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ABSTRACT: Controlling interactions between cellulose-
based materials and membranes of living cells is critical in
medicine and biotechnology in, for example, wound dressing,
tissue engineering, hemodialysis membranes, and drug
transport. Cellulose acetylation is a widely used approach to
tuning those interactions. Surprisingly, however, detailed
interactions of acetylated cellulose and membranes have
thus far not been characterized. Using atomistic molecular
dynamics (MD) simulations, we show that the key to such
control is hydrogen bonds: by tuning the number of hydrogen
bonds between tissue (cell membranes) and cellulose, binding
can be controlled in a precise manner. We demonstrate that the acetylation of each hydroxymethyl group reduces the free
energy of cellulose−membrane binding by an order of magnitude as compared to that of pristine cellulose. Remarkably, this
acetylation-induced weakening does not occur gradually and is characterized by a sharp threshold in the degree of substitution,
beyond which the microscopic character of lipid−cellulose interactions changes drastically. When the degree of substitution
does not exceed 0.125, the cellulose−lipid interactions are mainly driven by hydrogen bonding between cellulose’s hydroxyl
groups and phosphate groups of lipid molecules. This results in the tight binding of a cellulose crystal and a lipid bilayer. Larger
degrees of substitution (here, 0.25 and 0.5) prevent hydrogen bonding, leading to rather weak and unstable cellulose−bilayer
binding. In this case, the lipid−cellulose binding is controlled by the interactions of lipid choline groups with
hydroxyl(hydroxymethyl) groups and carbonyl groups of acetyl moieties of acetylated cellulose.

■ INTRODUCTION

Cellulose-based materials are biocompatible, nontoxic, and
relatively cheap. This makes them very attractive for numerous
biomedical and biotechnological applications.1−4 Many
applications imply direct contacts of cellulose with living
tissues and correspondingly with the surface of cells. Important
examples include wound dressing,5 biomimetic scaffolds for
tissue engineering,6,7 and hemodialysis membranes.8,9 There-
fore, the use of cellulose-based materials often requires a
thorough knowledge of cellulose’s interactions with the
surfaces of living cells and tuning these interactions.
Remarkably, the interactions of cellulose-based materials

with plasma membranes can be critical for the biocompatibility
of cellulose, as can be exemplified by undesirable interactions
of cellulosic dialysis membranes with blood cells.8 Recent
atomic-scale computer simulations revealed the existence of
the strong binding of model cell membranes (phospholipid
bilayers) with the surface of a cellulose crystal, which leads to a

pronounced change in the structural properties of the bilayer
leaflet in direct contact with cellulose. It was shown that such
strong cellulose−phospholipid binding was mainly driven by
the formation of hydrogen bonds between phosphate groups of
lipids and hydroxyl (hydroxymethyl) groups of cellulose,10

making these functional groups primary targets for tuning the
interactions between cellulose and lipid components of cell
membranes.
In general, various chemical modifications are widely used to

change the surface properties of cellulose materials; these
include polymer grafting, cationization (aimed at the
antimicrobial activity of cellulose), esterification, and others.11

The simplest way to “deactivate” hydroxyl groups on the
cellulose surface is to substitute them with acetyl groups
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(acetylation).12−14 This reduces the ability of the cellulose
surface to form hydrogen bonds with the environment, making
the surface less hydrophilic. In particular, acetylation is
normally employed to weaken the impact of cellulosic dialysis
membranes on blood cells; dialysis membranes based on
unmodif ied cellulose are not in use anymore.8,9 Given the
importance of acetylated cellulose, it is surprising that there is
currently a complete lack of computational studies; they have
the ability to reveal the interaction mechanisms and thus allow
for controlled tuning of the interaction strength.
To gain molecular-level insight into the impact of acetylation

on the interactions of cellulose with model cell membranes, we
employ atomic-scale MD simulations. As the simplest model of
the cell membrane, we consider here a bilayer built from
phosphatidylcholine (PC) lipids that represents a major
component of zwitterionic phospholipids in the outer leaflets
of eukaryotic plasma membranes.15,16 Such membranes are
commonly used as model membranes in both experiments and
simulations. For an in-depth discussion of membrane models,
see Marrink et al.17 Other main components of plasma
membranes (e.g., sphingomyelin and cholesterol), being
species with different hydrogen-bonding characteristics, are
also of interest and can be considered in the future. We used
both biased umbrella sampling and unbiased simulations to
study bilayer interactions with the acetylated surface of a
cellulose crystal at various values of the degree of substitution.
For acetylation, we used only hydroxymethyl groups of
cellulose (at the O6 position of atoms, see Figure 1) because

these groups are the primary targets for most chemical
modifications of cellulose.18 We show that upon increasing
acetylation, the nature of binding changes in an almost
switchlike manner because of a change in the dominant
binding mechanism from hydrogen bonds to nondirectional
binding.

