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Abstract   A polymer chain usually contains two or more types of monomeric species from the perspective of polymer chemistry, which poses a

challenge to the understanding of structure-property relationships. It is of course true in the field of polymer translocation. In the present work, I

investigate  the  translocation  dynamics  of  heterogeneous  flexible  polymers  composed  of  two  types  of  monomers  labeled  A  and  B  through  a

nanopore  assisted  by  binding  particles  (BPs)  by  using  the  coarse-grained  Langevin  dynamics  simulations  in  two-dimensional  domains.

Specifically,  multiblock  copolymers  with  different  block  lengths  and  monomeric  components  are  considered.  I  critically  examine  how  the

translocation dynamics responds to the variations in  the block length and the monomeric  content.  Interestingly,  it  is  found that  the periodic

structure of a multiblock copolymer causes an obvious fingerprint feature in the residence time of individual monomers in which the number of

peaks is exactly equal to the number of blocks. These findings provide a basic understanding about the sequence-dynamics relationship for the

BPs-assisted translocation of heterogeneous flexible polymers.
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INTRODUCTION

Translocation  of  biological  polymers,  such  as  DNA,  mRNA  and
proteins  through  pores  or  channels  at  nanoscale,  plays
important roles in maintaining vital activities.[1] The significance
of  studying  polymer  translocation  in  the  context  of  biology  is
not  only  to  develop  a  better  understanding  about  how  life
works  at  a  molecular  level,  but  also  to  inspire  people  to  think
deeply about what human can do by learning from the nature.
Thanks to the seminal work of Kasianowicz et al.[2] in 1996, great
technical  advances  in  nanopore-based  sequencing  have  been
made nowadays. A typical example is that based on the creative
work  of  Bayley,[3] the  commercial  applications  of  nanopore-
based DNA sequencing technology are making steady progress
promoted  by  high-tech  enterprises  such  as  Oxford  Nanopore
Technologies.  The ultimate realization of nanopore-based DNA
sequencing  with  high  accuracy,  long  read  length,  high
throughput and low cost might come true in the near future.

From  the  view  of  physics,  a  polymer  chain  inflicts  a  large
energy penalty  caused by a  great  loss  of  conformational  en-
tropy during its translocation through a nanopore. Therefore,
the  efficient  polymer  translocation  requires  a  driving  force.
The  origin  of  driving  force  can  be  from  the  trans-membrane
electrical  potential,[4–7] a  pulling  force,[8,9] a  fluid  flow,[10–13]

the  trans-membrane  chemical  potential  gradient,[14–19] etc.

In  this  study,  I  focus  on  the  translocation  induced  by  the
trans-membrane  chemical  potential  gradient.  In  this  case,
polymer  translocation  could  be  induced  by  the  selective
adsorption  of  monomers  in  the trans side  of  the  mem-
brane,[14–16] and the different solvent qualities on two sides of
the membrane.[17–19] In living cells, the inhomogeneous distri-
bution of binding particles (BPs) such as chaperones that own
the affinity to proteins to be translocated across the biologic-
al  membrane can induce a trans-membrane chemical poten-
tial gradient. Biological examples of polymer translocation as-
sisted  by  BPs  include  the  translocation  of  proteins  through
mitochondrial  membrane[20–22] and  the  passage  of  DNA
through membranes.[23,24] In  what  follows,  I  pay  attention to
polymer translocation in the presence of BPs.

Up  to  now,  the  fundamental  mechanism  of  BPs-assisted
polymer translocation through a nanopore has been clarified.
Namely,  the  binding  of  BPs  to  chain  monomers  provides  an
effective  driving  force  that  pulls  the  chain  across  the  mem-
brane.[25–42] It is worth noting that these previous works were
based  on  the  stiff  chain  limit.  It  is  a  reasonable  method  for
tackling  the  most  fundamental  questions  like  the  transloca-
tion  mechanism  by  using  the  stiff  chain  model,  as  it  could
capture  the  underlying  physical  nature  of  the  translocation
process.  However,  more  realistic  modelings  of  a  polymer
chain  are  necessary  to  mimic  real  systems.  For  instance,  the
intrinsic  chain flexibility  has  been taken into account.[43–47] It
has  been  suggested  that  due  to  the  formation  of  the  com-
plex of BPs-monomers, the conformation of translocated sub-
chains has significant effects on the detailed translocation dy-
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namics.[43–45] More  recently,  Suhonen  and  Linna  have  re-
vealed that the binding mechanism, i.e., whether an BP binds
to a single site or multiple sites, would give rise to substantial
differences in the translocation dynamics of flexible polymers
in three dimensions.[46]

