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Real-world modeling and
simulation for the self-organized
toroidal packing of a DNA chain
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We performed experiments to elucidate the conformations of a single centimeter-sized bead chain
through the mechanical vertical agitation under different crowding levels mediated by granular
spheres. The bead chain adopted various conformations, such as a compact toroid, swelled toroid,
rod-like shape, and random coil, depending on the solution conditions and experimental parameters
like the crowding level and strength of the mechanical agitation. The characteristic conformations
generated in macroscopic real-world experiments at several tens of centimeters exhibited similarity
with those of a single giant double-stranded DNA chain above several tens of kilobase pairs, at several
tens of micrometers, despite the significant difference in length scales. We performed Monte Carlo
simulation and showed that the conformations of a semiflexible chain captured the essential structural
features observed in the bead-chain experiment by adjusting the strength of vertical fluctuation and
crowding level, suggesting general features of the semiflexible chain.

Keywords Folding transition of polymer, Crowding effect, Compaction of single polymer chain, Ordered
structure caused by fluctuation, Giant DNA, Semiflexible chain

In the field of polymer physics, it has been established that a single flexible polymer chain undergoes a
conformational transition from an elongated coil into a compact globule, coil-globule transition, accompanied
by a change from a good solvent to a poor solvent'?, where the radius of gyration scalesas R_~n*>and R~ n'",
respectively (n is the number of segments and L is the contour length given by L = nb, where b is the lengtfl of the
segment along the direction of the contour line of the polymer chain). The good and bad qualities of the solvent
correspond to repulsive and attractive interactions among polymer segments, respectively. Such a universal
property of polymer chains indicates that the relative segment density between coil and globule states scales
3
as 5—5 ~ 1%“
undergo a continuous coil-globule transition®>. According to extensive experimental studies on single DNA
molecule chains® 12, the transition of individual giant DNA molecules above a size of several tens of kilobase
pairs (~ 10" base pairs) is discrete, whereas the ensemble average of DNA chains appears continuous as per light-
scattering measurements. The discrete nature of the coil-globule transition of a giant DNA molecule is attributed
to its semiflexible nature and its property as a polyelectrolyte chain cooperating with counter ions>!*!*. Giant
DNA molecules exhibit semiflexible characteristics owing to the local rigidity of the double helix structure, with
a persistence length (1) of approximately 50 nm (approximately 150 bp)'>~17 and a diameter of approximately
2 nm. For such a semiflexible chain, the radius of gyration for coils and globules scales as R_~ AN** and R,
~ (AsN)173, respectively. Here, A is the Kuhn length (A = 21,,), N is the number of Kuhn segments (N = %),
and s is the diameter of a single segment; we assume the dense packing of segments in the globule state. For
double-stranded DNA, A =~ 100 nm and s ~ 4 nm?. Based on these relationships, for a DNA chain with N = 100

(ca. 30 kbp), the density ratio ( 5—?) is assumed to be approximately 10°. Such a significant difference between

4
~ L5, suggesting that the density difference increases with L. In contrast, flexible polymers

coil and compact globules in DNA has been confirmed by measuring individual single DNA molecules using
atomic force microscopy (AFM), electron microscopy (EM), and fluorescence microscopy (FM)®*!8. Note
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that compact globule DNA molecules show crystal-like regular packing, such as toroids and rods, as shown
in Fig. 1. The appearance of these unique morphologies in a semiflexible polymer chain has been examined
using numerical simulations'*-2%. From experimental studies, it has been shown that the folding transition of
giant DNA molecules into compact globules is generated by the addition of various chemical species such as
multivalent cations”?, solvable polymers (crowding effect)®?>?4, and cationic surfactants?>. The DNA compaction
induced by the crowding effect is caused by the depletion effect®¢-%. Over the last decade, the crowding effect
has attracted considerable interest in relation to the stability and function of various membraneless organelles
in living cells’**. Actually, intracellular solutions contain 10-40 wt% biomacromolecules®>*. In this study,
we investigate the formation mechanism of regular compact structures from a single semiflexible chain under
crowding conditions.

