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Abstract The Martini coarse-grained force field
is one of the most popular coarse-grained models
for molecular dynamics (MD) modelling in biology,
chemistry, and material science. Recently, a new
force field version, Martini 3, had been reported with
improved interaction balance and many new bead
types. Here, we present a new cellulose nanocrys-
tal (CNC) model based on Martini 3. The calculated
CNC structures, lattice parameters, and mechanical
properties reproduce experimental measurements
well and provide an improvement over previous CNC
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models. Then, surface modifications with COO~
groups and interactions with Na® ions were fitted
based on the atomistic MD results to reproduce the
interactions between surface-modified CNCs. Finally,
the colloidal stability and dispersion properties were
studied with varied NaCl concentrations and a good
agreement with experimental results was found. Our
work brings new progress toward CNC modelling to
describe different surface modifications and colloidal
solutions that were not available in previous coarse-
grained models.
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Introduction

Cellulose is an ageless and abundant biopolymer (Klemm
et al. 2005), meeting renewable and sustainable require-
ments for innovation and development. Cellulose con-
sists of glucose monomers chemically bonded through
the f-(1,4) glycoside linkage and can be extracted from
various sources, such as trees, plants, algae, etc. (Moon
et al. 2011). In recent years, research studies on cellulose
nanocrystals (CNCs) have been rapidly increasing due to
numerous advantages of cellulose over other materials,
such as biocompatibility and recyclability. With chemi-
cal treatments (George and Sabapathi 2015), the CNCs,
which are rod-like or needle-shaped nanometric particles,
are produced by a simple preparation process and possess
high yield, large specific surface area, high aspect ratio
(10-100), strong strength and stiffness, and biodegrada-
bility (Moon et al. 2011). These characteristics encour-
age CNC applications in biomedical engineering, waste-
water treatment, energy & electronics, and other sectors
(Grishkewich et al. 2017).

Due to the inherent hydrophilicity, CNCs cannot
be uniformly dispersed in most non-polar (Heshmati
et al. 2018) and hydrophobic (Inai et al. 2018) poly-
mer matrices. However, the surface primary hydroxyl
groups of CNCs can be easily modified to achieve
different surface properties, which can affect the dis-
persion in various matrix polymers, self-assembly,
and the strength regulation of particle—particle and
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particle-matrix bonding (Kalia et al. 2014). These
chemical modifications can extend the application
of CNCs to high-end engineering and biomedical
fields (Paajanen et al. 2016; Shojaeiarani et al. 2021).
Chemical modifications such as esterification, cation-
ization, silylation, polymer grafting, and 2,2,6,6-tetra-
methylpiperidinyloxyl radical (TEMPO) oxidation are
usually used for surface modifications to improve the
compatibility and uniform dispersion within a poly-
mer matrix or aqueous solutions (Hasani et al. 2008;
Morandi et al. 2009; Oliveira Taipina et al. 2013;
Raquez et al. 2013; Kalia et al. 2014; Huang et al.
2015).

With the advancement of computer algorithms
and computational power, molecular simulations have
become an integral part of the research environment.
Atomistic molecular dynamics (MD) simulations provide
valuable insight into the dynamics, structure, and prop-
erties of materials and help to understand the complex
interplay of molecular interactions at the atomistic level.
However, all-atomistic (AA) MD simulations can become
computationally expensive when applied to large macro-
molecules like cellulose and particles like CNCs. Thus,
models, which combine several atoms into a so-called
bead or super atom, are often developed to simulate more
extensive systems at larger time scales. Such models are
referred to as coarse-grained (CG) models, and numer-
ous CG models have been developed to study cellulose,
CNCs, and fibers in recent years (Mehandzhiyski and
Zozoulenko 2021).
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The Martini CG force field has become the most
widely used CG force field in soft material science nowa-
days (Kholina et al. 2020; Lee et al. 2020; Shivgan et al.
2020; Jackson 2021; Sousa et al. 2021). By mapping
2 to 4 heavy atoms (C, O, N) to 1 CG bead, the Martini
force field keeps the explicit description of the system and
provides sufficient chemical accuracy with much higher
computational efficiency. Therefore, CG simulations
can explore material properties on a larger time and spa-
tial scale than AA simulations. Martini 2 was originally
developed for lipids and surfactants, and later many other
models for different systems were developed, such as the
Martini 2 extension for carbohydrates (Lopez et al. 2009).
CNC models were also developed with the Martini 2
(Wohlert and Berglund 2011; Lépez et al. 2015), and they
found applications for studying native cellulose as well
as composite materials made of cellulose and conduct-
ing polymers (Mehandzhiyski and Zozoulenko 2019).
However, these models were developed for native (pris-
tine) cellulose, whereas surface chemical modifications
that are inevitably present in most experimentally studied
CNCGs, were not included in the models as the modelling
of ions is only qualitatively accurate in Martini 2 (Marrink
et al. 2007). This seriously limits the applicability of these
models.

Recently, a new version of Martini (version 3)
had been reported with improved interaction balance
between beads and more abundant bead types (Souza
et al. 2021). In addition, a Martini 3 model of a sin-
gle native fiber corresponding to different cellulose
allomorphs, such as cellulose I (Ia and 1) and cellu-
lose IT was recently presented by Moreira et al (2022).
At the same time, Martini 3 models of surface group
modifications of CNCs, as well as models of interact-
ing CNCs in the dispersions, are still missing.

Glucose CgH4,04

Cellobiose C4,H,,044

In this work, we report a new CNC model based
on Martini 3, where we first developed a model for
native cellulose and then introduced a model for the
surface chemical modifications. The CNC lattice
parameters and mechanical properties of the native
CNC show results closely reproducing experimental
measurements and providing improved lattice con-
stants over previous Martini 2 CNC models. Then, we
introduced TEMPO-modified CNC and fitted the CG
model to reproduce AA results to accurately describe
the electrostatic double layer characteristic for the
surface-modified CNCs. Furthermore, the dispersion
properties of CNCs were studied with varied NaCl
concentrations. Surface-modified CNCs show colloi-
dal stability in low NaCl concentration (<60 mM),
while aggregation was observed when the NaCl con-
centration is above 100 mM, which is in agreement
with the experimental observations. The work brings
new progress toward the modelling of surface-modi-
fied CNCs and their colloidal solutions.

Computational methods
Martini 3 model and simulation details

The first step in building the Martini 3 CG model
was to map the atomistic structure of cellulose chains
with the newly introduced beads in Martini 3. Then
we proceeded to construct the cellulose nanocrystals
(CNCs) in the Ip allomorph configuration. We used
two f-D-glucopyranose units (glucose) to map the
AA structure to the CG model, as shown in Fig. la.
Each Martini 3 bead in our model represents 2 or 3
heavy atoms. The choice of the bead types is dis-
cussed in the Results section. Thus, cellobiose has 10

(© TP1/8Q5n

Fig. 1 a Mapping glucose unit from AA to CG beads based on Martini 3; b Mapping cellobiose from AA to CG beads based on
Martini 3; ¢ Diagram for mapping the AA cellulose chain to the CG cellulose chain. Each glucose unit consists of 5 beads (B1~B5)
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beads (5 beads per glucose unit), and the CG beads
were mapped in the center of geometry (COG) of the
atomistic structure. The glucose unit was then repli-
cated to construct a chain with the desired length, as
shown in Fig. 1c. We built our Martini 3 CG model
with the clear idea that we have a fundamental base,
a native (unmodified) chain, which can be easily fur-
ther modified by adding different functional groups.
Experimentally, the modifications are usually done by
chemical reactions of the primary hydroxyl groups.
Thus, we used the SN3a bead types (Bl and B2
beads) to represent the chain backbone (orange Mar-
tini 3 beads). The primary hydroxyl (B5) and second-
ary hydroxyl (B3, B4) groups were mapped to TP1
beads, as shown in Fig. 1c. We can easily modify
or add other beads (covalently bonded functional
groups) to the B5 bead, and therefore by this model
we can simulate different cellulose functionalities.
One typical CNC modification is TEMPO oxida-
tion (Huang et al. 2015), where the primary hydroxyl
group is substituted with the carboxylic group, which
is often present in experiments in its deprotonated
carboxylate form (COQO7). Thus, after establishing
the basic native cellulose chain model, we focused on
the surface-modified CNCs. The type of bead BS5 in
the case of TEMPO modified CNC was changed from
TP1 to SQ5n. Another chemical modification gaining
experimental interest is dialcohol and dialdehyde cel-
lulose (Larsson et al. 2014a, b; Plappert et al. 2018),
where the C2-C3 covalent bond is broken. This can
be easily achieved with our model by simply remov-
ing the bond between beads B3 and B4, which shows
the versatility of our mapping scheme. However, in
this work, we focus on the TEMPO-modified CNCs,
and further cellulose chemical modifications will be
addressed in future studies. Finally, the non-reduc-
ing and reducing ends of the cellulose chains were
mapped with the SP1 and SN2 beads, respectively
(Fig. 1a).