For  polymer  translocation,  the  heterogeneities  along  the
chain have always been a concern, which could arise from the
variation  of  monomeric  species[48–52] or  local  stiffness[5,53,54]

along  the  chain.  For  BPs-assisted  polymer  translocation,  the
effects of heterogeneous polymer sequence on the transloca-
tion  dynamics  have  been  studied  theoretically  by  Abdolva-
hab et  al.  in  the  limit  of  stiff  chains.[35–37] Nevertheless,  the
translocation  dynamics  of  heterogeneous  flexible  polymers
remains unsolved to the best of my knowledge, which motiv-
ates me to conduct the present study.

What I concern in this work is how the dynamics of BPs-as-
sisted polymer translocation through a nanopore makes a re-
sponse to the variations in the chain sequence structure.  For
this purpose,  multiblock copolymers composed of two types
of  monomeric  species  labeled A  and B  are  studied.  The only
difference  between  the  monomer  A  and  the  monomer  B  is
their different affinities with BPs. Data gathered from the two-
dimensional  Langevin  simulations  would  answer  the  follow-
ing  questions:  (1)  How  does  the  magnitude  of  the  block
length  affect  the  translocation  dynamics?  (2)  If  there  is  a
change  in  the  monomeric  content  of  the  multiblock  copoly-
mer,  how  would  the  translocation  dynamics  respond?  With
these issues being figured out, I hope to establish a basic un-
derstanding  about  the  sequence-dynamics  relationship  for
heterogeneous  polymer  translocation  through  a  nanopore
assisted  by  BPs.  The  remainder  of  this  paper  is  organized  as
follows.  The  model  and  the  simulation  technique  are  briefly
elaborated in the second section. I present results and corres-
ponding discussions in the third section. Finally,  a brief sum-
mary is given in the last section.

MODEL AND METHODS

As  sketched  in Fig.  1,  the  translocation  of  a  multiblock  co-
polymer through a  nanopore in  the presence of  BPs is  consid-
ered.  Here,  the  classical  finitely  extensible  bead-spring  chain
model[55] is  used  to  mimic  the  multiblock  copolymers.  Each
bead  of  a  diameter σ in  the  chain  represents  a  monomer.  By
applying the finite extension nonlinear elastic  (FENE) potential,
adjacent beads along the chain are connected:

UFENE (r) = −
1
2
kR2

0ln (1 − r2/R2
0) (1)

where r is  the  distance  between  consecutive  beads, k is  the
spring  constant,  and R0 is  the  maximum  allowed  separation
between connected beads.

The  multiblock  copolymers  studied  in  this  work  are
deemed  to  be  in  good  solvents  where  the  excluded  volume
interactions  dominate.  In  the  simulations,  this  can  be
achieved  by  applying  a  purely  repulsive  truncated  Lennard-
Jones  (LJ)  potential  with  a  cutoff  distance rcut,1 =  21/6σ
between beads:

ULJ (r) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩ 4ε0 [(σr )12
− (σr )6] + ε0, r ≤ 21/6σ

0, r > 21/6σ
(2)

where ε0 is the depth of the potential well, and r is the distance
between a pair of beads.

BPs diffuse randomly in a rectangular chamber of a size Lx ×
Ly = 64σ × 64σ, and the same short-ranged repulsive LJ poten-
tial  (Eq.  2)  is  exerted to BPs.  Therefore,  they repel each other
and  can  be  considered  as  uniform  distributed  before  the
translocation.  Translocation  of  multiblock  copolymers  is  as-
sisted  by  the  binding  of  BPs  to  the  monomers  that  get
through  the  nanopore.  The  multiblock  copolymer  is  com-
posed of two types of monomeric species labeled A (solid red
circles) and B (solid green circles),  as depicted in Fig. 1. Bind-
ing  of  BPs  relies  on  their  attractive  interactions  with  the
monomer A and the monomer B. It can be realized by apply-
ing a longer-ranged LJ potential with a cutoff distance rcut,2 =
2.5σ between monomers and BPs:

ULJ (r) = { 4εA,B [(σr )12
− (σr )6] + εA,B, r ≤ 2.5σ

0, r > 2.5σ
(3)

where εA,B is the binding strength. In this work, the monomer A
has  a  stronger  affinity  with  BPs.  The  choice  of  the  binding
strengths is εA = 4.0ε0 and εB = 2.0ε0. The LJ parameters ε0, σ and
bead mass m determines the energy, length and mass scales of
the system, respectively. Subsequently, the corresponding time
scale tLJ = (mσ2/ε0)1/2 and force scale ε0/σ can be obtained, which
are  order  of  ps  and  pN,  respectively.  The  parameters  for  all
simulations in this work are chosen to be R0 = 1.5σ, k = 30ε0/σ2,
ξ = 0.7/tLJ and temperature kBT = 1.2ε0.

The  walls  forming  the  closed  chamber  consist  of  static
particles separated from each other by a distance σ. The nan-
opore of a length L = σ and a width W = 1.6σ is embedded in
the leftmost wall,  and its center is  placed at the origin of co-
ordinate O(0,0).  In  this  work,  the  number  of  BPs  inside  the
chamber is fixed at NBPs = 1040, and thus a constant area frac-
tion at φBPs = 25.39%. The choice of φBPs = 25.39% in this work
is  to  ensure  that  the  present  setup  could  detect  the  vari-
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Fig.  1    Two-dimensional  schematic  illustration  of  a  multiblock
copolymer  with  a  total  number  of  monomers N =  128  translocating
into  a  chamber  wherein  binding  particles  (solid  blue  circles)
randomly  diffuse.  The  multiblock  copolymer  is  composed  of  two
types of  monomeric  species labeled A (solid red circles)  and B (solid
green  circles).  Binding  particles  interact  attractively  with  chain
monomers  with  different  binding  strengths  depending  on  the
monomeric  species, εA =  4.0ε0 and εB =  2.0ε0.  The shown multiblock
copolymer has a sequence structure Poly(A4B4)16. The chamber size is
Lx × Ly = 64σ × 64σ. The center of the nanopore is placed at the origin
of  coordinate.  The  pore  has  a  length L = σ and  a  width W =  1.6σ,
respectively. See the text for the used units ε0 and σ.
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ations  in  the  monomeric  type  during  the  translocation  pro-
cess in time as at high enough concentration of BPs, binding
events  would  occur  quickly  just  after  the  exit  of  a  monomer
from the nanopore. The number of chain monomers has been
kept at N = 128, and two cases of multiblock copolymer have
been  considered  here:  multiblock  copolymers  with  equal
monomeric  content  Poly(AnBn)N/2n and  unequal  monomeric
content Poly(AmBn)N/(m+n). Thus, the block length in these two
cases is M = 2n and M = m + n, respectively. Correspondingly,
the number of block gives as N/2n and N/(m + n), respectively.

In  the  simulations,  the  motion  of  a  mobile  bead  is  de-
scribed by the Langevin equation:

mr̈ = −∇Ui − ξvi + FR
i (4)

−∇Ui
Ui = ∑i≠j U

ij
LJ + UFENE (i − 1, i, i + 1)

Ui = ∑i≠j U
ij
LJ

where m, ξ and vi are the bead’s mass, friction coefficient and
velocity, respectively. −ξvi is the frictional force exerted on the
bead. The conservative potential Ui acted on a bead determines
the  conservative  force  exerted  on  it, .  Specifically,

 for  chain  monomers,  and

 for  BPs. Fi
R is  the random force which satisfies  the

fluctuation-dissipation theorem:[56]⟨FR
i (t)⟩ = 0,⟨FR
i (t) ⋅ FR

j (t′)⟩ = 2dkBTξδijδ (t − t′) (5)

where d is  the  space  dimensionality  (d =  2  for  this  work), kB is
Boltzmann  constant, δij is  the  Kronecker  delta, δ(t − t')  is  the
Dirac delta function, and T is the absolute system temperature.
For a dynamics study,  how to obtain the movement locus of a
bead  with  the  evolution  of  time  is  the  most  concerned.
Numerically, the Langevin equation (Eq. 4) is integrated in time
in  two  dimensions  by  the  method  proposed  by  Ermak  and
Buckholzs.[57]

Before a  translocation try  starts,  the multiblock copolymer
and  BPs  are  under  thermal  fluctuations  described  by  the
Langevin thermostat for a sufficiently long time. In the relaxa-
tion  process,  the  first  monomer  is  fixed  at  the  position  (1,0)
where  BPs  can  bind  to  it  during  relaxation.  In  this  way,  one
can focus on the translocation process  itself  as  the probabil-
ity  of  a  failed  try  reduces  significantly.  Once  the  relaxation
completed, the first monomer is released and a translocation
try begins, which is considered to be successful when the last
monomer  exits  the  nanopore.  One  thousand  of  successful
translocation  tries  have  been  performed  and  then  data  are
gathered  to  extract  quantities  characterizing  the  transloca-
tion  dynamics,  such  as  the  mean  translocation  time 〈τ〉 and
the residence time of individual monomers during the trans-
location R(s).

