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1.  Introduction

Mass transport under nanoconfinement is a process of funda-
mental relevance in life science and nanotechnology [1, 2]. 
Biology uses compartmentalization in living cells in order 
to spatially restrain chemical reactions and mass exchange. 
Biomolecules are exchanged between different compartments 
under the regulation of a variety of biological nanopores 
and channels such as the nuclear pore complex (NPC) and 
ion channels. These natural pores and channels have inspired 
research in synthetic nanopores [1, 3–7] with potential appli-
cations in biomedicine, environmental engineering and energy 
conversion. Polymer-coated solid-state nanopores have 
received special attention as the combination of soft and hard 
materials offers advantages in the function and intelligence of 
the artificial nanosystem. Here the intelligence or smartness 
of the nanopore refers to the ability of the system to respond 
to external stimuli such as temperature [8–10], pH [11, 12] 

or light [13, 14]. Stimuli-responsive polymers allow drastic 
on-demand changes in the presence of steric and electrostatic 
barriers for particle translocation, thus allowing for the fabri-
cation of smart pores and channels with controllable transport 
properties. While swollen polymers naturally constitute a free 
energy barrier that blocks the passage of large inert objects 
through the nanopore, it is still unclear how different interac-
tions between the particle and the polymer in a nanoconfined 
environment compete to determine the ability of the particle 
to translocate the pore. Such fundamental understanding is 
deeply needed to design nanopore devices.

The NPC is a paradigmatic example of selective biological 
transport, which remains unparalleled by man-made pores 
[15–19]. This pore is located in the nuclear membrane and 
it is responsible for the transport of almost all biomolecules 
between the cytoplasm and the nucleus. It is permeable to 
small molecules, such as water and ions, but bigger cargoes 
such as proteins and mRNA require the assistance of transport 
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receptors (known as karyopherins or ‘kaps’) to be effectively 
transported between the cytoplasm and the nucleus. The pore 
contains a series of disordered proteins (the FG-Nups, where 
‘FG’ stands for phenylalanine-glycine, a recurring motif in 
the sequence of these proteins). Notably, the FG-Nups do not 
filter particles by their size: most proteins only enter the pore 
when bound to Kaps, but the kap-protein complexes are of 
course larger than the unbound proteins. Transport through 
the NPC is believed to be controlled by FG-Nup/kap interac-
tions, both hydrophobic [20, 21] and electrostatic [19, 22]. 
Despite extensive study, the transport mechanism in the NPC 
remains elusive due to the challenge of analyzing the func-
tional structure of the FG-Nups in nanoconfinement and the 
fact that the presence of cargo could in return reorganize the 
polymer inside the nanopore. In other words, the transport 
and the structure in polymer-functionalized nanopores could 
be strongly coupled. The general picture is clearly more 
complex than that described above, for example superreso-
lution microcopy studies found that small molecules diffuse 
through the NPC via a central channel near pore axis, but 
large protein-cargoes follow a pathway close to the pore wall 
[23–25].

In this work, we address the thermodynamics of polymer 
translocation through polymer-modified nanopores with a 
molecular theory [19, 26–28]. The molecular theory explic-
itly considers the shape, size and conformation of the poly-
mers and it has been proven to be a versatile tool for modeling 
polymer-grafted nanopores and obtaining thermodynamic 
information that is usually computationally challenging for 
molecular dynamics simulations. In our previous studies of 
particle translocation through polymer modified nanopores, we 
used the approximation of assuming a homogenous polymer 
distribution along the rotational direction of the cylindrical 
nanopore (i.e. we modeled an effectively two-dimensional 
axisymmetric problem) [19, 28]. This assumption restricted 
the position of the cargo to the axis of the pore because adding 
a nanoparticle off-axis would break the cylindrical symmetry 
of the system. In the present work, we present the first calcul
ations allowing density inhomogeneities in the three spatial 
dimensions, which allows to fully map the free-energy land-
scape of the nanoparticle in all positions within the pore. We 
apply the theory to the case of a cylindrical pore modified by a 
neutral polymer brush and study the translocation of a spher-
ical nanoparticle through the pore. We systematically studied 
the roles of particle size and the affinity of particle surface 
for the polymer segments on the free-energy landscape of 
the system. We found that for this relatively simple system, 
the nanoparticle would already experience a wealth of free-
energy landscapes with distinctive topologies of the energy 
wells and barriers. In particular, we will show that the trans-
port of the nanoparticle is path-selective based on the particle 
size and the polymer-particle interaction strength. We also 
determined the path of minimum free-energy for the particle 
translocation across the pore. This analysis show that, for a 
given particle size, there is an optimal polymer-particle inter-
action strength that minimizes the height of the free-energy 