The GROMACS 2020.3 simulation package was
used to carry out all the simulations in this work (Pall
et al. 2020). The leap-frog algorithm was used for inte-
grating Newton’s equations of motion (Van Gunsteren
and Berendsen 1988) with a timestep of 0.01 ps. (Note
that the chosen timestep is smaller than the one usu-
ally used in Martini 3 CG simulation (0.02 ps) (Souza
et al. 2021). This is because, for our system, for certain
cases, the 0.02 ps timestep led to numerical instabili-
ties. We speculate that the need for smaller timesteps
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can be related to a large number of tiny and small beads
used to map the system at hand). The Particle Mesh
Ewald (PME) method was used for calculations of the
non-bonded interactions between charge beads (Ess-
mann et al. 1995). The bonds were constrained with the
LINCS algorithm (Hess et al. 1997). The cut-off dis-
tance for the Coulomb and van der Waals interactions
was set to 1.2 nm. The velocity rescaling (v-rescale)
with a stochastic term was used for temperature cou-
pling (Bussi et al. 2007), and the pressure was coupled
with the time constant by Parrinello-Rahman (for high
accuracy free energy calculations) and Berendsen (for
dispersing calculations in solutions) algorithms (Par-
rinello and Rahman 1981; Berendsen et al. 1984). All
systems in this work were simulated at 350 K except the
free energy simulations, where 310 K was used to keep
consistency with the AA simulations. More details and
molecular dynamics parameters can be found in Sup-
porting Information and are available on request from
the authors.

Atomistic simulations

The OPLSAA force field was used for CNCs in AA cal-
culations in this work by GROMACS software (Damm
et al. 1997). SPCE water force field was used (Berendsen
et al. 1987). The non-bonded interactions were calcu-
lated with PME, and the bonds were constrained with the
LINCS algorithm (Essmann et al. 1995; Hess et al. 1997).
The long-range dispersion corrections were applied
for both energy and pressure calculations (Guo and Lu
1998). The cut-off for the Coulomb and van der Waals
interactions was 1.2 nm, and the timestep was 0.002 ps.
Parrinello-Rahman and v-rescale were used for the pres-
sure and temperature couplings (Parrinello and Rahman
1981).

Partitioning free energy calculations

To reproduce the octanol/water partition coefficients
(Pow) reported previously by Lopez et al. (2009), the sol-
vation free energy of CG glucose/cellobiose in the aque-
ous and organic phase is calculated between the water
(AG") and water-saturated octanol (AG?) solution:

AAG,y = —2.3RT log Py, (D)

The AGY and AG? represent the free energy dif-
ference (AF) of the glucose/cellobiose in vacuum and
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the solutions, computed by the thermodynamic inte-
gration (TI) method (Jarzynski 1997):

g
U, ()
Ay = Fy=Fy = [ i SD @
A

The potential energy function of solute—solvent
interaction is represented by the Uy, (4). 4 is the
coupling parameter that varies linearly from zero
(44 = 0) to one (45 = 1). The 4 for each solvation free
energy calculation was divided into 21 steps, which
guarantees the accuracy of the free energy difference
curves. For each individual A step, we ran a 25 ns CG
calculation, and the last 20 ns of each simulation was
used for analysis.

X-ray diffraction (XRD) analysis

The XRD curves of the cellulose fibrils were cal-
culated with Debyer, which is analysed based on
the Debye scattering equation (https://github.com/
wojdyr/debyer). The X-ray powder pattern was used,
and the wavelength for the analysis was 0.15 nm. The
resolution of the calculated pattern was 0.1 degrees.
The input structure of CNC was exported from
molecular dynamics calculations. The model displays
and format transfers of the models in this work were
done by VMD 1.9.3 (William et al. 1996).

Elastic modulus

The umbrella potential between the reference group
and pulling group was used to calculate the elastic
modulus by GROMACS. The CNC was placed in the

simulation box without water beads to avoid the influ-
ences of pressure from the solution when pulling the
CNC. The reference group, including 5 glucose units
(the first 5 units in the CNC), was restrained. The last
5 glucose units on the other side of the CNC were
subjected to pulling force. For the pulling process,
a 0.002 nm/ps pulling rate was used, and the total
pulling time was 400 ps. The harmonic force con-
stant for the umbrella pulling was set to 5000 kJ/mol/
nm. Finally, the elastic modulus in the axial direc-
tion of the CNC was calculated by a linear fit to the
strain—stress curve.

Potential of mean force

The potential of mean force (PMF) was obtained by
performing umbrella sampling simulations. The sim-
ulation protocol was as follows: two TEMPO modi-
fied CNCs were placed in the simulation box approxi-
mately 6 nm apart, and the box was filled with water
beads and Na* counter ions. Then a pulling force was
applied to the center of mass of one of the CNC while
the other CNC was kept restrained at its original
place. By pushing one of the CNC towards the other,
we effectively describe the approach of two CNCs in
the dispersion. This generated a series of configura-
tions (umbrella windows) separated by 0.1 nm from
which the PMF was calculated by the Weighted His-
togram Analysis Method (WHAM) (Kumar et al.
1992) as implemented in GROMACS. Each umbrella
window was run for 5 ns AA (45 ns CG) calculations,
and the PMF was calculated from the last 4 ns (40 ns)
of each simulation. To reproduce the CG PMF curves
to AA results, the COM distance of the COO™ groups
distances on the surface of 2 CNCs were computed
and compared.

Table 1 Thermodynamic parameters of glucose/cellobiose and partition coefficient of octanol-water based on the difference
between the free energy of hydration (A GV) and in water-saturated octanol (A G°)

Molecule A GY (KJ/mol™) A G(KJ/mol ™) A Gy (KI/ Log P, (MD) Log P,,, (exp)
mol™)

Glucose (CG) —-57 —43 14 —24 -28

Glucose (AA) -89 —74 15 -25

Cellobiose (CG) —-108 -84 24 -4.0

Cellobiose (AA) -114 -90 24 —4.0

CG simulations were calculated at 310 K, consistent with the AA reference data from ref (Lopez et al. 2009). The experimental data

for the octanol/water partition coefficients, Log P,

W

(exp), is taken from ref (Mazzobre et al. 2005) and corresponds to T=300 K
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Fig. 2 CNCs consist of a
36 chains, b 24 chains, ¢
18 chains. The snapshots
show the corresponding
nanocrystals in the water
box after 1000 ns NPT
simulations. The water
beads are not shown

36 chains

Table 2 Unit Cell Parameters of the CG Model, compared to
X-Ray Diffraction (XRD) for Cellulose 1

Cellulose 1 Martini 3 Experiments Martini 2
a (nm) 0.73 0.78 0.90

b (nm) 0.83 0.82 0.97

¢ (nm) 1.04 1.04 1.02

7 (deg) 90.0 96.5 92

The experimental reference data are from ref (Nishiyama et al.
2002), and the Martini 2 CNC model reference data are from
ref (Wohlert and Berglund 2011)

Number of contacts

To quantify the state of the systems (dispersibility of
CNCs in aqueous solution), we calculated the num-
ber of contacts between CNCs. First, the gmx mindist
from GROMACS was used to calculate the minimum
distance between each 2 CNCs. As there are 7 CNCs
in the box, 21 minimum distance results for each sys-
tem were calculated. The 2 CNCs are defined to be
in contact when the minimal distance between them
is 0.35 nm or less. And then, after summing up the
number of contacts for each model (maximum 21
contacts for each model) and dividing by 7 CNCs, we
plotted the number of contacts/CNC curves.

Results and discussion
Cellulose modelling and analysis

The Martini 3 bead types in the present model
(Fig. la) were assigned based on the calculation of
the solvation and partitioning free energy between
water and water-saturated octanol, and the results
are shown in Table 1. As a reference for the solva-
tion and partitioning free energies, we used previ-
ously published atomistic data for glucose/cellobiose
used by Lopez et al. (2009) for the development of
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24 chains 18 chains

the Martini 2 cellulose model. In the work of Lopez
et al. (2009), a water/octanol molar fraction of 0.255
was used, and to be consistent with their simulations,
we used the same molar fraction for the octanol phase
(constructed by 1 glucose/cellobiose molecule, 42
water molecules, and 125 octanol molecules) in our
CG calculations. As shown in Table 1, the results for
the partitioning free energy match very well the pre-
vious atomistic data.