RESULTS AND DISCUSSION

Effect of the Block Length on the Translocation
In  this  section,  the  multiblock  copolymers  with  an  equal
monomeric  content  Poly(AnBn)N/2n is  considered.  The  only
variable in this case is the block length M = 2n ranging from 2 to
128. The main concern here is how the magnitude of M affects
the  translocation  dynamics.  As  plotted  in Fig.  2(a),  an  initial
increase in the mean translocation time 〈τ〉 with the increasing
M for M ≤ 16 is observed. However, for larger block lengths M =
32, 64 and 128, 〈τ〉 remains nearly unchanged, and approaches

asymptotically  the  arithmetic  average  of 〈τA〉 and 〈τB〉 , i.e.,
( 〈τA〉 + 〈τB〉 )/2.  Here, 〈τA〉 and 〈τB〉 is  the  mean  translocation
time of homopolymers Poly(A)128 and Poly(B)128, respectively.

The  above 〈τ〉 -M behaviors  could  be  interpreted  qualitat-
ively in terms of the distribution of energy gain from the bind-
ing.  Different from homopolymers,  the energy gain from the
binding  of  BPs  to  multiblock  copolymers  undulates  as  the
translocation  proceeds.  A  smaller  block  length  suggests  a
more  uniform  energy  gain  throughout  the  overall  transloca-
tion.  Thus,  a  smaller M is  favorable  of  the  translocation.
However,  for large M,  the translocation of long blocks with a
single  species  of  monomer  becomes  almost  decoupled,  and
thus the dynamics is not sensitive to M.

To  yield  a  deeper  understanding  about  the  translocation
process  of  a  multiblock  copolymer,  I  take  a  look  at  the  de-
tailed  translocation  dynamics, i.e.,  how  long  a  specific
monomer takes  to  get  through the nanopore.  In  the simula-
tions,  it  can  be  measured  by  the  residence  time  of  the
monomer s, R(s).  The  definition  of R(s)  is  the  time  interval
between  the  events  that  the  monomer s and  the  monomer
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Fig. 2    (a) The mean translocation time 〈τ〉 as a function of the block
length.  The  lower  and  upper  dashed  lines  represent  the  mean
translocation  time  of  homopolymers  Poly(A)128 and  Poly(B)128, 〈τA〉
and 〈τB〉 , respectively. The middle dashed line denotes the arithmetic
average of 〈τA〉 and 〈τB〉 , i.e., ( 〈τA〉 + 〈τB〉 )/2. (b) The residence time of
the  monomer s, R(s)  for  Poly(A32B32)2 with  two  different  transloca-
tion orientations. R(s)  of Poly(A)128 and Poly(B)128 are also plotted for
comparison.
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s + 1 get through the nanopore, characterizing the transloca-
tion  speed  of  individual  monomers.  Take  the  multiblock  co-
polymer Poly(A32B32)2 with the monomer A entering the nan-
opore first as an example, Fig. 2(b) displays the fluctuations in
the  translocation  speed  of  individual  monomers  compared
with  the  homopolymer  cases.  As  the  first  A-block  translo-
cates through the nanopore, for the same s, the translocation
of  the  first  several  B-monomers  in  each  B-blocks  is  signific-
antly  slower  than  that  of  B-monomers  in  the  homopolymer
Poly(B)128,  while  the  translocation  of  the  second  A-block  is
slightly faster than that of A-monomers in the homopolymer
Poly(A)128. This interesting dynamical phenomenon is a direct
reflection of the subtle entropic effects induced by the bind-
ing:  the  binding  of  BPs  to  the  first  A-block  results  in  more
compact conformations of the translocated A-block, and thus
a  smaller  effective  driving  force  for  the  first  B-block;  the  ef-
fective  driving  force  for  the  second  A-block  becomes  larger
due  to  the  chain  conformational  entropy  increase  arising
from the weaker binding of BPs with the first B-block.

