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Crowding induced switching of polymer
translocation by the amalgamation
of entropy and osmotic pressure

Vrinda Garg,! Rejoy Mathew, Riyan lbrahim,” Kulveer Singh," and Surya K. Ghosh'-#*

SUMMARY

The translocation of polymers is omnipresent in inherently crowded biological systems. We investigate
the dynamics of polymer translocation through a pore in free and crowded environments using Langevin
dynamics simulation. We observed a location-dependent translocation rate of monomers showcasing
counterintuitive behavior in stark contrast to the bead velocity along the polymer backbone. The free en-
ergy calculation of asymmetrically placed polymers indicates a critical number of segments to direct
receiver-side translocation. For one-sided crowding, we have identified a critical crowding size revealing
a nonzero probability of translocation toward the crowded-side. Moreover, we have observed that shift-
ing the polymer toward the crowded-side compensates for one-sided crowding, yielding an equal proba-
bility akin to a crowder-free system. In two-sided crowding, a slight variation in crowder size and packing
fraction induces a polymer to switch its translocation direction. These conspicuous yet counter-intuitive
phenomena are rationalized by minimalistic theoretical arguments based on osmotic pressure and radial
entropic forces.

INTRODUCTION

The transport of a polymer through a pore is a ubiquitous phenomenon in many biological processes and systems. Examples include RNA
passing through a pore created by a membrane-bound protein,'” RNA and DNA sequencing,®® polymer transport processes,””'? gene ther-
apy, > "° viral ejection,'*"? controlled delivery,”®? and polymer sorting and ultrafiltration.”® In in vitro setups, translocations are mainly
induced by driving forces, such as external applied electric field,'®?*%"
nanopore on a 3D nanopositioner,*”®" pulling force exerted on polymer’s end,*~** binding particles (chaperones),
translocation.® In many biological systems, unforced translocations occur naturally dictated by conformational entropy.'®'®“%*" Despite its
omnipresence and importance in biological processes, unforced translocation has received less attention.’>*" Especially the system’s intrinsic
parameters, such as the symmetry of the length distribution of the polymer being translocated and the effects of crowding present in the
cellular environment. Here, we investigate the generic behavior of self-avoiding flexible polymers*? exhibiting unforced translocation through
a pore for free and crowded environments. A deeper understanding of these natural unforced processes can help in designing more efficient

controlling the translocation of a single molecule through a glass

35728 are known as forced

practical in vitro setups.

Polymer translocation through pores displays a broad range of scaling regimes, as shown by numerical simulations,
47,48

437 analytical the-

ories, and experiments.'® The average translocation time 7 as a function of the chain length N is an important measure of the underlying
dynamics. Especially in the case of unforced translocation, the barrier is so high that it is almost practically impossible to have a successful trans-
location solely due to the thermal agitation for long polymer chains in the limit of N >> 1.7 As the repeated chemical units of the polymer pass
through the pore, they encounter a depletion in their available conformational entropy creating an overall entropic barrier resulting in con-
strained diffusion. According to Kramers' analysis of diffusion across an entropic barrier, the translocation time is scaled as 7 ~ N¢, for phantom
chains in the case of unforced translocation the scaling exponent is & = 2 (r ~ N?) and for the forced translocation & = 1 (7 ~ N).*? The Rouse
model for the dynamics of phantom chains also predicts a time of the order of N? for equilibration. For a phantom chain, translocation time
depends on the relative magnitudes of three-time scales in terms of dimensionless factor that characterizes the translocation process 7 and
medium’s viscosity 1: total translocation time 7 ~ (b? /D)7, polymer relaxation time 7 ~ (nb* /ks T)N?, and 79 ~ ¢~ 2/3/ Dy for obstacles mo-
tion, where Gaussian polymer (phantom chain) of length N (in units of the Kuhn length b) has diffusion coefficient Dy, Dy is the diffusion co-
efficient of obstacles, and ¢ is the volume fraction of randomly distributed obstacles. Two regimes exist depending on the relative mobility
of the obstacles: the dynamic obstacles regime where 79 < 7 < 7 and the static obstacles regime where 7z <« 7 < 7p.'*'>324047,5051
With excluded volume, in the presence of an external driving force f, the translocation time 7 scales as 7 ~ N®/f* where v is the scaling
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exponent associated with the external forces. Biased translocation exhibits anomalous behavior with various values of both these exponents in
several experimental®”°® and computational studies.”>> Once self-avoidance is included, translocation time increases dramatically with a scale
of @ = 2.5 (r ~ N?3), which is an exponent of Rouse relaxation of self-avoiding chain in 2D.%%** For the self-avoiding chain, the translocation
time is longer than the Rouse relaxation time (7 >> 7g). According to the Flory-exponent theory, the scaling of translocation time for a self-
avoiding chain is given as T ~ N where B = 1 + 2v and with the flory exponent » = 0.75 (r ~ N?®) in 2D and » = 0.588 (r ~ N>'7%) in
3D.%°%°T Likewise, the scaling for MSD has been noted. It takes the power law form: (Ar?(t)) ~ t%, where a is the anomalous diffusion expo-
nent. It is observed that o = 0.8 resembles the experimental value.">*® The shapes and sizes of the fluidic channel and cavity”’ also have a
strong effect when a polymer is translocated into or out of a confined environment.?%#°1:>

In this work, we considered a self-avoiding flexible polymer in an unbiased and unforced environment, threading its way through the pore
as a fundamental model and as a first step toward understanding the translocation dynamics in vivo set-ups. Here, we specifically focused on
the system's intrinsic parameters rather than the external influences. We examined certain parameters to elucidate translocation dynamics in
this system thoroughly. Quantitative measurements of the probability of translocation events and the corresponding translocation times
through the pore provide a fundamental basis for our study and validate the process. To understand the diffusion mechanism, we investigate
the MSD of the center of mass of polymer, head, middle, and tail monomers. A study on how different segments of the polymer are moving
across the pore is drawn to attention. We examine the quantities, such as the average bead crossing time of individual monomers, the trans-
location rate of each bead, and their translocation speed across the pore. In particular, we find a counterintuitive trend of monomers’ trans-
location rate and translocation speed as they pass through the pore.

As the polymer translocates through the pore, the number of accessible conformations significantly reduces. This leads to a decrease in
the chain’s conformational entropy and an increase in its free energy. We examined the free energy profile for the no-crowding case and
observed a symmetric free energy barrier when the polymer chain is placed symmetrically at the pore. This analysis resembles the analytical
calculations.” Further, we find that an asymmetrically placed polymer leads to a critical number of segments that, when translocated, causes
the free energy minima and polymer to prefer the receiver side.

The highly crowded environment of actual biological cells containing large macromolecules like proteins, lipids, ribosomes, and cytoskel-
eton fibers features volume occupancies up to ¢ ~ 40%. Studying the impact of crowding is crucial for comprehending translocation in real-
istic cellular environments due to high cell density.””->"*7¢% A number of recent works have shed light on the translocation processes in the
presence of non-inert crowder (chaperons).**® An aspect that has received very little attention is the impact of inert crowding, resulting in a
biased but still unforced system by introducing crowders at one side of the box, leading to asymmetric crowding and on both sides of the box,
creating a symmetric crowded environment as a second step to understand the translocation dynamics in crowded in vivo set-ups. Polymer
threading its way through such an environment is subjected to an entropic penalty, and interaction between crowder-polymer affects the
translocation dynamics. Here, we quantify the effects of modifying the length distribution of polymer from its initial configuration, varying
the size and packing fraction of the crowders, and show that it significantly affects the translocation dynamics. We find that when the crowders
size reaches a crossover and deviates from the size of each chemical unit of the polymer, the polymer-crowder interaction fundamentally
changes the direction of translocation and shows a sudden jump within two extremes of probability. Moreover, we show that by tuning
the crowded environment, we can control the dynamics and switch the direction of the translocation process, which can be applied for better
drug delivery, DNA sequencing, and transport processes.

The article is constructed as follows: In first section, we present the simulation results and discussions for the three distinct modeling frame-
works. Firstly, we examine the dynamics of polymer translocation without crowder. Next, we investigate the impact of the crowder on one side
of the box. Finally, we study the translocation process driven by the crowders on both sides of the box. Followed by the section which sum-
marizes the conclusions drawn from this work. In the end, we elucidate the methods and models employed in this study.