Then, the cellulose chain was modelled based on
the bead types of glucose unit by Martini 3, as shown
in Fig. 1c. The bond, angle, and dihedral angle force
field parameters of the CG cellulose chains were fit-
ted to match distributions that are based on the AA
cellulose nanocrystal and are presented in Fig. S1-S3.
A graphical representation of all the bonds, angles
and dihedrals is presented in Table S1-S3, along with
all force field parameters. Further, we created dif-
ferent CNCs consisting of 36, 24, and 18 cellulose
chains with 16 glucose units per chain, as shown in
Fig. 2a, b, and c, respectively. The exact shape and
number of constituent cellulose chains in the primi-
tive fibril is still a matter of ongoing debate (Turner
and Kumar 2018; Rosén et al. 2020). However, recent
works show that, most likely, the primitive fibril con-
sists of 18 or 24 chains (Nixon et al. 2016; Kubicki
et al. 2018). Therefore, we created CNCs with differ-
ent numbers of chains and two different shapes (cubic
and hexagonal) to test the stability of our model.

After creating the different CNCs explained above,
we solvated them in water and carried out 1000 ns
NPT simulations. The final CNC configurations for
the three cases are shown in Fig. 2. It can be noticed
that all three models possess a right-handed twist and
keep their initial shape. In the rest of this work, we
chose to use the CNC consisting of 36 chains with a
square shape (Fig. 2a), which corresponds to experi-
mentally measured CNC widths of ~3 nm (Chen et al.
2021), and therefore, all the results presented below
correspond to this model. We calculated the unit
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CNC (81 chains)

Fig. 3 a CG CNC model for XRD calculation. The CG CNC
consists of 81 chains and each chain has 20 glucose units;
the distances between the planes giving rise to the diffraction
peaks in b are schematically indicated. b XRD curves of CNC
of Martini 3 model, atomistic CNC model (contains 36 chains

5 T T T

41 i
= 3 )
o 3t ) _
[0) Pulling CNC
@ 2 |
2
n 1Lk E =120 GPa

0 7z \ N !

0.00 0.01 0.02 0.03 0.04

Strain

Fig. 4 Elastic modulus of CNC along the lattice ¢ direction.
The diagram for pulling the CNC is shown in the top left

lattice cell parameters of the CG CNC, which are pre-
sented in Table 2, along with experimental and Mar-
tini 2 cellulose cell parameters. It is evident that the
cell parameters obtained in the new Martini 3 model
are greatly improved as compared to the previous
Martini 2, as they closely resemble the experimental
measurements. This was achieved mainly due to the
usage of the new tiny beads, which were absent in the
previous version of the force field. Note that the a cell
vector is smaller by 0.05 nm in our model compared
with the experiments, which is due to the utilization
of tiny beads. The y angle of cellulose is about 90
degrees in our model due to the simplicity of the CG

(b)

200

CG Martini 3
004

JM
/\J\:TL

10.0 20.0 30.0 40.0
20 (deg)

1-10/110

and each chain has 20 glucose units), and experimental data
((Zhang et al. 2002), adapted with permission from John Wiley
and Sons). More XRD curves for CG models are shown in Fig.
S4

structure, where the complex hydrogen bond inter-
actions are implicitly described via van der Waals
and Coulomb forces. Nevertheless, our model is an
improvement over the Martini 2 model and captures
the internal structure of the CNC very well, compara-
ble with experiments.

To further illustrate the validity of our model,
we calculated the XRD curves of the CNC with the
Debyer tool, as shown in Fig. 3b. The overall XRD
profile for CG CNC resembles well the experimental
measurements and the AA CNC results. The charac-
teristic peaks at 16, 22, and 33 degrees corresponding
to the 1-10/110, 200, and 004 surfaces, respectively,
are shown to match the experimental XRD peaks
closely. It should be noted that the peak at about 22
degrees corresponding to the 200 surface has moved
to the right to =~ 24.5 degrees. This could be explained
by the slightly lower unit cell constant a in our model
shown in Table 2.

The elastic modulus in the axial direction of the
CNC was calculated by a linear fit to the strain—stress
curve and is presented in Fig. 4. The diagram for
the pulling of CNC, which consists of 36 chains and
40 glucose units per chain, is shown in the top left
in Fig. 4. Based on the strain—stress curve, Young’s
modulus is found to be 120 GPa. From previous
theoretical and experimental studies, a single fibril’s
elastic modulus generally ranges from 93 to 255 GPa
(Tashiro and Kobayashi 1991; Reiling and Brickmann
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1995; Kroon-Batenburg and Kroon 1997; Tanaka
and Iwata 2006; Santiago Cintrén et al. 2011; Zhang
et al. 2011). It should be noted that the elastic modu-
lus in our Martini 3 CNC model mainly depends on
the bonded interactions of cellulose chains, while in
AA simulations, the internal hydrogen bonding sta-
bilizes the CNC internal structure and contributes to
the elastic modulus by 15% ~40% (Tashiro and Kob-
ayashi 1985; Eichhorn and Davies 2006; Mehandzhi-
yski et al. 2020).

Native CNC
v 5
° °
g’
150
0.8} —Na*, — CI l100%
—_ b E
% AA — cellulose £
S04~~~ T ———at50 2
> [7]
: N\ :
c
0.0 . 0 O
8770 1 2 3 4 5 6 7 8 9
Coordinate (nm)
(c) EFEER, S
b ° ::\s\x\.il e ° ¢
IR N :
‘ot >’ kﬁ\‘\'{ [}
yA. EESAR) SR L.
. LI > o 2‘%&;}3 ° .
x® !z>. TY) o 9
(d)1.2 60
_.038 —Na*, - Cl |40 &
OZC_ CG — cellulose k=
£ 04— M R20 2
> \ | 7]
= ] <
80 1 2 3 4 5 6 7 8 9

Coordinate (nm)

Fig. 5 Native cellulose in NaCl water: a and b AA model and
corresponding number density curves of Na*, CI~, and cel-
lulose atoms; ¢ and d CG model and corresponding number
density curves of Na*, ClI~, and cellulose beads. The €, = 15
was used in the calculations for the native cellulose. TEMPO-
modified cellulose in water with Na* ions: e and f AA model
and corresponding number density curves of Nat and cellulose
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Surface-modified CNCs

TEMPO-modification ~ with  carboxylic  groups
(COQO™) on the surface of CNCs is a typical modifica-
tion used in experiments. Surface-modified CNCs can
be dispersed in low-concentration salt water and show
colloidal stability. In this work, we aim to explore the
dispersion properties of CNCs with COO™ surface
modification (20% substitution of primary hydroxyl
groups corresponding to experimental charge density
of 0.64 mmol/g) (Nordenstrom et al. 2022) in water
with different NaCl concentrations. In Martini 3, the
non-bonded interactions between Martini 3 beads are

TEMPO CNC
e -
() TR NG
e B,
A Shg W g ey,
y g’%'\,\;""fo .

(f) 4.5 z 150
230 — Na* L100E
IS c
£ AA — cellulose >
215} 150 @
3
0 0.0 . "

0 1 2 3 4 5 6 7 8 90
Coordinate (nm)
& X >
(g) “K‘M‘\\\Q‘ °

AR

yA . f’.,,:}}\\‘
;-;:\“’(:“ﬁ\\‘ .
° N \ \"\( °

XQ—> -

(h) 4.5 z 60
230 — Na* 40 E
IS Na =
£ CG — cellulose =
215 20 %
2 5
8 0.0 0o ©

3 4 5 6 7 8 09
Coordinate (nm)

o
=y
N

with surface modifications; g and h CG model and correspond-
ing number density curves of Na* and cellulose with surface
modifications. The €, = 50 was used in the calculations for the
TEMPO-modified cellulose. Green, gray, and blue beads rep-
resent the Na™, Cl~ ions and COO~ groups. Water molecules
(beads) are not shown
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calculated by the Lennard—Jones (LJ) 12—6 potential
energy function and the Coulomb potential energy
function (Souza et al. 2021), as shown in Eq. 3:

Vu(rl_ rn) + Vcaul(rl_ rn)

el
i I\ Tij 3)

q:9;
+ _—
2 4r €,€

ij r T

To guarantee the accuracy of CG simulations, we
divided our work into two steps. First, we considered
the native cellulose and fitted the interaction between
Na® ion beads and neutral beads (native cellulose and
water), which only has LJ interactions, to reproduce
the AA results. Second, we considered TEMPO-mod-
ified cellulose and fitted the interaction between Na*
ion beads and charge beads (COO™ surface groups),
including both LJ and Coulomb interactions, to repro-
duce the AA results.