Recent studies have focused on understanding the conformation of a chain with coexisting particles®~*4.
Shin et al. performed a 2D computer simulation and found that flexible and semiflexible chains stretched in
the presence of active particles for a packing fraction of 0.05, whereas passive particles increased the looping
of a chain®. Anderson et al. performed a vibrating plate experiment to investigate the effect of active and
passive particles on the conformation of a bead chain for an area packing fraction of 0.088. They showed that
a granular chain had a high probability of adapting the hairpin structure when mixed with active particles, but
the chain coiled in a passive particle bath. A toroidal structure was occasionally observed in a chain immersed
in a passive particle bath. We recently conducted an experiment using a fluctuating system containing one or a
small number of spherical granular particles coexisting with a large number of smaller particles confined to a
cylindrical dish under vertical vibration, as a macroscopic model of polymer chain under crowding conditions.
The position of the large spherical particle switched between the boundary and interior of the confined space,
depending on the number of small spheres or degree of crowding>®. We also performed experiments concerning
the behavior of a large particle interacting with a large number of small particles confined in dishes with hard/
soft boundary conditions under mechanical vibration using a centimeter-scale model*’. Under a hard boundary
condition, the large sphere preferred the boundary at low crowding but tended to localize to the interior under
high crowding. Conversely, under a soft boundary condition, the large sphere was localized to the interior under

Compact Conformation

Unfolded Coil Conformation

Fig. 1. Morphological variation in DNA. The unfolded conformation is the AFM image of T4 DNA (166 kbp).
The compact conformations are the transmission electron microscopy (TEM) images of T4 Gt7 DNA (rod like)
and ADNA (toroids). (AFM image reproduced from N. Yoshinaga, K. Yoshikawa, and S. Kidoaki, Multiscaling
in a long semiflexible polymer chain in two dimensions, J. Chem. Phys., 116, 9926-9929 (2002) with the
permission of AIP Publishing.; TEM images adapted from H. Noguchi, S. Saito, S. Kidoaki and K. Yoshikawa,
Self-organized nanostructures constructed with a single polymer chain, Chem. Phys. Lett., 261, 527-533 (1996)
with the permission of Elsevier; Y. Yoshikawa, K. Yoshikawa and T. Kanbe, Formation of a Giant Toroid from
Long Duplex DNA, Langmuir, 15, 4085-4088 (1999). Copyright 1999 American Chemical Society.)
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low crowding and tended to migrate close to the boundary when crowding increased. Note that numerical
modeling reproduced essentially the same results for the experimental hard and soft boundary conditions, as a
real-world macroscopic model*>°.

In this work, we performed centimeter-scale macroscopic experimental observations of the behavior of a
semiflexible chain. To gain insight into the mechanism of the conformational dynamics of giant DNA molecules
exhibiting Brownian fluctuation under crowding conditions, we carried out an experiment for a bead chain
coexisting with a large number of microspheres under mechanical vibration/fluctuation and the real-world
modeling of a semiflexible polymer chain. The macroscopic real-world modeling showed qualitative similarity of
crowding effect for giant DNA molecules for a single semiflexible bead chain at the centimeter scale. In addition,
we aimed to develop a numerical simulation model to investigate the dynamic behavior of a semiflexible chain
under crowding by referencing the experimental and theoretical studies on genome-sized DNA and the results
for a centimeter-sized bead chain.

Experimental materials and methods
We observed the conformational changes in a bead chain inside a cylindrical container under mechanical up-
down vibration at different crowding levels by adapting an apparatus (Fig. 2) similar to our previous studies*®’.