RESULTS

Translocation without crowders

Translocation probability (P), time (1), and MSD

We first considered the polymer translocation in a crowd-free medium (Figure 1A and Video S1). We calculated the translocation probability P
and time 7. The translocation probability P can be defined as the ratio of successful translocation events toward a particular side to the total
number of successful events.***° The probability of the polymer to translocate to cis (left) side is represented by P, and to the trans (right) side
is P;. The time required for a polymer positioned symmetrically with a center bead initially at t = 0 in the middle of the pore to fully translocate
to either side of the wall is referred to as translocation time 7. If the polymer goes to the cis (left) side, we call it a cis-translocation time 7., and
for trans (right) side, it is a trans-translocation time ;.

Ideally, in the absence of crowders (Figure 1A), the system remains unbiased from either side and exhibits an equal probability of trans-
location.”” As expected, from our model, we have observed equal cis and trans translocation probability, P. = P, =0.5, for different polymer
length N (Figure 2A). The translocation time 7 scales as 7. ~ 7 ~ N?° (Figure 2B), as we vary length N, exactly matches with analytical and
previously found simulation studies on unforced free polymer translocation.*’*

To understand the dynamic behavior of the polymer, we analyzed the time evolution of mean squared displacement (MSD(t)) of the center
of mass gs(t) and individual monomers: the first monomer gpeaq(t) fors = 1, mid monomer gnig(t) fors = N/2+1, and end monomer gy,i(t)
fors = N+1.In general, the MSD(t) takes the following power law form: (Ar?(t)) ~ t%, where . is the anomalous diffusion exponent. Each
danging end outside the pore has a characteristic relaxation time 7g much faster than that of the monomer moving through the pore. The
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Figure 1. Polymer translocation in free and crowded environment

Schematic illustration of polymer translocation process through a pore. The wall in the middle of the box consists of purely repulsive immobile LJ particles of size
o the same as the size of each monomer. Here, we show the initial configuration of all the systems with a flexible polymer being symmetrically placed at the pore.
The left part of the system represents the cis-side and the right part of the system is the trans-side. In this schematic, we have used a polymer of length N = 65.
(A) In a crowd-free environment.

(B) In the presence of one-sided crowding where yellow particles represent the crowders on the trans side.

(C) When crowders are present on both sides. Here, bigger crowders are shown in yellow and smaller crowders in blue. Packing fractions of crowders on both
sides is kept the same. We are changing the size of the crowders on the trans side, keeping the size of the crowders on cis side fixed.

relaxation time (Rouse time) 7¢ of a polymer is typically defined as the characteristic time it takes to diffuse a distance of the order of its size.’’
At small time scales when time tis much less than the relaxation time 75 (t < 7g), the movement of the individual monomers is different from the
center of mass movement, resulting in a significant difference in their MSD(t). At a later time, when tis greater than relaxation time 7z (t >7g),
the MSDs of the middle monomer coincide with the center of mass. For the translocation of a self-avoiding chain in 2D, the exponent can be
written as a = 2/(1 +2v) where v is the flory swelling exponent. In the long time limit, the gnmig(t) and gs(t) converge with @ = 0.8 forv = 0.75
(Figure 2C).">" Moreover gheaq(t) and gei(t) also show similar behavior with exponent & = 0.8. However, as the two ends of the polymer
danging in bulk with more translational degree of freedom, the MSD values are always greater than the other or center of mass monomers.

Translocation rate, crossing time, and, bead velocity

During translocation processes, it is observed that different segments of the polymer move differently. To envision this interesting phenom-
enon, we calculated the average bead crossing time Tcrossing, translocation rate k7, and bead velocity v;(t) for different segments of the poly-
mer. Our focus centers on investigating and highlighting the translocation rate and bead velocity of an individual monomer, excluding con-
siderations for the polymer as a whole.

The average time taken by a monomer to translocate through the pore is defined as the average bead crossing time Tcrossing. Figure 3A
shows the variation in crossing time taken by each monomer to pass the pore starting from their respective initial position in bulk. As ex-
pected, for different monomers, as we move along the backbone of the chain, the crossing times are different. Due to the closeness of
the pore, the central monomers take a shorter time to pass the pore over their faraway peers, the tail monomers. In spite of this trivial real-
ization, if we look closely, we can observe that the rate of change of (Tcrossing) With respect to monomer id is not constant but rather increases as
it moves toward the tail. This interesting feature will be addressed during the discussion of kr in the following section.

The translocation rate kr is defined as the number of beads passing through the pore per unit time. kt is calculated by taking the derivative
of the curve in Figure 3A. As the translocation process starts with the center bead (N — 1)/2 at the pore, the translocation rate increases slowly
for beads near the center of the polymer chain due to alike entropic force from both sides. The small values of kr in the middle clearly indicate
that during the translocation event, the monomers in the middle region have several back-and-forth movements around the pore before
they fully translocate to one side. Subsequently, once the translocation of some significant middle portion of the polymer has taken place,
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Figure 2. Translocation probability (P), time (7), and MSD

(A) Translocation probability P of free polymers of different lengths: N = 21,43,65, and 131. Translocation probability to cis-side is shown by circle and to the
trans-side by triangle.

(B) Scaling of the translocation time 7 with respect to the polymer of length N for no crowding case. As expected, average T shows the same behavior in the case of
cis and trans translocation for varying lengths of polymer with the scaling of 7¢ ~ 7 ~ N?°.

(C) The mean-squared displacement MSD(t) of the first monomer Gheaq(t), middle monomer g,,iq(t), end monomer g (t), and center of mass gs(t) of the
polymer of N = 65. Here, we obsrved that the plot shows alike behavior for both sides, giving expected value of & = 0.8 at long times.
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Figure 3. Translocation dynamics of individual bead through a pore, bead crossing time (7¢;ossing) of the individual monomer, translocation rate (kr), and
bead velocity (V,,)

(A) For a polymer chain of N monomers labeled i = 1,2, 3, -+, N having center at (N — 1)/2, its left-side can be represented as j, = i,1 < i< (N — 1)/2 and right-
side of the chainasjg = (N—1)/2 — i,(N—1)/2 <i < N.Monomer id with respect to the center bead (N — 1)/2 of the polymer against average bead crossing
time Terossing Of polymer length N = 65 (blue), 131 (orange) is plotted.

(B) Translocation rate kr of polymer of length N = 65,131. The graph is plotted symmetrically with respect to the center bead at the pore. Curves on the left
represent the translocation rate of j, to show trans-translocation (triangles), and the right curve represents the translocation rate of jz to show cis-
translocation (circle).

(C) Bead velocity v, of the individual monomer for polymer of length N = 65,131. The figure is plotted symmetrically with respect to center bead (N — 1)/2) at
the pore and indicates bead velocity when moving to the trans-side (triangle) and cis-side (circle).

follow-up monomers motion is governed by the already translocated part, leading to a higher translocation rate for the tail monomers (Fig-
ure 3B). The ratio of the translocation rates of the center monomer with respect to the polymer end monomer are defined as k. = kr(nfist)/
k (neenter) for the cis-side, kg = k7(nend)/kT(Neenter) for the trans-side, and the average of the ratio of translocation rate (ko) = (k. +kg)/ 2.

The average of the ratio of the translocation rates, (ko), for the initial and end monomers on the cis (k) and trans (kg) sides relative to the
central monomer exhibit almost similar ratios of approximately 1.4 and 1.3 for lengths N = 65,131, respectively (see Table 1).

Now let us look at the individual bead velocity vi(t) = dri(t)/dt, which tracks the dynamics of the movement of the i" bead during a trans-
location process. We have observed that middle monomers move faster than tail monomers (Figure 2C). Being close to the pore, the monomers
in the central region are restricted to exhibit quasi-one-dimensional diffusion from the beginning of the translocation process until a successful
crossover of that bead happens. While for most of the translocation time, the tail monomers undergo 2D diffusion until they approach the vicinity
ofthe pore, resulting in lower v(t). From the MSD Study in Figure 2C and bead velocity in Figure 3C, it can be observed that initially, the dangling
tail monomers wander in the medium for a reasonable amount of time and diffuses slowly. In contrast, the middle monomers in the vicinity of the
pore, part of quasi-one-dimensional diffusion, diffuses faster, supporting the notion that resulted in higher v(t) for middle monomers than the tail
monomers during the translocation process.”“” The monomer velocity dramatically increases when it approaches the vicinity of the pore.