As the first step, we improved interactions between
native cellulose and Na*t beads in Martini 3 by chang-
ing the non-bonded parameters o; and ¢; (named
interaction levels in Martini 3 (Souza et al. 2021))
between Na* beads and the native cellulose model to
match the AA number density distributions. We con-
structed a simulation box where native cellulose was
centered in the middle, and the cellulose was periodic
along the x and y directions, as shown in Fig. 5a. Then
we inserted water molecules and ions (36 Na* and 36
CI™ ions to keep the system neutral). The AA and CG
models have the same chain length and number of
cellulose chains, ions, and water molecules. Finally,
we calculated the density profiles from 20 ns NPT
simulation of Na* and CI~ ions across the z-direction
(normal direction with respect to the cellulose sur-
face) of the box. We found that by using the default
non-bonded parameters from Martini 3 between the
charged beads (Na* and Cl7) and native cellulose
beads (Souza et al. 2021), the ions in the CG model
are strongly adsorbed on the surface, as seen from
Fig. S5. This is in contrast to the AA results shown
in Fig. 5b, where the ions are mostly found in water,
and there are practically no ions in close proximity
to the surface of cellulose. The non-bonded param-
eters of charged beads with neutral beads in Martini
3 are designed to better reproduce these interactions
compared to Martini 2, and, as a result, some of these

interactions are stronger compared to the interactions
between neutral-neutral beads, presented in the Sup-
porting information of Souza et al.’s work (2021).
However, for the present system, we found that the
charged-neutral beads’ attractions are way too strong,
and they cannot reproduce the AA results. Thus, we
decreased these attractions’ strength to fit the results
to the AA simulations. The topology changes for the
interactions between Na®/Cl~ and native cellulose
are given in Table S4 in the Supporting information.
The CG model and corresponding density curves
after modifying the interaction levels are presented in
Fig. 5¢ and d, respectively. After the modifications,
we found that the CG density profiles’ shape and bulk
densities of the ions are not only qualitatively but also
quantitatively in agreement with the corresponding
AA results.

After fitting the interactions between Na*/CI~ and
native cellulose surface, we proceed by fitting the
interactions between Na* and COO™ groups. The AA
model and corresponding density curves are shown in
Fig. Se and f, and the final CG model and correspond-
ing density curves are shown in Fig. 5g and h. In our
slab model (Fig. 5e), the surface chains contain 36
COO™ groups and therefore, we added corresponding
36 Na* ions to keep the system electroneutral. After
20 ns NPT simulations, as shown in Fig. 5e and f, due
to the strong Coulomb attraction between Na* and
COO™ charge groups, most Na* ions are adsorbed on
the cellulose surface. However, it should be noted that
not all Na* ions are adsorbed on the surface, as seen
from the nonzero value of the Na* density profile in
the bulk water far away from the surface (Fig. 5f).
The Na™ ions are in dynamical association/dissocia-
tion equilibrium, and they can be exchanged between
the cellulose surface and bulk water, which leads to
nonzero density in the water. However, due to the
charged surface, the association with the cellulose
surface is preferred. This is an important character-
istic of the surface-modified CNC dispersion because
freely moving ions in solution results in the double
layer repulsive force between charged colloidal par-
ticles. Thus, to correctly describe this phenomenon,
we need to reproduce the association/dissociation
equilibrium between the Na™ and COO~ beads in
Martini 3 by fitting non-bonded parameters to repro-
duce the atomistic density profiles. The association/
dissociation equilibrium is directly related to the
Gibbs free energy. Furthermore, this equilibrium is
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also related to the ratio of the coordination complex
of the carboxylate group with Na* [COO™Na*] and
the free COO™ at the surface and Na™ ions in bulk
[COO][Na*]. Therefore, by reproducing the den-
sity profiles, by fitting the non-bonded parameters,
the association/dissociation phenomena are properly
described.

As in the case of native cellulose, we found that
the attraction between COO~ and Na™ ions using
the default non-bonded parameters of Martini 3 is
too strong, see Fig. S6, where all Na®™ ion beads
are adsorbed at the cellulose surface and no ions in
the bulk water phase are present. However, in con-
trast to the case of native cellulose, modifying only
the LJ parameters proved to be insufficient to repro-
duce the atomistic results. (Note that in addition
to the variation of non-bonded LJ parameters, we
explored variation of different bead types for Na*
ions, COO™ surface groups, and water molecules, and
different cut-offs for the van der Waals and Coulomb
interactions, and none of them worked, sees Sec. S1
in SI for details). Thus, the only parameter that is
left for the adjustment of the non-bonded interac-
tions is the dielectric constant €,, see Eq. 3. Usually,
the Martini 2 and 3 models use a screening constant
of €, = 15 or 20 (Marrink et al. 2007; Shivgan et al.
2020; Souza et al. 2021), which was originally fit-
ted for lipid systems and the coordination number of
ions in bulk solutions. However, by systematically
increasing the dielectric constant, we found that e,

@r

(b) [

Fig. 6 PMF calculations of the two CNC models with COO™
surface modifications. a Top view of the AA model. b Top
view of the CG model when €, = 50. ¢ The PMF curves for
CNCs with COO™ surface modifications. The x-axis displays
the distance between the closed COO™ group layers (the dis-
tances are measured as d in a and b) belonging to different
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= 50 reproduces well the atomistic density curves
in our system, as seen in Fig. 5g and h. Thus, larger
€, = 50 was used for the rest of the CG simulations
when charged beads are present in the system. More-
over, the potential of mean forces (PMF) between two
CNCs can only be correctly described using €, = 50,
which will be discussed in detail in the next section.
We believe a modification of the effective dielec-
tric constant (from €, = 15 to €, = 50) for the accurate
description of the system at hand is not coincidental
but has an important physical reason related to the
features of the electrostatics interaction of the system,
namely to the formation of the double layers close to a
charged surface of the nanocellulose. This is qualita-
tively different from charged systems previously stud-
ied with Martini 3, (such as polypeptide coacervates
(Tsanai et al. 2021), lipid membranes with calcium
ions (Bergfreund et al. 2021), ionic liquids (Vazquez-
Salazar et al. 2020), and deep eutectic solvents (Vain-
ikka et al. 2021), where no double layers were formed
and where a standard Martini value €, = 15 was used.
Therefore, the important conclusion of our study is
that the correct description of the systems with strong
electrostatic screening arising due to the formation
of the double layers requires adjustment of the stand-
ard Martini 3 parameter €, describing the efficiency
of screening. It should be noted that we found this to
be the only solution for our system, and this hypoth-
esis should be tested for similar systems where dou-
ble layer formation and high electrostatic screening

75

50

25

0.5 1 1.5 2
COO- surface distance (nm)

CNCs. Green and blue beads represent the Na* ions and COO~
groups, respectively. Water molecules are shown as cyan vol-
ume. The number of chains and chain lengths of CNC are
consistent in the AA and CG models. Both AA and CG boxes
consist of 2 CNCs (110 COO™ groups per CNC, 16 glucose
units per chain), 220 Na* ions, and ~38,000 water molecules
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play an important role. In addition, it should also be
mentioned that the increase of €, to 50 is only for the
system with surface charge modifications. Thus, the
pristine cellulose model is fully compatible with the
standard Martini 3 interaction levels and beads.

Surface-modified CNC interactions

Surface-modified CNCs are known to form stable
water dispersions (Kaboorani and Riedl 2015). The
colloidal stability of charged particles is induced by
electrostatic forces and the overlap of the electric
double layer surrounding them (Matijevi¢ 1979). The
forces between charged colloidal particles can be
obtained by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (Verwey 1947; Derjaguin and Landau
1993; Israelachvili 2011) or by MD simulations, in
the form of the potential of mean force (PMF) (Garg

100mM

Fig. 7 Representative snapshots of a pristine CNCs in water;
The surface-modified CNCs in water with different NaCl con-
centrations: b 0 mM, ¢ 60 mM, d 100 mM, e 200 mM, and
f 600 mM. The water molecules are shown by cyan volumes.

et al. 2020). Thus, we calculated the PMF by both
AA and CG simulations to understand the interaction
between two surface-modified CNCs (Fig. 6). In both
AA and CG models, we used the same CNC size and
surface degree of COO™ substitution. Only primary
hydroxyl groups are modified to COO™ groups, and
the degree of substitution is 20%. The surface-mod-
ified CNC consists of 36 chains and 16 glucose units
per chain, as shown in Fig. 6a and b. Each surface-
modified CNC has 110 COO™ groups. An equal num-
ber of Na* ions were inserted into the box to keep the
system neutral.

