where 7 is the solvent viscosity. On the larger
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scale, hydrodynamic interactions are screened by the tube walls
and the chain of blobs is effectively free-draining. Hence, the only
change in the theoretical description of the ejection kinetics
presented above would amount to a renormalization of the
monomer friction coefficient. The free-draining monomer fric-
tion coefficient & o 7D is to be replaced by /g, where g o< (D/a)>?
is the number of monomers per blob. This means that the
renormalized monomer friction coefficient is smaller by a factor
of (a/D)*>. Thus, in the presence of hydrodynamic interactions
all the characteristic ejection times are reduced by a factor of (a/
D)*” as compared to the free-draining kinetics, but the shape of
the 7(N) curves remains the same.

VI. Conclusion

The present paper provides a theoretical description of the
ejection dynamics of a polymer chain out of confinement in terms
of chain length N, pore length L, and its diameter D. We
demonstrate that there exist two regimes of chain release for
fully and partially confined macromolecules, depending on
whether their length N is less or greater than a critical length
N* o LD*3, Thus, short chains that are fully confined in the pore
leave the tube by diffusion. The mean ejection time 7 depends then
nonmonotonically on N. The largest residence time 7,,,, Occurs
for N = N*/3.

The partially confined chains, in contrast, leave the pore after
time 7 = L>D°" (regardless of N) due to a driving force exerted by
the free tail on the confined part of the chain. This driving force is
~5kgT/D and is independent of the tail size. A rough estimate for
the magnitude of this force yields f~ 15 pN for a pore of diameter
D~ 1.4nm (e.g., o-hemolysin) and /' = 2 pN for D ~ 10 nm (74-
phage tail tube). Moreover, the magnitude of the force is
universal for all polymers in tubes with D > /[p. Such a driving
force pulls the chain out of the pore according to a time-reversed
“capillary” law. The ratio Tpax/Tione depends solely on the pore
aspect ratio L/D.

The described mechanism applies to all flexible or semiflexible
linear chains and may play an important role in translocation of
polymers in biological systems. The distinct regimes of chain
release from confinement could be utilized as a method for
separation of DNA molecules as was demonstrated by Cabodi
et al.'" The theory of ejection times and times distributions
presented in this paper could be then used as a basis of this
potential method.
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