Asymmetrically placed polymer

Until now, in the free environment, we have studied translocation by always placing the polymer symmetrically between the cis and trans side, with
the middle monomer at the pore as the initial configuration. Now, we are breaking the symmetry by asymmetrically placing the polymer from its
middle with extra length into the trans side. As a result, we are designing the initial configuration so that when the translocation process starts, the
polymer portion on the trans side is larger than the cis side. We want to know what the free energy of the chain is as the polymer translocates from
one region to another see Figure S1 and Video S2. We are interested in examining the impact of the asymmetrically placed polymer on translo-
cation probability see Figure 4. When a polymer translocates through the pore, the chain goes through a decrease in its conformational entropy,
and the excluded volume interactions become more pronounced, increasing the free energy of the chain. Here, pore size is assumed to be shortin
comparison with the length of polymer molecules that can be considered as a small hole in an infinite wall and can allow only one monomer to pass
through at a time."*'>"%¢3 The two translocating polymer segments on the cis and trans side can be treated as two thermodynamic ensembles
separated by the wall. At any state, let there be n segments of the translocating polymer in the trans-side referred to as receiverand N — n seg-
ments in the cis-side as donor, both are in separate thermal equilibrium. The terms “donor” and “receiver” designate the sides for polymer trans-
location, with the donor being where the polymer originates and the receiver being the target (translocated) side. In our study, we named the cis
side as the donor and the trans side as the receiver for clarity. In the context of observing free crowders, side nomenclature can be chosen for

Table 1. The ratio of translocation rate of the end bead on the cis-side and trans-side with respect to the center bead is given by k; and ki respectively

N ki kg (ko)
65 1.37 1.49 ~ 1.4
131 1.32 1.25 ~1.3

The average of the ratio of translocation rate, (ko), is the mean of k; and kg. We observe a similar values of (ko) for different polymer lengths N.
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Figure 4. Effect of asymmetrically placed polymer on nucleation barrier

Plot of probability of translocation (P) vs. the number of monomers being shifted to the trans side. Here, Ny s is the length of the polymer on the trans side, and
(N — 1)/2 represents the middle of the polymer length N. The probability of overcoming the nucleation barrier for further successful translocation for
asymmetrically placed polymer toward the trans-side is plotted. Asymmetry introduced in the polymer, which was initially placed symmetrically at the pore, is
represented in terms of the number of monomers shifted from its middle to the trans side and shown as Nyans — (N — 1)/2. For symmetrically placed
polymer, Nyans — (N — 1)/2 = 0, which gives Nians = (N — 1)/2. The probability of cis-side (circle) and trans-side (triangle) for the different N is shown. It
starts from P = 0.5 for the symmetrically placed polymer when Nyans = (N — 1)/2 and reaches saturation when a sufficient amount of monomers has been
shifted for the nucleation phenomenon.

convenience. The partition sum Z consisting of the total number of conformations of the chain can be writtenas Z = Zy(N — n)Z,(n). The partition
sum Z(N) for a long tail N >> 1 of N segments in the semi-infinite space (half) bounded by an impenetrable wall to which one end is anchored is
given as Znr(N) = ZNNY =" where 7 is the effective coordination number for the orientation of adjacent bonds and is commonly known as the
connective constant. It can be alternatively written as exp (— u /kgT), where p is the chemical potential per segment. v is the critical exponent
and depends on the nature of the polymer and the solution. To mimic a good solution condition for a self-avoiding polymeric chain, we have y =
0.69. The Helmholtz free energy is Fhar(N) = — kgTInZy,:(N), elaboratively can be written as %(TN) = li%*' (1 = y)In N. The logarithmic part
plays asignificantrole in establishing a free energy profile for polymer translocation. The total free energy of the chain F(n), with n segments trans-
located into the receiver-side can be written as the sum of free energies of the two tails,

FIO (4 Z oy in(N = )+ (1 = y)in(n) — MAK (Equation 1)

P Yy ¥.)In(n) WT’ quation
where y4 and v, are critical exponents in donor and receiver region respectively. Au = gy — ., where ugy and g, are the chemical potentials
of the polymer segments in the donor and receiver region respectively. The first two terms on the RHS emerged from the entropy of two tails
and clearly resulted in the free energy barrier. In general, for this free energy barrier with its maximum value F*, there exists a critical number of
translocated segments to receiver side, that is, n* which can be obtained as the solution of 8F(n)/on = 0, gives

- 2 -
n(+2 — vy — \/u+2—vd—7 —A4u(1 — v )
— = (& ’):d o) — ( :) ( r), (Equation 2)
N 20 20
where i = NAu/kgT. For the crowd-free case, the critical value of n* can be obtained by putting Au = 0 in Equation 1. In our model, we are
taking vq = v, = v. Then, Equation 1 can be written as

F(n)
ke T

= (1 = v)In[n(N — n)]. (Equation 3)

The critical number of translocated segments to receiver side n* for F* is

0F(n) _ (1 — v)(N — 2n) .
on n(N—-n) (Equation 4)

solution of 3F(n)/dn = Ogives n* = N/2.Figure SAshows F(n) vs. n, which represents the free energy landscape of polymer translocation in
the crowd-free case as a function of the translocation extent. This can be interpreted as when there is a slight deviation from the maxima of F* at
n* = N/2,thefree energylandscape is downhill on both sides (Figure 5A). The free energy barrier is symmetric when a polymer is symmetrically
placedinits middle atthe pore. Polymertends to minimize its energy and is favorable to translocate to either side. In general, the presence of n*
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Figure 5. Analysis of Free energy and critical number of polymer segments in translocation process

(A) Plot of Free energy F(n) vs. n/N, where n represents the number of asymmetrically shifted segments towards the trans side, and N is the polymer length. Here,
n can varies from the initial monomer of the polymer chain to its entire length. n* is the critical number of polymer segments representing the free energy maxima.
(B) Change in n* against NAu. Plot showing the dependence of the critical number of polymer segments translocated on the trans side n* on NAu/ kgT for the
polymer of different lengths N = 43,65,91,101. When Au = 0, which leads to n* = N/2 as we move toward the positive side, n* decreases rapidly. This plot
considers two sides of the wall: the receiver and the donor. The chemical gradient is calculated from the difference between the donor and receiving side,
and the sign decides the direction in which translocation could be preferred. For the case of one-sided crowding where the crowders reside on the receiver
side, and @gonor =0 giVes A= figoner — Mreceiver =0 — K, Where u is a positive quantity and the polymer tends to move to the free cis (donor) side. For the
case of both-sided crowding, the sign of Au depends on the difference of crowding concentration on the donor and receiver side.

indicates that translocation resembles a nucleation phenomenon.®® If the number of segments is less than n*, then segments still tend to return
to donorside. The translocation process is stochastic, like a nucleation phenomenon. Once a sufficient number of monomers have crossed the
nucleation barrier to the receiverside and are larger than n*, translocation to this side is more favorable as the free-energy profile is now down-
hill. Hence, a critical number of n* ought to be nucleated in the receiverside to make translocation successful. The variation of free energy F(n)
with the entire length of the polymer with its critical points represented with circles is shown in Figure S4. This free energy curve is helpful in
understanding Figure 4. In this plot, the probability of overcoming the nucleation barrier for further successful translocation for asymmetrically
placed polymervs. the number of monomers being shifted to the trans side is plotted. Here, Nians is the length of the polymer on the trans side,
and (N — 1)/2 represents the middle of the polymer N. Asymmetry introduced in the polymer, which was initially placed symmetrically at the
pore, is represented in terms of the number of monomers shifted from its middle to the trans side and shown as Nyans — (N — 1)/ 2. From the
probability plot, it can be seen that as soon as we start placing the polymer asymmetrically on the trans side, that is when it deviates from
Nirans — (N — 1)/2 = 0, which gives Nyaps = (N — 1)/2 symmetrically placed polymer, it starts preferring the trans (receiver) side. Once a sig-
nificant section of the polymer is shifted to the trans (receiver) side (say approximately 60% of the length) and once the nucleation barrier is
crossed, the polymer slowly reaches a free-energy minima and it can undergo further translocation to receiver side without coming back to
the donor side. In Figure 6 we construct phase plots for n*/N in the Au — N plane. The effect of the chemical potential gradient can be
seen in Figure 6. For a crowd-free environment, Au = 0, n*/Nis exactly half for all chain lengths N, and the free energy barrier is symmetric,
shown by the black dotted line in Figure 6. Another situation is translocation into a crowded environment driven by a chemical potential
gradient. For the case of one side crowding where the trans side has crowders having ¢, = Oand Au = wgs — fyans = 0 — o = — u, where
wis a positive quantity and the polymer tends to move to the free cis side. However, a critical value of polymer segment n* can reverse this trend,
which is sufficient to overcome the osmotic pressure. See the upper panel of Figures 5B and 6. The free energy barrier is bigger when the chem-
ical potential gradient Au = — uisinthe opposite direction to the translocation process. Since the barrier is bigger despite being crossed, the
chain in the receiver region remains in a metastable state and will eventually tend to revert to the donor region. For this case, a higher value of
n*/Nis needed for a favorable translocation in the receiver region. For lower pannel of Figure 6 and large values of N and Apn, n* becomes
progressively small. We require only a small segment of the polymer to be shifted at the cost of chemical potentials, such as for N = 100,
Ap = 0.01, it can be compensated by n* = 22 for the nucleation process to happen.” In our model of polymer translocating through the
crowd-free environment, we have observed that nucleation phenomenas start at n* = 10 (Figure S5). The dependence of Free energy maxima
F* on the chain length N and chemical potential gradient Au has been given in (Figure Sé). In Figure 5B, we can see a sudden drop in the curve
when Ap deviates from zero. As soon as the crowding is introduced, starting from the small size of the crowders, there is a critical value of o for a
change in Au at which the polymer chain will face energy downhill with respect to n. This trend can be seen in the one-sided crowding case
(Figure 7). For small o we have a high value of Ay, crowding has a strong effect on pushing the polymer to the crowd-free side and resulting
in a sudden rise which gives P. = 1. While the case of higher . and comparatively lower Au will create larger voids in the crowding side. The
polymer still has a small but non-zero P.. This would suggest the critical point where the translocation can act as the nucleation phenomenon,
with few monomers passing through the pore. Very less shifting of polymer, even with the small value of n, will escalate the translocation to the
crowded side. A detailed discussion of the effect of one-sided (trans) crowders on the translocation probability is done in the next section. The
dependence of this critical number nx per unit length N with changing Au has been given in (Figure S7).
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Figure 6. Phase plot of n"/N in Au-N plane

