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Trapping of particles diffusing in two dimensions by a hidden binding site
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We study trapping of particles diffusing in a two-dimensional rectangular chamber by a binding site located at
the end of a rectangular sleeve. To reach the site a particle first has to enter the sleeve. After that it has two options:
to come back to the chamber or to diffuse to the site where it is trapped. The main result of the present work is

a simple expression for the mean particle lifetime as a function of its starting position and geometric parameters
of the system. This expression is obtained by an approximate reduction of the initial two-dimensional problem
to the effective one-dimensional one which can be solved with relative ease. Our analytical predictions are tested
against the results obtained from Brownian dynamics simulations. The test shows excellent agreement between
the two for a wide range of the geometric parameters of the system.
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I. INTRODUCTION

This paper presents a theoretical study of trapping of dif-
fusing particles by a hidden binding site in two dimensions
in the geometry shown in Fig. 1(a), which is a special case
of diffusion-limited reactions. Theoretical investigations of
such processes were initiated by Smoluchowski [1], who
considered trapping of diffusing particles by a perfectly ab-
sorbing immobile sphere [2,3]. Further development of the
theory involved generalization of the Smoluchowski analysis
in different directions. One of them is trapping by nonuni-
form surfaces pioneered by Hill [4] and Berg and Purcell [5].
In their analysis, to be trapped, a diffusing particle has to
find an absorbing patch on the otherwise reflecting surface.
A more complicated problem arises when a binding site is
hidden in a tunnel. In this case, a particle first has to find
an entrance to the tunnel leading to the site. Entering the
tunnel, the particle either diffuses to the binding site, where
it is trapped, or escapes from the tunnel back to the bulk solu-
tion. Studies of this notoriously complicated problem in three
dimensions were initiated by Samson and Deutch [6]. Their
work was generalized by Zhou [7] who used the constant flux
approximation proposed by Szabo and coauthors [8]. Later
this problem was analyzed in Refs. [9,10], where the constant
flux approximation was abandoned.

Here, we study a two-dimensional version of the problem
in the geometry shown in Fig. 1(a). Specifically, we consider
a point particle diffusing in a rectangular chamber of length L
and width W, which, at the center of its right wall, has a sleeve
of length / and width w < W terminated by a binding site,
where the particle is trapped as soon as it touches the site for
the first time. The quantity of our interest is the mean lifetime
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of a particle starting in the chamber, denoted by 7;(x(), where
X is the distance of the particle starting point from the cham-
ber wall opposite to the side containing the sleeve entrance
[see Fig. 1(a)]. We derive a simple approximate expression
giving 7;(xp) as a function of the geometric parameters L, W,
[, w, and xo,
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where D is the particle diffusivity. Comparison of the mean
particle lifetime predicted by the above expression with t;(xg)
obtained from Brownian dynamics simulations shows good
agreement between the two when the chamber length L satis-
fies L > 0.5W.

Researchers face similar two-dimensional diffusion prob-
lems in studying various natural and technological processes,
for example, transport and reactions on cellular membranes,
among others (see Refs. [11-20] and references therein).
The difficulties in solving such problems are due to inhomo-
geneous boundary conditions and varying geometry of the
system. Indeed, when the widths of the chamber and the
sleeve are equal, w = W, the problem of finding the mean
particle lifetime becomes essentially one dimensional, and the
expression in Eq. (1.1) reduces to the known result [21],

(L+1)* —x}
2D '
When deriving Eq. (1.1), we approximately replace the ini-

tial problem by an effective one-dimensional one, which can
be solved with relative ease. This is explained in the following

7 (x0) | y=w = 1.2)
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FIG. 1. Rectangular chamber of length L and width W with a
sleeve of length / and width w < W terminated by a binding site (a),
and an approximate one-dimensional model of the particle dynamics
in the system (b). The particle starting point is located at distance
Xo from the chamber wall opposite to the wall containing the sleeve
entrance.

Sec. II. Validation of our analytical results by Brownian dy-
namics simulations is discussed in Sec. III. Some concluding
remarks are made in Sec. IV.