barriers for translocation, and, therefore, should maximize the 
rate of translocation.

2. Theoretical methods

2.1.  Formulation of the molecular theory

Our theoretical model is based on a previously developed 
molecular theory [19, 26–28]. We derive the theory starting 
from an approximate expression of the free energy of the 
system, which in the present case is a functional of the density 
of the solvent and the probability distribution of polymer con-
formations. The semigrand canonical free-energy functional 
for the system is

βF (R) = βFmixs (R) + βFconf (R) + βFps (R)� (1)

where R is the position of the particle, i.e. R  =  (Rx. Ry, Rz), 
and β  =  1/kBT is the inverse temperature (kB is Boltzmann’s 
constant and T is temperature). The first term in equation (1) 
is the contribution to the free energy from the translational or 
mixing entropy of the solvent:

βFmixs (R) =

ˆ
ρs (r) [ln (ρs (r) vs)− 1] dr� (2)

where r is the position vector (i.e. r  =  (x, y, z)). The integral 
in equation (2) runs over all the space that not occupied by the 
nanoparticle or the membrane, ρs(r) is the number density of 
solvent molecules at position r and vs is the molecular volume 
of the solvent.

The second term in equation (1) is the contribution from 
the conformational entropy of polymer chains,

βFconf (R) =
∑

j

∑
α

P ( j,α) ln (P ( j,α))� (3)

where P(j, α) is probability of finding the polymer chain j in 
the system in conformation α, the outer sum runs over all the 
polymer chains in the system and the inner sum over all the 
possible polymer conformations of these chains. The last term 
in F is the interaction energy between the nanoparticle and 
polymer segments,

βFps (R) =

ˆ
〈nP (r)〉βUsurf (r; R) dr.� (4)

In this term, the integral runs over all the space that not occu-
pied by the nanoparticle or the membrane and 〈nP(r)〉 is the 
average number density of segments at r, defined as:

〈nP(r)〉 =
∑

j

∑
α

P ( j,α) n (r, j,α)� (5)

where n(r, j, α)dr is the number of segments that the chain 
j has in the volume element between r and r  +  dr when it is 
in conformation α. This function is given by the spatial dis-
tribution of segments of each conformation and it is an input 
to the theory. The function Usurf(r; R) is the particle-segment 
interaction energy between a segment at r and the particle at 
R. We model this interaction with a square-well potential of 
the form:

J. Phys.: Condens. Matter 30 (2018) 274006
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Usurf (r; R) =
−εps

0
Rp < |r − R| < ∆+ Rp

otherwise
� (6)

where εps is the attraction energy of a segment within a distance 
Δ from the surface and Rp is the radius of the nanoparticle.

Repulsions are explicitly included in the model as excluded 
volume interactions for segment-nanoparticle, segment-wall 
and intramolecular segment–segment pairs. In other words, 
we consider only conformations that are self-avoiding and 
that do not overlap with the nanoparticle or pore walls. The 
remaining segment–segment, segment-solvent and solvent–
solvent intermolecular repulsive interactions are considered 
through a packing constrain.