Here, n* is the critical number of polymer segments into the trans side. The existence of free energy maxima at n* tells that translocation is like a nucleation phenomenon,
i.e., n* critical number of segments are to be nucleated for translocation to be successful. Nis polymer length and Au is the chemical potential gradient between cisand
trans-side. The black dashed line represents no crowding case where Ap = 0 and n* /N is exactly half for all chain lengths N, and the free energy barrier is symmetric. The
chemical potential gradient varies from negative to positive, shown by blue to red.

Effect of one-side crowders

We now study the impact of one-sided inert crowders on the translocation process (Figure 1B and Video S3). The study of inert crowders on
both sides™® and non-inert crowders on one side (chaperones)38 has been studied. However, a detailed investigation of translocation pro-
cesses with inert crowders on one side did not get its due attention. For this purpose, we choose to put inert crowders only on one side,
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Figure 7. Translocation probability as a function of ¢,, o

Upper panel: Translocation probability as a function of packing fraction of inert crowders on the trans side ¢,.
(A) Translocation probability P, to cis-side vs ¢, for different ;.

(B) Translocation probability P to trans-side vs ¢, for different ;.

Lower Panel: Translocation probability as a function of a; of inert crowders on the trans side.

(C) Translocation probability P, to cis-side vs o; for different g,.

(D) Translocation probability P; to trans-side vs g for different ¢,.
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Figure 8. Translocation dynamics in the presence of crowders in one-side (trans)

Schematic illustration of translocation process of a polymer in the presence of crowder on the trans side.
(A) The packing fraction of the crowder on the trans side is ¢, = 0.3 for g; = 0.6 (case: o+ <1).

(B) For the trans side is ¢, = 0.3 for a; = 4 (case: ot > 1).

say the transside, in our case (Figure 8) and studied the translocation phenomena of a symmetrically placed flexible polymer. As expected, we
have observed that the translocation probability and time have a strong dependency on the packing fraction ¢, and crowding size ;. To un-
derstand the underlying mechanism of this effect, we first quantify the ballpark average distance between the crowders (rs) and mean entropic
force (F,). Consider N; is the total number of crowders on the trans-side, each with size, ¢;.”° The packing fraction on the trans-side, with

dimension L(XL, is
01\ 2
N (5)
_™2)

@ = LxL, (Equation 5)

Note that the dimension of the box is 2L X L,. Now for a fixed ¢, the average distance between crowders, taken from their center {r¢) can be
written as,

VL XL,

(r.) = N (Equation 6)

Hence, the average distance between the surface of crowders (r;) is

(r) = () — o0 = —V%L

For the box of the same dimension, inserting the value Equation 5 in the Equation 7, we get

(re) = 0t<%\/ﬂ/<ﬂ - 1>. (Equation 8)

From the above expression we observed that the average distance between the surface of the crowders (rs), that is the space available for
the polymerto explore, is proportional to the crowder size, (rs) x a1, and inversely proportional to the square-root of the packing fraction, (rs) o
1/4/@. This behavior plays a crucial role in understanding the effect of crowders on translocation. A detailed explanation of its significance can
be found in the coming section of translocation probability. The focus of our study is on the regime of packing fraction of crowder ¢ < 0.5.
According to the percolation theory, the fluid phase is considered continuous,®*” indicating the formation of channels by crowders. Now, we
consider average radial entropic force (F;) and its role in the translocation process.***’ Radial entropic force describes the force exerted on a
monomer by the particles as it moves through the channel formed by the crowders and drives the polymer to translocate through the pore. It
is proportional to the temperature, inversely proportional to the confinement created by the crowders, and equivalent to inter-crowders sep-
aration.””*® Mean radial entropic force can be written as

— 0. (Equation 7)

o ksT .
(F) = Fom-, (Equation 9)

where kg is the Boltzmann constant, T is the absolute temperature, and Fg is the proportionality constant depends on the solvent-polymer
interactions. Simplifying the expression in the terms of o, ¢, we have

keT (Equation 10)
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Figure 9. Phase plot of translocation probability in ¢, — ¢; plane

The plot elucidates how translocation probabilities P. and P; vary as the function of the size of crowders (a;) and their packing fraction (¢,) in one-sided (trans)
crowded environment.

(A) Translocation probability P, to the free-side (cis).

(B) Translocation probability P; to the crowded side (trans).

The presence of crowders on the trans-side restricts the motion of the polymer and reduces its possible configurational entropy, which in
turn reduces the entropic force acting on the polymer. This resulted in a lower entropic state in the trans-side compared to the cis-side, which
has no crowders and, therefore, less restriction on the polymer’s motion. The difference in entropy between the two sides serves as a driving
force for the polymer to translocate from the lower entropy (trans side) to the higher entropy (cis side).”® To elucidate the dynamics of polymer
translocation through a crowded environment driven by different sizes, we examine the role of osmotic pressure (II). Being a colligative prop-
erty, osmotic pressure is proportional to the solute concentration p., and temperature T, can be written as IT = Rp.T, where Ris the constant
of proportionality. It can be used to determine the direction of polymer movement through the pore in response to the difference in crowding
concentration gradient on either side."*”*” The polymer is influenced by this osmotic pressure difference, which drives it to the cis-side
where the concentration and, hence, pressure are lower and have more free volume. The entropic force also pulls the polymer in the direction
of higher entropy, which is toward the cis-side. The interplay between these two forces determines the overall direction of polymer translo-
cation through the pore.

Translocation probability as a function of ¢, o;