II. THEORY

The mean lifetime 7;(xp), Eq. (1.1), is the mean first-
passage time of the particle from its starting point in the
chamber to the binding site located at the end of the sleeve
[see Fig. 1(a)]. To be trapped, the particle first has to enter
the sleeve. Therefore, we begin with an approximate one-
dimensional description of the particle search for the sleeve
entrance. Then we discuss a one-dimensional description of
the particle dynamics in the sleeve paying special attention to
its return from the sleeve to the chamber. Finally, these two
one-dimensional descriptions are used to find 7;(xg).

A. Search for the sleeve entrance

To analyze the particle search for the sleeve entrance one
has to solve the two-dimensional diffusion problem in a rect-
angle of length L and width W with an absorbing interval
of length w located in the center of its right wall, as shown
in Fig. 2(a). Otherwise, the chamber walls are reflecting. To
solve the problem, we use an approximate description that
treats the search process as one-dimensional diffusion along
the x axis normal to the wall containing the entrance. The
diffusion occurs in the interval of length L terminated by
reflecting and partially absorbing end points at x = 0 and

(a)

«—>O
A\ 4
L
(b)
Reflecting Absorbing
K
— > x
0 X, L

FIG. 2. Rectangular chamber of length L and width W with an
absorbing interval of width w < W located in the center of its right
wall (a), and an approximate one-dimensional model of the particle
dynamics in the system (b).

x = L, respectively, as illustrated in Fig. 2(b), where xj rep-
resents the particle starting position. As shown in Sec. III,
such a description is justifiable when the chamber length L
exceeds its width W. The reason is that in this case in most
of the chamber, where x is not too close to L (i.e., to the
chamber wall containing the entrance), the two-dimensional
distribution function of the particle position depends only on
its x coordinate and is constant in the direction normal to the
X axis.

Particle trapping by the partially absorbing end point is
characterized by the effective trapping rate ¥ which is a func-
tion of the sleeve and chamber widths, w and W. It diverges
as w — W (absorbing boundary at x = L) and vanishes as
w — 0 (reflecting boundary at x = L). This function is given
by the Moizhes-Muratov-Shvartsman formula [22,23],

. D
T Win (1/sin [rw/ QW)]}

Muratov and Shvartsman [23] proposed this formula in their
study of boundary homogenization in the problem of trap-
ping of particles diffusing in a semi-infinite space constrained
by a plain boundary periodically, with period W, cov-
ered by identical parallel absorbing strips of width w < W.
These authors adapted the exact solution of the equivalent
electrostatic problem published by Moizhes [22] in 1955.
Naturally, « in Eq. (2.1) is also an effective trapping rate
in the two-dimensional problem of particles diffusing in a
semi-infinite plane perpendicular to the striped boundary. In
this two-dimensional problem particle motion is restricted
by a linear boundary containing alternating absorbing and
reflecting intervals of lengths w and W—uw, respectively.

2.1)
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Because of the symmetry, the latter problem is equivalent to
that for particles diffusing in a semi-infinite strip of width
W with reflecting side boundaries terminated by a reflecting
interval containing an absorbing window of width w in its
center. Thus « in Eq. (2.1) is an exact effective trapping rate
for the inhomogeneous boundary constraining such a semi-
infinite strip. We use this expression in the case of a finite
strip of length L. As shown in Sec. III, the expression works
well when L > W.

Having in hand the effective one-dimensional description
of diffusion and trapping discussed above, one can find the
mean time it takes the particle starting from xy to enter the
sleeve. This mean time, denoted by to(xo) = 7;(x0)|;=0, 1S
the sum of the mean first-passage (¥ P) time from the parti-
cle starting point to the chamber wall containing the sleeve
entrance, trp(xg — L), and the mean time required for the
particle uniformly distributed over this wall (including the
entrance) to enter the sleeve, 7o(L):

To(x0) = trp(xo = L) + t0(L). (22)
These two mean times are given by [21,24]
L? —x} L
trp(xg > L) = , Tol) =—. (2.3)
2D K

Substituting these expressions, with « given in Eq. (2.1), into
Eq. (2.2), we arrive at 7;(xp), Eq. (1.1), with [ = 0:

Lz—x(z) LW . (Tw
70(x0) = 7(x0)]j=9 = D +yr_Dln 1 / sin >w)l

(24)

Which of the two terms, tzp(xg — L) or t9(L), dominates
depends on both the particle starting distance xy and the ge-
ometric parameters L, W, and w.

