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We use coarse-grained molecular dynamics simulations to study the precursor steps for fibril
formation in methylcellulose solutions. Simulations of ring stacking between two collapsed methyl-
cellulose chains demonstrate the existence of a capture radius that is much larger than that predicted
by polymer diffusion alone. When two rings are in very close proximity, they stack together to form
a fibril precursor. Simulations of stacks of such rings suggest that this structure is metastable. In
contrast, chains that are within the capture radius but not in close proximity, as well as for systems
containing both ring–like and relaxed chains, fibril–like structures form via a distinctly different
mechanism. Irrespective of their initial arrangement, the chains undergo two specific conforma-
tional changes: (i) a part of either a ring or a flexible chain splays out; and (ii) the splayed chain
subsequently engulfs a nearby chain if it is within a certain capture distance. The latter results
are consistent with recent experimental measurements of fibril formation by short methylcellulose
chains, which suggest the formation of a twisted bundle.

I. INTRODUCTION

Methylcellulose (MC) is a cellulose-based ring
polymer with one to three hydroxyl groups replaced
by methyl groups at the C-2, C-3, and/or C-6 posi-
tions. The degree of substitution (DS) quantifies the
number of methyl substitutions per MC monomer
and varies between zero and three. Commercially
available MC, known as METHOCEL A, is a ran-
dom copolymer with an average DS of 1.80 and is
soluble in water at room temperature. Such aque-
ous MC solutions exhibit lower critical solution tem-
perature (LCST) behavior, forming stable hydro-
gels comprised of fibrils [1–3] at high temperatures
(above 50 ◦C) [3]. Although MC has been a sub-
ject of research since the early 1900s [4–12], there
has been a renewed interest in the phase behav-
ior [1, 13–17], conformational properties [2, 3, 18–
26], and mechanical properties [3, 25, 27, 28] of MC
polymers. While these experimental and computa-
tional efforts provided significant insights into the
final fibril structure, the mechanism leading up to
fibril formation remains poorly understood.
The renewed interest in methylcellulose initiated

with the work of Lott et al. [1], where they utilized
small-angle neutron scattering to show that methyl-
cellulose aggregates in solution at very low concen-
trations to form fibrils of uniform diameter of 14 ±
1 nm at elevated temperatures (70 ◦C). They also
showed that the fibrils contained about 40% poly-
mer. A preliminary conjecture for these observa-
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tions was that the fibrils consisted of stacked chains
with a water-filled core. To understand the equilib-
rium phase diagram for these systems, Larson and
coworkers used a coarse–grained model for an iso-
lated semiflexible chain with attractive backbone in-
teractions and showed that they can adopt toroidal,
bundled or globular shapes depending upon the com-
petition between bead–bead attraction strength and
backbone stiffness [29]. Subsequently, based on
this idea, they developed a coarse–grained model
for methylcellulose [18] and showed that isolated
methylcellulose chains collapse into rings at high
temperatures. However, the precursor mechanism
for fibril formation in methylcellulose was unex-
plored.

In an effort to model the precursor steps for fib-
ril formation, Ginzburg et al. used coarse–grained
simulations of systems containing two to fifteen MC
chains [30] using the coarse–grained model devel-
oped by Larson and coworkers [18]. They proposed
that, upon heating, the randomly coiled MC chains
at low temperature collapse to form toroids with
a uniform outer diameter of 13.9 ± 0.4 nm, con-
sistent with experimental observations [1]. They
further proposed that these ring–shaped molecules
then stack on top of each other to form fibrils with
a water-filled core. The results of these simula-
tions, while providing a plausible mechanism for
fibril formation, contrast with a recent experimen-
tal study on MC fibril formation over a large spec-
trum of molecular weights, where cryo-TEM mea-
surements suggest the formation of a twisted bun-
dle [26]. Importantly, low molecular weight MC pro-
duced shorter fibrils, suggesting that the MC chains
bundle helically around a “core” chain with water



distributed throughout the radial dimension. How-
ever, in the absence of finer experimental resolution,
this conjecture could not be verified.