Translocation probability to the trans-side P; is defined as the ratio of successful translocation events toward the trans-side (right) to the total
number of successful translocation events that have occurred. The probability of the polymer moving to the free cis-side (left) is denoted by P.
and note for this study of one-sided crowding, we always set ¢, = 0, representing the free environment. Figure 7A shows the probability of
the polymer to translocate to the cis-side (P.) as a function of the packing fraction ¢,, for different values of a;. With increasing ¢, P. rapidly
increases (P. = Py = 0.5 at 9. = ¢, = 0) and eventually approaches saturation (P. = 1). This indicates that, for the difference in crowding
concentration on either side, the polymer prefers moving to the free cis-side. It can be understood on the basis of entropic ground and os-
motic pressure. Cis-side has a more free volume, which drives the polymer to translocate to the free side to achieve a higher entropy state by
minimizing the crowding-induced constrained configurations. Additionally, the concentration gradient of the crowders also plays an impor-
tant role in pushing the polymer from the crowded trans-side to the free cis-side. Whereas for P; varying with ¢, at a fixed o; shows comple-
mentary decrease (P; = 1 — P.)initsvalue (Figure 7B). This also manifests the same effect of entropy and osmotic pressure. In Figures 7C and
7D we represent how P, and P; varies with g, for different values of ¢,. We observe that P. decreases and P; increases monotonically with
increasing o for different ¢,. This trend continues for the lowest ¢, until it reaches the equal probable case P; = P.=0.5 at maximum ;. While
with increasing ¢,, and for lower values of gy, the curve rises slowly. Correspondingly for the highest ¢, P starts increasing only after g; > 3,
indicating a need for a higher g, to reach P;#0 at higher ¢,. The reason is that for a fixed ¢, on increasing a;, the number of crowders de-
creases, thereby leading to higher (r;) between the randomly distributed crowders, resulting in the existence of large voids on the trans
side that a polymer can explore and thereby increasing the tendency of the polymer to translocate to the crowders side. Additionally, this
behavior simply corresponds to having effective osmotic pressure from the crowders on the trans-side. The concentration gradient created
by crowders from the trans-side to the cis-side, that is, from higher osmotic pressure to the lower one, also drives the polymer to move to the
free cis-side. For the highest packing fraction of the crowders ¢ = 0.3, with increasing a;, crowders have more large voids resulting in more
free volume for the polymer to explore and also osmotic pressure at the trans-side is comparatively less by higher a; (lower p.) than that by
lower a¢ (higher p.) and polymer prefers to stay toward the crowder side which is reflected in P; curve. In Figure 9 we construct phase plots for
Pc and P; in the ¢, — a; plane. P. is maximum for higher ¢, and relatively smaller crowders (see Figure 9A, ¢, >0.1, o; <1), indicating trans-
location toward the free-cis side occurs more readily in a densely crowded medium with smaller crowding particles. While for the case of
bigger crowders size g, the effect of crowders to push the polymer to the free-cis side decreases because of the presence of larger voids
in the trans side and probability of translocation to the trans side increases P; >0. Figure 9B is the complimentary phase plot of Figure 9A.
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Figure 10. Translocation time as a function of ¢, o

Upper Panel: Translocation time as a function of packing fraction of inert crowders ¢, on the trans-side.
(A) Translocation time 7. to the free cis-side for different a,.

(B) Translocation time 7; to the crowded trans-side for different a;.

Lower Panel: Translocation time as a function of size of inert crowders a; on the trans-side.

(C) Translocation time 7. to the free cis-side for different ¢,.

(D) Translocation time 7+ to the crowded trans-side for different ¢,.

Translocation time as a function of ¢, o;

Now, we study the effect of packing fraction and crowder size on translocation time. Here, the system of interest consists of both polymer and
crowder on the trans-side. Both entities owe different time scales. In 2D, for a crowder moving with a diffusion constant Dy = KgT, the time-
scale associated with the movement to a distance of the order of their size ¢ is '

o _ oL
4Dy~ 4kgT’

where kg is the Boltzamnn constant and T is absolute temperature. For the bigger crowder of diameter gy, time is 7

T = (Equation 11)

_ 9 ;
T = D (Equation 12)
Therefore,
52
T = To-b. (Equation 13)
)

It shows that the timescale for diffusive motion is proportional to the damping constant and the size of the crowder. For same £, the 7 in-
creases rapidly on increasing a¢.” As per the Rouse model, the polymer is represented as a chain having N beads. The diffusion coefficient of
the Rouse chain is obtained by Einstein’s relation Dg = ’?—RT The polymer diffuses a distance of the order of its size during a characteristic time,
called Rouse time 7 is'*°%¢!

r = TN, (Equation 14)

where v is the flory exponent. As polymers exhibit self-similarity, they are characterized by N distinct relaxation modes. Each relaxation mode
is designated by a mode index p = 1,2, 3, -+, N can be written as

N (1+29)-
Tp =70 (E) (Equation 15)
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Figure 11. Sigma splitting
Packing fraction of the crowder on trans-side ¢, as a function of the critical value of sigma o:=¢"*, that is, the size of crowders above which polymer have
non-zero Py. At the critical size ¢, the strongest effect of small crowders weakens leading to P; >0.

Within the system, the polymer is a large object that moves slowly, while the crowder movement depends on their size. In cases where the
time scales for the crowder is shorter than 7, = 7o for p = N, the correlation between the crowders is insignificant, and they provide a uniform
random background for the polymer. However, when the two-time scales are comparable, as in this study, the polymer’s motion correlates
with the crowder’s. As the size of the crowder increases, their correlations become stronger. On increasing the packing fraction of crowders,
the diffusion coefficient of polymer and crowder decreases, which means correlations between the crowders become stronger. 7; and 7. is the
time the polymer takes to translocate to the crowded trans side and to the free cis-side. In Figures 10A and 10B we have plotted 7. and 7; as a
function of ¢, for different o;. 7. decreases monotonically with increasing ¢. A decrease in overall 7. can be understood in terms of mean
entropic force. On this basis, an increase in ¢, and random distribution of crowders on the trans-side will lead to lower entropy on this
side and drive the polymer to translocate to the side of no crowder having higher entropy. Hence, in less time, 7. as compared to 7+ polymer
gets translocated to no crowding side. A sudden jump in the graph for higher o can be interpreted from Figures 10C and 10D. It shows that
translocation time is a function of g, for different ¢,. 7 increases with an increase in o; and a decrease in ¢,. The increase in 7 is more rapid as
compared to the 7. For a fixed ¢, on larger a¢, the case of translocation to trans-side becomes less probable, leading to higher translocation
time. Specifically, for higher gy, that is, a; > 3, the increase in the size of crowders on the trans-side leads to a rare, large void and more space
for the polymer to move. Hence, the 7 shows a sudden increase in its value. Also, in terms of osmotic pressure, as the number of crowders
increases, the force exerted by them on the polymer also increases. For a fixed ¢, and the fixed area of the box on the trans-side, the N; has a
direct relation with the force exerted by them on the polymer and an inverse relation with the square of the size of the crowder. This also
manifests the sudden jump in 7, behavior (Figure 10D). Unlike Kaifu and Luo et al.,” there is no resistive force on the polymer translocation
(even in the case of one side free crowders where the polymer has more entropy to go to the cis-side but prefers trans-side having bigger
crowder) in fact polymer translocation to trans-side is effectively increased for higher a;.

It is expected for one-sided crowders that translocation to the free cis-side will always be preferred. For small crowding sizes, when the
effect of the packing fraction is the strongest, there is almost 100% certainty that the polymer will translocate to the cis side, leaving P; =
0. However, we have already discussed that as we increase the crowding size a; for the same ¢, the effective impact of the crowding envi-
ronment weakens and gives rise to non-zero P:. For any specific value of ¢, there is minimum o, say ¢*, from where P; starts to become
P; >0. This minimum value of a¢, we define as critical size ¢* (Figure 11). It will be interesting to observe how this critical value of crowder
size * depends on the packing fraction ¢. Note from Figure 7C that these ¢*, the critical values of a;, increase with ¢, and follows an almost
linear relation, ¢, =¢*. This can be understood on the basis of entropy where the voids created on crowded trans-side provide a large room
and hence higher entropy for the polymer to explore than from cis-side, which results in a non-zero P;.

Effect of the asymmetric initial configuration of polymer on translocation probability

For the initial part of our study, we investigated the translocation dynamics of a polymer through a pore in the presence of free and one-sided
crowder. Specifically, we have examined the dynamics of the polymer when it passes with its middle monomer at the pore between cis and
trans side of the box. In the free case, when there are no crowders, the environment is symmetric, and a symmetrically placed polymer with a
middle monomer at the pore exhibits an equal probability of translocation to either side (P. = P, = 0.5). The introduction of crowders on one
side of the box breaks the symmetry in the translocation dynamics of the polymer, resulting in a preference for translocation in the direction of
lower osmotic pressure and higher entropy (P. = 1,P; = 0).*”/° Now, we look at how we can overcome the translocation barrier imposed
by the crowders by introducing asymmetry to its length. To restore the symmetric behavior observed in the absence of crowders, we posi-
tioned the polymer asymmetrically on the side with crowders and provided it with an extra shifted length see Figures S2 and S3; Video S4. Our
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Figure 12. Effect of asymmetrically placed polymer on translocation probability
Shifting of polymer length in the crowded trans-side.

(A) Sparse crowding at ¢, = 0.1.