The PMF curves obtained from the AA simula-
tions, along with the curves from the CG simula-
tions with €, =15 and 50, are presented in Fig. 6c.
The AA simulations show that 20% surface modi-
fied CNCs repel each other (i.e., the PMF curve is
positive as Fig. 6¢ shows). This is consistent with

600mM

The Na*, CI7, and COO™ beads are represented by gray, green,
and blue colors, respectively. The scale bar is shown in a, and
it applies to all models in Figure. Time =300 ns
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the experimental findings where negatively charged
CNCs are dispersed in aqueous media (Cao and
Elimelech 2021). The PMF curve obtained from the
CG simulations with €, = 15 shows qualitatively dif-
ferent behaviour compared to the AA PMF curve.
First, the CG PMF curve is lower than the AA PMF
curve in Fig. 6¢c. Second, the CG PMF curve has
minima at negative values, which implies attraction
at the corresponding distances, while the AA PMF
curve is always positive (repulsive). Because of this

Top
contac

attraction, the CG surface-modified CNCs will aggre-
gate in the CG simulations, while the AA surface-
modified CNCs are repulsive and, in agreement with
the experiment, expected to be dispersed in the AA
simulations. (Note that the CG PMF curve has peaks
at the distances 1.6 nm and 2.1 nm, which is attrib-
uted to the formation of water layers between the cel-
lulose surfaces).

The inability of CG PMF calculations with €, =15
to reproduce the corresponding AA results is directly
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Fig. 8 a Number of contacts of native CNCs in water; The
number of contacts of TEMPO-modified CNCs in water with
varied NaCl concentrations: b 0 mM, ¢ 60 mM, d 100 mM, e
200 mM, and f 600 mM. The contact is determined by mini-
mum distances (<0.35 nm) between CNCs; g The morphology
evolution of aggregated pristine CNCs in pure water. h The
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morphology evolution of dispersed TEMPO-modified CNCs in
water when NaCl concentration is 0 mM. The water molecules
are shown by cyan volumes. The Na*, CI~, and COO~ beads
are represented by green, gray, and blue colors, respectively.
The scale bar is shown in the first snapshot of g, and it applies
to all models in Figure
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related to the qualitative difference of the CG and AA
density profiles between the double layers, as outlined
in the previous section. We therefore systematically
varied €, and, as expected, found that Martini 3 PMF
results with €, = 50 show a close quantitative agree-
ment with the corresponding AA results. This further
confirms the usage of ¢,= 50 in our simulations for
charged particles where the electrostatic interaction
and screening are of paramount importance.

Dispersions and colloidal stability

In this section, we explored the dispersibility of
CNCs in an aqueous solution with varied salt con-
centrations. According to the experimental findings,
low salt concentration promotes dispersibility while
its increase promotes aggregation (Phan-Xuan et al.
2016; Cao and Elimelech 2021). In our simulations,
we used 7 TEMPO-modified CNCs inserted ran-
domly in the simulation boxes, with each CNC con-
sisting of 36 chains and 32 glucose units per chain.
In addition, we also considered a system composed
of pristine CNCs (without surface modifications).
Then, the box was filled with water and ions, where
the weight ratio of CNCs is 7%; the box also contains
Na* ions needed to neutralize negatively charged sur-
face groups on CNCs. (No Na™' ions were added for
the case of pristine CNCs).

Figure 7 shows representative snapshots of pristine
CNCGCs in pure water (Fig. 7a) and TEMPO-modified
CNCs at different ion concentrations 0-600 mM at
time =300 ns. In order to quantify the state of the
system (i.e. dispersed or aggregated), we calculated
the number of contacts between CNCs for each sys-
tem and its evolution during time 0 <7< 1000 ns, see
Fig. 8a-f. (Two CNCs are defined to be in contact
if the minimal distance between them is 0.35 nm or
less). It should be noted that TEMPO-group modifi-
cations were introduced at the side surfaces along the
axial direction (110/1-10 surfaces), and they are not
present on end (top) surfaces of CNCs. Due to the
relatively short length of CNCs in our simulations,
the contacts between two ends of CNCs can happen at
these points as there is no surface modification there
(see Fig. 8g for illustration), which may overestimate
the number of contacts between surface-modified
CNCs compared to experiments. Thus, both the top
contacts and surface contacts (excluding contacts

between the end surfaces) between CNCs were calcu-
lated and plotted, respectively.

Let us start with the case of pristine CNCs in pure
water, as shown in Fig. 7a. A visual inspection shows
that each CNC is in contact with at least another CNC.
Figure 8a shows the number of contacts for pristine
CNCs, where we observed a fast onset of aggregation
(starting around 50 ns), after which the number of
contacts remains practically unchanged after 500 ns.
From 500 to 1000 ns the system is in volume span-
ning arrested state (Nordenstrom et al. 2017). This
is illustrated in the snapshots in Fig. 8g, where the
spatial arrangements of the CNCs practically do not
change in the time interval 500<#< 1000 ns. Our
finding shows that the aggregated structure of pris-
tine CNCs in water is fully consistent with the corre-
sponding experimental observation of the aggregation
of pristine CNCs using AFM (Chen et al. 2020).

For the case of TEMPO-modified CNCs, when the
NaCl concentration is 0 mM or 60 mM, the CNCs
are dispersed, and no aggregation was observed after
1000 ns of NPT simulations. The number of contacts
between CNCs for 0 mM is zero, see Fig. 8b. Some
contacts between the ends of CNCs were detected
for 60 mM case as no surface modifications with
COO~ groups present there, see Fig. 8c. Neverthe-
less, there is no significant aggregation along the side
surfaces, and we can still conclude that the system is
dispersed. Figure 8h shows snapshots illustrating the
evolution of the system during the simulation interval
0<#<1000 ns. In contrast to the aggregated state dis-
cussed above, here, the spatial arrangement of CNCs
changes with time, which is expected for a dispersed
state.

For NaCl concentrations larger or equal to
100 mM, the number of contacts between TEMPO-
modified CNCs rapidly increases, as shown in
Fig. 8d-f (see also snapshots of the systems in
Fig. 7d-f). An interesting observation can be made
from the case 600 mM (Fig. 8f), where the contacts
are mainly due to the end parts of CNCs where no
surface modifications are present. However, this
might also be associated with the finite simulation
time (1000 ns), which is much smaller than the typi-
cal experimental time, and thus the dynamics of the
systems with high salt concentrations are slower.
Similar aggregation trends were observed in previ-
ous experiments of sulfated CNCs in aqueous NaCl
solutions (Cao and Elimelech 2021). The critical
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point of NaCl concentration for the sulfated CNC
aggregation is about 90-150 mM. Therefore, we
believe that our model is suitable for studying the
dispersion behaviour of negatively charged surface-
modified CNCs. With this respect, it is noteworthy
that the relative number of surface contacts with
respect to the top contacts changes with the ion con-
centration, being small (or close to zero) at lower
and at higher concentrations and reaching a maxi-
mum at intermediate concentrations of ~ 200 mM,
where, instead, the number of top contacts becomes
small, see Fig. 8b-f. It would be interesting to test
this prediction experimentally.

Conclusion

A new CG model for CNCs was developed based on
the Martini 3 force field. First, the native CNC was
introduced and verified against atomistic and exper-
imental results. Then, a surface modification based
on TEMPO-oxidized cellulose was introduced and
verified against atomistic data. The surface modifi-
cations of CNC with COO™ groups and interactions
with Na* ions were fitted to the AA results to repro-
duce the interactions between surface-modified
CNCs in aqueous media. Then, the colloidal dis-
persion of surface-modified CNCs and the effect of
the variation of the electrolyte concentration were
explored. Surface-modified CNCs show colloidal
stability at low NaCl concentration (<60 mM),
while they start aggregating when NaCl concen-
tration is above 100 mM, which is consistent with
the experimental data. The work brings new pro-
gress toward CNC modelling, providing an accurate
description of surface-modified CNCs in colloidal
solutions. The developed model can be easily modi-
fied for other surface functional groups, and we plan
to expand this model to incorporate various surface
modifications used in experimental studies.

Acknowledgments The authors are greatly thankful to Siew-
ert-Jan Marrink and Paulo Souza for numerous discussions and
input concerning Martini 3 implementation for the present sys-
tem. The computations were conducted on resources provided
by the Swedish National Infrastructure for Computing (SNIC)
at NSC and HPC2N.