Motivated by the differences between simulations
and experiments pertaining to the mechanism of fib-
ril formation, we extend the current understanding
of MC fibril formation using coarse–grained simula-
tions that go beyond the conditions explored previ-
ously [30]. To this end, we take advantage of the
coarse–grained model developed by Larson and co-
workers [18] that was used in the aforementioned
simulations of ring stacking [30]. Long MD simula-
tions were performed for a number of model systems
to determine the intermediate steps leading to fib-
ril formation. Our simulations show the mechanism
of fibril formation depends strongly upon the initial
separation between the chains, and that spontaneous
fluctuations of the chain conformations play a signif-
icant role in guiding fibril formation.

II. METHODOLOGY

A. Simulation Details

We employed coarse–grained molecular dynamics
to analyze the conformations of methylcellulose in
solution. All MC chains were modeled as heteroge-
nous random co-polymers with all possible combi-
nations of DS. The bead identities, distinguished by
their DS, were chosen at random with an average
DS of each polymer chain being 1.80 [18]. The sol-
vent molecules were implicit. Simulations were per-
formed using the LAMMPS [31] package for a total
of at least 2.0 × 107 time steps (inclusive of both
equilibration and production cycles) for systems con-
taining more than two chains. The total simulation
times for systems containing two chains were at least
8×106 steps. The timestep varied between 3×10−4

and 5× 10−4 τ (unless otherwise mentioned) where
τ is the time in LJ units and corresponds to approxi-
mately 0.028 ns [18]. All simulations were performed
at a reduced temperature of 1.0 in LJ units.

Details on interaction potentials and potential
parameters, which correspond to the model of
Huang et al. [18], are recapitulated in Sec. S1 [32].
Our simulations entailed three minor modifications
to this coarse–grained model: (i) The masses of
all monomeric units were scaled to the mass of
monomeric unit of a MC with a degree of substi-
tution DS = 0. Previous works utilized the same
mass (unity) for all monomeric units, irrespective of
the DS; (ii) We evolved the system in a NVT en-

FIG. 1. Representative initial conditions for (a) block;
(b) alternating; and (c) jammed initial configuration.

semble using Nóse–Hoover thermostat, rather than
the Langevin thermostat [33] utilized in the afore-
mentioned work; and (iii) 1–5 interactions were ab-
sent in our model. The first change should pro-
vide better correspondence with experiments, since
the molecular weights of monomers with different
DS vary slightly. The second change ensures that
the system conserves the Hamiltonian in the canon-
ical ensemble. Systems evolved in the presence of
a Langevin thermostat exhibit large fluctuations in
temperature and correspondingly large fluctuations
in radius of gyration of the molecule – particularly
at the low molecular weights used here (Fig. S2 [32]).
Finally, although the last assumption may create
small changes in the long–range interactions, pre-
vious work by Li et al. [19] showed that the qual-
itative results are insensitive to the absence of 1–5
interactions. In Sec. III A, we test the implication
of the trio of assumptions by comparing two–chain
simulations of proximate rings to previous work by
Ginzburg et al. [30].

B. Systems studied

We simulated two–chain systems initialized in
ring–like configurations and multi–chain systems
(greater than two chains) in different initial config-
urations. Multi–chain systems corresponded to the
following initial arrangements: (i) the block configu-
ration in Fig. 1(a), wherein the chains in ring config-
uration were stacked near each other and followed by
a set of randomly coiled chains; (ii) the alternating
configuration in Fig. 1(b), wherein the chains alter-
nated between an initial ring configuration and ini-
tial random configuration; and (iii) the jammed con-
figuration in Fig. 1(c), wherein multiple rings were
stacked very close to each other. The choice of these
initial configurations allows us to elucidate cleanly
the steps leading to the transformation of randomly
coiled chains into a ring conformation in the pres-
ence of other ring chains, and the conformational
changes occurring after the fibril–like structure is
formed. The algorithms for generating the initial
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configurations are provided in Sec. S2 [32].

C. Quantification Measures

1. Shape Anisotropy Factor of Individual Polymer

Chains

The gyration tensor [34] of the ith chain is defined
using the second moment of the monomer positions
of that polymer chain,

Si
mn =

1

N

N∑

j

rjmrjn, (1)

where rjm represents the mth Cartesian coordinate
(m ∈ {x, y, z}) of the jth monomer and N represents
the degree of polymerization of the ith chain. The
reference frame for the tensor is chosen such that
the the centroid coordinate of the ith chain is sub-
tracted from all the monomer positions before the
gyration tensor is computed. The radius of gyra-
tion tensor can then be diagonalized to obtain three
squared eigenvalues ({λ2

x, λ
2
y , λ

2
z}). The eigenvalues

are arranged in such a way that λ2
z ≥ λ2

y ≥ λ2
x.