■ MODELS AND METHODS
The acetylation of cellulose is characterized by the degree of
substitution (DS), defined as the number of substituted groups per
cellulose monomer. Each monomer has three OH groups available for
substitution (Figure 1). We focus on surface modification; that is, DS
cannot exceed 1.5. Because hydroxymethyl groups C6−O6 are known
to be the primary targets for cellulose modification,18 only these

groups were considered and DS was systematically varied from 0.0625
(every eighth O6 group acetylated) to 0.5 (each O6 group
acetylated). Acetyl groups were evenly distributed over the cellulose
surface. Because we consider a crystal with a relatively small surface
area, it is unlikely that a random placement of acetyl groups would
affect the results to a large extent. A pristine cellulose−POPC system
was used as the baseline.10 Table 1 shows the details.

Atomic-scale MD simulations of palmitoyl-oleoyl-phosphatidyl-
choline (POPC) lipid bilayers interacting with acetylated cellulose
surfaces were performed. The system setup was the same as in our
previous study.10 Briefly, the naturally occurring Iβ structure was used
with a crystal consisting of 3 layers of cellulose chains with 12 chains
per layer (each chain comprises 12 cellulose monomers, Figure 2).

Because we focus on the interactions with the chemically modified
surface of a cellulose crystal, the inner structure of the crystal was kept
rigid in line with previous studies.10,19 Furthermore, a cellulose crystal
is indeed rigid at the length scales considered. A bilayer consisting of
148 POPC lipids was chosen to have a larger surface area compared
to that of the cellulose crystal. Such a setup allows the bilayer to move
with respect to the cellulose surface, thus overcoming the known
limitations of lipid bilayers on a solid support.19−22 Each cellulose−
bilayer system was hydrated with ∼12 000 water molecules, and the
total number of atoms was ∼65 500. The size of the cellulose bilayer
has been shown to be suitable for reliable free-energy calculations.10

Figure 1. Atom numbering of a cellulose dimer with an acetylated
hydroxymethyl group (C6−O6). The acetyl group is marked with the
letters X and Y (CY6, OX6, and CX6). The OH groups that can be
methylated are O3, O2, O6, O12, O13, and O16. Only half of these
six groups can be on the surface, and thus the maximum number of
OH groups per cellulose monomer available for acetylation is 1.5. The
primary target for acetylation is C6−O6, and that is the only one
considered here. Thus, the maximum degree of substitution here is
0.5.

Table 1. Simulated Acetylated Cellulose/Lipid Membrane
Systems

system DSa DS-O6b simulation time (ns)

AC-0.0c 0.0 0.0 600
AC-0.0625 0.0625 0.125 600
AC-0.125 0.125 0.25 600
AC-0.25 0.25 0.5 600
AC-0.5 0.5 1.0 600
AC-PMF-0.0c 0.0 0.0 32 × 100
AC-PMF-0.0625 0.0625 0.125 32 × 100
AC-PMF-0.125 0.125 0.25 32 × 100
AC-PMF-0.25 0.25 0.5 32 × 100
AC-PMF-0.5 0.5 1.0 32 × 100

aDegree of substitution. bDegree of substitution calculated for
hydroxymethyl (C6−O6) groups only. cData taken from ref 10.