Averaging 1o(xp) over xy and assuming that all particle ini-
tial positions in the chamber are equally probable, we obtain

_L o= I S (R
o= [t =5+ 2 w1 fsin (30 |

(2.5)

where the angular brackets (---) denote the averaging. A
more accurate approximate expression for the averaged mean
first-passage time to the absorbing window on the wall of a
rectangular chamber is derived in Ref. [15], where it is given
in Eq. (99). In contrast to Eq. (2.5) this expression is an infinite
sum. One can check that both expressions are identical when
the chamber is long enough, and that Eq. (2.5) is simply the
first and last terms of the expression in Eq. (99).

In our further analysis we use the above one-dimensional
description with the trapping rate « given by the boundary ho-
mogenization, Eq. (2.1), to find the particle mean first-passage
time to the binding site at the sleeve end.

B. Dynamics in the sleeve

The particle entering the sleeve either returns to the cham-
ber or gets trapped by the binding site. We assume that its
dynamics in the sleeve can be described as one-dimensional
diffusion in the interval of length [, L < x < L + [, terminated
by the absorbing and partially absorbing boundaries at x =
L + [ and x = L, respectively (see Fig. 1). The latter provides
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FIG. 3. One-dimensional model used in our derivation of the
expression for the mean particle lifetime 7;(xy) given in Eq. (1.1).
The derivation exploits the steady-state picture, with the steady state
maintained by a constant flux j injected at the particle starting
point xy.

an approximate description of the particle escape from the
sleeve to the chamber. A similar approach has been used in
three dimensions to describe the escape of a particle diffusing
in a membrane channel to the bulk reservoir [10,25]. To find
the trapping rate «’ entering the boundary condition at x = L
[see Fig. 1(b)], consider the case where the sleeve boundary
at x = L 4 [ is reflecting and not absorbing. Then the parti-
cle distribution in the system approaches equilibrium at long
times with the equilibrium two-dimensional density given by
Peg = (LW +1 w)~!. The flux entering the sleeve from the
chamber at equilibrium is p.,W«. This flux is compensated
by the flux escaping from the sleeve to the chamber, which
we assume is given by p.,wk’. The identity of the two fluxes
allows us to establish the relation between the trapping rates
k' and k,

K'w=«kW. (2.6)
Finally, we find «’ using the expression for « in Eq. (2.1),

, w D
K = K— =

w  wln{l/sin [rw/QW)]}’ 2.7)

Being furnished with the one-dimensional descriptions of the
particle dynamics in the chamber and in the sleeve, we pro-
ceed to the derivation of the expression for 7;(xg) in Eq. (1.1).

C. Mean lifetime of the particle

To derive Eq. (1.1) consider the steady-state concentration
c(x) of diffusing particles in the one-dimensional system of
length L + [ shown in Fig. 3, where j is a constant flux
injected at point xy, 0 < xg < L. The system consists of two
parts representing the chamber, 0 < x < L, and the sleeve,
L < x < L+ 1. The boundary at x = L separating these parts
is partially absorbing and characterized by the trapping rates
k and k' from the chamber and sleeve sides, respectively.
The boundary at x = 0 is reflecting, whereas the boundary at
x = L + [ is absorbing. The relation between t;(xy), the flux
J» and the steady-state one-dimensional concentration c(x) is
given by

1 L+1
7(xg) = =N, N = / c(x)dx, (2.8)
J 0

where N is the total number of particles in the system in
the steady state. Thus, to find 7;(xg) we need to know the
concentration profile c(x).
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In the sleeve part of the system c(x) satisfies
d
D C(X)’
dx
subject to the absorbing boundary condition at x = L + 1,
c(L 4+ 1) = 0. Solving Eq. (2.9), we find

j=- 2.9)

c(x):é(L+l—x), L<x<L+lL (2.10)
At the boundary separating the two parts of the system, the
concentration c(x) makes a jump from c(L + €)|.—o = jl/D
to c(L—¢)|¢—0. The jump magnitude is determined from the
flux conservation requirement,

j=kcL —&)lymg—k'c(L+8)l,_ o (2.11)
We use this together with Eq. (2.7) to find c(L—¢)|.—0:
1 . i (W D
(L —8)emo=—(+&'cL+€)sp) = i(—l + —).
K D\ w K
(2.12)