Large changes in any eigenvalue correspond to large
changes in the structure of that chain at that time
instant.
The squared eigenvalues can then be utilized to

compute the shape anisotropy factor of the ith chain,
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The values of κ2
i = 0, 0.25, and 1.0 correspond to

a straight line, ring, and sphere, respectively. For
cases where the shape anisotropy does not change
much during the course of the simulation, it is con-
venient to define the difference in shape anisotropy
factor

∆κ2
i = κ2

i (t)− κ2
i (t = 0) (3)

where κ2
i (t) is the shape anisotropy factor of the ith

chain at time t and κ2
i (t = 0) is the shape anistropy

factor of the same chain at the beginning of the sim-
ulation.

2. Global Shape Anisotropy Factor

To understand the shape of the overall fibril struc-
ture, we compute the global shape anisotropy factor

FIG. 2. The final structures of two–chain systems with
the initial distance between their centers of mass r0 being
(a) 3 σ and (b) 8 σ.

(κ2
g) . The global centroid rcm,g for computing κ2

g is
computed as

rcm,g =
1

Nn

Nn∑

i

r
i, (4)

where N and n denote the degree of polymerization
of the chain and the number of chains within the
system. The global gyration tensor Sg

mn is computed
using

Sg
mn =

1

Nn

Nn∑

i

rimrin, (5)

where rim is measured relative to rcm,g. The eigen-
values obtained from diagonalizing the global radius
of gyration tensor (Eq. 5) are then used to compute
the global shape anisotropy factor using Eq. 2.

III. RESULTS AND DISCUSSION

A. Fibril formation in systems of collapsed

rings

To probe the influence of methylcellulose concen-
tration, we consider simulations with two collapsed
toroids with different initial distance r0 between
their centers of mass. We look first at systems com-
prising closely packed MC toroidal chains with r0
between 3 σ and 9 σ, revisiting the cases investi-
gated by Ginzburg et al. [30]. Since attractive inter-
actions lead to quick collapse of the two chains into a
single object, these simulations provide insights into
the behavior of the system at high concentrations
of collapsed systems even if the actual concentra-
tion (monomers per simuation volume) may not ac-
tually be high. Figure 2 displays representative final
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FIG. 3. Snapshots for a 4-chain system initiated in a
jammed configuration. Snapshots are taken at (a) 0 τ ;
(b) 1360 τ ; (c) 9265 τ ; and (d) 13695 τ .

configurations of two–chain systems for two different
values of r0 at the beginning of the simulation. We
repeated these simulations for four independent ini-
tial configurations, and the qualitative results were
independent of the initial configuration. To avoid
repetition, we present only one set of results.
When r0 is approximately between 3 σ and 9 σ,

we observe ring stacking in Fig. 2, confirming the re-
sults by Ginzburg et al. [30]. The transition between
ring stacking the other types of behavior discussed
later is not sharp; one should view values such as
the upper bound r0 = 9σ as the approximate posi-
tion of the transition between behaviors. The cor-
respondence with previous work demonstrates that
the minor differences between the simulation tech-
niques described in Sec. II A and those adopted by
Ginzburg et al. [30] do not affect the qualitative
trends in the simulation results.
Before proceeding to dilute MC solutions, it is

worthwhile to probe the stability of a fibril struc-
ture produced by stacking rings. The ring stack-
ing mechanism [30] implicitly assumes that the rings
within the precursor structure are stable, and that
the nearby rings stack onto the ends of the precur-
sor to form the final fibril structure. To examine this
hypothesis in detail, we consider the four identical
chains initially packed closely in the ring structure
in Fig. 3(a). If ring stacking is the precursor to fib-
ril formation, then, at most, only those rings at the
end (color coded in brown and yellow here) within
the “stable” fibril structure should undergo confor-
mational fluctuations. However, the snapshots dis-
played in Fig. 3 clearly indicate that all the four

chains undergo significant conformational fluctua-
tions.