Figure 2. Snapshot of a POPC lipid bilayer in the vicinity of the
acetylated surface of a cellulose crystal. POPC lipids are shown in
cyan, red, and blue, a cellulose crystal is shown in ice blue, and acetyl
functional groups on the crystal surface are shown in orange. The
boundaries of a simulation box are shown by black lines. Water is not
shown for clarity.
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Furthermore, possible finite size effects due to periodic boundary
conditions were proven to be negligible for supported lipid bilayers
with a cellulose crystal as the support.19

Extensively validated CHARMM3523,24 and CHARMM3625 force
fields were used for cellulose and lipids, respectively. For water, the
CHARMM version of the TIP3P model was used.26 The structure of
the crystal was kept rigid by imposing position restraints on all heavy
atoms of the monosaccharide rings except hydroxyl, hydroxymethyl,
and acetyl groups. All simulations were performed in the NPT
ensemble (T = 310 K and P = 1 bar) using the Gromacs 5.1.4
simulation suite.27 For pre-equilibration, we used the Berendsen
scheme28 for both the thermostat and barostat. For production runs,
we employed the Nose−́Hoover thermostat29,30 and the Parrinello−
Rahman barostat.31 The thermostat was applied separately to
acetylated cellulose, phospholipids, and water molecules, and pressure
was controlled semiisotropically. All bonds with hydrogen atoms were
constrained with the P-LINCS algorithm.32 Periodic boundary
conditions were applied in all directions. The particle-mesh Ewald
method (PME)33 with a real-space cutoff of 1.2 nm was used for
electrostatic interactions. The time step was 2 fs.
To evaluate the free energy of bilayer−cellulose surface binding, we

used the umbrella sampling technique.34 The corresponding protocol
was developed and systematically tested in our previous study.10 In
line with ref 10, a POPC bilayer was first placed in the water phase
parallel to the surface of a cellulose crystal. Because all five acetylated
cellulose crystals considered in our study differ in their surface
chemistry (i.e., in the value of DS, see Table 1), we chose the distance
between the centers of mass (COM) of the bilayer and the unmodif ied
cellulose crystal (in the direction perpendicular to the bilayer surface)
as the reaction coordinate. This ensures that the reaction coordinate
does not depend on the degree of acetylation. The initial distance
between the bilayer and the crystal was set to 5.8 nm. The pull code
supplied with the Gromacs suite27,35 was used to generate starting
configurations for umbrella sampling. A POPC bilayer was slowly
pulled along the reaction coordinate with a velocity of 0.0001 nm/ps
and a force constant of 1000 kJ mol−1 nm−2. When the bilayer
approached the surface of a crystal, both the velocity and force
constant were increased to 0.05 nm/ps and 3000 kJ mol−1 nm−2,
respectively. After initial pulling, 32 windows were extracted with the
reaction coordinate in the range of 2.7−5.8 nm, which was previously

shown to be wide enough to describe the partitioning of a cellulose
crystal from the water phase to the lipid/water interface of a bilayer.
The spacing between windows was 0.1 nm. Each window was then
simulated for 100 ns with the force constant set to 3000 kJ mol−1

nm−2. The convergence of the PMF profiles was achieved after the
first 20 ns so that the last 80 ns was used for free-energy calculations.
The Gromacs implementation27,35 of the weighted histogram analysis
(WHAM) method36 was employed to evaluate the potential of mean
force (PMF). Statistical errors were estimated using bootstrapping
analysis.35

The free-energy calculations were complemented with unbiased
MD simulations. As starting configurations, we used generated
windows for PMF calculations with the reaction coordinate equal to
4.2 nm. Each cellulose−bilayer system was first pre-equilibrated for 20
ns, and the production run for each system was extended to 600 ns
(Table 1). This allowed us to follow unbiased binding of the POPC
bilayer to the acetylated surface of a cellulose crystal. As seen in
Figure S1, the initial binding (equilibration) in cellulose/lipid systems
takes about 300 ns, so the second half of the 600 ns trajectory was
used to study the structural properties.

■ RESULTS AND DISCUSSION

The free energy of binding was computed first to determine if
there are qualitative changes when the DS is varied. Figure 3
shows our main finding that binding depends on acetylation in
an almost switchlike manner: the acetylation of cellulose
weakens the cellulose−lipid interactions considerably, and the
character of lipid−cellulose interactions changes drastically. In
the following text, we focus on the mechanisms behind this
behavior.
Although all of the PMF profiles in Figure 3a have a

minimum, the depth decreases with increasing DS: The
minimum takes values of 136, 67, 39, 24, and 12 kJ/mol with
respect to bulk water for the systems with DS equal to 0.0,
0.0625, 0.125, 1.25, and 0.5, respectively. Close-ups of the
interfaces of four representative systems are shown in Figure
3b−e. Note that these energies correspond to the crystal
surface that consists of 12 chains and therefore depend on the