In the chamber part of the system, the concentration satisfies
Eq. (2.9) with ¢(L—¢)|.—0 given in Eq. (2.12), when xy <
x < L, and remains constant, equal to c¢(xg), when 0 < x < xp.
Solving Eq. (2.9), we obtain
j (W D
cx)==(—Il4+—+4+L—xpH(xy—x)—xH((x—xp) |,
D\ w K

0<x<L, (2.13)

where H(z) is the Heaviside step function.

To find 7;(xp) it remains to calculate the total number
of particles N by performing the integration of c(x) over x,
Eq. (2.8), and then find the ratio N/j. One can check that
this leads to the expression for t;(xp) in Eq. (1.1), which is
one of the main results of this work. Averaging 7;(x() over xo,
assuming that all particle initial positions in the chamber are
equally probable, we arrive at

(0(0)) L2_+_LW1 ! o (Tw +LIW+12
T(x9) ===+ —1In sin| —— ——+ —.
BT =3p " 7D 2 W Dw ' 2D

(2.14)

This is another main result of the present study.

III. BROWNIAN DYNAMICS SIMULATIONS

In this section we compare our approximate analytical re-
sults for the mean times 7(x) and t;(xg) with corresponding
results obtained from two-dimensional Brownian dynamics
simulations for xo = L. The goal is to test the accuracy of
our theoretical predictions and to establish the range of their
applicability as functions of the geometric parameters L, W,
[, and w characterizing the system. We begin with the mean
search time 7((xp) and then proceed to the mean lifetime
7/ (x0)-

A. Search for the sleeve entrance

The expressions in Egs. (2.2) and (2.4) present the mean
search time ty(xg) as the sum of two terms: 7zp(xg — L) and
79(L), which are given in Eq. (2.3). It is assumed that the
starting point of the particle is uniformly distributed over the

TABLE 1. The relative error in per cents of our approximate
analytical expression for the mean particle lifetime 7o(L), Eq. (3.1),
in a rectangular chamber of length L and width W with an absorbing
window of width from Brownian dynamics simulations for three
values of the window size, w/W = 0.25, 0.5, and 0.75, and six
values of the chamber length, L/W = 0.25, 0.5, 0.75, 1.0, 2.0, and
3.0.

Lw
0.25 0.50 0.75 1.0 2.0 3.0

0.25 8.78 1.75 1.94 1.59 1.55 227
w/W 0.50 8.27 2.24 1.51 1.22 0.97 0.56
0.75 5.71 2.27 2.20 2.13 1.98 1.83

channel width as fixed xo. Then the presentation of to(xp) as
the sum and the expression for tzp(x9g — L), Eq. (2.3), are
exact results, while the expression for ty(L) is an approxi-
mation derived by imposing the radiation boundary condition
at x = L with the trapping rate «, Eq. (2.1), obtained using
boundary homogenization. To test the accuracy of this expres-
sion and to establish the range of its applicability, we compare
79(L) predicted by the theory and obtained from Brownian
dynamics simulations. According to Eq. (2.4) we have

(L) = % = %m |:1/sin <%%>]

This time was compared with its counterpart obtained from
Brownian dynamics simulations. The relative error of our
theoretical predictions is presented in Table I for three values
of the sleeve entrance width, w/W = 0.25, 0.5, and 0.75, and
six values of the chamber length, L/W = 0.25, 0.5, 0.75, 1.0,
2.0, and 3.0.