In order to find the equilibrium structure of the system, we 
determine the functional extremum of F(R) with respect to 
ρs(r) and P(α, j) subjected to two constrains. The first con-
straint is the packing constraint, which models intermolecular 
repulsive interactions:

ρs (r) vs + 〈nP (r)〉 vP = 1� (7)

where vP is the volume of a polymer segment. Note that equa-
tion (7) is defined only in the solution/polymer region (i.e. the 
region that is not part of the nanoparticle or the membrane). 
The second constraint is the normalization of the probability 
distribution function:

∑
α

P ( j,α) = 1.� (8)

We consider these two constraints using the method of 
Lagrange multipliers. The functional to minimize therefore is:

W(R) =F(R) +

ˆ
π (r) [ρs (r) vs + 〈nP (r)〉 vP − 1]

+ ξ ( j)

[∑
α

P ( j,α)− 1

]

�

(9)

where π(r) and ξ( j ) are the Lagrange multipliers associated to 
the packing constraint and the normalization of conformation 
probabilities, respectively. The equilibrium state of the system 
is given by the functional extrema of W with respect to ρs(r) 
and P(j,α). The extremum with respect to ρs(r) results in:

ρs (r) vs = exp [−vsβπ (r)] .� (10)

Note that π(r), the Lagrange multiplier associate with the 
packing constraint, plays the role of a local osmotic pressure. 
Evaluating this expression in the bulk, allows to relate it to the 
known number density of solvent molecules in the bulk, ρbulk

s :

ρs (r) = ρbulk
s exp

[
−vwβ

(
π (r)− πbulk)]

= ρbulk
s exp [−vwβπ

′ (r)]
�

(11)

where π′(r)  =  π(r)  −  πbulk. The minimization of W with 
respect to P(α, j) yields

P (j,α) =
1

q ( j)
exp

[
−
ˆ

n (r,α, j) vPβπ (r) dr

−
ˆ

n (r,α, j)βUsurf(r, Rp)dr
]

�

(12)

where q( j ) is a single-chain partition function, which is 
related to the Lagrange multiplier ξ( j ) that enforced the nor-
malization of the probabilities by q( j) = 1/ exp (1 + ξ ( j)). 
We can rewrite equation (12) in order to introduce π′(r) as:

P (j,α) =
1

q′( j)
exp

[
−
ˆ

n (r,α, j) vPβπ
′ (r) dr

−
ˆ

n (r,α, j)βUsurf(r, R)dr
]

�

(13)

where q′ ( j) = q ( j) exp
(
vPβπ

bulkN
)
 and N is the chain length 

(segments per polymer).

2.2.  Numerical discretization and solving

In order to solve the theory, equations  (11) and (13) are 
inserted into the packing constraint, equation  (7) and the 
resulting equation is discretized in the x, y and z coordinates 
using a discretization step of Δ  =  0.5 nm. Note that the value 
of q′( j ) results from replacing equation  (13) into the prob-
ability normalization constraint, equation (8).

The description of the curved surfaces of the nanopar-
ticle and the pore using a cubic lattice necessarily involves 
lattice sites that are part particle or part membrane and part 
solution. In order to deal with these sites, we consider the 
available volume that is accessible for the solution in each 
of them. Let us first rewrite the equations  of the theory 
introducing the mask function h(r), so that h(r)  =  0 if the 
point r is part of the membrane or the particle and h(r)  =  1 
if the point r is part of the solution. For example, equa-
tion (1) becomes:

βF (R) =
´
ρs (r) [ln (ρs (r) vs)− 1] h (r) dr

+
∑

j

∑
α

P ( j,α) ln (P ( j,α))

+
´
〈nP (r)〉βUsurf (r; R) h (r) dr

�

(14)

where the integrals now run over the entire space. Equation (13) 
becomes:

P (j,α) = 1
q′( j) exp

[
−
´

n (r,α, j) vPβπ
′ (r) h (r) dr

−
´

n (r,α, j)βUsurf(r, R)h (r) dr
]

.
� (15)

