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ABSTRACT: Commercial-scale biofuel production requires a
deep understanding of the structure and dynamics of its
principal target: cellulose. However, an accurate description
and modeling of this carbohydrate structure at the mesoscale
remains elusive, particularly because of its overwhelming length
scale and configurational complexity. We have derived a set of
MARTINI coarse-grained force field parameters for the
simulation of crystalline cellulose fibers. The model is adapted
to reproduce different physicochemical and mechanical proper-
ties of native cellulose Iβ. The model is able not only to handle a
transition from cellulose Iβ to another cellulose allomorph,
cellulose IIII, but also to capture the physical response to temperature and mechanical bending of longer cellulose nanofibers. By
developing the MARTINI model of a solid cellulose crystalline fiber from the building blocks of a soluble cellobiose coarse-
grained model, we have provided a systematic way to build MARTINI models for other crystalline biopolymers.

1. INTRODUCTION
Biomass-derived resources are sustainable and would aid in the
development of a renewable human ecosystem that can
mitigate the negative environmental impacts of fossil-derived
fuels and materials. Biochemical conversion of lignocellulosic
biomass to biofuels/biomaterials has several advantages that
have been outlined elsewhere.1 Efficient breakdown of cellulose
to monomers of glucose is one of the major roadblocks to
commercially viable cellulosic biofuels.1 Thermochemical
pretreatments (using acids or bases) are used to first “pretreat”
lignocellulose to help improve enzyme accessibility to
embedded cellulose microfibers and reduce cellulose “recalci-
trance”.2,3 Following pretreatment, the cellulose is hydrolyzed
by cellulolytic enzymes to glucose, which can be converted to
biofuels by microbial fermentation or chemical catalysis.
Cellulose, a linear polymer of D-glucose, is an abundant

component of lignocellulosic biomass that is assembled in plant
cell walls as semicrystalline nanofibers. These fibers are
stabilized by an extended network of hydrogen bonds and
stacking interactions.4 Two coexisting polymorphs, Iα and Iβ,
have been identified in crystalline form in native cellulose, with
the former being more abundant in bacterial and algal systems
and the latter predominately found in higher plants. Over-
coming cellulose recalcitrance to enzymatic hydrolysis is
feasible by altering its ultrastructure by pretreatment. Recent

work has shown that modifying the native cellulose structure to
an unnatural allomorph called cellulose IIII during ammonia-
based thermochemical pretreatment can reduce its recalcitrance
to bioconversion.5−7

While several physicochemical aspects of cellulose are readily
captured by different experimental approaches, many other
properties remain elusive and poorly understood. Molecular
dynamics (MD) is a powerful technique to link experimental
results with theoretical outcomes, and MD simulations have
provided high-resolution data regarding (i) structural, thermo-
dynamic, and mechanical properties of model crystalline
cellulose fibers and surfaces,2,8 (ii) interactions between
hydrolytic enzymes and a cellulose surface,9 and (iii) lignin−
cellulose interactions.10

Recent computational studies focusing on cellulose have
provided valuable methodological insights into the construction
of coarse-grained (CG) models from all-atomistic (AA) MD
simulations. In principle, CG models preserve the physical and
chemical properties of a determined molecular system after
averaging key aspects of the atomistic details.11 Different CG
approaches for the simulation of colloidal states are available,
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ranging from qualitative solvent-free models to models
including chemical specificity. CG models allow us access to
large-scale biomass systems composed of cellulose, lignin, and
hemicellulose over extended simulation times.11−15

In spite of the promising work and development of several
CG models applied to cellulose, these models are typically
nontransferable, i.e., they will require a full reparameterization
for extension to other systems. A highly transferable CG force
field, MARTINI, has been developed by Marrink et al.16 It
reproduces thermodynamic data in the condensed state and
maintains the proper partitioning of polar and nonpolar faces.
Such extendability is established by guiding the parametrization
by using a chemical building block principle and a 4:1 mapping
scheme. The successful application of the MARTINI model to
a wide range of biosystems has been well-documented.17

In this study, we introduce a CG model for crystalline
cellulose whose parametrization rules are consistent with the
MARTINI modeling framework. To test the efficacy and
versatility of our model, we consider native cellulose Iβ as the
reference molecule. In addition, we extend our model to a
different crystalline allomorph relevant to the biofuel/bioenergy
research field: cellulose IIII. This study is part of a general effort
aiming to extend the implementation of the MARTINI
approach to the modeling of large crystalline systems of
biological relevance.