In our simulations we run N = 200000 trajectories whose
starting points are uniformly distributed over the chamber wall
containing the sleeve entrance. A trajectory is terminated as
soon as it crosses the entrance for the first time. The mean
search time, denoted by rés'm)(L), is defined as

. 1
réS]m)(L) — ]v Zti’
i=1

where ¢; is the lifetime of the ith trajectory. For trajectories
starting from the entrance this lifetime is zero. Thus, the num-
ber of trajectories with non-zero lifetime is N(1 — w/W). The
results presented in Table I show that Eq. (3.1) predicts to(L)
with high accuracy (the relative error less than 3%) when
the chamber length exceeds half of its width, L > 0.5W, and
fails for shorter chambers, L < 0.5W. This should be expected
since the derivation of Eq. (3.1) is based on the Moizhes-
Muratov-Shvartsman formula for «, Eq. (2.1), obtained for the
semi-infinite system as mentioned above.

3.1

(3.2)

B. Mean lifetime of the particle

The expression in Eq. (1.1) presents the mean lifetime
71(xo) as the sum of four terms, which have transparent phys-
ical interpretations. The first two terms give the mean time it
takes the particle to enter the sleeve from the chamber, 7((x),
whereas the last two terms give the mean lifetime of a particle
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FIG. 4. Numerical test of the / dependence of the mean particle
lifetime 7;(xp), Eq. (1.1). To test the / dependence predicted by
Eq. (1.1) we wrote this equation in the form given in Eq. (3.4).
The straight lines in the figure are the linear dependence on //L
in the right-hand side of Eq. (3.4) for three values of the slope,
w/W =0.25, 0.5, and 0.75 from bottom to top. Symbols are the
values of the expression on the left-hand side of Eq. (3.4) found for
Xo = L using the mean lifetimes rl(Sim)(L) obtained from Brownian
dynamics simulations and 74(L) given in Eq. (3.1).

entering the sleeve, i.e., starting from the sleeve entrance.
Thus, we have

LIW 12
7(x0) = To(xo) + —— + —,

3.3
D w 2D (3-3)

The last term in this equation, 12 /(2D), is the mean particle
lifetime on condition that the sleeve entrance is a reflecting
boundary, i.e., a particle entering the sleeve never returns to
the chamber. The second term, LIW /(Dw), can be interpreted
as the mean time spent by the particle on those segments of
the trajectories that escape from the sleeve to the chamber and
then come back to the sleeve.

As shown above, our formalism based on the boundary
homogenization provides an accurate description of 7o(x),
Eq. (2.4), when the chamber length satisfies L > 0.5W. Now
the focus is on the / dependence of the mean lifetime ;(xg)
on condition that the chamber is long enough. To this end, we
rewrite Eq. (3.3) as

22 w [
= 3.4
2D(7;(x0) — To(x0)) — 12 S

WL’
and test this relation at L = W using 14(xp) given in Eq. (2.4)
and 7;(xo) obtained from Brownian dynamics simulations.

In simulations we run N = 200000 trajectories whose
starting points are uniformly distributed over the chamber wall
containing the sleeve entrance, xo = L. The trajectories are
terminated as soon as they touch the absorbing end of the
sleeve located at x = L 4 [ [see Fig. 1(a)] for the first time.
The mean particle lifetime, denoted by rl(“m) (x0), is defined
as

N
im 1
") = = Dt (3.5)
i=1

where #; is the lifetime of the ith trajectory. The simulations
were run for three values of the sleeve entrance width, w/W =
0.25,0.5, and 0.75, and four values of the sleeve length, [ /L =
0.5, 1.0, 1.5, and 2.0. According to Eq. (3.3) the difference
7;(x9) — To(xp) is independent of xj. Keeping this in mind, for
our simulations we chose xy = L.

The comparison of the theoretical predictions with the
simulation results is presented in Fig. 4, where the three
straight lines are the linear dependences on the ratio //L on
the right-hand side of Eq. (3.4) with the slopes w/W = 0.25,
0.5, and 0.75. The symbols are the values of the left-hand side
of this equation found using the mean lifetimes z""™ (L) ob-
tained from Brownian dynamics simulations and to(L) given
in Eq. (3.1). One can see excellent agreement between the
theoretical predictions and the simulation results.