Similar results have been observed in the case of transloca-
tion driven by an electric force applied only inside the nano-
pore  or  nanochannels,[48−50] which  can  be  explained  by  the
tension propagation (TP) theory.[58] That is, the faster translo-
cation  of  monomers  that  experience  a  larger  driving  force
leads to an earlier coupling of monomers at the cis side to the
translocation  process.  The  increasing  viscous  drag  from  the
cis side is unfavorable for the translocation of monomers that
experience  a  smaller  driving  force.  However,  it  is  noted  that
the  magnitude  of  fluctuations  in R(s)  in this  work  is  smaller
than that observed in previous works.[48−50] It is mainly attrib-
uted  to  the  unique  driving  mechanism  discussed  here.  The
binding of BPs to translocated monomers causes an addition-
al friction for the remaining translocation,[43,44,46] and the ten-
sion  propagation  rate  along  the  chain  gets  reduced.  There-
fore, the viscous drag from the cis side is not as obvious as in
the case of electric field driven polymer translocation.[48−50]

Since there exist two types of monomeric species in a mult-
iblock  copolymer,  entrance  of  the  monomer  A  or  the
monomer  B  to  the  nanopore  first  might  make  a  difference.
Fig.  2(b) also  reveals  that  the  entrance  orientation  determ-
ines  the  detailed  translocation  dynamics.  But,  how  does  the
entrance  orientation  affect  the  overall  translocation  dynam-
ics? To measure this effect quantitatively, I define γ as the ra-
tio  of  the  mean translocation time of  the  monomer  A enter-
ing the nanopore first to that of the monomer B entering the
nanopore  first.  As  shown  in Fig.  3, γ ≈ 1  for  all  the  studied
block  lengths,  suggesting  that  there  is  nearly  no  orientation
dependence of the overall translocation dynamics.

A  similar  observation  has  been  reported  for  the  case  of
polymer  translocation  that  is  driven  by  an  electric  field
through a nanopore, and the magnitude of the electric force
exerted on the monomers depends on their types.[48] By com-
parison,  when  the  monomer  species  was  distinguished  by
their  different attractive strengths with a long nanopore,  the
entrance  orientation  did  matter,[49] leading  to γ >  1.  The
strong dependence of the translocation dynamics on the en-
trance orientation has also been found in the translocation of
polymers  consisting  of  double-stranded  blocks  and  single-
stranded blocks,[53] and the translocation of amphiphilic poly-
mers.[59]

The underlying physical  reason for  the weak or  strong de-
pendence  of  the  entrance  orientation  lies  in  whether  the
backward  motion  of  a  translocating  chain  could  be  sup-
pressed  as  the  entrance  orientation  changes.  In  this  work,
bound  BPs  could  prevent  the  backsliding  of  translocated
monomers effectively as the size of BPs-monomer complex is
larger  than  that  of  the  nanopore,  while  frequent  backward
motions occur when the variation in the entrance orientation
was sensed by the setup of previous works.[49,53,59]

Effect of the Monomeric Content on the Translocation
The  case  of  multiblock  copolymers  with  an  equal  monomeric
content  Poly(AnBn)N/2n has  been  studied.  Next,  I  turn  the
attention  to  the  case  of  multiblock  copolymers  with  unequal
monomeric  content  Poly(AmBn)N/(m+n) where  the  content  of  B-
monomers fB = n/(m + n)  is  a  variable.  Automatically,  the
concern here is  how the translocation dynamics  responds to a
variation in fB.

efB

Fig. 4 shows that with the increasing fB, 〈τ〉 rises due to the
weaker  binding  affinity  of  BPs  with  the  monomer  B,  as  ex-
pected.  Interestingly,  it  is  found  that  the  increasing  way  of
 〈τ〉  with fB relies on the magnitude of the block length M =
m + n.  For small  block lengths M = 6 and 8, 〈τ〉 increases ex-
ponentially  with  an  increase  in fB, i.e., 〈τ〉 = 〈τA〉  .  Mean-
while,  a  nearly  linear  response  of 〈τ〉 to  the  increasing fB

has  been  observed  for  large  block  lengths M =  32  and  64,
i.e., 〈τ〉 =  (1  − fB) 〈τA〉 + fB 〈τB〉 .  A  similar  increasing  way  of
 〈τ〉 with fB has been found in the case of polymer transloca-
tion through a nanopore driven by an electric field, where the
decisive factor is whether m = 1 and/or n = 1.[48] By comparis-
on,  the  decisive  factor  here  is  the  magnitude  of  the  block
length. A qualitative explanation about why M dominates the
increasing way of 〈τ〉 with fB will be given shortly afterwards.