2. COMPUTATIONAL METHODS
2.1. Construction of a Cellulose Fiber. The extension of

the MARTINI CG model to carbohydrates18 was used for the
basic parametrization of the cellulose fiber. Initially we used the
parameters derived for the disaccharide cellobiose and simply
extended it to model 6 × 6 chains and an 8-mer infinite-length
cellulose fiber as presented before.13 However, with this setup,
the spatial configurations at the CG and AA levels were not
consistent with each other (data not shown). Therefore, a
reparametrized model was necessary to mimic correctly the
behavior of the cellulose fiber. The details of the para-
metrization are explained in detail in the following section.
2.2. Mapping. Previously,16 the disaccharide cellobiose was

modeled with three beads according to the MARTINI 4:1
mapping of atoms and connected by a single bond representing
a glycosidic bond. This mapping enabled the determination of
relative orientations of neighboring monomers by allowing
rotations of the key dihedral angles φ and ψ. The cellulose fiber
model was obtained by consecutive linking of cellobiose
subunits through their glycosidic linkages. Figure 1 shows a
close-up of the mapping followed in this work.
The covalent interactions between beads in a cellulose fiber

are captured by the following three potential energy terms. The
bond potential term, Vbond(R), is given by

= −V R K R R( )
1
2

( )bond bond bond
2

(1)

where Rbond and Kbond are the equilibrium distance and the
force constant, respectively. The angle potential term, Vangle(θ),
is given by

θ θ= −V K
1
2

[cos( ) cos( )]angle angle 0
2
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where θ0 and Kangle are the equilibrium angle and the force
constant of the cosine harmonic potential, respectively. The
dihedral potential term, Vpd(ϕ), is given by

φ ϕ ϕ= + −V K( ) [1 cos( )]pd pd pd (3)

where ϕpd and Kpd are the equilibrium angle between planes
formed by four consecutive connected beads and the force
constant, respectively.
The different CG terms are derived from the AA simulations

of the cellulose fiber. In detail, AA MD simulation trajectories
are transformed to pseudo-CG trajectories through the center
of mass19 of the appropriate atoms at AA level:
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atomic particles with mass mj and position vector rj. Then CG
distributions for bonds, angles, and dihedrals are obtained from
the AA simulation trajectories. This is followed by an iterative
process that optimizes the CG parameters to reproduce those
targeted CG distributions.
The nonbonded interactions between the CG beads are

given by a Lennard-Jones (LJ) 12−6 potential energy function:

σ σ
= ϵ −⎜ ⎟ ⎜ ⎟

⎡
⎣⎢
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥U r

r r
( ) 4 ij

ij ij
LJ

12 6

(5)

where σij is the distance where the interaction between particles
i and j is zero and ϵij is the depth of the potential well. The LJ
parameters are tuned to reproduce preferential partitioning of
different CG chemical entities in the MARTINI force field: σij is
used to distinguish between CG beads representing regular
atoms and those that occur in rings since the conventional 4:1
mapping in MARTINI is not appropriate for small rings, and ϵij
is used to capture polar (P), nonpolar (N), apolar (C), and
charged (Q) interactions between the CG beads. Within such a
bead type, a detailed distinction is made on the basis of the
degree of polarization of the different beads. A detailed
description of these bead types and the full interaction matrix
can be found in the original publication.16

2.3. Description of Simulated Systems. The AA-MD
trajectory used in the parametrization stage was taken from a
recent computational study.5 The AA coordinates in the MD
equilibrated trajectory were transformed into pseudo-CG