(B) Comparatively dense crowding at ¢, = 0.2 with polymer length, N = 43, 65, 91, and 101.

study suggests that the additional length of the polymer provides an edge to the crowders, allowing them to bias the direction of translo-
cation more effectively. Figure 12 represents the translocation probability P to either side with the ratio of shifted length L; of the polymer
of length L. The first case is a polymer shifting from a sparsely crowded environment of ¢ = 0.1 (Figure 12A) with different lengths to a densely
packed crowding ¢ = 0.2 (Figure 12B). As the polymer shifts to the trans-side where crowders reside, the likelihood of the polymer crossing
over to the free cis-side begins to decrease from its maximum value. This decrease is due to a reduction in the length of the polymer on the cis-
side, resulting in a decrease in available conformational entropy. A channel exists in the vicinity of the pore. The cylindrical nanochannel
created by the crowders provides confinement to the polymer, resulting in a lower available area for the polymer to dangle freely. As we in-
crease the asymmetry by shifting the polymer more to the crowder side, the confinement produced by the crowders in the pore’s proximity
constrains the motion on the free side due to propagation through the backbone of the polymer. Once an interesting situation arises where
the polymer on the crowder side has more freedom to move compared to the confined part of the channel on the cis -side, which gives the
polymer the push to move toward the crowder side. Howsoever, the length of the polymer, this channel will compensate for its effect on either
side of the pore. This can also be interpreted in terms of entropy, the trans side being crowded and having more monomers due to shifted
length by which configurational entropy increases; hence, the driving force for the polymer to move toward the crowders side increases.
Consequently, there is an increase in the P; value. The two curves converge at a shifted length of L;/L, where the probability of translocation
to either side is 50%, making the polymer unbiased. On shifting polymer length toward the crowders, they create a higher resistance for the
polymer as it tries to translocate through the pore. As the crowding level increases for higher ¢, (Figure 12B), the polymer experiences more
resistance, and the probability of translocating toward either side becomes balanced at higher shifted length. A comparative plot for both
packing fractions comprising of shifted length against the total length of the polymer is shown in Figure 13. On the crowded trans side, the
free energy equation remains F = E-TS but with a substantial positive E value (repulsive interactions with crowders and polymer). This results in
higher free energy compared to the cis side, leading to lower entropy on the trans side. Introducing asymmetry by shifting the polymer to the
trans side increases the number of monomers on the trans side, elevating the interaction energy contribution for the shifted length. Simul-
taneously, the shifted polymer enhances the configurational entropy on the trans side compared to the dangling tail on the cis side. The net
effect is a decrease in the free energy of the chain and higher entropy on the trans side, facilitating translocation toward the crowded
trans side.

Effect of both sided crowders

Now, we study the translocation dynamics of a flexible polymer driven by both side crowders to mimic environments similar to biological sit-
uations and in vitro setups (Figure 1C and Video S5). In this study, we kept both side packing fractions equal: ¢, = ¢, and varied the relative
size of the crowders. For simplicity, we always kept the cis-side crowding size fixed at g. = 1 and varied the trans-side crowding size o (Fig-
ure 14). To start, we positioned the middle monomer ((N — 1)/2) of the polymer chain at the pore and allowed the beads in the chain to reach
equilibrium conformations through thermal collisions. Once the equilibration is completed, the polymer achieves a random configurational
state, which is considered to be the initial confirmation for the translocation process. A successful translocation occurred when the polymer
chain ended up on either side of the pore within the simulation time. For successful translocations, we have observed translocation probability
and time as a function of packing fraction ¢ and crowding size a¢. This phenomenon of polymer translocation driven by crowders can be eluci-
dated by quantifying the average distance among the crowders (rs) and mean entropic force (F,). Consider that there are N, crowders in gen-
eral of the diameter g; on either side of the box with dimension (L, X L), then the packing fraction is

_Ner(3)’

¢ = LxL, (Equation 16)
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Figure 13. Polymer length shifted (L. /L) toward crowded environments for equal translocation probability
Plot of the fraction of the shifted length of the polymer (L;/L) with respect to symmetric configuration vs the length of the polymer N for two different packing
fraction ¢, = 0.1,0.2. The fraction of the length need to be shifted towards the crowding side to get back an equal cis and trans translocation probability is

independent of the length of the polymer.

Using Equation 17 and alike Equation 7, the average distance between the surface of the crowders (r;) is

(re) = Ua(%\/ﬂ/fﬂ - 1)7 (Equation 17)

The packing fraction of crowders at both sidesis setas ¢, = ¢. = ¢, and the size of the crowder at the cis-side is keptfixedg; = . = 1.
On the trans side, the size of the crowder varies a; = ¢; within 0.6 < ¢ < 2.5 for our case. Thus, the average distance between the surface of
the cis-side crowders (r.) and trans-side crowder (r;s) is

(res) = Gc(%\/ﬁ/—w - 1),(%) = at(%\/w/—(p - 1). (Equation 18)

Equations 17 and 18 indicates that for a fixed ¢, {rs) increase with increasing ¢; and it decreases with increasing ¢ for a fixed ;. It will provide
insight into understanding the phenomena of translocation induced by crowders and the average distance between their surfaces. As the
polymer is coming out of a pore, crowders create a confined cylindrical channel of size {r;). For this mean entropic force (F,) can be written

aSbU,éb,é/

(F.) = Fo%, (Equation 19)

where Fy is the proportionality constant, kg is the Boltzmann constant, Tis the absolute temperature. Simplifying the expression of (F,) for cis
and trans-side crowder in terms of (rs),{rss), a¢, ar, and @ gives

Figure 14. Translocation dynamics in the both-sided crowded environment

Schematic illustration of polymer translocation process through a pore with asymmetric crowders on both sides of the box. The size of crowders on the cis-side is
kept fixed . = 1. The size of crowders on trans-side a; keeps on changing while keeping the packing fraction on both sides alike (¢, = ¢. = ¢).

(A) Packing fraction of crowders on both sides ¢ = 0.3 (densely crowded) while g. = 1 and o; = 0.6 (case: 0; <o).

(B) Packing fraction of crowders on both sides ¢ = 0.3 while 6. = 1 and o = 4 (case: a; >0 .).
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Figure 15. Translocation probability as a function of ¢, and o

Upper panel: Translocation probability as a function of packing fraction ¢.

(A) Translocation probability P, to cis-side vs ¢ for different a;.

(B) Translocation probability P; to trans-side vs ¢ for different a;. Lower panel: Translocation probability as a function of a; of inert crowders on the trans side.
(C) Translocation probability P. to cis-side vs a; for different ¢,.

(D) Translocation probability P; to trans-side vs a; for different ¢,.

1 1 .
(F) = FOkBT((rcs> - (%))7 (Equation 20)
1 1 1 .
(F) = FOkBT17 (7 - *)- (Equation 21)
0. O

E\Mr/qz -1

Equation 21 show that (F,) depends on ¢ and varying trans-side crowders of a;. With increasing ¢ or changing o keeping o fixed, (F,)
increases.”” Polymer prefers to move the size of bigger crowders due to larger conformational entropy. Further, Osmotic pressure (II), which
is a colligative property, depends on the number density of the crowder and influences the translocation dynamics. We put a polymer chain at
the center of the wall, separated by a difference in crowding size, which creates a crowding concentration gradient on either side. The polymer
chain will be driven by the difference in osmotic pressure created by the concentration gradient and prefers to stay on the side of relatively
lower osmotic pressure and higher volume. Thus, the competition between mean entropic force and osmotic pressure determines the
direction of the translocation process.

Translocation probability as a function of ¢, and ¢

The probability of polymer translocating to the cis-side and trans-side is represented by P. and P;, respectively. In Figures 15A and 15B, we
have plotted the translocation probability of the polymer as a function of the packing fraction ¢ for different g+, note o is always kept constant
ato. = 1.Plotshows bifurcation from equally probable scenario (P; = P. = 0.5ato; = 1)to two opposite extremes (a;#0.). Fora; < o, the
polymer has a tendency to move to the cis side where bigger crowder resides. P, rapidly increases from 50 to 50 % at lower ¢ and then slowly
reaches its maximum value at higher ¢. While for the case of ; > o, the polymer has a tendency to move to the trans side. This indicates that
for the same ¢ on both sides, translocation is preferred to the side of bigger crowders. This behavior is reminiscent of the effect of osmotic
pressure, which provides a push to the polymer to translocate from a higher crowder concentration to a lower concentration side. For the
same ¢, osmotic pressure (IT) at the side of the smaller crowder is higher than that of the side of a bigger one, leading to the polymer moving
to the bigger crowder side. Such behavior of probability with ¢ for polymer translocation through pore have been reported earlier.”” We next
look at the translocation probability of the polymer as a function of o for different ¢. P; displays distinct features as o is varied (Figures 15C
and 15D). For g; <o till itreaches a; = 1, thatis, for the relatively small trans-side crowders, polymer translocates to the cis-side (P; = 0). But,
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Figure 16. Phase plot of translocation probability in ¢ — ¢; plane

The plot elucidates how translocation probabilities P. and Py vary as the function of the size of crowders on the trans side (a+) and their packing fraction (o) in
a both-sided crowded environment. The size of crowders on the cis side is kept fixed at 6. = 1, and the packing fraction of both sides is kept equal, that is,
@ = @; = ¢. It shows a switch in the direction of translocation of a polymer by tuning crowding size.