0

0.1

0.2

0

0.1

0.2

0

0.1

0.2

0 0.5 1 1.5

0

0.1

0.2

FIG. 4. Difference in the shape anisotropy factor be-
tween successive frames (∆κ) as a function of time for
all chains for the jammed configuration. The labels for
the vertical dashed lines correspond to the times of the
snapshots in Fig. 3, with the text color corresponding to
the particular chain referenced by the label.

To quantify the magnitude of the conformational
fluctuations and provide information throughout the
course of the simulation, Fig. 4 provides the dif-
ference in the shape anisotropy factor ∆κ2

i (Eq. 3).
Changes in the difference in shape anisotropy fac-
tor can be observed for all four chains at different
times, indicating that none of the chains maintain
their initial ring structure. The orange and yellow
chains, which correspond to the outer rings, exhibit
the largest fluctuations, indicating that the proba-
bility for the inner chains to act as nucleating sites
is smaller. As a result, the probability for fibril for-
mation to proceed along the axial direction is higher
than along any other direction, favoring the forma-
tion of the long fibrils [2, 26]. Branching could oc-
cur during conformational fluctuations of the inner
rings leading to defective fibrils. Simulations of an
eight chain system also exhibit similar trends and
are shown in Fig. S3 [32].
Since experiments are conducted over a range of

concentrations that are typically more dilute than
those in Fig. 2, it is illuminating to examine the
mechanism of fibril formation at larger initial sep-
aration distances. Figures 5(a) and (b) show that
the rings collapse into a single fibril without defects
when r0 / 30 σ apart. However, when r0 lies be-
tween 30 σ and 40 σ, different configurations emerge
including defective fibrils, isolated rings, and col-
lapsed states. For instance, Fig. 5(c) shows a de-
fective fibril at the end of the simulation. For com-
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FIG. 5. The final structure of two–chain systems with
r0 = (a) 13 σ; (b) 18 σ; (c) 36 σ; (d) 45 σ.

pleteness, Fig. S4 [32] displays the initial configura-
tion and the configuration at the end of the simula-
tion for all the simulations performed for r0 between
30 σ and 45 σ. Within the duration of the simu-
lations, two chains remain as separate entities when
the initial distance between them is greater than ap-
proximately 45 σ. These results suggest that when
the chains are within 30 σ apart, the chains tend to
collapse. We call this distance the minimum capture
radius for fibril formation, keeping in mind that the
cutoff at 30 σ is an approximate value between chain
capture and diffusive escape.

A plausible hypothesis for fibril formation for iso-
lated rings with r0 between 9 σ and 30 σ is that the
chains diffuse until they are proximate to one an-
other, whereupon they stack instantly. To test the
plausibility of this hypothesis in practice, we com-
pute the diffusion time for the chains. The Stokes–
Einstein diffusion coefficient (DSE) obtained from
experimental measurements of the hydrodynamic ra-
dius of MC chains and the viscosity of MC solutions
is estimated to be ≈ 10−11 m2/s for a chain with
a degree of polymerization of 1000 [18, 35]. The
diffusion time, τD, in these cases scales as r20/DSE.
When r0 is 15 σ (8.25 nm), τD ≈ 7 µs. However,
from our simulations, two chains initially separated
by 15 σ collapse within approximately 0.05 µs (≈
2000 τ [18, 32]). Since the simulated timescales
for chain collapse are much smaller than the diffu-
sion timescale, we conclude that the center of mass
polymer diffusion alone is not the driving mecha-
nism for chains with these initial separation dis-

tances. Rather, conformational fluctuations in the
MC chains drive the system to form fibrils when they
are within these intermediate length scales, consis-
tent with the claims by Li et al. [19] that conforma-
tional fluctuations play a major role in fibril forma-
tion involving multiple rings.
When r0 ' 45 σ, the chains do not collapse into

a fibril within the simulation time (cf. Fig.5(d)). In
this case, the only way the chains will find each other
is through random diffusion to within the minimum
capture radius, which is a very slow process com-
pared to the conformational fluctuations. This result
serves as a partial explanation for the experimental
observation of extremely large timescales for fibril
formation [2]. Together, these results suggest that
the chains diffuse at random, and when the chains
are within the capture radius, spontaneous fibril for-
mation occurs via conformational fluctuations.