Figure 1. CG mapping of a cellulose fiber. The oligomeric cellulose
fiber was transformed into pseudo-CG beads by averaging the all-atom
representation of an infinite cellulose Iβ crystal allomorph. The names
of the CG beads are highlighted in black and in line with the previous
carbohydrate model. MARTINI bead types P4, Na, and P1 were
assigned for the representation of cellulose IIII. Na beads were
replaced by the new PX particle types for the representation of
cellulose Iβ. See the text for a detailed description.
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coordinates and used to extract the distributions of the bonded
interactions. The generated CG cellulose microfiber was
solvated with MARTINI CG water beads16 and placed in a
rectangular box with dimensions of 8 nm × 4 nm × 8 nm. After
a short equilibration, the bonded interactions were compared
with the ones extracted from the pseudo-CG trajectory and
reoptimized. This step was iteratively repeated until the bonded
interactions were totally reproduced at the CG level. The
system was then quenched from 320 to 600 K in 20 K steps,
and trajectories were saved every 1 ns. In general, simulations
using the MARTINI force field achieve 3 orders of speed-up
compared with equivalent all-atom systems, as shown in other
MARTINI force field applications.16,18,20 The free energy for
the cellulose Iβ to cellulose IIII transformation was also
calculated using the same system.
A longer microfiber (100-mer) was simulated in a periodic

box with an edge length of 65 nm. To avoid freezing of the
water caused by the presence of a highly ordered crystalline
cellulose surface,21 we included antifreeze particle beads (0.1
M) within the system box. The system was quenched at four
different temperatures (320, 400, 500, and 600 K), and the
trajectories were run for 5 μs.
2.4. Simulation Details. The standard simulation protocol

of the original MARTINI parametrization was followed.16,18 In
detail, nonbonded interactions were cut off at 1.2 nm with a
shift function. Simulations were run with a time step of 20 fs for
most systems, but the use of constraints may allow increments
to a 30 fs time step. Constant temperature was achieved by
separately coupling the water and cellulose to a Berendsen
thermostat. Constant-pressure coupling (1 bar) was achieved
by coupling to the Berendsen barostat algorithm. Production
runs of the simulations were continued for 1 μs. Simulations
were performed using the GROMACS 4.522 molecular
dynamics package.
2.5. Free Energy Calculations. We computed the free

energy for the cellulose Iβ to cellulose IIII transformation in the
aqueous phase. The change in free energy ΔFAB for the
conversion between cellulose Iβ and cellulose IIII was obtained
using the thermodynamic integration (TI) procedure:23

∫ λ
λ

λ
λΔ = − =
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∂λ

λ
F F F

U
d

( )uv
AB A B

B

A

(6)

where λ is the coupling parameter that linearly varies between
states A and B, the potential energy is given by ∂Uuvλ, and the
average ⟨···⟩ is taken over the MD trajectory. In our specific
case, the alchemical transformation from cellulose Iβ to IIII was
made by coupling the interactions to λ by a smooth transition
from the PX bead to the Na bead (see the Results and
Discussion). In this way, at λ = λB = 0 we fully represent the
structural features of cellulose Iβ, and λ = λA = 1 corresponds to
cellulose IIII. Thus, the bead interchange during the
interpolation can be considered as a structural variable that
drives the transformation between the two crystal allomorphs.

Calculations were performed at 20 intermediate λ values until
proper convergence of the free energy derivative was achieved.
Posteriorly the plot was integrated numerically (by trapezoidal
integration). Good convergence was commonly obtained after
200 ns. The error linked to the calculation was estimated by
independent block averaging.