Figure 3. (a) Free-energy profile for the binding of a POPC lipid bilayer from aqueous solution to the acetylated surface of a cellulose crystal. The
legend shows the degree of substitution (Table 1). For consistency, reaction coordinate z was chosen to be the distance along the z axis (the bilayer
normal) between the centers of mass of a bilayer and an unmodified cellulose crystal. (b−e) Snapshots from the contact area. Acetylated groups of
cellulose are shown in orange; hydroxyl groups of the cellulose surface are shown in red and white; choline and phosphate groups of lipids are
shown in blue and green, respectively. Between DS = 0.0 and 0.125, hydrogen bonds dominate binding with a well-defined free-energy minimum
with respect to bulk water, but at higher DS, the binding mode changes. Detailed H-bonding data is shown in Table 2, and the prevalence of
different contacts is shown in Table 3.
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surface area of a cellulose crystal. Normalizing them by the
number of cellulose dimers (72) on the surface gives a more
universal estimate of the free energy of binding: 1.89, 0.93,
0.54, 0.33, and 0.17 kJ/mol per cellulose dimer for the systems
with DS equal to 0.0, 0.0625, 0.125, 0.25, and 0.5, respectively.
For comparison, the thermal energy is about 2.5 kJ/mol.
Remarkably, the acetylation of each hydroxymethyl group (C6-
06, system AC-PMF-0.5) reduces the free energy of cellulose−
bilayer binding by an order of magnitude.
Figure 3a also shows that the PMF curves differ not only by

the depth of the minima with respect to bulk water but also by
their shapes. Indeed, the free-energy profiles can be divided
into two qualitatively different groups: PMF curves with a well-
defined minimum (DS equal to 0.0, 0.0625, and 0.125) and the
ones characterized by a shallow profile (DS equal to 0.25 and
0.5). These two groups are well separated in terms of the
positions of the free-energy minima that are located at 3.27,
3.41, 3.49, 3.76, and 4.02 nm for DS equal to 0.0, 0.0625,
0.125, 0.25, and 0.5, respectively.
Given that the length of an acetyl group along the reaction

coordinate is ∼0.2 nm, the observed difference of 0.27 nm in
the position of the PMF minima for systems with DS = 0.125
and 0.25 cannot be explained just by an elevated number of
acyl groups on the cellulose surface: the character of the
phospholipid−cellulose interactions changes when the DS
exceeds a threshold value of about 0.125 (i.e., when more that

one-fourth of the hydroxymethyl groups on the cellulose
surface are acetylated).
The above conclusions are also supported by unbiased

simulations in which the POPC bilayer and the acetylated
cellulose crystal were initially placed at a COM distance of 4.2
nm from each other (Figure S1); the data for the AC-0.0
system was taken from ref 10. In addition to structural
information, such simulations can provide insight into the
kinetics of cellulose−bilayer binding without any biased
potentials applied. As with the free-energy calculation, all
curves for the bilayer−cellulose distance can be divided into
two groups: the POPC bilayer binds tightly to the acetylated
surface when the DS is equal to 0.0, 0.0625, and 0.125. At
larger DS values, the bilayer−cellulose binding becomes very
weak. All in all, both the free energy and unbiased MD
simulations clearly show that the nature of bilayer−cellulose
interactions depends critically on the degree of acetylation of
the cellulose surface: at DS values above 0.125, the interactions
become weak and unstable. Importantly, the equilibrium
cellulose−bilayer distances in unbiased simulations correlate
well with the corresponding positions of the minima of PMF
profiles (Figures S1 and 3a).
To obtain insight into the acetylated cellulose−bilayer

interactions, the mass density profiles were computed first. The
results in Figure S2 show that acetylation has an impact on the
bilayer structure: at DS = 0.5, there is no overlap between
lipids and cellulose, but with decreasing DS, a gradual overlap

Figure 4. Component-wise mass density profiles for key atoms of lipid headgroups and acetylated cellulose as a function of the distance from the
bilayer center (z = 0). Shown are results for nitrogen (black lines) and phosphorus (orange lines) atoms of POPC lipids, for oxygen atoms O6 of
cellulose’s hydroxymethyl groups (green lines), and for the following atoms of acetyl moieties of surface-modified cellulose: carbon atoms of methyl
groups (blue lines) and oxygen atoms of carbonyl groups (red lines).
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emerges, indicating an increase in the strength of lipid−
cellulose interactions. Remarkably, for the AC-0.0625 system
the interactions are strong enough to induce asymmetry in the
density profiles of the opposite leaflets of the bilayer (two
peaks instead of one, Figure S2). Such asymmetry has also
been observed for pristine cellulose.10