(A)

up/down
agitation

©)

2mm 0~1.25 mm

Fig. 2. Experimental system for observing conformational change of a bead chain (contour length: 325 mm) in
coexistence with small spherical particles. (A) Electromagnetic shaker to apply vertical sinusoidal agitation. (B)
Side and top views of the cylindrical container. (C) Unfolded bead chain with spheres (crowding level of 100%)
adapted for the initial condition of the experiments shown in Figs. 3, 4 and 5.
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A cylindrical plastic container with an inner diameter of 80 mm was fabricated by the Yoshimoti Factory
Company (Osaka, Japan) under a custom order by the authors, and the bead chain was fabricated from 304
stainless steel (Benecreat & Unicraftale). The fully elongated length (contour length) of the bead chain was 325
mm, and the neighboring stainless-steel beads were connected through a narrow rod (2 mm in diameter). The
distance between the surfaces of neighboring beads was varied between 0 mm and 1.25 mm almost freely. We
mainly performed experiments for the bead chain with a diameter of 2.0 mm and examined the bead chains with
diameters of 1.5 mm and 4.0 mm for comparison. We modulated the crowding level by changing the number of
spheres in the cylindrical container. The spheres were fabricated from aluminum oxide (93% Al,0, and 5% SiO;
density: 3.6 g¢/mL) and had a diameter of 1.0 mm; they were purchased from Nikkato Corporation, Osaka, Japan.
We determined the number of spheres such that they occupied the entire inner area of a cylindrical container at a
crowding level of 100% in a densely packed state. Vertical vibration was applied using an electromagnetic shaker
(512 Series Vibration Generator; EMIC Co., Tokyo, Japan). Sinusoidal agitation [ z (t) = asin (27 ft)] in the
vertical direction was applied at a frequency of f = 60 Hz at different amplitudes ( a). We adapted the maximum
values of acceleration with A = (27 f)%a = 19.6 m/s?, 29.4 m/s%, 39.2 m/s% and 49.0 m/s2, which corresponded
to2g, 3 g 4g and5 g, respectively (acceleration due to gravity, g = 9.8 m/s?). We monitored the time-dependent
conformational changes in the bead chain under the mechanical vibration using a digital video camera (EX-100,
CASIO Co., Tokyo, Japan) at a frame rate of 30 Hz (Fig. 2).

Results of real-world modeling experiments

Figure 3 shows the time-dependent conformational changes in the bead chain in the container at crowding
levels of 25%, 50%, 75%, and 100% under the up—down agitation at the maximum acceleration (A = 2 g) and
similar initial confinement, which is indicated by the figures at t = 0 min. The chain shows a partially shrunken
conformation at a crowding level of 25% and tends to form a loose-looping conformation at a crowding level
of 50% after 10 min. At crowding levels of 75% and 100%, the chain forms swollen and compact toroids,
respectively. With respect to the positioning of the chain, loose-looping and swollen chains tend to attach onto
the wall of container. On the other hand, the tightly compact toroid positions in the inner region away from the
boundary wall. The inside positioning of the compact toroid corresponds well to the theoretical expectation
for the specific inner localization of big spherical particle under crowding condition with the confinement of
hard boundary condition*>6. It is noted that a 100% circular portion with a diameter of less than 20 mm is
initially generated (t = 5 min). This circular part pulls the remaining elongated portion over time by forming
a tight toroid at 20 min. A similar behavior of the folding transition of a giant DNA chain was captured via
single molecular observation in a previous study, which was interpreted in terms of nucleation growth*®. The
differences in the chain conformations depending on the crowding level generated after 20 min vibrational
agitation are summarized in Fig. 3B.

Figure 4 shows the time-dependent conformational changes in the bead chain at several accelerations (A=2g,
38 4g and 5 g) at a crowding level of 100%. The chain becomes less condensed as A increases. At A=3 g,
the chain preferentially shows bundling among segments, in contrast to the compact toroidal conformation
at A=2 g. At A=4 g and 5 g, the chain adopts an almost unfolded conformation with partial shrinking. The
observed conformational changes depending on the strength of the up-down vibration as a measure of A are
summarized in Fig. 4B.

We perform experiments by changing the diameter of beads in the bead chain and maintaining a crowding
level of 100%, as shown in Fig. 5. Figure 5A shows the time-dependent change in the bead chain with D=1.5 mm,
which is smaller than the chains adapted in the aforementioned experiments (Figs. 2, 3 and 4). The results
indicate chain fluctuation with the minimum shrinking at A=2 g. Similarly, the bead chain with D=4.0 mm,
which is larger than the chains used in the previous experiments, exhibits the minimum shrinkage under A=2g.
As the vibration strength increases to A=4 g, the chain tends to form a toroidal conformation with a slightly
swollen state.