We then discretize the resulting equations  by transforming 
integrals over r  =  (x, y, z) into sums over the cells of the lat-
tice. While in the computational implementation of the theory 
it is useful to use three variables to index the x, y and z coordi-
nates of each cell, let us use here a single variable to simplify 
the notation, i.e. each cell has an index i, with i  =  1 to M. In 
the discretization procedure, we replace h(r) by its discretized 
version, h̄(i), which is the volume fraction of the cell i that it is 
occupied by either solvent or polymer segments. We compute 
h̄(i) as:

h̄ (i) =
1
∆3

ˆ

cell i
h (r)dr� (16)

where the integration is performed over cell i.
The discretized version of equation (1) is:

J. Phys.: Condens. Matter 30 (2018) 274006
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βF (R) =
M∑

i=1
ρs (i) [ln (ρs (i) vs)− 1] h̄ (i)∆3

+
∑

j

∑
α

P ( j,α) ln (P ( j,α))

+
M∑

i=1
〈nP (i)〉βŪsurf (i; R) h̄ (i)∆3

�

(17)

where Ūsurf (i; R) is calculated as:

Ūsurf (i; R) =
1
∆3

ˆ

cell i
Usurf (r; R)h (r) dr.� (18)

The discretized form of equation (13) is:

P (j,α) =
1

q′ ( j)
exp

[
−

M∑
i=1

vPβπ
′ (i) n (i,α, j)

−
M∑

i=1

βŪsurf(i, R)n (i, j,α)

]

�

(19)

Figure 1.  (a) Cartoon of the polymer-modified pore studied in 
this work. (b)–(d) Side (b), top (c) and perspective (d) cuts of the 
polymer-modified nanopore. The nanoparticle is shown in yellow. 
The blue dots in panels (b), (c) and (d) indicate the position of the 
grafting points of the polymer chains on the inner pore surfaces.

Figure 2.  (a)–(c) Color maps of the volume fraction of the 
polymer on the x–z plane containing the pore axis (left panels) 
and a x–y plane perpendicular to the pore axis (right panels). The 
plots correspond to systems without nanoparticles (panel (a)) 
or nanoparticles of radius Rp  =  2 nm, located at Rx  =  −4 nm, 
Ry  =  0 nm and Rz  =  3 nm with polymer-nanoparticle interaction 
strengths of εps  =  0 kBT (panel (b)) or 0.35 kBT (panel (c)). (d) 
and (e). Color maps showing the difference between the volume 
fractions of the polymer between panels (b) and (a) (panel (d)) and 
between panels (c) and (a) (panel (e)).

J. Phys.: Condens. Matter 30 (2018) 274006
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where n(j,α,i) is the number of segments that the chain j in 
conformation α has in the cell i. Note that, according to this 
definition, equation (5) is discretized as:

〈nP(i)〉 =
1

∆3h̄ (i)

∑
j

∑
α

P ( j,α) n (i, j,α).� (20)

2.3.  Molecular model

Our theoretical methodology requires a set of all the possible 
conformations of the polymer chains, which enters into the 
theory through the spatial distribution of segments in each 
conformation, i.e. the function n(r,j,α). While the theory con-
siders in principle all possible conformations, it is enough to 
use a very large set of conformations instead. We found that 
using 106 conformations is enough to produce converged sta-
tistics for the conditions investigated in this work. These con-
formations are generated using the rotational isomeric (RIS) 
model [29] with a segment length of 0.5 nm. The volumes of 
solvent molecules and segments were 0.03 and 0.113 nm3, 
respectively. The thickness of the potential well in equa-
tion (6) was taken as 0.5 nm.

2.4.  Calculation of the minimum free energy paths (MFEP)

In order to calculate the MFEP for particle translocation, we 
determine first the free energy of the particle as a function 
of its position, i.e. we calculate F(R) as a function of R. We 
then determine the MFEP over the resulting surface using the 
improved string method of Weinan et al [30]. We fix the two 
ends of the string (i.e. initial and final particle positions) on 
the pore central axis (x  =  y  =  0) and z  =  ± 16 nm. We sam-
pled the MFEP with a string of 20 beads.