To gain more detailed information about the lipid−
acetylated cellulose interactions, component-wise mass density
profiles for the key atoms were computed: nitrogen and
phosphorus atoms of the polar lipid headgroups, oxygen atoms
O6 of cellulose’s hydroxymethyl groups, and carbon (CY6)
and oxygen (OX6) atoms of the acetyl groups (Figure 4).
For the system with the highest degree of acetylation (DS =

0.5), the equilibrium distance between the cellulose crystal and
the POPC bilayer is characterized by an almost complete lack
of lipid−cellulose contacts. This picture changes when the
degree of acetylation decreases: for the systems with DS ≤
0.25, the density profiles of the choline groups (N) and
carbonyl moieties of the acetyl groups (OX6) start to overlap,
a signature of interactions between these groups. Remarkably,
as an indication of two binding mechanisms, the density
profiles for OX6 atoms develop two peaks for the AC-0.25 and
AC-0.125 systems (Figure 4b,c). Furthermore, at DS equal to
0.125 and 0.0625 the N−OX6 interactions become rather
strong and induce a noticeable change in the shape of the
density profile of choline groups.
When DS ≤ 0.125, a new binding mechanism between the

lipids’ phosphate groups and the O6 oxygen atoms of
cellulose’s hydroxymethyl groups (Figure 4c) becomes
dominant (observe the shifting of the peaks); in the case of
pristine cellulose, the interactions between phosphate and
hydroxyl groups correspond to the formation of cellulose−lipid
hydrogen bonds and have been found to be critical for tight
binding between the cellulose and the lipid bilayer (ref 10 and
Figure S3).
Table 2 shows the average number of hydrogen bonds

between the POPC phosphate groups and various hydroxyl

groups on the cellulose surface. The following definition was
used for hydrogen bonds: the donor−acceptor distance and
the hydrogen donor−acceptor angle were smaller than 0.35 nm
and 30°, respectively. Remarkably, Table 2 shows that cellulose
acetylation with DS equal to 0.5 and 0.25 leads to a complete
lack of cellulose−bilayer hydrogen bonds. We recall that only
hydroxymethyl groups C6−O6 were subject to acetylation.
Nevertheless, in both AC-0.5 and AC-0.25 systems there were
no hydrogen bonds between lipids, and the O12 and O13
hydroxyl groups were formed. This finding sets the minimal
degree of acetylation needed to prevent tight binding between
cellulose-based material and a model biological membrane: the

acetylation of just half of cellulose’s hydroxymethyl groups
should suffice.
At DS ≤ 0.25, lipid−cellulose hydrogen bonds are formed

(Figure 5). Similar to pristine cellulose,10 the major

contribution to these hydrogen bonds comes from cellulose’s
hydroxymethyl groups (C6−O6) because they are longer and
accessible to the phosphate groups of the POPC lipids (Table
2). Changes in cellulose−lipid hydrogen bonding are the
underlying reason for the tight binding of a phospholipid
bilayer to the cellulose surface.
For higher degrees of substitution (0.25 and 0.5), the

bilayer−cellulose binding is rather weak and driven by
interactions other than hydrogen bonding. To characterize
them, Figure 6 shows the radial distribution functions (RDFs)
of the choline groups of the POPC lipids and the various
oxygen atoms on the cellulose surface: hydroxyl (O12 and
O13) groups, hydroxymethyl (O6) groups, and carbonyl
groups of acetyl moieties (OX6); see Figure 1 for atom
numbering. As the figure shows, and consistent with the
analyses above, the RDF curves can be divided into two
groups: the RDFs for AC-0.25 and AC-0.5 differ considerably
from the rest of the systems. In particular, the RDFs of the
system with all hydroxymethyl groups acetylated (DS = 0.5)
develop no sharp maxima, with the exception of a very small
peak for the N-OX6 RDF (Figure 1). In turn, although one can
distinguish RDF maxima for the AC-0.25, these maxima are
much less pronounced compared to those for the systems with
smaller degrees of acetylation. As seen in Table 3, all of these
conclusions are further confirmed by the average numbers of
contacts between lipid choline groups and oxygen atoms of
acetylated cellulose. Thus, at DS > 0.125 the interactions of the
lipid choline groups with the hydroxyl and acetyl groups of
cellulose are mainly responsible for the weak binding of the
lipid bilayer with the acetylated cellulose surface, providing an
alternative molecular mechanism of binding, which does not
involve hydrogen bonding.