Residence Time for Heterogeneous Polymers
Fig.  2(b) has indicated that for a multiblock copolymer with an
equal  monomeric  content  and  a  large  block  length,  the
residence time of individual monomers, R(s), could provide rich
and detailed information about the translocation dynamics. It is
necessary to pay more attentions to R(s) in more general cases.
First,  I  am  curious  about  whether  the  present  setup  is  capable
of detecting a variation in the monomeric type immediately, as
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Fig. 3    The ratio of the mean translocation time 〈τ〉 of the monomer
A entering the nanopore first to that of the monomer B entering the
nanopore first, γ, as a function of the block length.

  Yu, W. C. / Chinese J. Polym. Sci. 2020, 38, 784–790 787

 
https://doi.org/10.1007/s10118-020-2387-9

 

https://doi.org/10.1007/s10118-020-2387-9


has  been  demonstrated  in  the  case  of  polymer  translocation
driven by an electric  field.[50] To address  this  question,  a  multi-
block  copolymer  with  the  specific  sequence  structure  Poly-
(B31AB96)  has  been  designed,  and  the  corresponding R(s)  has
been  calculated  to  check  whether  the  translocation  dynamics
can make a rapid response to the substitution of a monomer B
with a monomer A.

As shown in Fig.  5, R(s)  of  Poly(B31AB96)  overlaps with that
of  Poly(B)128 very  well  at s ≤ 31,  i.e.,  before  the  substitution
(the  monomer  A  with  an  index s =  32)  exits  the  nanopore.
With  the  just  translocation  of  the  substitution  through  the
nanopore, the stronger binding of BPs to it brings about a lar-
ger  effective  driving  force  for  the  translocation  of  the  33rd

monomer. Consequently, a much lower R(s = 32) is observed
according to the definition of R(s). More interestingly, the fast-
est  translocation  is  achieved  for  the  34th monomer.  It  might
be attributed to the fact that a monomer can bind with sever-
al  BPs  simultaneously.  With  the  proceeding of  the  transloca-
tion, the monomer A would find more free BPs in its vicinity.
The allowed multiple bindings of BPs to a monomer benefits
the translocation of the 34th monomer,  and thus a minimum
of R(s)  at s =  33  is  obtained.  This  speedup  effect  induced  by
the substitution would vanish as  long as  the saturated bind-
ing  is  reached.  The  overall  result  of  the  substitution  is  the
faster  translocations  of  its  subsequent  5−6  monomers  com-
pared  with  these  in  the  homopolymer  Poly(B)128 with  the
same  sequence  indexes s.  Thus,  it  could  be  concluded  here
that BPs-assisted polymer translocation is able to make an im-
mediate  response  to  a  variation  in  the  monomeric  type.  Be-
sides,  it  should  be  pointed  out  that  if  the  binding  model  is
one-to-one as discussed by Suhonen and Linna,[46] the spee-
dup  effect  induced  by  the  substitution  should  be  very  weak
or  even  vanished.  Here,  with  the  vanishing  of  the  substitu-
tion  induced  speedup  effect, R(s)  of  Poly(B31AB96)  are  in  ac-
cord with these of Poly(B)128 again for s ≥ 38, as expected.

The above findings are in favor of the understanding of the
observations  in Fig.  4.  It  is  reasonable  to  conjecture  that  by
substituting a monomer B with a monomer A in short blocks,
the  speedup  effect  should  be  quite  pronounced  in  B-rich
multiblock copolymers (fB > 0.5).  In contrast,  the speedup ef-
fect  would  be  weaker  in  A-rich  multiblock  copolymers  (fB <
0.5).  This  argument  explains  the  exponential  increasing  of
 〈τ〉 with the increasing fB qualitatively for multiblock copoly-
mers with short block lengths. Nevertheless, the situation be-
comes  different  for  multiblock  copolymers  with  large  block
lengths.  In  these  cases,  the  whole  translocation  can  be  di-
vided  into  several  parts  with  each  part  being  considered  al-
most  independently,  as  indicated by Fig.  2(b).  Therefore,  the
mean  translocation  time  in  the  cases  of  large  block  lengths
makes a linear response to the increasing of fB.