3.  Results

Figure 1 depicts the system under study. We consider a 
short cylindrical nanopore of radius R  =  7.5 nm and length 
L  =  20 nm connecting two identical reservoirs. The origin of 
coordinates is set to the geometrical center of the pore. The 
inner walls of the pore are coated by polymer brushes. In the 
case of the pore in figure 1, there are 50 polymer chains, dis-
tributed in five rings with ten polymers per ring, which yields 
a surface coverage of 0.053 chains · nm−2 (we will also con-
sider below an example with a larger grafting density). The 

Figure 3.  Color maps of the free energy of nanoparticle-pore systems (in units of kBT) as a function of Rx and Rz (x and z coordinates of the 
center of the nanoparticle). In all cases, Ry  =  0. Results are shown for different particle radius (Rp) and particle-segment attraction strengths 
(εps). The rectangle with dashed lines indicates the region of the pore where the calculations have been performed. Note that the minimum 
distance between the center of the particle and the surface of the pore is Rp, thus the size of the rectangle in Rx decreases as Rp increases.

J. Phys.: Condens. Matter 30 (2018) 274006
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chain length is fixed to N  =  40. The spherical nanoparticle of 
radius Rp is located at position R  =  (Rx, Ry, Rz).

Figure 2(a) shows the density of the polymer in the absence 
of a nanoparticle inside the pore. The density of the polymer 
is larger near the walls than in the central axis of the channel 
and there is some density at the entrances of the pore. This 
density is due to chains that stretch towards the reservoirs 
in order avoid unfavorable polymer-polymer repulsions  
[26, 31]. In figure 2(b), we show the density of the polymer 
in the presence of a nanoparticle with a neutral surface (i.e. 
a surface that does not attract the polymer segments, εps  =  0 
kBT). There is a depletion in the polymer density around the 
particle, up to a distance of ~ 1 nm from the particle surface 
(see the blue region in figure 2(d), which shows the difference 
between the polymer density in the presence and absence of 
the particle). The depletion of polymer near the particle has 
an entropic origin: the presence of the particle decreases the 
number of polymer conformations that can explore the region 
close to the particle (this effect is similar to that observed for 
the polymer density of brushes near the neutral grafting sur-
face [32, 33]). The polymer that is expelled from the posi-
tion of the particle and its surroundings is redistributed in 
a large region of the pore (red region in figure 2(d)). In the 
case where there are attractive particle-segment interactions 
(figure 2(c), εps  =  0.35 kBT), there is an increase in the den-
sity of the polymer surrounding the particle. Note that in this 
case, the change in polymer density away from the particle is 
much smaller than that near the particle and thus it cannot be 
observed in the color scale of the difference plot in figure 2(e).

Let us now focus on the free-energy landscape that results 
from placing the particle in different positions within the pore. 
Since we will report free-energy differences, we find it con-
venient to set the zero for the particle in the bulk (i.e. far away 
from the pore). We will scan the position of the particle in 
the x and z coordinates (Rx and Rz) and fix Ry  =  0. In a pore 
with a perfect cylindrical symmetry, scanning only Rx and Rz 
is enough to completely map the free-energy landscape. In the 
present case, however, the cylindrical symmetry of the pore 
is slightly perturbed by the presence of the grafting points. 
Thus our mapping procedure is not exhaustive, although it is 
enough to provide a general picture of the free-energy surface.