Table 2. Number of Hydrogen Bonds between the Lipid
Headgroups and Hydroxyl (Hydroxymethyl) Groups of
Cellulose (per Cellulose Dimer)a

O12 O13 O6

AC-0.0 0.08 ± 0.01 0.10 ± 0.01 0.16 ± 0.01
AC-0.0625 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01
AC-0.125 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
AC-0.25 0.0 0.0 0.0
AC-0.5 0.0 0.0 0.0

aSee Figure 1 for atom numbering.

Figure 5. Schematic representation of hydrogen bonds formed in a
cellulose−bilayer system. Shown are three types of hydrogen bonds
(depicted by red dotted lines): lipid−cellulose, cellulose−water, and
lipid−water bonds. Cellulose chains are shown in green, hydroxyl
groups of the cellulose surface are shown in red and white, a
phosphate group is shown in brown, phosphate’s oxygen atoms are
shown in red, a lipid’s nitrogen atom is shown in blue, lipid acyl
chains are shown in cyan, and two water molecules are shown in red
and white.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b02453
Langmuir 2019, 35, 13753−13760

13757

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b02453/suppl_file/la9b02453_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.9b02453/suppl_file/la9b02453_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.9b02453


Finally, we consider the impact of acetylated cellulose on the
hydration of POPC lipid bilayers. A local level of hydration
(the first hydration shell) can be characterized by the number
of hydrogen bonds formed with water molecules (Figure 5).
This is shown in Table 4 for both cellulose and lipid bilayers.
Note that the average numbers of phosphatidylcholine−water
hydrogen bonds (Table 4) are in line with previously reported
computational data (around six H-bonds).37 Given that the
precise value of this characteristics is force-field-sensitive and

that the CHARMM36 force field gives slightly enhanced PC
hydration compared to other atomic-scale force fields,38 our
results are in fair agreement with earlier MD studies of lipid
bilayers.
For POPC bilayers, one can see a gradual increase in the

number of hydrogen bonds with water when the DS increases;
that is, acetylation weakens cellulose−bilayer binding. A similar
trend is observed for the cellulose surface although the picture
is more complex, as can be seen from the comparison of AC-
0.0625 and AC-0.125 systems: in addition to the effect
observed for POPC bilayers, acetylation decreases the
hydrophilicity of the cellulose surface and hence lessens the
ability of cellulose to form hydrogen bonds with water.
Overall, the influence of acetylated cellulose on the local

hydration of lipid bilayers is relatively small. However, when it
comes to the hydration of the bilayer−cellulose interfacial
region, one could expect much more pronounced effects
because acetylation with small DS values leads to considerably
smaller cellulose−bilayer COM distances (Figures S1 and 3).
To this end, the average number of water molecules in the
interfacial cellulose−lipid regions was calculated, and it was
found that it amounts to 10.5 ± 0.1, 13.9 ± 0.2, 15.6 ± 0.2,

Figure 6. Radial distribution functions (RDFs) of nitrogen atoms of lipids’ choline groups and oxygen atoms of hydroxyl (O12 and O13) and
hydroxymethyl (O6) groups on the surface of a cellulose crystal as well as oxygen atoms of carbonyl groups of acetyl moieties (OX6).

Table 3. Number of Contacts of Nitrogen Atoms of Lipid Choline Groups with Oxygen Atoms of Hydroxyl, Hydroxymethyl,
and Carbonyl Groups of Acetylated Cellulose (per Cellulose Dimer)

O12 O13 O6 OX6

AC-0.0 0.65 ± 0.01 0.42 ± 0.01 0.71 ± 0.01
AC-0.0625 0.42 ± 0.01 0.27 ± 0.01 0.56 ± 0.01 0.06 ± 0.01
AC-0.125 0.31 ± 0.01 0.20 ± 0.01 0.40 ± 0.01 0.08 ± 0.01
AC-0.25 0.05 ± 0.01 0.02 ± 0.01 0.06 ± 0.01 0.05 ± 0.01
AC-0.5 0.0 0.0 0.0 0.02 ± 0.01