2.6. Elastic Modulus Calculations. The bending modulus,
E, for bending of a fiber with two fixed end points can be
calculated in terms of elastic beam theory.24 Accordingly,

=E
FL

DI192

3

(7)

in which D and L are the deflection and length of the fiber,
respectively, F is the force applied at the free end of the fiber,
and I is the area moment of inertia of the fiber, given by

= =I
bh
12

33.3 nm
3

4
(8)

where b and h are the height and width of the cross section of
the microfiber, respectively. From MD simulations, the length
of the 100-mer microfiber was determined to be 55 nm. The
quantities F and D were calculated by using a steered molecular
dynamics (SMD) approach as follows: A 100-mer microfiber
was positioned in the center of a cubic box (100 nm edge). The
nonreductive end of the microfiber (the first 10 residues of each
cellulose fiber) was positionally restrained to avoid tumbling or
tilting during the simulation. A harmonic force constant of 1000
kJ mol−1 nm−2 was applied to restrain residues 11 to 100 of
each cellulose fiber. This restraining coordinate was moved at a
speed of 0.00001 nm ps−1 perpendicular to the plane of the
microfiber. The system was simulated for 5 μs at 320 K.

3. RESULTS AND DISCUSSION
3.1. MARTINI Parameters for the Cellulose Fibril. The

parameters governing the bonded interactions are provided in
Table 1. The bond lengths are in the range of the values
proposed in the original MARTINI carbohydrate paper.18

However, the angles and dihedrals responsible for the correct
representation of the glycosidic bond are stiffer in comparison
with those in the original version, reflecting the limited
flexibility of the molecule in the crystalline state. The selection
of the beads follows the protocol proposed in the original
model for cellobiose;18 however, it was necessary to adjust the
interaction between beads to capture the underlying chemical
nature of the cellulose system at the all-atom level.
The particle assignment for cellobiose was based on the

partition of the free energy between water and octanol, as
described previously.16 However, the bonding of several
cellobiose subunits decreases the polarity level of the linking
particles, which is chemically reflected by the loss of a hydroxyl
group. Thus, the model preserves the underlying modification
by replacing the particle beads representing the glycosidic

Table 1. MARTINI Force Field Parameters for Bonded Interactions for CG Cellulose

bond Rbond (nm) Kbond (kJ mol
−1 nm−2) angle θ0 (deg) Kangle (kJ mol−1) dihedral Φpd Kpd (kJ mol−1)

B1−B2 0.23 30000 B1−B2−B3 166 50 B1−B2−B5−B4 0 10
B2−B3 0.22 30000 B3−B2−B5 85 50 B3−B2−B5−B6 0 10
B2−B4 0.55 30000 B1−B2−B5 85 50
B4−B5 0.22 30000 B2−B5−B6 113 50
B4−B6 0.23 30000 B2−B5−B4 80 50

B2−B5−(+B2) 165 50
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linkage by a less polar interaction. A logical choice was the use
of an Na type particle. However, as shown below, direct
modifications of the interaction level of this particle are critical
to clearly represent the differences between the two main
conformers of cellulose fibers.
The stabilization of cellulose involves hydrogen bonds and

stacking interactions between glucose monomers on neighbor-
ing chains within the crystalline cellulose.25 Upon conversion,
the two cellulose allomorphs differ in the internal hydrogen-
bonding network, which ultimately determines the internal
packing of the microfibers. We use a different bead type (PX vs
Na; see Table 2) to capture the different packing of cellulose
chains in cellulose Iβ compared with cellulose IIII since it is the
CG bead that is the most sensitive to the packing of cellulose.
Such a replacement of bead type was not only applied in our
model but also was considered in the original parametrization
of the MARTINI protein force field. For instance, the model
uses different bead types to represent the hydrophobicities of
helical structures versus unstructured configurations.17,20

In our model, the interconversion between different
crystalline cellulose allomorphs is captured by modulation of
the Na particle interaction (i.e., ϵ and σ in eq 5). This is
exemplified in Figure 2, which shows the packing interchange
dependence. Cellulose IIII is easily represented by using the
interaction matrix as suggested in the original MARTINI paper
for the Na particle. However, the alternative packing for
cellulose Iβ (Figure 2 A) is obtained after the interactions with
P1 and P4 are raised to the supra-attractive level (the O level of
interaction in the MARTINI approach) and the Na−Na self-
interaction is assigned to be supra-repulsive (with σ = 0.62 nm).
The underlying modification closely mimics the intercalated
sheet stacking of cellulose Iβ, while the nonmodified interaction
switches back to the structure of the semiparallel cellulose IIII
(Figure 2 B). Furthermore, the internal balance of the
interactions is able to reproduce several physical properties as
shown in the next sections. The set of nonbonded parameters
as well as the corresponding MARTINI CG beads are provided
in Table 2.
3.2. Validation of the MARTINI Model for Cellulose