Figure 3 shows color maps of the free-energy differences 
as a function of the position of the particle in the pore for dif-
ferent particle sizes and particle-segment attraction strengths 
(εps). The blue regions indicate positions where the particle 
has a free-energy larger than in the bulk, thus the particle 
will be repelled from these regions. The red regions indicate 
a free-energy smaller than in the bulk, thus these regions 
attract the particle. For εps  =  0, the particle-pore interac-
tion is always repulsive and the magnitude of the repulsion 
increases with increasing local polymer concentration. The 
origin of the repulsive interaction is the loss of polymer and 
solvent entropy that occurs when the particle is inserted into 
the pore. The entropy of the polymer decreases upon particle 
insertion because there is a decrease in the number of allowed 
conformations. The decrease in solvent entropy is originated 
from the fact that the polymer segments in the region where 

the particle is inserted must be redistributed to other regions 
of the pore, thus increasing the average polymer density (this 
effect is clearly observed as a red region spanning a large 
part of the pore in the difference plot of figure 2(d)). As the 
density of the polymer inside pore increases, the solvent must 
flow from the pore (where its concentration is small) to the 
bulk (where its concentration is large), which decreases its 
mixing entropy.

As the particle-segment attraction strength increases 
(increasing εps), figure  3 shows a transition from a repul-
sive potential to an attractive potential. On the other hand, 
increasing the radius of the particle (for a fixed εps) results in a 
transition from attractive to repulsive potentials. The reason for 
this effect is that the strength of the entropic repulsion scales 
with particle volume (∼R3

p), while the particle-segment attrac-
tion scales with particle area (∼R2

p). Therefore, increasing the 
size of the particle increases repulsive interactions more than 
it increases particle-segment attractions.

For the largest attraction strength under study (εps  =  0.35 
kBT) and small particles (Rp  =  1 nm), figure 3 shows that the 
pore-particle attraction is strongest near pore walls, but for 
large particles (Rp  =  4 nm) the attraction is strongest near the 
pore axis. We will come back to this point at the end of this 
work when discussing the pathways of translocation.

Figure 4.  Color maps of the free energy contributions of a 
nanoparticle-pore system (in units of kBT) as a function of Rx and Rz 
(Ry  =  0). Results correspond to Rp  =  1 nm and εps  =  0.15 kBT. The 
panels show the total free energy (panel (a)) and the contribution to 
the free energy arising from: conformational entropy of the polymer 
chains (panel (b)), the particle-segment attractions (panel (c)) and 
the mixing entropy of the solvent (panel (d)).
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As the particle-segment attraction strength increases, 
figure  3 shows that the potential turns attractive first at the 
entrances of the pore (see for example the plot for εps  =  0.15 
kBT and Rp  =  1 nm). In figure  4, we analyze this effect in 
detail by plotting the three contributions to the free energy 
(see equation (1)): the contribution from the conformational 
entropy of the polymer (ΔFconf), the contribution from the 
mixing entropy of the solvent (ΔFmixs) and the particle- 
segment attraction energy (ΔFps). The plot shows that the 
total free energy depends mainly on the competition between 
ΔFconf and ΔFps. These two quantities scale differently with 
the local density of the polymer, which causes that, upon 
increasing εps, the region near the entrance of the pore (low 
local polymer density) turns attractive before the region near 
the walls of the pore (high local polymer density). The pres-
ence of free-energy wells at each entrance of the nanopore is 
interesting as these wells may serve to trap and concentrate 
the particles prior translocation. While for the specific case of 
the results in figure 4, the depth of the wells (∼0.025 kBT, see 
the scale of the color map in figure 4(a)) is not deep enough to 
trap a particle, we have observed deeper wells for larger par-
ticles (i.e. see plot for Rp  =  4 nm, εps  =  0.3 kBT in figure 3).

In figure 5, we explore the effect of increasing the surface 
coverage of the polymer by a factor of four. The general trends 

described above for the low-surface coverage case in figure 3 
are still observed. Comparison of figures 3 and 5, shows that 
increasing the surface coverage (for fixed Rp and εps) makes 
the particle-pore interaction more repulsive. This result is 
explained by the fact that the repulsive (ΔFconf and ΔFmixs) 
and the attractive (ΔFps) contributions to the free energy scale 
differently with polymer density. More precisely, the results in 
figures 4 and 5 indicate that upon increasing polymer density, 
the repulsive contributions to the free energy increase faster 
than the attractive ones.