B. Fibril Formation in a System of Rings and

Randomly Coiled Chains

The preceding results indicate that the fibril for-
mation mechanism depends on the initial separation
distance between MC chains. However, the chains in
the simulations leading us to this conclusion were ini-
tiated in a toroidal configuration. This scenario im-
plies a two-stage fibril formation mechanism, where
isolated chains first collapse into rings followed by
ring stacking. It is thus worthwhile to see whether
the the fibril formation mechanism observed for two–
chain systems holds for multi–chain systems consist-
ing of both ring and random chain configurations. If
the two-step process holds true, then we should ex-
pect the randomly coiled chains to collapse first, and
then the rings should stack into a fibril.
To this end, we consider first a system with

four chains initiated in the alternating configuration
shown in Fig. 6(a). The initial configuration was
set up such that the centers of mass of the adjacent
chains are 10 σ apart, and the flexible chains lie in
between the rings. Figure 6 displays snapshots of
the major steps of fibril formation, and Figs. 7(a)
and (b) quantify these observations by providing in-
dividual (κ2

i ) and the global shape anisotropy factor
(κ2

g) respectively. For ease of reference to the pic-
torial depiction in Fig. 6, we add the corresponding
figure labels in Fig. 7(a).
Our simulation data are inconsistent with a two-

stage process of ring collapse and stacking. Fig-
ure 7(a) shows that two curves start around 0.2 –
0.25 (color coded in orange and cyan respectively),
indicating that their initial structures are ring–like
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FIG. 6. Mechanism of ring formation consisting of four chains and initiated in an alternating configuration. Snapshots
are taken at (i) 0 τ ; (ii) 880 τ ; (iii) 1510 τ ; (iv) 5095 τ ; and (v) 9660 τ (last configuration for this simulation).
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FIG. 7. (a) Shape anisotropy factor obtained from the
eigenvalues of the individual chain gyration tensors. The
labels at the top of the plot correspond to the times of
the snapshots in Fig. 6. (b) Global shape anisotropy ob-
tained from the eigenvalues of the global gyration tensor.
The dotted black line corresponds to a ring–like topology
at κ2 = 0.25.

and consistent with the initial configuration shown
in Fig. 6(a). Within 880 τ , Fig. 6(b) and Fig. 7(a)
show that the flexible chain undergoes massive rear-
rangements, whereas the ring chains remain intact.
We call this step “splaying” where the chains freely
“search” for nearby chains by random segmental mo-
tion. The timescales of rapid conformational fluctu-
ations in this multi–chain system are similar to those
for a single MC chain in solution reported by Li et
al. [19]. One of the flexible chains (represented in

green color) undergoes conformational fluctuations
and wraps around the two ring chains, bringing the
two ring chains together (Fig. 6(c)). We call this
step “engulfing” which involves a chain “grabbing”
nearby chains. This action arises from the strong in-
termolecular interaction. As a consequence, the ring
chains change their orientation (represented in or-
ange and cyan colors) from having their ring planes
parallel to each to being at an angle.

Subsequent to the engulfment step, the chains
which are together at that point (green, orange and
cyan) rearrange to form the single fibrillar structure
in Fig. 6(c); their ring axes are almost parallel to
each other, with the formerly flexible green chain
now adopting a toroidal conformation. The ran-
domly coiled yellow chain continues to undergo rear-
rangement by splaying in a seemingly random fash-
ion in the time period between snapshots Figs. 6(b)
and (c), as indicated by the fluctuations in its shape
anisotropy in Fig. 7(a). The aforementioned rapid
conformational fluctuations and the engulfing steps
for the green chain repeat for the yellow chain in
Fig. 6(d), to form ultimately a fibrillar structure
with four rings.

Interestingly, those chains which were initialized
in a ring–like structure also undergo structural
changes, as exemplified by the spike in the shape
anisotropy factor of the chain displayed in orange
color at point (d) in Fig. 7(a). These fluctuations
are analogous to what we previously observed for
the jammed initial configuration in Fig. 3, indi-
cating that the ring–shaped structure formed from
an initial system of relaxed and ring chains is also
metastable. This result is again at odds with a
mechanism wherein rings stack to form fibrils. Fur-
ther, even after different chains collapse into a sin-
gle structure, the shape anisotropies of all the ring
chains fluctuate about their mean positions, as seen
by the fluctuations in κ2

i (Fig. 7(a)) between 6000
and 8000 τ . Such fluctuations can act as further
sites for engulfing in a system containing even more
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than four chains.