Allomorphs. An important criterion for the validation of our
model is its ability to reproduce the crystal lattice measure-
ments, more specifically the unit cell parameters. We therefore
calculated the unit vectors a, b, and c and the corresponding
angle γ from simulations of infinite cellulose Iβ and cellulose
IIII microfibers (Figure 2). These values are summarized in

Table 3 for the simulations thermally coupled at 320 K. The
model shows quantitative good agreement with neutron and X-
ray structural data and good agreement with experimental unit
cell parameters.26,27 The largest deviation, however, is observed
for the unit cell parameters in cellulose IIII, specifically the
angle γ. Thus, the correct representation of γ is rather
problematic and consistent with the results from all-atom
MD simulations of cellulose IIII,

6 suggesting that improved
modeling at the all-atom level is perhaps necessary.

3.3. Temperature Dependence of the Crystal Unit Cell
Parameters. Another important physical property worth
considering is the temperature-dependent expansion of the
unit cell of the cellulose microfiber. With increasing temper-

Table 2. Interaction Matrix of the MARTINI CG Cellulose
Beads

MARTINI beads

bead cellulose Iβ cellulose IIII

B1 P4 P4
B2 PXa,b Na
B3 P1 P1
B4 P4 P4
B5 PX Na
B6 P1 P1

aThe PX self-interaction is set to level IX of the original MARTINI
interaction matrix (ϵ = 2.0 kJ mol−1, σ = 0.62 nm). bInteractions with
P1 and P4 are set to level O (ϵ = 5.6 kJ mol−1, σ = 0.47 nm).
Interactions with other particles are set as in the original MARTINI
model.

Figure 2. Schematic representations of (A) cellulose Iβ and (B)
cellulose IIII. a, b, c, and γ are the crystal unit cell parameters, and the
unit cells are represented by the enclosed blue boxes. The vector c lies
perpendicular to the plane defined by a and b; a and b represent the
intersheet parallel distance within the cellulose chain.

Table 3. Quantitative Comparison of the Average Crystal
Properties for Cellulose Iβ and Cellulose IIII

cellulose Iβ cellulose IIII

propertya exptlb CGc exptlb CGc

⟨a⟩/⟨b⟩ 0.95 0.97 ± 0.01 0.57 0.56 ± 0.02
⟨a⟩/⟨c⟩ 0.76 0.74 ± 0.01 0.43 0.49 ± 0.02
⟨b⟩/⟨c⟩ 0.79 0.77 ± 0.01 0.76 0.88 ± 0.03
⟨γ⟩ 96.5 97 105.1 87

aa, b, c, and γ are the crystal unit cell parameters. bExperimental results
from synchrotron X-ray and neutron diffraction studies. cResults based
on the coarse-grained simulations.
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ature, cellulose Iβ shows a lower rate of thermal expansion and
decomposes at about 593 K. Thus, we looked at the
temperature-dependent behavior of the CG model from 320
to 600 K and compared with available experimental data. These
results are shown in Figure 3 for the changes in the a and b unit
cell vectors and the monoclinic angle γ. As depicted in Figure
3A, the a axis increases gradually with increasing temperature
up to 500 K. Above this temperature, there is a marked increase
in the a axis until 600 K. In contrast, the b axis increases up to
500 K, followed by a drop and contraction at 600 K. Altogether,
the changes indicate that cellulose Iβ readily transforms into an
amorphous phase at around 500 K, consistent with measure-
ments.28 The monoclinic angle γ is almost insensitive to
temperature from 300 to 500 K but increases immediately
above 500 K (Figure 3 B).
These results suggest that the lateral thermal expansion of an