(A and B) Translocation probability to cis-side and trans-side respectively.

the moment there is a crossover of g; = 1, the curve shows a sudden jump in its behavior from its lowest to saturation (P = 1). This sudden
switch prevails over the higher a; for the highest ¢ = 0.3 and shows a fall from P; = 1 for decreasing ¢. Additionally, even for ¢ = 0.01, which
is almost a crowder-free environment, the strong effect of tiny crowders (a: <0o.) pushes the polymer to translocate to the cis-side (P; = 0.3).
While for the same ¢ = 0.01 at o > g, the polymer has an equal probability of moving to either side as it is like a tug-of-war situation. This
result can be interpreted in terms of the mean radial entropic force. (F,) increases with increasing a; and ¢ and hence leads the translocation
dynamics. Unlike Chen et al., 201 3,°Y our model has no bottleneck or resistive force pertaining to non-monotonic behavior. The results in Fig-
ure 15 are relevant to the simulation study by Chen and Luo.” They observed that the polymer with an initial configuration where the middle
monomer at the pore on the wall separating two sides will prefer to translocate to the side of bigger crowders. They note that polymer that
goes to the side of a bigger crowder exhibits a maximum probability on increasing o up to a certain extent and then shows a downfall due to
the interplay of the driving force and the resistive force, specifically from the bottleneck leading to the non-monotonic behavior of probability.
They observed that at large o, it shows the resistive force of large magnitude compensated by entropic force leads to a decrease in probability
to the bigger crowder side. While, in our case, the calculations are consistent with Chen and Luo and likewise to Polson,” our model also
contradicts this and denies any bottleneck in the system pertaining to non-monotonicity in the curve. In our case, the probability curve exhibits
a continuous increase as the polymer prefers to translocate to the side of bigger crowders and does not account for the downfall in the curve is
noted. The behavior of the crossover region of ¢y = 1 as a function of ¢ is presented in phase plot for P. and Py in ¢ — a; plane (Figure 16). P is
maximum for smaller o and higher ¢, (see Figure 16A, g < 1,¢ >0.05). For relatively bigger crowders, the phase plot shows a uniform increase
in P with increasing a; for all ¢ (see Figure 16B).

Translocation time as a function of ¢, and a;

We first look at the translocation time as a function of packing fraction ¢ for different values of crowder size g (Figures 17A and 17B). Owing to
an alike environment on both sides of the pore forg; = a. = 1, the overall T owes the highest value. Further diverging from . = o¢ = 1and
moving to the asymmetric nature of crowded size (g, # 0¢), we observe a decrease 7. and 7; with increasing ¢ for both the situation: ¢; < o,
and a; >a.. This result can be elucidated in the context of (F;), which increases on increasing ¢. For a; <a., the combined effect of osmotic
pressure IT and mean entropic force (F,) moves the polymer to lower crowding concentration and higher entropy which dominate the trans-
location phenomenology and drives the polymer on bigger crowder side of the pore ensuing lower 7. (Figure 17A) and for a; > a. holds the
higher value of the average distance between the surface of crowder on trans-side than on the cis side, providing more space for the polymer
to translocate easily in lesser time 7 (Figure 17B). Additionally, translocation is a stochastic process, and random fluctuations could lead the
polymer to move to either the cis or trans side. But it's not necessary that translocation would occur for all particular cases, and pointed out
translocation at these points is a very rare event since we introduced biases in the form of crowders in extreme bias, we wouldn’t observe any
translocation event taking place to the unfavored side. In Figure 17A, translocation time values corresponding to o¢ = 0.8,2.0 are not present
at certain values of @. This absence is attributed to the rare and stochastic nature of translocation events. The lack of translocation time values
on either side indicates the non-occurrence of translocation in that specific direction. To elaborate, when translocation doesn’t occur on the
cis side at a given time, but the polymer successfully translocates to the trans side, the corresponding translocation time values are reflected in
Figure 17B. We next look at the situation for translocation time varying with a; for different ¢ (Figures 17C and 17D). At lower o; < a¢, 7 rises
faster for higher ¢. On the other hand for o >, 7 shows decreasing behavior on increasing ¢. As explained earlier, the combined effect of
I1, (F,), (rs) pulls the polymer rapidly to the side of bigger crowder (Figures 17C and 17D).

Effect of crowding size on translocation probability

Translocation for the case of no crowders provides us the 50 — 50% probability (P. = P;=0.5). Initially, the symmetry of the environment of
obtaining equal probable case has been broken by introducing crowders on one side (P. = 1,P; = 0). We have observed that most of the
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Figure 17. Translocation time as a function of ¢, and s

Upper Panel: Translocation time as a function of packing fraction ¢,.
(A) Translocation time 7. to the cis-side vs ¢ for different o.

(B) Translocation time ; to the trans-side vs ¢ for different ;. Lower Panel: Translocation time as a function of size of inert crowders a; on the trans-side.
©

D)

Translocation time 7. to the cis-side vs g, for different ¢,.
Translocation time 7; to the trans-side vs g, for different ;.

time polymer is translocating to the side of the crowders on the grounds of mean entropic force, osmotic pressure, and distance between the
surface of the crowders. Next, the symmetry has been broken by introducing asymmetry in the initial configuration of the polymer, that is,
shifting the length toward the crowder side. A ratio of L;/L exists where the equal probable case of cis and trans-translocation is retrieved.
Now, when the crowders are being introduced on both sides of the box, we have investigated that the polymer is translocating almost to the
side of bigger crowders (P. = 0, P; = 1foro; <., and P. = 1, Py = Ofor a; >a.). Similarly, in this case, to restore an equal probability scenario,
symmetry is broken by changing the packing fraction of crowders on the trans side, i.e., ¢. is not equal to ¢, anymore. We are choosing a
particular value of the a; and varying the number of crowders N, which in turn changes the packing fraction ¢,. The goal is to obtain an op-
timum value of the packing fraction of crowders on the trans-side so that the polymer translocates equally to both sides rather than having a
preference for the side of the bigger crowder. Figures 18A and 18B illustrate the relationship between the probability of translocation P and
the ratio of packing fractions of two sides ¢,/¢.. In Figure 18A, the crowders on the trans-side are larger (6. = 4) than those on the cis-side
(0. = 3), whilein Figure 18B, the trans-side has smaller crowders (g, = 2)than the cis-side (. = 3). Both figures examine sparse and densely
crowded environments of packing fraction on the cis-side (p. = 0.1,0.2), with (7. = 3) held constant while N_ is fixed. N; varies until the poly-
mer becomes unbiased of size, packing fraction, and the number of crowders, allowing it to translocate to either side with equal probability.

DISCUSSION

Medium-driven controlled polymer translocations without any explicit external forces are fundamental problems in science and engineering.
Using Langevin dynamics simulations, we extensively study the effect of crowding and polymer length distribution on the translocation pro-
cesses in crowd-free and crowded environments. We investigated the scaling properties of translocation probability P, time 7, and MSD. First,
we compared the scaling properties with the results generated by the standard scaling theories of polymer physics. We obtained scaling for
translocation time 7 ~ N?® and when 7 >7g MSD shows (Ar?(t)) ~ t%8, in free environment. Our results exactly match the experimental data
and show subdiffusive behavior. A simple analysis of the average crossing time (Tcrossing) of individual monomer, as it crosses the pore, has
been performed and laid the foundation of two interesting but counterintuitive features of translocation rate kr and bead velocity v,. It has
been observed that the translocation rate is minimum when the middle monomer passes the pore and keeps on increasing, whereas it holds
the opposite behavior for bead velocity, which is maximum for the middle monomer and decreases for the subsequent part of tail monomers.
Further, we rationalize the translocation phenomena in the light of nucleation processes. An asymmetrically placed polymer at the pore
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Figure 18. Effect of crowding size on translocation probability

(A)Translocation probability P as a function ratio of packing fraction of crowders on the trans-side and cis side ¢, /¢ for two distinct values of ¢ = 0.1,0.2. The size
of crowder on the cis side . = 3 while that on the trans side o; = 4.