We will now analyze the routes for nanoparticle translo-
cation (all calculations correspond to the low-surface-density 
case). Assuming that the timescale of particle motion is much 
slower than that of polymer reorganization, we can decouple 
the motion of the particle from that of the polymers and deter-
mine the minimum free-energy path (MFEP) for the transloca-
tion of the particle through the channel using the free-energy 
landscapes determined above. We found these curves on the 
different potentials using the improved string method [30], 
fixing the origin and end points at the entrances of the pore. 
The improved string employs a string of beads connecting the 
two points and describing a curve on the free-energy surface. 
Initially, the beads do not necessarily sit on the minimum 
free-energy path. Each of the beads is then moved against the 

Figure 5.  Same as figure 3 but for a pore containing 200 chains instead of 50 chains. The chains are arranged in ten rings with 20 polymers 
per ring, which yields a surface coverage of 0.21 chains · nm−2.
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direction of the local free-energy gradient (i.e. it is moved 
downhill free energy), while enforcing that the arclength 
distances between neighbor beads are equal for each pair of 
neighbors. In practice, the method successively alternates 
downhill free-energy moves with string reparametrization 
steps. Upon convergence of the method (when the string does 
not change anymore with successive move/reparametrization 
steps) the resulting string describes the minimum free-energy 
path between its two extremes.

Figure 6 shows the effect of the attraction strength, εps, on 
the MFEP. For a neutral particle surface (figure 6(a), εps  =  0) 
the potential is repulsive and the MFEP coincides with the 
pore axis. When the potential becomes attractive (figure 6(c), 
εps  =  0.3 kBT), the MFEP gets close to the wall of the pore. 

Figure 6(d) shows the free energy as a function of the position 
along the MFEP (i.e. the arclength of the curve). For εps  =  0 
(example in figure  6(a)), the plot shows a free-energy bar-
rier. If the height of the free-energy barrier is smaller than 
or similar to the thermal energy (kBT), translocation of the 
particle is expected. In the case of εps  =  0.3 kBT (example in 
figure 6(c)), the free-energy profile experiences a well, where 
the particle can get trapped. Therefore, in order to translo-
cate through the pore, the particle should overcome a barrier 
equal to the depth of this well. Interestingly, for the case of 
εps  =  0.15 kBT (example in figure 6(b)), the profile is almost 
flat, showing only two very shallow wells at the entrances of 
the pore separated by a low barrier of 0.04 kBT (note that the 
scales of the color maps in figures 6(a)–(c) are different). It 
is known that diffusion on a 1D potential is fastest when the 
potential is flat [34]. A similar proof for diffusion on 2D is 
not available, although numerical and analytical results sug-
gests a similar situation [35, 36]. Therefore, one expects that 
translocation of the particle through the pore will be fastest 

Figure 6.  (a)–(c) Color maps of the free energy contributions of a 
nanoparticle-pore system (in units of kBT) as a function of Rx and 
Rz (Ry  =  0). Results correspond to Rp  =  1 nm and different values 
of εps. The black line with circles in each plot shows the minimum 
free-energy path for the translocation of the particle through the 
pore. Panel (d) shows the respective values of the free energies 
along the minimum free-energy paths.

Figure 7.  Same as figure 6 but for εps  =  0.35 kBT and different 
values of the particle radius, Rp.
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for the value of εps that results in the flattest potential (i.e. 
the potential that has the minimum free-energy difference 
between wells and barriers). Hence, our results suggest that 
it is possible to optimize the rate of particle translocation by 
carefully modulating the particle-segment attraction.

In figure 7, we consider the case of a strongly attractive 
particle-polymer interaction (εps  =  0.35 kBT) for particles of 
different size. We observe that the MFEP overlaps the pore 
axis for large particles (Rp  =  3 and 4 nm, figure 7(c)) and shifts 
to the walls for small particles (Rp  =  1 nm). In other words, in 
the case of strongly attractive particle-polymer interactions, 
two different translocation routes are possible: translocation 
through the axis for large particle vs. translocation near the 
walls for small particles.