infinite cellulose fiber exhibits anisotropic behavior, a feature
seen before.28 However, the previous model underestimated
the thermal expansion coefficients by 1 order of magnitude.
Our current CG model predicts thermal expansion coefficients
of 1.4 × 10−4 and −4.5 × 10−4 °C−1 at low and higher
temperatures, respectively (the values were calculated on the
basis of the variation of the b axis).
Previous simulations29 have shown that temperature-depend-

ent rearrangement of the cellulose fibril involves different
staggered configurations of the principal alcohol group of
independent glucose subunits (i.e., O6). This molecular-level
detail is not taken into account by our model because of the
lower resolution in coarse graining. However, considering that
the MARTINI force field was originally parametrized for
simulations in the colloidal state, the CG model for cellulose is
in good agreement not only qualitatively but also semi-
quantitatively with previous experimental findings.28 Thus, the
underlying nature of the solid state (i.e., cellulose chain packing
and unit cell measurements) can be reproduced even at a
coarse level of resolution with the MARTINI force field.
3.4. Relative Free Energy for the Interconversion of

Cellulose Iβ and Cellulose IIII. Next, we evaluated the

relative free energy for the interconversion of cellulose Iβ and
cellulose IIII using the TI approach. Here, interactions of CG
particle type PX are transformed into interactions of the
alternate type Na responsible for the stabilization of cellulose
IIII. In Figure 4, the running integrand is plotted for successive
points of the coupling parameter λ as detailed in Computa-
tional Methods (see eq 6). The general transformation was
carried out in two consecutive steps. The first step consisted of
the interconversion from cellulose Iβ to cellulose IIII, whose
integration is shown by the dashed line with circles in Figure 4
(insets A and B, respectively). This integration is associated
with an increase in free energy of 700 kJ mol−1. It is expected,
however, that the reaction is accompanied by a high energy
barrier, as it requires liquid ammonia as a catalyst. The
transformation also requires pretreatment of the cellulose Iβ
fiber under harsh conditions (using anhydrous liquid ammonia
at sub/critical conditions, 406 K and 112 atm), consistent with
the large amount of energy involved in the process.27 Activation
energies of 80−100 kJ mol−1 have been reported for
decrystallization of cotton cellulosic fibers.30 That procedure,
however, requires very different conditions (concentrated
NaOH and low temperatures). Although the free energies
reported here are very qualitative, they are in line with
decrystallization simulations performed in the past.2 A recent
experimental study31 based on chemical reactivity information
suggested that qualitative differences in stability between
different allomorphs may be subtle but highly dependent on
the reaction temperature. A comparison with our work is
somewhat difficult, as the cellulose samples used in that study
all had relatively low crystallinity indexes whereas in our
simulations the cellulose fibrils are highly crystalline with
negligible structural disorder. Additionally, the polydispersity in
the degree of polymerization and the differences in sample
hydration make the comparison not meaningful.
The second stage (shown by the dashed line with squares)

involves the reverse transformation from cellulose IIII to
cellulose Iβ, which is associated with a decrease in free energy
of 600 kJ mol−1. This apparent hysteresis in the interconversion
is reflected in the structural arrangement obtained at the end.

Figure 3. Temperature dependence of the unit cell parameters of
cellulose Iβ: (A) a and b axes; (B) the monoclinic angle γ. The arrow
indicates the crystalline-phase-transition point from cellulose Iβ to the
higher-temperature phase, which occurs at about 500 K.