Framework of numerical modeling

A phenomenological model was developed to capture the essential conformational feature under the steady state
in our vibrating plate experiment. First, a single chain with crowders was confined in a cylindrical simulation
cell consisting of a rigid bottom and cylindrical boundary, as shown in Fig. 6. The diameter of the cylinder was
R, The chain composed of N, hard spheres with diameter D, (= o). Note that o was also our length unit. The
neighboring monomers were connected by a bond, whose length (},) randomly varied between ¢ and 1.8c by
the following potential.

‘/bond (Tij)

o =0 if 0 <ry;< 180

(1)

= oo otherwise

where 7 is the distance between two neighboring monomers, and | i - j | = 1. The bond angle was randomly
chosen between 0=0 and n/4 (where T is radian), resulting in the semiflexible characteristics.

Vangie (cos 0; )

=0 i <0, <nm/4
T 0 if 0 <0;<m/

)

= oo otherwise
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Fig. 3. Effect of different crowding levels on a bead chain in the experimental system shown in Fig. 2. (A)
Time-dependent changes in the chain conformation under different crowding levels with small spheres
(diameter: 1 mm). (B) Schematic of the different conformations of the bead chain attained after 15-20 min of
vibrational agitation.

where 0 ; is the angle between two adjacent bond vectors that join at the i-th monomer, and 1 <i < N,. The
model resembles the simulation model of a semiflexible chain under confinement in the absence of crowding
effect®.
Like monomers in the chain, crowders were also modeled as rigid spheres of diameter D_ (=0.50) and the
number of crowders was N_. The hard core repulsion among different types of rigid particles are given by
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Fig. 4. Effect of magnitude of external vibration on a bead chain under a crowding level of 100% in the
experimental system shown in Fig. 2. (A) Time-dependent changes in the chain conformation under different
vibration amplitudes, represented by maximum acceleration A (g=9.8 m/s?). (B) Schematic of the different
conformations of the bead chain attained after 10-20 min of vibrational agitation.

‘/co're (Tij )

oo if Tij < 04y
oo T fori ij

(3)
=0 if ry > o4

where 7;; is the distance between the i-th and j-th particles; kg is the Boltzmann constant; T is the temperature;
0ij=D,,D,and (D, + D)/2 when both are monomers, both are crowders, and when one is a monomer and
the other is a crowder, respectively. Note that the temperature in the experiment can be measured in principle
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(A) 0~0.85 mm
| 1.5 mm

Diameter of beads:
D=1.5mm

Acceleration: A =2g
0 min 5 min 10 min 15 min 20 min

(B)

Diameter of beads:
D =4.0 mm

Acceleration: A =2g

0 in 5 min 10 min 15 min

Acceleration: A =4g

20 min

T

0 min 5 min 10 min 15 min

Fig. 5. Effect of small and large diameters of beads (D) in bead chain under a crowding level of 100%. The
contour length of the bead chains is ca. 300 mm. (A) D=1.5 mm. (B) D=4.0 mm.

and will be considered in future work. The interaction between a particle and the cylindrical radial boundary is
expressed as follows:

‘/cyl,r (Tz)

= ; i 2 Reyr — D
T oo if 13> Reyi— Di/2

4)
=0 if ri< Rey —Di/2

where r; is the radial distance of the i-th particle from the axis of the cylinder, D; = D,, for a monomer, and
D; = D, for a crowder. Along the z direction of the simulation cell, particles are subjected to the following
potentials as spatial constraints:
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Fig. 6. Schematic of the simulation model consisting of a chain and crowders confined in a cylindrical

simulation cell.