4.  Conclusions

In summary, we have studied for the first time the free-
energy landscape for the translocation of a particle through 
a polymer-modified nanopore allowing off-axis particle posi-
tions. These calculations are possible because we performed 
fully 3D molecular-theory calculations. These calculations 
are a significant improvement to our previous work [19, 28], 
which used 2D calculations with cylindrical symmetry, thus 
restricting the particle positions to reside on pore axis. We 
systematically explored the effects of particle size, particle-
segment attraction strength and polymer surface coverage on 
the free-energy landscape.

In order to study the translocation route of the nanoparticle, 
we determined the MFEP for the translocation of the particles 
on this landscape. The MFEP determined in this work uses 
our free-energy calculations for fixed particle positions, and 
thus they correspond in essence to a potential of mean-force. 
In other words, our MFEP are the routes that the particle will 
follow if polymer equilibration occurs much faster than nano-
particle motion, which should be a good approximation for 
large particles. In principle, a less constrained determination 
of the MFEP is possible, where the degrees of freedom of 
the polymer and the position of the particle are treated at the 
same level [37]. Such calculation is feasible using the recently 
derived MFEP/Molecular Theory methodology [38], but it 
will be highly demanding in terms of computational resources. 
Moreover, based on literature results [37], we expect that the 
free-energy barriers and wells for the fully unconstrained 
calculation will be similar to those reported here.

An interesting finding is that by carefully balancing the 
particle-segment interaction and the particle size it is possible 
to achieve an almost flat MFEP. This result implies that for 
a family of particles with similar surface chemistry (εps) but 
different radii (Rp), there will be an optimal radius that will 
yield the flattest possible potential (larger and smaller parti-
cles will experience more repulsive or attractive potentials, 
respectively). This finding can have implications for transport 
through the NPC, where large cargoes can transverse the NPC 
faster than smaller ones, providing that the cargo-pore interac-
tion is adequate (which in the case of the NPC is regulated by 
the formation of complexes with Kaps).

The size of the particle and segment-particle interaction 
have important consequences for the translocation route. For 
a particle of fixed size, increasing the particle-segment inter-
action shifts the translocation pathway from the axis of the 
channel toward its walls. Under a constant particle-segment 
attraction strength, smaller particles take a translocation 
path closer to the wall than that of the larger ones. A path-
selective transport mechanism could reduce the competition 
between different cargoes and make the overall cargo traffic 
more organized and efficient. This strategy is especially useful 
in the NPC, where many different cargoes of varying sizes 
and binding strengths to the FG-Nups have to be exchanged 
between the two sides of the nanopore. Interestingly, recent 
superresolution microscopy experiments of the NPC [23, 
24] have revealed the presence of different translocation 
pathways. One of these experiments [24] have shown that 
molecules without bound Kaps diffused along the axis of 
the pore (for Mw  <  70 kDa). On the other hand, free Kaps 
(Mw  =  102 kDa) followed a peripheral route, which suggests 
that the attractive Kap/FG-Nup interactions dominate over the 
increase in the molecular weight and thus the transport route 
shifts from the axis towards the walls. Interestingly, Kap-
cargo complexes (Mw  =  217 kDa) displayed a peripheral 
translocation route, but that it is closer to the axis of the pore 
than that of the Kap alone, which suggests that in these two 
cases the Kap/FG-Nup attractions are similar and the translo-
cation route is mainly determined size.

Future work will extend our study to consider the effect of 
electrostatic interactions on the free-energy landscape of cargo 
translocating across a polyelectrolyte-coated nanopore, since 
charge effects has been revealed to be important in our pre-
vious model of the NPC [19]. The insights from our system-
atical 3D modeling presented here constitute a first step for the 
understanding complex transport behaviors under nanocon-
finement and the rational design of smart artificial nanopores.
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