IV. DISCUSSION AND CONCLUDING REMARKS

Our analysis of trapping of diffusing particles by a hid-
den binding site is based on the reduction of the initial
two-dimensional problem to the effective one-dimensional
one (see Fig. 1). A specific feature of the geometry shown
in Fig. 1(a) is the abrupt change of the channel width.
This makes it impossible to use conventional reduction to a
one-dimensional description in terms of the generalized Fick-
Jacobs equation [26-34]. To bypass this difficulty, we took
advantage of the approximation based on boundary homog-
enization, which treats crossing the point where the channel
width changes abruptly as trapping by a partially absorbing
boundary. This approach has been used earlier in three di-
mensions [35-37]. Here, we apply it for the analysis of a
two-dimensional problem. Kalinay and Percus [38] validated
this approximation in both two and three dimensions by ana-
lytical consideration.

One of the main results of the present work is the expres-
sion in Eq. (1.1) which shows how the mean particle lifetime
7;(x9) depends on the geometric parameters of the system, L,
W, [, and w, as well as the particle initial position xy. Abrupt
change in the system width results in a slowdown of the
trapping kinetics and hence the increase of the mean particle
lifetime. The difference between 7;(x() and its counterpart in
the absence of the abrupt width change 7;(x)|w=w, Eq. (1.2),
is given by

LW (1 T w

— o =3 1nl1/sin( ==
71 (x0) — T1(x0) | y=w D {n n[ /sm <2 W)]

n [ { w
w W)

The two terms in the curly brackets have different origins.
The first term, which is independent of the sleeve length [,
is associated with the first particle entry into the sleeve. The
second term, proportional to [, is associated with segments
of the particle trajectory returning to the chamber from the
sleeve. Because of the abrupt width change these fragments
stay in the chamber longer than their counterparts in the ab-
sence of the width change. Which of the two terms dominates

is controlled by the two dimensionless parameters, w/W and
I/w. The first term dominates in the case of short sleeves,

.1
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where the sleeve length satisfies

rec 2 fan (G| fsn (3 )|/ (1 %2..2)

In the opposite limiting case, the delay time due to the width
jump is determined by the second term.

Another result of this work is a general methodology devel-
oped on the basis of the method of boundary homogenization.
We hope that this methodology will be used in the future to
analyze diffusive transport in two-dimensional systems with
abruptly changing width.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ACKNOWLEDGMENTS

This study was partially supported by the Intramural
Research Program of the NIH, Center for Information Tech-
nology and the Eunice Kennedy Shriver National Institute of
Child Health and Human Development. L.D. was supported
by CONACYyT under grant Frontiers Science No. 51476.

[1] M. Smoluchowski, Z. Phys. 92, 129 (1917).
[2] S. A. Rice, Diffusion-Limited Reactions (Elsevier, New York,
1985).
[3] E. Kotomin and V. Kuzovkov, Modern Aspects of Diffusion-
Controlled Reactions (Elsevier, New York, 1996).
[4] T. L. Hill, Proc. Natl. Acad. Sci. USA 72, 1291 (1975).
[5] H. C. Berg and E. M. Purcell, Biophys. J. 20, 193 (1977).
[6] R. Samson and J. M. Deutch, J. Chem. Phys. 68, 285 (1978).
[7]1 H.-X. Zhou, J. Chem. Phys. 108, 8146 (1998).
[8] D. Shoup, G. Lipary, and A. Szabo, Biophys. J. 36, 697 (1981).
[9] L. Dagdug, A. Berezhkovskii, S. M. Bezrukov, and G. H. Weiss,
J. Chem. Phys. 118, 2367 (2003).
[10] A.M. Berezhkovskii, A. Szabo, and H.-X. Zhou, J. Chem. Phys.
135, 075103 (2011).
[11] C. Caginalp and X. Chen, Arch. Rational Mech. Anal. 203, 329
(2012).
[12] P. C. Bressloff and J. M. Newby, Rev. Mod. Phys. 85, 135
(2013).
[13] E. Karzbrun, A. M. Tayar, V. Noireaux, and R. H. Bar-Ziv,
Science 345, 829 (2014).
[14] P. C. Bressloft, Stochastic Processes in Cell Biology (Springer,
New York, 2014).
[15] J. F. Rupprecht, O. Benichou, D. S. Grebenkov, and R.
Voituriez, J. Stat. Phys. 158, 192 (2015).
[16] D. S. Grebenkov, Phys. Rev. Lett. 117, 260201 (2016).
[17] J. S. Marshall, J. Stat. Phys. 165, 920 (2016).
[18] M. Mangeat, T. Guerin, and D. S. Dean, J. Chem. Phys. 149,
124105 (2018).