R

cyl

Symbols Physical property Value or range
[ Diameter of monomers

R, Radius of the cylindrical simulation cell 40

N, Number of monomers of the chain 16

N, Number of crowders 230 or 140
D, Diameter of spherical monomers [y

D, Diameter of spherical crowders 0.50

D, Minimum distance between a crowders and connector | v/0.20

n (= fgi gl Packing fraction of crowders 0.90 or 0.55
A Bond length o-1.80

0 Bond angle 0-m/4
LN Maximum vertical height allowed for monomers 0.50

LA Minimum vertical height allowed for monomers o or 0.750
B i Maximum vertical height allowed for crowders 0.250
(- Minimum vertical height allowed for crowders 0.750

Table 1. Summary of model parameters.

chl,z (Zz)

ksT =0

Zf Hi,min S Zi S Hi,maz
(5)

=00 otherwise

The chain in the experiment had a metal connector to link two neighboring metal beads. A rigid bead of diameter
D, (= /0.2 0) was inserted between two adjacent monomers to represent the excluded volume of a connector.
The connector interacts with other particles as the potential below.

Vcn (Tbi,cj)

kBT =0 Zf Tbi,cj Z Dcn

(6)

= o0 otherwise

where 74i.c; is the distance between the i-th connector (connecting i-th and (i+1)-th monomers) and j-th
crowder and D¢, is the minimum distance over which a crowder can reach a connector. Note that a model
connector does not interact with monomers. The abovementioned geometric constraints render the chain
semiflexible.

To simplify the vertical fluctuation arising from the vibrating plate in the model, the z component was
randomly varied between h, . (=0.50) and b, , . (= o) for monomers and k, . (0.250) and h_ . (0.75
o) for crowders. This vertical fluctuation mimicked the tendency for the large monomers to be on top of the
crowders due to the Brazil nut effect®. The parameters of the model are summarized in Table 1. The above
parameters were chosen similar to the experimental condition.

In our previous vibrating plate experiments by mixing a large granular particle with multiple smaller crowders,
it was found that the large granular particle was preferentially distributed close to the center of the container for
both low and high crowder packing fractions®®**. These experiments were unique because all granular particles
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were situated in a single layer, which was different from typical bulk granular systems subjected to vertical
agitation. Nevertheless, the centralization of the large granular particle on the vibrating plate suggested that
smaller crowders might have created a (near horizontal) convection flow towards the center of the plate even
in a single-layer system. This inward flow then induced an effective potential to confine monomers towards
the center under the steady state. Meanwhile, crowders induced frequently energetic collisions onto the large
particle. To combine these effects, a phenomenological potential to depict the interactions between a monomer
and a crowder was designed as follow.

Vitow (zi,yi,21) _ Z efvp( K Tij)

kBT Tij (7)

where (z;,y:, zi) is the position of the i-th monomer, I" is the total strength of the interaction due to coupling
of the in-ward flow and particle collisions under vertical agitations, (z;, y;) is the horizontal position of the j-th
crowder on the x-y plane, 1/ & is the characteristic length of the enhanced collision from a crowder, and r;; is
the distance between the i-th monomer and j-th crowder. A monomer (large part1cle) was confined to the interior
of the vibrating plate by crowders, which is represented by the term (z7 + 7). The energetic collision between
a crowder and a monomer caused a stronger repulsive energy that is 1mplemented by an empirical short-range

cap(—k rij)
’V‘i]‘

repulsive energy with k o set to be 3.5 in the simulation. These two types of interactions were

coupled with the strength related to the strength of vertical agitation. Furthermore, it is noted that I" and x
were not quantitatively derived values but were introduced as effective parameters to mimic the chain behavior
observed in the experiment.

Our numerical work was intended to investigate the possibility to correlate the steady state of the highly
dissipative vibrating plate experiment with an equilibrium thermodynamics state. As a result, hydrodynamic
interactions and white noises were not included. Monte Carlo simulation, without the explicit dynamic
information of a system, was a useful tool to sample thermodynamically stable states.