Figure 4. Free energy changes for the cellulose Iβ−cellulose IIII
interconversion. The integration for the interconversion from cellulose
Iβ (A) to cellulose IIII (B) is shown by the dashed line with circles.
The reverse transformation (dashed line with squares) runs from λ = 1
to λ = 0. The final configuration in the reverse transformation (C)
failed to reproduce the original Iβ cellulose structure. The integration
was performed using a trapezoidal scheme.
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Careful visual examination of five independent simulation
trajectories showed that the model failed to exactly convert the
cellulose IIII to cellulose Iβ (Figure 4C). This is consistent with
experimental measurements on the interconversion of cellulose
IIII to Iβ at high temperatures, which results in the creation of a
large number of structural defects in the latter crystal.32−34 We
should state here that the cellulose Iβ to cellulose IIII
conversion takes place in the presence of anhydrous liquid
ammonia,27 while the reversion of cellulose IIII to cellulose Iβ
takes place when the fiber is boiled in water.32 Also, the free
energy difference considers only the end points of the
transformation and is independent of the reaction path under
consideration. Regardless, our calculations suggest that
cellulose Iβ is lower in energy and exhibits a more stable
configuration, in line with thermal decomposition experi-
ments.27 Upon transformation to cellulose IIII, the system
undergoes an increase in free energy, as shown by the
measurements. Furthermore, the reverse transformation does
not properly revert to the original Iβ cellulose structure. This
trend in the transformations is quantitatively and qualitatively
in line with the results of previous calculations using an
independent force field,13 which showed that the reverse
structural transformation of cellulose IIII to cellulose Iβ resulted
in only a partial retention of the crystal structure of cellulose Iβ.
Considering that in natural systems cellulose crystallizes from
highly amorphous protofibers emerging from the plasma-
membrane-bound cellulose synthase complexes,35,36 it is very
likely that the presence of specialized protein machineries
during the assembly of the cellulose fiber are required to drive
the crystallization of cellulose polymorphs (e.g., Iα or Iβ).
3.5. Physical Properties of Cellulose Fibers at High

Temperature. To further test the predictive power of our
cellulose CG model, we set up a system consisting of a fully
solvated 100-mer microfiber. The first set of simulations was
used to describe the physical properties of the finite microfiber
under high-temperature conditions. The system was quenched
to four different temperatures, and the temperature-dependent
denaturation was examined. We compared the root-mean-
square deviation (RMSD) of two delimited regions of the
microfiber, as summarized in Table 4. Together with the results

for the 100-mer fiber, we also report the results for the infinite
fiber. The results for the two systems seem to be in good
agreement below the denaturation temperature. Above that
temperature, however, the infinite fiber shows an over-
stabilization of the packing, which can be captured with the
100-mer fiber.
For a clearer depiction, Figure 5 shows snapshots of the

simulations of the 100-mer systems at (A) 300, (B) 400, (C)
500, and (D) 600 K. The external shell of the fiber (delimited
outside of the blue box) is the most affected, especially at
higher temperatures. At 300 K, the structure of the microfiber
retains the typical cellulose Iβ conformation. A longitudinal
close-up of the fiber reveals the compactness of the
independent cellulose fibers. Increasing the temperature by
100 K seems to affect the packing of the external shell;
however, the core (inside the blue rectangle) is mostly
unaffected. Higher temperatures (500−600 K) destabilize not
only the typical arrangement of the cellulose fibers but also the
intersheet packing as well as the conformation of independent
cellulose fibers. For comparison, we also calculated the radius of
gyration at four different temperatures (Figure 5E). Although
subtle (in the range of nm), the microfiber compactness is
inversely proportional to the values observed by the RMSD.
This can be attributed to the decrease in the fiber length, which
is mainly due to an increase in the curvature of the microfiber.
Several critical steps during the response of a cellulose fibril

to high temperature can readily be assigned to the stability and
lifetime of the internal hydrogen-bonding network.37 While not
explicitly represented, hydrogen bonds were modeled using
only Lennard-Jones terms (eq 5) without any directionality.
This may have led to underestimation of the high-temperature
denaturation process. Also, these properties depend on the
length and thickness of the fibril considered in the experimental
studies.38 Nevertheless, we find that our model agrees
qualitatively and semiquantitatively with previous reports.37,38