To examine the overall structure of the multi–
chain system, Fig. 7(b) displays the global shape
anisotropy factor κ2

g. Initially, since the system has

some chains which are randomly oriented, κ2
g starts

at a random initial value, which may or may not be
near the ring–like value of 0.25. Over time, the sys-
tem settles around κ2

g = 0.18. Notably, the system

does not possess a perfect ring structure (κ2
g = 0.25)

indicating that the final fibril has structural defects.
These observations from the shape anisotropy factor
quantify the qualitative information obtained from
the snapshot in Fig. 6(d) wherein some of the chains
do not form a perfect stacked structure.

C. Generality of Conformational Fluctuations

in Methylcellulose Systems

The results thus far make it clear that conforma-
tional fluctuations play a significant role in fibril for-
mation. In this section we examine whether these
conformational fluctuations occur irrespective of the
initial configuration and the number of chains in the
system. To this end, we consider results obtained
from 4-chain and 8-chain systems that are initial-
ized in either block or alternating configurations.
To convey the information on conformational fluc-

tuations from a large number of simulations in a
compact way, Fig. 8 provides a color map of the
shape anisotropy factor κ2

i of each chain as a func-
tion of time. The ring–like value of κ2

i = 0.25 cor-
responds to a yellowish–green shade. Each block of
data corresponds to one simulation, with the left half
of the data block corresponding to chains initiated
in ring configuration and the right half correspond-
ing to chains initiated in a coiled configuration. The
systems initiated in block configuration have labels
beginning with B and those in alternating configu-
ration have labels beginning with A.
A general trend can be observed from Fig. 8(a).

On the one hand, the chains that are initialized with
random coil configurations, and thus start at a larger
value of shape anisotropy factor (κ2

i ≥ 0.4), first
undergo frequent conformational fluctuations (splay-
ing) before gradually settling to a value between 0.05
and 0.45. On the other hand, the chains that are ini-
tialized in the ring–like configurations (κ2

i ≈ 0.25)
remain in the range of 0.15 to 0.3 with occasional
fluctuations to a value below 0.1 (bright red) and
above 0.3 (pale to bright green), but the magnitude
of these fluctuations is suppressed somewhat relative
to the chains that were initialized as random coils.

(a)

(b)

(c)

(d)

FIG. 8. Evolution of the shape anisotropy factor for (a)
4–chain systems and (b) 8–chain systems. Each block
of data corresponds to a single simulation. Simulations
initiated in block configuration start with label B and
those in alternating configuration start with label A. In
each simulation, the first two (for 4-chains) or four (for
8-chains) color maps from the left correspond to chains
initiated in a ring configuration, and the others corre-
spond to chains initiated in random coil configuration.
(c) Zoomed version of A1 in (a); (d) Zoomed version of
B4 in (a). Representative movies pertaining to the time
evolution of all the simulations can be found in [32].
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FIG. 9. (a) Snapshot showing splaying of all chains for
case B4 at 2655 τ . (b) Snapshot of the intermediate bun-
dled structure at 11240 τ . Other relevant snapshots for
(b) are shown in Fig. S5 [32]. For both cases, orange and
cyan colored chains were initiated in a ring–like config-
uration whereas the other two chains were initiated in a
random coil configuration.