"ﬁi’ quantify the crowding level in the simulation, the (area) packing fraction of crowders (n ) was defined as

4RZ | which is the fraction of the maximum area coverage from all the particles on the cyhndrlcal simulation
cell. Three types of random moves were implemented in the simulation: (1) random walk of monomers, (2)
random walk of crowders, and (3) translation of the chain. The step sizes of these motions were selected such that
each type of motion has an acceptance ratio of approximately 50%-60%. The equilibrated chain conformation
and crowder configuration are insensitive to the step size and proportion of the three types of motions. The total
number of steps in the simulation is 1 x 10° - 2.5x 10°.

Results of numerical modeling and comparison with experimental modeling

We first investigated the case when n_=0.90, N, =16, h, . =050,h _  =0h . =050h =0T
= 1.2, and o = 3.5. Figure 7A shows the temporal evolution of the chain conformation in the Monte Carlo
simulation. In the initial configuration, an almost S-shaped chain was placed in the middle of the simulation cell
and crowders were aligned in parallel and tightly stacked into two layers in Fig. 7A. In the initial stage, the chain
conformation changed from the S shape to the U shape. After the two ends met, one end started to curl inward
and exhibited a spiral pattern. A tight toroidal structure was eventually formed at equilibrium. The resulting
chirality of the toroid structure was random in the simulation and can be clockwise or counterclockwise in
different simulation runs. The two toroid entities shown in Fig. 7A have diameters around 5.80 (right) and 6.0
(left), respectively. In this work, all the granular particles interacted through excluded volume interactions. The
toroidal conformation observed here can be attributed to the depletion forces caused by the crowding effect,
similar to the toroidal chain morphology observed by Anderson et al. from an experiment performed using
a bead chain in a bath of passive particles®’. Nonetheless, our study does not identify the actual pathway for
toroid formation in DNA folding. Instead, it is a macroscopic analogy that captures the essential features from
geometric and crowding-induced effects.

To test the effect of flow strength, we investigated two cases with the same parameters as those in Fig. 7A
except I' = 2.4 in Fig. 7B and I = 0 in Fig. 7C. For T = 2.4, the strong flow induced strong compression on the
chain, causing a hairpin-like conformation. The loop distributed inward and slightly away from the cylindrical
boundary; however, the tail was located next to the boundary. The strong interaction of the monomers with the
crowders close to the boundary led to the bending of the tail. A similar conformation was observed by Anderson
et al. when a chain was placed in an active particle bath under a strong confinement effect™”.

In the limiting case of I'=0, the only interparticle interactions were originated from their excluded volumes.
Figure 7C shows that the equilibrium chain conformation exhibited an open ellipse-like structure across the
simulation cell. An alternative method for attenuating the effective interaction arising from the granular flow
was to reduce the density of crowders. When the packing fraction of crowders is decreased from n=0.90 to
n=0.55, the chain formed an extremely loose toroid similar to an open circular pearl necklace, as shown in
Fig. 7D. Also, the granular chain tended to distribute closer to the boundary, indicating a higher contribution
of the depletion force from the crowders (to pin the chain onto the boundary), whereas the effective force of the
flow became weakened. In addition, weak monomer-crowder interactions loosened the toroid structure.

Our simulations were carried out with a rather short chain to assure their convergence for the multiple
lengthscale system. Nevertheless, Figs. 7A-D show conformations that were similar to the experimental findings.
The toroidal structure in Fig. 7 resembled the experimental observation in Fig. 3A at a crowding level of 75%
(corresponding to n=0.75) under A=2 g and 100% (n=1.0) with A=3 g in Fig. 4A. The rod-like structure
in Fig. 7B, C with a bent hairpin shape broadly corresponded to the bending conformation in Fig. 4A under
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Fig. 7. Schematics of the typical conformational evolution observed during the simulation together with

the radius of gyration of chain (R ) forn =0.90, N, =16,h, . =050h,  =0ch . =050h =0,
I'=1.2,and xk6=3.5in (A). Note tilat whlte solid llnes trace the chain structure from one end to the other
end. Typical chain conformations under the same parameters as those in (a) except '=2.4 in (B), '=0 in (C),
and n_is reduced from 0.90 to 0.55 in (D). A typical chain conformation with the same parameters as those

in (A) except H_ isreduced from o to 0.750 in (E) and the interaction potential in Eq. (7) is changed to
Vitow (@i, yirzi) F Z Nc EZP( K Tz;)

kBT , without the confinement component in (F).