3.6. Mechanical Properties of Cellulose Fibers. We
directly probed the response of the cellulose microfiber under
external bending forces by calculating the axial elastic modulus
E of the 100-mer fiber. The results are summarized in Figure 6
for a total deflection D of 5 nm (Figure 6A,B). We find that the
elastic modulus for a 36-chain cellulose fiber is ∼10 GPa
(Figure 6C). Comparison of this value to measurements is not
straightforward, as the measured elastic modulus depends on
the sample as well as the technical approach used. Atomic force
microscopy measurements of the bending stiffness of tunicate
cellulose macrofibers yielded values from ∼145 to ∼150 GPa
for various chemically modified fibers.39 Less direct measure-
ments using Raman spectroscopy provided similar values
(∼143 GPa).40 In contrast, a recent determination of the
modulus of nanofibers contained within microfibrillated
cellulose sheets provided values in the range 29−36 GPa.40

Furthermore, bacterial cellulose (BC) fibers yielded higher
modulus values in the range 79−88 GPa.41 It is likely that a
small-diameter cellulose fiber as considered in our study
(Figure 6) might have a lower elastic modulus than bacterial-,
algal-, or tunicate-derived cellulose. Unfortunately, measure-
ments for representative cellulose nanocrystals comparable to
our current setup (36 fibers) are not available in the literature.
It is also likely that, as previously shown,42−44 underlying
electrostatic interactions that are partially neglected in the CG
model may be responsible for the lower elastic modulus.

Table 4. Temperature Dependence of the Root-Mean-
Square Deviations (RMSDs) for Infinite and 100-mer
Cellulose Microfibers

RMSD (Å)

infinite microfiber 100-mer microfiber

T (K) core shell core shell

320 1.7 ± 0.1 2.9 ± 0.1 1.5 ± 0.1 2.0 ± 0.1
340 2.5 ± 0.1 2.7 ± 0.1 − −
360 2.0 ± 0.1 2.7 ± 0.1 − −
380 1.8 ± 0.1 2.6 ± 0.1 − −
400 2.1 ± 0.3 2.7 ± 0.0 1.8 ± 0.1 2.2 ± 0.1
420 2.8 ± 0.1 3.2 ± 0.1 − −
460 3.8 ± 0.2 4.1 ± 0.1 − −
480 2.7 ± 0.2 4.1 ± 0.5 − −
500 2.2 ± 0.1 3.0 ± 0.6 2.6 ± 0.1 3.3 ± 0.1
520 2.6 ± 0.2 4.2 ± 0.4 − −
540 3.7 ± 0.2 5.2 ± 0.8 − −
560 2.9 ± 0.1 4.3 ± 0.5 − −
580 2.7 ± 0.2 3.7 ± 0.1 − −
600 2.5 ± 0.1 3.2 ± 0.2 2.6 ± 0.1 8.0 ± 0.1
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4. CONCLUSIONS
In this study, we have provided appropriate CG particle types
and parameters compatible with the MARTINI force field16,18

for cellulose fibers. The construction of the model followed a
top-down philosophy, with slight modifications of the internal
bead interactions to match the structural differences between
cellulose Iβ and cellulose IIII. Despite its simplicity, the
proposed MARTINI model is able to capture the mechanical
properties such as bending resistance of native cellulose
nanofibers.

This model is likely to have other applications. We have
tested different physical and mechanical properties affecting the
normal behavior of single cellulose fibers, and we believe that
the model is also applicable to simulations in the colloidal state.
In view of the importance of large-scale simulations of cellulosic
material, we believe that the model will provide insights into
the architecture and dynamics of different crystal allomorphs of
cellulose at the nearly atomistic level. The versatility of the
MARTINI force field, together with its expandability to
different molecular species, will allow modeling of cellulose
fibrils together with hydrolytic enzymes and thus provide a new
tool to study important problems in cellulose degradation.
More generally, our results show that the MARTINI CG

approach can be consistently extended to the modeling of solid,
crystalline biological systems and other problems in nanoma-
terials science. This work opens the way to calculate valuable
mechanical information such as Young’s moduli for noninfinite
fibrils. There are few metrology techniques available to study
small fibrils along multiple axes, and thus, quantitative
measurements of mechanical properties have been extremely
challenging.45 Such measurements are necessary to improve
nanomaterial design, especially for attaining high modulus/low
density properties.
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