(B) The size of crowder on the cis side . = 3 while that on the trans side o; = 2.

toward the receiver side once crosses a significant number of monomers across the pore; that is, when the nucleation barrier has been over-
come and free energy maxima is reached, the probability of the polymer going back to the donor side is almost negligible. For one-sided
crowding, with crowding on the trans side and free on the cis side, the translocation probability and time have been noted. P; shows a mono-
tonic decrease with increasing ¢ but shows an increase when the crowder’s size ¢ is large enough to create rare, large voids the polymer can
explore. This provides us with a critical value of g, called o* where the polymer has non-zero P; and translocates to the crowded side. A com-
plimentary behavior is also followed by P.. A breakthrough in the existing model has been achieved by simply shifting polymer length from the
middle monomer to the crowded side to examine whether there can be a situation if a crowd-free environment probability can be retraced.
The study has been done for both sparse environment ¢, = 0.1 and relatively dense ¢, = 0.2 and we investigated that there exists a ratio of
length shift to the polymer length L;/L where polymer exhibits P, = P.=0.5. Translocation time 7 decreases rapidly with increasing a; and an
increase with larger o;. In the case of two-sided crowding, where the packing fraction of both sides is set fixed, we kept the crowding side on
the cis side o, fixed, and on the trans side, o is varying. The translocation probability shows a bifurcation from the equal probable case, and
polymer translocates to the side of bigger crowders, P; >0.5 for g: > g, and P; <0.5 for o; <o.. The probability curve shows a sudden switch
from its lowest to peak value when a crossover of o; = . happens. Translocation time 7 decreases with increasing ¢ and o, indicating the
polymer preference to stay toward bigger crowders in less time. A study on changing the relative packing fraction of crowders on both sides
leads to the 50 — 50 probability akin to the crowd-free situation is done. These results can be interpreted by the interplay between mean
entropic force and effective osmotic pressure of the crowders. In the case of driven translocation, when an external force is applied on the
polymer up to its certain length and after that, if the force is switched off, then the entropy-driven force and free energy are sufficient to
keep the polymer on the preferred side. Our model is generally enough to switch the translocation direction without any explicit force.
Once the nucleation barrier is crossed for successful translocation, the polymer has an almost extremely low probability of going back to
the donor side. In other words, the regulation of the free energy barrier by tuning the polymer length can have significance in the translocation
phenomena having biomedical applications, for example, in the field of controlled drug delivery systems. Further, both spatial and temporal
control over the translocation of a polymer tethered to a surface can be incorporated into our model. In the context of targeted drug delivery
systems, we aim to deliver drugs specifically to designated cells, organelles, etc. This is the direct and potential application of polymer trans-
location, allowing us to control the direction of polymer translocation in accordance with the target's environment.”'~* Controlled translo-
cation of single molecules can be achieved by maintaining control over the nanopore in such a way that we have a speed tuning of individual
beads and molecules as well as passing through it at the desired time; that is, molecule-independent speed control can be achieved.™
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METHOD DETAILS

We studied the unforced translocation process of a flexible self-avoiding polymer in a free and crowded two-dimensional (2D) environment.
The polymer of length Lis represented by a space curve r(s) in 2D, where the parameter s goes from s = Oto L, along the chemical distance or
contour length of the chain. The standard two-dimensional coarse-grained bead-spring model of the polymer chain is used to represent the
translocating polymer. In the discrete limit, the polymer consists of N+ 1 monomers of size ¢ which are connected by N Finite Extension
Nonlinear Elastic (FENE) springs,

1 2
“Teen(1 =) fort <
Urene (ly) = 270 n( ’5) orli =1 (Equation 22)

o, otherwise.

Here kis the FENE spring constant, lj is the instantaneous separation, and Iy is the maximum allowed length between two consecutive mono-
mers. In the discrete picture, the i bead is represented by a 2D position vector r;(t). The excluded volume interaction exclusively between the
beads, crowders, and bead-crowders is modeled by a standard truncated short-range repulsive Lennard-Jones (LJ) potential, commonly
known as Weeks-Chandler-Andersen (WCA) potential as’*

12 6
e (ﬂ) - <ﬂ) +e, forry <2y .
Uu(ry) = i T (Equation 23)

0, otherwise.

Here rj = |ri — rj| is the distance between i and j particle, gy = (a; +0)/2 is the diameter of the effective interaction region of the interacting
pairs with diameter g, 0; and € is interaction strength of the potential. The use of a purely repulsive part of the LJ potential mimics a good
solvent by cutting out the attractive effect. We consider a two-dimensional rectangular box separated by a repulsive wall in the middle con-
sisting of rigid repulsive LJ particles of thickness the same as the diameter of a monomer with bead size ¢ = 1. The middle wall separates the
box into two equal regions; the left side is referred to as cis while the right side is called trans. These two separate regions cis and trans are
connected by a pore of length wyy = ¢ and pore width wy = 1.60 at the center of the wall.”” Moreover, a study of the effect of box size has been
done. The box has been chosen to be big enough so the polymer does not feel any effect from the box size. We have checked the effect of box
size for different scaling parameters, such as translocation time, probability, and MSD (t) and our model matches with both experimental and
analytical scaling regime. The geometry of the cavity plays a crucial role and has been studied extensively.””””>”7 In our simulation, the
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equation of motion of the dynamics of the i monomer is governed by the Langevin equation, by neglecting the hydrodynamic interactions,
can be written as

d2 : t N+1
m;—tg) = — 5Vi(t)+F5(t) — Z VUU(‘F; — I’j’)

j=i%j

— VUeene(lri — riza]) — ivuu(‘ri _ r]cD (Equation 24)

j=1
_VULJ(|ri - vaau|) - VULJ(|ri - RBox|)7

where r; is the position, m is the mass, v; is the velocity of the i monomer, N, is the number of crowder, rf is the position of the jth crowding
particle and £ is the friction coefficient, and thermal fluctuation is considered by FF which is the random forces satisfying the fluctuation-dissi-
pation theorem,

(FR(t) = O,(FR(t) - Ff(t)) = 2dksTEd;0(t — 1), (Equation 25)

that connect the particle diffusivity to the friction coefficient D = kgT/£. Here dis the dimension of the system, in our case d = 2, kg is the
Boltzmann constant, Tis the temperature, and i and j represent the coordinate components. The presence of the confining rectangular box is
represented by Rgox(x,y), where xe [— Ly, L], y € [- L,,L,]and Ly = 2L,. The wallin the middle is represented by Ry(x = 0, y) and the pore
is represented by Roore(x = 0,y = 0). Similarly, the corresponding Langevin equation™ for the dynamics of the ith crowding particle can be
written, where m¢ is the i crowding particle’s mass, ré(t) is crowder position at time t, and other crowding particles at position rf(t), &is
friction coefficient, v¢ is the it crowder’s velocity (Equation S1). The sizes of a crowder are represented as o, for the cis-side and o, for the
trans-side. The friction and mass of the crowder on each side are proportional to their sizes, with £;/a; = £./a. and m;/a? = m./a? respec-
tively. We are using LJ parameters m, o, € for defining mass, distance, and energy scales correspondingto t = \/ma?/eand f = ¢/ o for time
scales and force scales in ps and pN respectively. The dimensionless parameters used in the simulation are temperature T = 1.2, the
maximum allowed separation between each monomer Ry = 1.5, spring constant k = 30, friction ¢ = 0.7, the mass of each monomer
m = 1. Values for simulation parameters used in modeling can be obtained from Table S1. For each translocation process, as a starting
configuration, we placed the middle monomer (N /2 +1) at the center of the pore. We keep the middle monomer fixed until the rest of
the polymer equilibrates for 10° time steps. All the simulations are performed using a Langevin thermostat, to begin with, a truly random initial
configuration. The equation of motion is integrated using the velocity Verlet algorithm in each step. After the equilibration time, the middle
monomer is released to allow the translocation process. After each successful translocation event, where the polymer ends up moving
completely to either side of the wall, the simulation is stopped. In order to get satisfactory statistics, we averaged our data over 10% indepen-
dent realizations, with a time step At = 0.005.

QUANTIFICATION AND STATISTICAL ANALYSIS

1) Calculation of translocation probability and time in a free environment
2) Calculation of Translocation Rate, Crossing Time and Bead Velocity
3) Free energy calculation of an asymmetrically placed polymer in a free environment

5) Effect of the asymmetrically placed polymer on translocation probability in crowded environment
6) Effect of crowding size on translocation probability in the crowded environment

(
(
(
(
(
(

)
)
4) Translocation probability and time as a function of crowder size ¢ and their packing fraction ¢ in a crowded environment
)
)
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