Author contributions All authors contributed to the study
conception and design. Coarse grained molecular dynam-
ics simulations and data collection were done by JP, atomis-
tic molecular dynamics simulations were done by AYM, and

@ Springer

analysis were done by all authors. The first draft of the manu-
script was written by JP. All authors commented on previous
versions of the manuscript. All authors read and approved the
final manuscript.

Funding Open access funding provided by Linkoping Uni-
versity. The authors acknowledge funding from the Knut and
Alice Wallenberg foundation through the Wallenberg Wood
Science Center at Linkoping University.

Data availability The supporting Information is available
free of charge on the Cellulose Publications website.

Declarations

Conflict of interest The authors have no relevant financial or
non-financial interests to disclose.

Consent to participate Not applicable.
Consent for publication Not applicable.

Ethics approval Not applicable.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Berendsen HJC, Postma JPM, Van Gunsteren WF et al (1984)
Molecular dynamics with coupling to an external bath.
J Chem Phys 81:3684-3690. https://doi.org/10.1063/1.
448118

Berendsen HJC, Grigera JR, Straatsma TP (1987) The missing
term in effective pair potentials. J Phys Chem 91:6269—
6271. https://doi.org/10.1021/j1003082038

Bergfreund J, Bertsch P, Fischer P (2021) Adsorption of pro-
teins to fluid interfaces: role of the hydrophobic subphase.
J Colloid Int Sci 584:411-417. https://doi.org/10.1016/j.
j€is.2020.09.118


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1021/j100308a038
https://doi.org/10.1016/j.jcis.2020.09.118
https://doi.org/10.1016/j.jcis.2020.09.118

Cellulose (2022) 29:9493-9509

9507

Bussi G, Donadio D, Parrinello M (2007) Canonical sampling
through velocity rescaling. J Chem Phys 126:14101.
https://doi.org/10.1063/1.2408420

Cao T, Elimelech M (2021) Colloidal stability of cellulose
nanocrystals in aqueous solutions containing monovalent,
divalent, and trivalent inorganic salts. J Colloid Int Sci
584:456-463. https://doi.org/10.1016/j.jcis.2020.09.117

Chen M, Parot J, Mukherjee A et al (2020) Characterization
of size and aggregation for cellulose nanocrystal disper-
sions separated by asymmetrical-flow field-flow fractiona-
tion. Cellulose 27:2015-2028. https://doi.org/10.1007/
$10570-019-02909-9

Chen M, Parot J, Hackley VA et al (2021) AFM characteriza-
tion of cellulose nanocrystal height and width using inter-
nal calibration standards. Cellulose 28:1933-1946. https://
doi.org/10.1007/s10570-021-03678-0

Damm W, Frontera A, Tirado-Rives J, Jorgensen WL (1997)
OPLS all-atom force field for carbohydrates. J Comput
Chem 18:1955-1970. https://doi.org/10.1002/(SICI)1096-
987X(199712)18:16%3¢1955::AID-JCC1%3e3.0.CO;2-L

de Oliveira Taipina M, Ferrarezi MMF, Yoshida IVP, do
Gongalves MC (2013) Surface modification of cotton
nanocrystals with a silane agent. Cellulose 20:217-226.
https://doi.org/10.1007/s10570-012-9820-3

Derjaguin B, Landau L (1993) Theory of the stability of
strongly charged lyophobic sols and of the adhesion of
strongly charged particles in solutions of electrolytes.
Prog Surf Sci 43:30-59. https://doi.org/10.1016/0079-
6816(93)90013-L

Eichhorn SJ, Davies GR (2006) Modelling the crystal-
line deformation of native and regenerated cellu-
lose. Cellulose 13:291-307. https://doi.org/10.1007/
s10570-006-9046-3

Essmann U, Perera L, Berkowitz ML et al (1995) A smooth
particle mesh Ewald method. J Chem Phys 103:8577-
8593. https://doi.org/10.1063/1.470117

Garg M, Linares M, Zozoulenko I (2020) Theoretical ration-
alization of self-assembly of cellulose nanocrystals: effect
of surface modifications and counterions. Biomacromol
21:3069-3080. https://doi.org/10.1021/acs.biomac.0c004
69

George J, Sabapathi SN (2015) Cellulose nanocrystals: synthe-
sis, functional properties, and applications. Nanotechnol
Sci Appl 8:45. https://doi.org/10.2147/NSA.S64386

Grishkewich N, Mohammed N, Tang J, Tam KC (2017) Recent
advances in the application of cellulose nanocrystals. Curr
Opin Colloid Int Sci 29:32-45. https://doi.org/10.1016/j.
cocis.2017.01.005

Guo M, Lu BCY (1998) Long range corrections to mixture
properties of inhomogeneous systems. J Chem Phys
109:1134-1140. https://doi.org/10.1063/1.476657

Hasani M, Cranston ED, Westman G, Gray DG (2008) Cati-
onic surface functionalization of cellulose nanocrystals.
Soft Matter 4:2238-2244. https://doi.org/10.1039/b8067
89a

Heshmati V, Kamal MR, Favis BD (2018) Tuning the locali-
zation of finely dispersed cellulose nanocrystal in poly
(lactic acid)/bio-polyamidell blends. J Polym Sci Part
B Polym Phys 56:576-587. https://doi.org/10.1002/polb.
24563

Hess B, Bekker H, Berendsen HJC, Fraaije JGEM (1997)
LINCS: a linear constraint solver for molecular simula-
tions. J Comput Chem 18:1463-1472. https://doi.org/10.
1002/(SICI)1096-987X(199709)18:12%3¢c1463:: AID-
JCC4%3e3.0.CO;2-H

Huang J, Chen Y, Chang PR (2015) Surface modification of
cellulose nanocrystals for nanocomposites. Surf Modif
Biopolym  6:258-290.  https://doi.org/10.1002/97811
19044901.ch11

Humphrey W, Dalke A, Schulte K (1996) VMD : visual molec-
ular dynamics. J Mol Graph 14:33-38. https://doi.org/10.
1016/0263-7855(96)00018-5

Inai NH, Lewandowska AE, Ghita OR, Eichhorn SJ (2018)
Interfaces in polyethylene oxide modified cellulose
nanocrystal - polyethylene matrix composites. Compos
Sci Technol 154:128-135. https://doi.org/10.1016/j.comps
citech.2017.11.009

Israelachvili J (2011) Intermolecular and surface forces. Int
Surf Forces. https://doi.org/10.1016/C2009-0-21560-1

Jackson NE (2021) Coarse-graining organic semiconductors:
the path to multiscale design. J Phys Chem B 125:485—
496. https://doi.org/10.1021/acs.jpcb.0c09749

Jarzynski C (1997) Nonequilibrium equality for free energy
differences. Phys Rev Lett 78:2690-2693. https://doi.org/
10.1103/PhysRevLett.78.2690

Kaboorani A, Riedl B (2015) Surface modification of cellulose
nanocrystals (CNC) by a cationic surfactant. Ind Crops
Prod 65:45-55. https://doi.org/10.1016/j.indcrop.2014.11.
027

Kalia S, Boufi S, Celli A, Kango S (2014) Nanofibrillated cel-
lulose: surface modification and potential applications.
Colloid Polym Sci 292:5-31. https://doi.org/10.1007/
s00396-013-3112-9

Kholina EG, Kovalenko IB, Bozdaganyan ME et al (2020) Cat-
ionic antiseptics facilitate pore formation in model bacte-
rial membranes. J Phys Chem B 124:8593-8600. https://
doi.org/10.1021/acs.jpcb.0c07212

Klemm D, Heublein B, Fink HP, Bohn A (2005) Cellulose:
Fascinating biopolymer and sustainable raw material.
Angew Chemie - Int Ed 44:3358-3393. https://doi.org/10.
1002/anie.200460587

Kroon-Batenburg LMJ, Kroon J (1997) The crystal and molec-
ular structures of cellulose I and II. Glycoconj J 14:677—
690. https://doi.org/10.1023/A:1018509231331

Kubicki JD, Yang H, Sawada D et al (2018) The shape of
native plant cellulose microfibrils. Sci Rep 8:1-8. https://
doi.org/10.1038/s41598-018-32211-w

Kumar S, Rosenberg JM, Bouzida D et al (1992) THE
weighted histogram analysis method for free-energy cal-
culations on biomolecules. I the Method J Comput Chem
13:1011-1021. https://doi.org/10.1002/jcc.540130812