[19] M. Sivan and O. Farago, Phys. Rev. E 98, 052117 (2018).

[20] M. Sivan and O. Farago, Phys. Rev. E 99, 022141 (2019).

[21] S. Redner, A Guide to First-Passage Processes (Cambridge
University Press, Cambridge, 2001).

[22] B. Ya. Moizhes, Zh. Tech. Fiz. 25, 167 (1955) (in Russian).

[23] C. B. Muratov and S.Y. Shvartsman, Multiscale Model. Simul.
7,44 (2008).

[24] D. J. Bicout and A. Szabo, J. Chem. Phys. 106, 10292 (1997).

[25] S. M. Bezrukov, A. M. Berezhkovskii, M. Pustovoit, and A.
Szabo, J. Chem. Phys. 113, 8206 (2000).

[26] M. H. Jacobs, Diffusion Processes (Springer, New York, 1967).

[27] R. Zwanzig, J. Phys. Chem. 96, 3926 (1992).

[28] D. Reguera and J. M. Rubi, Phys. Rev. E 64, 061106 (2001).

[29] P. Kalinay and J. K. Percus, J. Chem. Phys. 122, 204701 (2005).

[30] P. Kalinay and J. K. Percus, J. Stat. Phys. 123, 1059 (2006).

[31] P. Kalinay and J. K. Percus, Phys. Rev. E 74, 041203 (2006).

[32] R. M. Bradley, Phys. Rev. E 80, 061142 (2009).

[33] A. M. Berezhkovskii and A. Szabo, J. Chem. Phys. 135, 074108
(2011).

[34] A. M. Berezhkovskii and S. M. Bezrukov, Eur. Phys. J. 223,
3063 (2014).

[35] A. M. Berezhkovskii, A. V. Barzykin, and V. Yu. Zitserman,
J. Chem. Phys. 130, 245104 (2009).

[36] A. M. Berezhkovskii, A. V. Barzykin, and V. Yu. Zitserman,
J. Chem. Phys. 131, 224110 (2009).

[37] Y. A. Makhnovskii, A. M. Berezhkovskii, and V. Yu. Zitserman,
Chem. Phys. 367, 110 (2010).

[38] P. Kalinay and J. K. Percus, Phys. Rev. E 82, 031143 (2010).

012135-6


https://doi.org/10.1073/pnas.72.4.1291
https://doi.org/10.1016/S0006-3495(77)85544-6
https://doi.org/10.1063/1.435494
https://doi.org/10.1063/1.476255
https://doi.org/10.1016/S0006-3495(81)84759-5
https://doi.org/10.1063/1.1533061
https://doi.org/10.1063/1.3609973
https://doi.org/10.1007/s00205-011-0455-6
https://doi.org/10.1103/RevModPhys.85.135
https://doi.org/10.1126/science.1255550
https://doi.org/10.1007/s10955-014-1116-6
https://doi.org/10.1103/PhysRevLett.117.260201
https://doi.org/10.1007/s10955-016-1653-2
https://doi.org/10.1063/1.5045183
https://doi.org/10.1103/PhysRevE.98.052117
https://doi.org/10.1103/PhysRevE.99.022141
https://doi.org/10.1137/070692832
https://doi.org/10.1063/1.474066
https://doi.org/10.1063/1.1314862
https://doi.org/10.1021/j100189a004
https://doi.org/10.1103/PhysRevE.64.061106
https://doi.org/10.1063/1.1899150
https://doi.org/10.1007/s10955-006-9081-3
https://doi.org/10.1103/PhysRevE.74.041203
https://doi.org/10.1103/PhysRevE.80.061142
https://doi.org/10.1063/1.3626215
https://doi.org/10.1140/epjst/e2014-02319-3
https://doi.org/10.1063/1.3160546
https://doi.org/10.1063/1.3271998
https://doi.org/10.1016/j.chemphys.2009.11.005
https://doi.org/10.1103/PhysRevE.82.031143