Finally, by taking a look back at Fig. 2(b), I find that the peri-
odic  structure  of  a  multiblock  copolymer  leads  to  a  remark-
able  fingerprint  feature  in  the  residence  time  of  individual
monomers. There, the number of peaks in R(s) is exactly equal
to  the  number  of  blocks N/2n.  However,  the  fingerprint  fea-
ture in R(s) is not a specific example for multiblock copolymer
with  an  equal  monomeric  content  and  a  large  block  length,
but  is  common for  multiblock copolymers  with arbitrary  val-
ues of m and n. Fig.  6 gives the residence time of multiblock
polymers Poly(AB7)16 and Poly(A10B6)8.  It  is readily found that
the  number  of  peaks  in  the  corresponding R(s)  is  exactly
equal to the number of blocks N/(m + n) = 16 and 8, respect-
ively.

The  fingerprint  feature  in  the  residence  time  of  individual
monomers  might  imply  that  if R(s)  could  be  determined  ac-
curately from experiments, it would allow one to identify the
structural information of translocated multiblock copolymers.
As well  known,  the identification of  bases is  usually  by read-
ing the ionic current signal variations in DNA-sequencing ex-
periments.[2] Yet,  there  is  no  ionic  current  signal  variations
during  the  translocation  in  the  setup  of  this  work.  Although
how to put the fingerprint feature of the residence time into
practical  use  remains  a  huge  challenge,  this  work  puts  for-
ward a possibility of utilizing BPs-assisted translocation to se-
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Fig.  4    Dependence  of  the  mean  translocation  time 〈τ〉 on  the
content of the monomer B, fB, at four different block lengths, m + n =
6,  8,  32,  and  64.  The  lower  two  curves  (in  black  and  red)  and  the
upper two straight lines (in blue and orange) are the exponential and
linear  fittings  to  the  data  points,  respectively.  The  data  drawn  here
are  based  on  the  simulations  that  the  monomer  A  enters  the
nanopore  first.  Data  calculated  from  the  simulations  that  the
monomer B enters the nanopore first show the same behaviors, and
are thus not plotted for clarity.
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Fig.  5    Effects  of  a  single  monomeric  substitution  in  the
homopolymer Poly(B)128 on the detailed translocation dynamics. The
residence  time  of  the  monomer s, R(s),  for  a  designed  multiblock
copolymer  with  the  sequence  structure  Poly(B31AB96)  is  plotted. R(s)
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quence heterogeneous polymers or proteins.

CONCLUSIONS

In  summary,  I  have  investigated  the  translocation  dynamics  of
heterogeneous  flexible  polymers  through  a  nanopore  assisted
by  binding  particles  by  using  the  coarse-grained  Langevin
dynamics simulations. For multiblock copolymers with an equal
monomeric  content  Poly(AnBn)N/2n,  it  has  been  shown  that  as
the  block  length M rises,  the  mean  translocation  time 〈τ〉 inc-
reases for small block lengths (M ≤ 16 in this work), and remains
nearly unchanged for larger block lengths (M ≥ 32 in this work).
Besides,  the  translocation  dynamics  hardly  depends  on  the
entrance orientation. For multiblock copolymers with a unequal
monomeric content Poly(AmBn)N/(m+n), how 〈τ〉 increases with an
increase  in  the  content  of  the  monomer  B  is  up  to  the  mag-
nitude of block length: a crossover from an exponential increase
at small M to a linear increase at large M has been found.

It  has  been demonstrated that  the present  setup can cap-
ture the variations in the type of monomer that just exits the
nanopore. Due to the multiple binding of BPs to a monomer,
even  one  substitution  in  a  homopolymer  occurs,  the  spee-
dup  effect  for  the  translocation  of  the  subsequent  several
monomers is  quite evident.  Finally,  it  has been revealed that
the periodic structure of a multiblock copolymer leads to a re-
markable fingerprint feature in the residence time of individu-
al monomers. I believe that the present work constructs a re-
lationship  between  the  translocation  dynamics  and  the  se-
quence  structure  for  multiblock  copolymers.  From  the  per-
spective of  polymer sequencing,  the translocation of  hetero-
geneous  polymers  with  multiple  types  of  monomer  and/or
random  sequence  is  the  more  general  case,  and  remains  to
be studied in the future.
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