Larsson PA, Berglund LA, Wégberg L (2014a) Ductile all-
cellulose nanocomposite films fabricated from core-shell
structured cellulose nanofibrils. Biomacromol 15:2218—
2223. https://doi.org/10.1021/bm500360c

Larsson PA, Berglund LA, Wagberg L (2014b) Highly ductile
fibres and sheets by core-shell structuring of the cellu-
lose nanofibrils. Cellulose 21:323-333. https://doi.org/10.
1007/s10570-013-0099-9

Lee T, Sanzogni AV, Burn PL, Mark AE (2020) Evolution and
morphology of thin films formed by solvent evaporation:

@ Springer


https://doi.org/10.1063/1.2408420
https://doi.org/10.1016/j.jcis.2020.09.117
https://doi.org/10.1007/s10570-019-02909-9
https://doi.org/10.1007/s10570-019-02909-9
https://doi.org/10.1007/s10570-021-03678-0
https://doi.org/10.1007/s10570-021-03678-0
https://doi.org/10.1002/(SICI)1096-987X(199712)18:16%3c1955::AID-JCC1%3e3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-987X(199712)18:16%3c1955::AID-JCC1%3e3.0.CO;2-L
https://doi.org/10.1007/s10570-012-9820-3
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1007/s10570-006-9046-3
https://doi.org/10.1007/s10570-006-9046-3
https://doi.org/10.1063/1.470117
https://doi.org/10.1021/acs.biomac.0c00469
https://doi.org/10.1021/acs.biomac.0c00469
https://doi.org/10.2147/NSA.S64386
https://doi.org/10.1016/j.cocis.2017.01.005
https://doi.org/10.1016/j.cocis.2017.01.005
https://doi.org/10.1063/1.476657
https://doi.org/10.1039/b806789a
https://doi.org/10.1039/b806789a
https://doi.org/10.1002/polb.24563
https://doi.org/10.1002/polb.24563
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3c1463::AID-JCC4%3e3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3c1463::AID-JCC4%3e3.0.CO;2-H
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3c1463::AID-JCC4%3e3.0.CO;2-H
https://doi.org/10.1002/9781119044901.ch11
https://doi.org/10.1002/9781119044901.ch11
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.compscitech.2017.11.009
https://doi.org/10.1016/j.compscitech.2017.11.009
https://doi.org/10.1016/C2009-0-21560-1
https://doi.org/10.1021/acs.jpcb.0c09749
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1016/j.indcrop.2014.11.027
https://doi.org/10.1016/j.indcrop.2014.11.027
https://doi.org/10.1007/s00396-013-3112-9
https://doi.org/10.1007/s00396-013-3112-9
https://doi.org/10.1021/acs.jpcb.0c07212
https://doi.org/10.1021/acs.jpcb.0c07212
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1002/anie.200460587
https://doi.org/10.1023/A:1018509231331
https://doi.org/10.1038/s41598-018-32211-w
https://doi.org/10.1038/s41598-018-32211-w
https://doi.org/10.1002/jcc.540130812
https://doi.org/10.1021/bm500360c
https://doi.org/10.1007/s10570-013-0099-9
https://doi.org/10.1007/s10570-013-0099-9

9508

Cellulose (2022) 29:9493-9509

an organic semiconductor case study. ACS Appl Mater
Interfaces  12:40548-40557.  https://doi.org/10.1021/
acsami.0c08454

Lépez CA, Rzepiela AJ, de Vries AH et al (2009) Martini
coarse-grained force field: extension to carbohydrates. J
Chem Theory Comput 5:3195-3210. https://doi.org/10.
1021/ct900313w

Lépez CA, Bellesia G, Redondo A et al (2015) MARTINI
coarse-grained model for crystalline cellulose microfib-
ers. J Phys Chem B 119:465-473. https://doi.org/10.1021/
jp5105938

Marrink SJ, Risselada HJ, Yefimov S et al (2007) The MAR-
TINI force field: coarse grained model for biomolecular
simulations. J Phys Chem B 111:7812-7824. https://doi.
org/10.1021/jp071097f

Matijevi¢ E (1979) Principles of colloid and surface chemistry.
Dekker, New York M

Mazzobre MF, Roman MYV, Mourelle AF, Corti HR (2005)
Octanol-water partition coefficient of glucose, sucrose,
and trehalose. Carbohydr Res 340:1207-1211. https://doi.
org/10.1016/j.carres.2004.12.038

Mehandzhiyski AY, Zozoulenko I (2019) Computational
microscopy of PEDOT:PSS/Cellulose composite paper.
ACS Appl Energy Mater 2:3568-3577. https://doi.org/10.
1021/acsaem.9b00307

Mehandzhiyski AY, Zozoulenko I (2021) A review of cellulose
coarse-grained models and their applications. Polysaccha-
rides 2:257-270. https://doi.org/10.3390/polysaccharides
2020018

Mehandzhiyski AY, Rolland N, Garg M et al (2020) A
novel supra coarse-grained model for cellulose. Cel-
lulose 27:4221-4234. https://doi.org/10.1007/
$10570-020-03068-y

Moon RJ, Martini A, Nairn J et al (2011) Cellulose nanoma-
terials review: structure, properties and nanocomposites.
Chem Soc Rev 40:3941-3994. https://doi.org/10.1039/
c0cs00108b

Morandi G, Heath L, Thielemans W (2009) Cellulose
nanocrystals grafted with polystyrene chains through
surface-initiated atom transfer radical polymerization (SI-
ATRP). Langmuir 25:8280-8286. https://doi.org/10.1021/
1a900452a

Moreira RA, Weber SAL, Poma AB (2022) Martini 3 Model of
cellulose microfibrils: on the route to capture large confor-
mational changes of polysaccharides. Molecules 27:976.
https://doi.org/10.3390/molecules27030976

Nishiyama Y, Langan P, Chanzy H (2002) Crystal structure
and hydrogen-bonding system in cellulose If from syn-
chrotron X-ray and neutron fiber diffraction. ] Am Chem
Soc 124:9074-9082. https://doi.org/10.1021/ja0257319

Nixon BT, Mansouri K, Singh A et al (2016) Comparative
structural and computational analysis supports eighteen
cellulose synthases in the plant cellulose synthesis com-
plex. Sci Rep 6:1-14. https://doi.org/10.1038/srep28696

Nordenstrom M, Fall A, Nystrom G, Wagberg L (2017) For-
mation of colloidal nanocellulose glasses and gels. Lang-
muir 33:9772-9780. https://doi.org/10.1021/acs.langmuir.
7601832

Nordenstrom M, Benselfelt T, Hollertz R et al (2022) The
structure of cellulose nanofibril networks at low concen-
trations and their stabilizing action on colloidal particles.

@ Springer

Carbohydr Polym. https://doi.org/10.1016/j.carbpol.2022.
120046

Paajanen A, Sonavane Y, Ignasiak D et al (2016) Atom-
istic molecular dynamics simulations on the interac-
tion of TEMPO-oxidized cellulose nanofibrils in water.
Cellulose 23:3449-3462. https://doi.org/10.1007/
$10570-016-1076-x

Pall S, Zhmurov A, Bauer P et al (2020) Heterogeneous paral-
lelization and acceleration of molecular dynamics simula-
tions in GROMACS. J Chem Phys 153:134110. https://
doi.org/10.1063/5.0018516

Parrinello M, Rahman A (1981) Polymorphic transitions in
single crystals: a new molecular dynamics method. J Appl
Phys 52:7182-7190. https://doi.org/10.1063/1.328693

Phan-Xuan T, Thuresson A, Skepd M et al (2016) Aggregation
behavior of aqueous cellulose nanocrystals: the effect of
inorganic salts. Cellulose 23:3653-3663. https://doi.org/
10.1007/s10570-016-1080-1

Plappert SF, Quraishi S, Pircher N et al (2018) Transparent,
flexible, and strong 2,3-dialdehyde cellulose films with
high oxygen barrier properties. Biomacromol 19:2969—
2978. https://doi.org/10.1021/acs.biomac.8b00536

Raquez JM, Habibi Y, Murariu M, Dubois P (2013) Polylactide
(PLA)-based nanocomposites. Prog Polym Sci 38:1504—
1542. https://doi.org/10.1016/j.progpolymsci.2013.05.014

Reiling S, Brickmann J (1995) Theoretical investigations on
the structure and physical properties of cellulose. Mac-
romol Theory Simul 4:725-743. https://doi.org/10.1002/
mats.1995.040040409