A=3 g. Furthermore, Fig. 7D shows a loose and wider toroid owing to a lower value of n_. A similar trend is
also observed in Fig. 4A-C, D at a crowding level of 100% under A =4-5 g. The model developed in this study
demonstrated its potential to compare with experimental results in the future. Furthermore, our numerical
simulations suggested that the steady state in the vibration experiment may be quantified by a thermodynamic
system subjected to an external potential.

In the vibrating plate experiment, vibration caused vertical fluctuation in the granular particles and displayed
the Brazil nut effect with larger particles on top of smaller ones. Figure 7E displays a case in which the parameter
for the maximum vertical fluctuation of monomers decreases from H . =oto H_ = 0.750; all other
parameters are the same as those shown in Fig. 7. Under this condition, monomers and crowders fluctuated
to the same maximum height, thatis, H_ =H_ . =0.75c.In contrast to the toroid structure observed in
Fig. 7A, the chain coiled into an open-ring structure and some part of the ring reached the edge of the boundary.
The ring structure originated from different driving forces compared with the loose toroid formation shown
in Fig. 7D, in which crowders are mainly underneath the chain. As shown in Fig. 7E, the middle of the ring
structure was filled with crowders that hindered chain to further compact into a toroid. In addition, a decrease
in Hmax ., led to more significant (horizontal) interactions between crowders and monomers. As a result, the
chain is preferentially distributed next to the boundary because the depletion force exerted on the more compact
ring structure (as a whole) was significantly enhanced. This indicated the importance of the buoyancy of large
monomers in the vibrating plate experiment.

We further investigated the confinement effect induced by the interaction potential in Eq. (7) by transforming

L Vitow(®iyirzi) _ FZ Nc exp(—=kK Tij) .
the potential into kpT i . In the absence of the confinement component in

the potential, the chain coiled in the area close to the cylindrical boundary (Fig. 7F). This chain morphology
suggested that strong depletion forces were exerted on individual monomers (a larger diameter) close to the wall.
Equation (7) integrated the confinement effect and short-range soft repulsion into one potential function. This
expression coincided with our hypothesis that both types of forces were simultaneously present in a granular
convection system.

In the present study, we performed numerical investigation under hard boundary condition, being similar
to the experimental condition adapted for the granular materials under mechanical vibration. Recently, we have
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reported*>*° that the localization of bigger particles is inverted between hard and soft boundary conditions, as
reveled from numerical modeling and macroscopic granular experiments agitated by mechanical vibration. As
the extension of the present study, hereafter it would be rather interesting to investigate how the difference of
boundary condition causes morphological change for the bead-chain with the coexistence of crowders, through
both experimental and numerical studies.

Summary

A simple phenomenological model was devised to elucidate the conformation of a chain mixed with crowders
subjected to vertical fluctuation. The model considered the competing pathways for granular convection
induced by the vertical vibration of a plate. (1) The flow from the boundary to the center of the plate results
in a confinement effect on the chain monomers with a large size. (2) The interaction between a monomer and
crowder becomes energetic. (3) The larger monomers tend to be distributed on top of the smaller crowders
(Brazil nut effect). The simulation of the model showed that the conformational features of a semiflexible chain
were similar to a compact DNA chain above several tens of kilobase pairs and reproduced the essentials in the
findings of the vibration plate experiment at the center-meter scale under the crowding level of approximately
50-100% and maximum acceleration of 2-4 g. The consistent conformational morphology among different
studies at different length scales suggested the general features of the semiflexible chain.

In this work, the numerical simulations focus on the case of a short chain to test the concepts introduced
in the model. The consistent chain conformations observed through the experiment and numerical modeling
results indicate that it may be possible to scale the simulation to match realistic experimental conditions. The
temperature used in the model can be measured in future experiments by modifying the instruments.

Data availability
Data supporting the findings reported in this manuscript are available from the corresponding authors upon
reasonable request.
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