Table 4. Number of Hydrogen Bonds between POPC Lipids
and Cellulose (per Lipid), between POPC Lipids and Water
(per Lipid), and between Cellulose and Water (per
Cellulose Dimer)

lipid−cellulose lipid−water cellulose−water
AC-0.0 0.36 ± 0.01 6.55 ± 0.02 4.20 ± 0.02
AC-0.0625 0.06 ± 0.01 7.03 ± 0.01 4.87 ± 0.01
AC-0.125 0.03 ± 0.01 7.10 ± 0.01 4.84 ± 0.02
AC-0.25 0.0 7.19 ± 0.01 5.18 ± 0.01
AC-0.5 0.0 7.21 ± 0.01 5.02 ± 0.01
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23.1 ± 0.4, and 27.4 ± 0.3 water molecules per lipid for the
AC-0.0, AC-0.0625, AC-0.125, AC-0.25, and AC-0.5 systems,
respectively. Again, one can witness a gap in the hydration
between the systems with DS equal to 0.0, 0.0625, and 0.125
and the rest of the systems. Remarkably, it turns out that the
acetylation of each hydroxymethyl group on the surface of a
cellulose crystal increases the hydration level of the interfacial
cellulose−bilayer region by a factor of 3 as compared to
pristine cellulose.

■ CONCLUSIONS
A thorough understanding of molecular mechanisms behind
the cellulose−membrane interactions is critical to the use of
cellulose-based materials in medicine and biotechnology in
order to be able to tune such interactions through surface
modifications of cellulose. One of the simplest and most widely
used modifications is acetylation, that is, the substitution of
hydroxyl groups with less hydrophilic acetyl groups.
In this work, we employed both biased and unbiased atomic-

scale MD simulations of phosphatidylcholine model lipid
bilayers interacting with the acetylated surface of a cellulose
crystal. The degree of acetylation (the number of substituted
groups per cellulose monomer) was systematically varied
between 0.0 and 0.5; only the hydroxymethyl groups of
cellulose (Figure 1) were acetylated because these groups are
often considered to be the primary targets for the chemical
modification of cellulose.
Our main results are the following: We show that the free

energy of cellulose−lipid bilayer binding depends on
acetylation in an almost switchlike manner. We identify the
physical origin of this behavior to be switching from hydrogen-
bond-dominated lipid−cellulose interactions to interactions
with choline groups. The acetylation of each hydroxymethyl
group on the surface of a cellulose crystal reduces the free
energy of cellulose−lipid bilayer binding with respect to bulk
water by an order of magnitude from 1.89 to 0.17 kJ/mol per
cellulose dimer for pristine cellulose and cellulose with the
degree of substitution equal to 0.5, respectively. In particular,
when the degree of acetylation does not exceed 0.125 (every
fourth hydroxymethyl group is acetylated), the cellulose−lipid
interactions are driven by hydrogen bonding between
cellulose’s hydroxyl and lipids’ phosphate groups. These
interactions are characterized by a relatively large free energy,
leading to tight binding and to considerable dehydration of the
lipid−cellulose interfacial region. Second, when the degree of
substitution is increased to 0.25, hydrogen bonding between
cellulose and lipids is blocked, leading to weak and unstable
cellulose−bilayer binding. Instead of hydrogen bonds, the
lipid−cellulose binding becomes controlled by the interactions
of lipid choline groups with the hydroxyl(hydroxymethyl) and
carbonyl groups of the acetyl moieties of acetylated cellulose.
Importantly, this finding sets the minimal degree of acetylation
(half of cellulose’s hydroxymethyl groups) needed to avoid
tight binding between cellulose-based material and model
biological membranes. Finally, we showed that cellulose with a
degree of acetylation of as small as 0.0625 impacts the
structural properties of the bilayer leaflet next to it.
We note that all of the above conclusions are made on the

basis of studying single-component phosphatidylcholine lipid
bilayers. Accounting for other major lipid components of the
outer leaflets of plasma membranes (such as sphingomyelin)
could enhance the lipid−cellulose hydrogen bonding10 and
therefore shift the reported threshold degree of substitution to

larger values. However, the overall physical picture most likely
remains unchanged.
All in all, our computational findings serve as a basis for the

rational tuning of the interactions between cellulose-based
materials and lipid components of cell membranes via cellulose
acetylation. We also note that the degrees of substitution are
realistic and used in applications.12
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