Figure 8 shows that irrespective of the initial con-
figuration and the distance between the chains, all
of the chains undergo conformational fluctuations.
Further, we observe that the timescale for the large
scale fluctuations near the start of the simulation
in each case is O (103τ), similar to the value in
Sec. III B, showing that the timescales of fluctua-
tions are independent of the initial arrangement of
the system.
In most of the cases studied, not only can the

chains initiated in a random coil configuration splay,
but the chains initialized in ring–like structure can
also splay, and the order in which the chains splay
is seemingly at random. For instance, Fig. 9(a) dis-
plays such an instance where all the chains undergo
conformational fluctuations. For a clearer quantita-
tive depiction, κ2

i values for data set A1 in Fig. 8(a)
are shown in close-up in Fig. 8(c). After about 2000
τ , at least one of the ring–like chains undergoes con-
formational fluctuations, as seen by the red (less
than 0.15) and pale green (greater than 0.35) regions
in Figs. 8(a) and (c). These changes indicate that
the ring–like chains within the fibril–like super struc-
ture can act as further nucleating sites. Further,
these fluctuations suggest that the ring–like struc-
tures may not be the equilibrium stable structure,
at odds with the stacking mechanism but consistent
with the results presented in Sec. III A. However, the
fluctuation frequency is higher in those chains which
are initiated in randomly coiled structure than those
which are initiated in ring configurations.
In some cases (for example, cases B3 and B4 be-

tween 6 × 103 τ and 1.2× 104 τ), the κ2
i values for

all of the chains vary between 0.50 and 0.60. Fig-
ure 9(b) displays such an instance where all chains
are in a bundled structure. Unlike the splaying and
engulfing steps, bundling is not observed for all sim-

ulations. Figure 8(d), a zoomed version of case B4
in Fig. 8(a), displaying the values between 0.50 and
0.60 for all chains around 11000 τ . Although infre-
quent, a bundled configuration is also observed as an
intermediate metastable state or at the end of some
of our simulations. The global shape anisotropy fac-
tor for those systems which yielded a single structure
at the end of our simulation is between 0.08 and 0.32;
the final fibrillar structure for these four chain sim-
ulations does not possess a perfect ring structure,
consistent with simulations of dilute two–chain sys-
tems.
Most cases which are initialized with four chains

and within the minimum capture radius form a sin-
gle fibril–like structure. However, some of our sim-
ulations produced two independent ring–like struc-
tures (one compound structure with three chains and
the other with a single chain) within the time scale
of the simulation (Fig. S6 [32]). This arises from the
randomness of the conformational fluctuations or the
absence of other chains during such fluctuations.
Figure 8(b) displays the color map for the shape

anisotropy factor for systems consisting of eight
chains. The qualitative results for eight chain sys-
tems are similar to those of a four chain system.
The key difference is that the probability of form-
ing multiple complex structures is higher in the case
of eight chain systems compared to that of the four
chain systems. This arises from the slow diffusion of
the complexes after a few chains merge.
In all of the systems studied here, we have kept

the molecular weight fixed, and kept the initial ra-
tio between the number of chains in a ring con-
figuration and in a random chain configuration at
1:1. Although the simulations show that chains in a
ring conformation can nucleate a fibril, they do not
provide an estimate for the number of rings, their
molecular weights or the energy barrier required for
nucleation to proceed. Simulations at these concen-
trations with only one ring and the remainder of
the chains in a random coil form either globules [30]
or a group of parallel chains. A systematic study
with different ratio of ring to random chain confor-
mations at various molecular weights is necessary to
understand the nucleation mechanism in detail, and
represent an attractive option for future study.

IV. SUMMARY AND OUTLOOK

In this work, we utilized coarse–grained molecu-
lar dynamics simulation of multi–chain methylcel-
lulose systems to understand the precursor mecha-
nism of fibril formation. We confirmed that a ring

8



stacking mechanism [30] produces the expected fibril
precursor structure when the chains are initially in
close proximity and collapsed into isolated rings. For
simulations mimicking dilute MC solutions, how-
ever we see that different precursor steps, including
rapid conformational fluctuations and “engulfing” of
nearby chains, act as precursor steps for fibril forma-
tion. Taken together, our simulations showed that
the mechanism of fibril formation is distance depen-
dent. Investigations of closely packed fibril struc-
tures showed that the fibril structure itself undergoes
conformational fluctuations and provide evidence for
a mechanism that could produce branching of fibrils.
Systems comprising of both toroidal chains and ran-
domly coiled chains also indicated the importance
of conformational fluctuations and engulfing steps
in fibril formation. For some of these simulations,
the chains collapsed into a bundled structure. Inas-
much as our simulations produce fibril–like struc-

tures without the need to initially collapse all of the
chains into rings, they support a nucleation mecha-
nism rather than the ring stacking mechanism [30].
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