Rosén T, He HR, Wang R et al (2020) Cross-sections of nano-
cellulose from wood analyzed by quantized polydispersity
of elementary microfibrils. ACS Nano 14:16743-16754.
https://doi.org/10.1021/acsnano.0c04570

Santiago Cintrén M, Johnson GP, French AD (2011) Young’s
modulus calculations for cellulose Ip by MM3 and quan-
tum mechanics. Cellulose 18:505-516. https://doi.org/10.
1007/s10570-011-9507-1

Shivgan AT, Marzinek JK, Huber RG et al (2020) Extending
the martini coarse-grained force field to N-Glycans. J
Chem Inf Model 60:3864-3883. https://doi.org/10.1021/
acs.jcim.0c00495

Shojaeiarani J, Bajwa DS, Chanda S (2021) Cellulose
nanocrystal based composites: a review. Compos Part C
Open Access 5:100164. https://doi.org/10.1016/j.jcomc.
2021.100164

Sousa FM, Lima LMP, Arnarez C et al (2021) Coarse-grained
parameterization of nucleotide cofactors and metabolites:
protonation constants, partition coefficients, and model
topologies. J Chem Inf Model 61:335-346. https://doi.org/
10.1021/acs.jcim.0c01077

Souza PCT, Alessandri R, Barnoud J et al (2021) Martini 3:
a general purpose force field for coarse-grained molecular
dynamics. Nat Methods 18:382-388. https://doi.org/10.
1038/s41592-021-01098-3

Tanaka F, Iwata T (2006) Estimation of the elastic modu-
lus of cellulose crystal by molecular mechanics simu-
lation. Cellulose 13:509-517. https://doi.org/10.1007/
$10570-006-9068-x

Tashiro K, Kobayashi M (1985) Calculation of crystallite mod-
ulus of native cellulose. Polym Bull 14:213-218. https://
doi.org/10.1007/BF00254940


https://doi.org/10.1021/acsami.0c08454
https://doi.org/10.1021/acsami.0c08454
https://doi.org/10.1021/ct900313w
https://doi.org/10.1021/ct900313w
https://doi.org/10.1021/jp5105938
https://doi.org/10.1021/jp5105938
https://doi.org/10.1021/jp071097f
https://doi.org/10.1021/jp071097f
https://doi.org/10.1016/j.carres.2004.12.038
https://doi.org/10.1016/j.carres.2004.12.038
https://doi.org/10.1021/acsaem.9b00307
https://doi.org/10.1021/acsaem.9b00307
https://doi.org/10.3390/polysaccharides2020018
https://doi.org/10.3390/polysaccharides2020018
https://doi.org/10.1007/s10570-020-03068-y
https://doi.org/10.1007/s10570-020-03068-y
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1039/c0cs00108b
https://doi.org/10.1021/la900452a
https://doi.org/10.1021/la900452a
https://doi.org/10.3390/molecules27030976
https://doi.org/10.1021/ja0257319
https://doi.org/10.1038/srep28696
https://doi.org/10.1021/acs.langmuir.7b01832
https://doi.org/10.1021/acs.langmuir.7b01832
https://doi.org/10.1016/j.carbpol.2022.120046
https://doi.org/10.1016/j.carbpol.2022.120046
https://doi.org/10.1007/s10570-016-1076-x
https://doi.org/10.1007/s10570-016-1076-x
https://doi.org/10.1063/5.0018516
https://doi.org/10.1063/5.0018516
https://doi.org/10.1063/1.328693
https://doi.org/10.1007/s10570-016-1080-1
https://doi.org/10.1007/s10570-016-1080-1
https://doi.org/10.1021/acs.biomac.8b00536
https://doi.org/10.1016/j.progpolymsci.2013.05.014
https://doi.org/10.1002/mats.1995.040040409
https://doi.org/10.1002/mats.1995.040040409
https://doi.org/10.1021/acsnano.0c04570
https://doi.org/10.1007/s10570-011-9507-1
https://doi.org/10.1007/s10570-011-9507-1
https://doi.org/10.1021/acs.jcim.0c00495
https://doi.org/10.1021/acs.jcim.0c00495
https://doi.org/10.1016/j.jcomc.2021.100164
https://doi.org/10.1016/j.jcomc.2021.100164
https://doi.org/10.1021/acs.jcim.0c01077
https://doi.org/10.1021/acs.jcim.0c01077
https://doi.org/10.1038/s41592-021-01098-3
https://doi.org/10.1038/s41592-021-01098-3
https://doi.org/10.1007/s10570-006-9068-x
https://doi.org/10.1007/s10570-006-9068-x
https://doi.org/10.1007/BF00254940
https://doi.org/10.1007/BF00254940

Cellulose (2022) 29:9493-9509

9509

Tashiro K, Kobayashi M (1991) Theoretical evaluation of
three-dimensional elastic constants of native and regener-
ated celluloses: role of hydrogen bonds. Polymer (guildf)
32:1516-1526. https://doi.org/10.1016/0032-3861(91)
90435-L

Tsanai M, Frederix PWJIM, Schroer CFE et al (2021) Coac-
ervate formation studied by explicit solvent coarse-grain
molecular dynamics with the Martini model. Chem Sci
12:8521-8530. https://doi.org/10.1039/d1sc00374g

Turner S, Kumar M (2018) Cellulose synthase complex organi-
zation and cellulose microfibril structure. Philos Trans R
Soc A Math Phys Eng Sci 376:20170048. https://doi.org/
10.1098/rsta.2017.0048

Vainikka P, Thallmair S, Souza PCT, Marrink SJ (2021) Mar-
tini 3 coarse-grained model for Type III deep eutectic sol-
vents: thermodynamic, structural, and extraction proper-
ties. ACS Sustain Chem Eng 9:17338-17350. https://doi.
org/10.1021/acssuschemeng.1c06521

Van Gunsteren WF, Berendsen HIC (1988) A leap-frog algo-
rithm for stochastic dynamics. Mol Simul 1:173-185.
https://doi.org/10.1080/0892702880808094 1

Vazquez-Salazar LI, Selle M, De Vries AH et al (2020) Mar-
tini coarse-grained models of imidazolium-based ionic
liquids: from nanostructural organization to liquid-liquid

extraction. Green Chem 22:7376-7386. https://doi.org/10.
1039/d0gc01823f

Verwey EJW (1947) Theory of the stability of lyophobic col-
loids. J Phys Colloid Chem 51:631-636. https://doi.org/
10.1021/j150453a001

Wohlert J, Berglund LA (2011) A coarse-grained model for
molecular dynamics simulations of native cellulose. J
Chem Theory Comput 7:753-760. https://doi.org/10.
1021/ct100489z

Zhang L, Ruan D, Gao S (2002) Dissolution and regeneration
of cellulose in NaOH/Thiourea aqueous solution. J Polym
Sci Part B Polym Phys 40:1521-1529. https://doi.org/10.
1002/polb.10215

Zhang Q, Bulone V, Agren H, Tu Y (2011) A molecular
dynamics study of the thermal response of crystalline cel-
lulose IP. Cellulose 18:207-221. https://doi.org/10.1007/
$10570-010-9491-x

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1016/0032-3861(91)90435-L
https://doi.org/10.1016/0032-3861(91)90435-L
https://doi.org/10.1039/d1sc00374g
https://doi.org/10.1098/rsta.2017.0048
https://doi.org/10.1098/rsta.2017.0048
https://doi.org/10.1021/acssuschemeng.1c06521
https://doi.org/10.1021/acssuschemeng.1c06521
https://doi.org/10.1080/08927028808080941
https://doi.org/10.1039/d0gc01823f
https://doi.org/10.1039/d0gc01823f
https://doi.org/10.1021/j150453a001
https://doi.org/10.1021/j150453a001
https://doi.org/10.1021/ct100489z
https://doi.org/10.1021/ct100489z
https://doi.org/10.1002/polb.10215
https://doi.org/10.1002/polb.10215
https://doi.org/10.1007/s10570-010-9491-x
https://doi.org/10.1007/s10570-010-9491-x

	Martini 3 model of surface modified cellulose nanocrystals: investigation of aqueous colloidal stability
	Abstract 
	Graphical abstract 

	Introduction
	Computational methods
	Martini 3 model and simulation details
	Atomistic simulations
	Partitioning free energy calculations
	X-ray diffraction (XRD) analysis
	Elastic modulus
	Potential of mean force
	Number of contacts

	Results and discussion
	Cellulose modelling and analysis
	Surface-modified CNCs
	Surface-modified CNC interactions
	Dispersions and colloidal stability

	Conclusion
	Acknowledgments 
	References




