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A B S T R A C T   

Secondary plant cell walls are composed of carbohydrate and lignin polymers, and collectively represent a significant renewable resource. Leveraging these resources 
depends in part on a mechanistic understanding for diffusive processes within plant cell walls. Common wood protection treatments and biomass conversion pro
cesses to create biorefinery feedstocks feature ion or solvent diffusion within the cell wall. X-ray fluorescence microscopy experiments have determined that ionic 
diffusion rates are dependent on cell wall hydration as well as the ionic species through non-linear relationships. In this work, we use classical molecular dynamics 
simulations to map the diffusion behavior of different plant cell wall components (cellulose, hemicellulose, lignin), ions (Na+, K+, Cu2+, Cl− ) and water within a 
model for an intact plant cell wall at various hydration states (3–30 wt% water). From these simulations, we analyze the contacts between different plant cell wall 
components with each other and their interaction with the ions. Generally, diffusion increases with increasing hydration, with lignin and hemicellulose components 
increasing diffusion by an order of magnitude over the tested hydration range. Ion diffusion depends on charge. Positively charged cations preferentially interact with 
hemicellulose components, which include negatively charged carboxylates. As a result, positive ions diffuse more slowly than negatively charged ions. Measured 
diffusion coefficients are largely observed to best fit piecewise linear trends, with an inflection point between 10 and 15% hydration. These observations shed light 
onto the molecular mechanisms for diffusive processes within secondary plant cell walls at atomic resolution.   

1. Introduction 

Wood and other forms of lignocellulosic biomass constitute an 
abundant natural resource with a tremendous capacity to provide sus
tainable fuels, chemicals, and materials for a variety of applications (Zhu 
et al., 2016). Biorefineries seek to employ conversion strategies to 
deconstruct lignocellulosic biopolymers into smaller molecules that can 
be subsequently converted into fuels or platform chemicals, recreating 
the petrochemical products with a smaller temporal gap between 
photosynthesis and utilization (Cherubini, 2010; de Jong and Jungme
ier, 2015). These conversion strategies employ biochemical processes 
such as enzymatic hydrolysis and fermentation, and thermochemical 
pathways such as pyrolysis and catalytic upgrading, to drive trans
formation of biomass-derived molecules into desirable products. Wood 
is also intrinsically valuable as a sustainable construction material for a 
wide range of applications, including furniture, tools, and buildings 
(Jakes et al., 2016). More recently, mass timber products like cross- 

laminated timber panels have been developed and become viable al
ternatives to nonrenewable steel and concrete materials for the con
struction of mid- to high-rise buildings (Brandner et al., 2016). 

Understanding and controlling transport of ions and small molecules 
throughout wood and lignocellulosic biomass is critical to both bio
refining and materials applications. For example, biological conversion 
scenarios use oraganosolv (Sarkar et al., 2023; Thoresen et al., 2020) 
and thermochemical pretreatments to enhance the yields of enzymatic 
hydrolysis (Kothari et al., 2018; Xu et al., 2016). Such pretreatments 
involve infiltration of the biomass with mineral acids and bases such as 
sulfuric acid and sodium hydroxide, which diffuse into cell walls to 
depolymerize non-structural polysaccharides and thereby provide better 
access for cellulase enzymes during saccharification (Mosier et al., 
2005). Similarly, biomass fractionation processes often require diffusion 
of small molecular solvents into the cell walls to enable extraction of 
select biopolymer components (Thornburg et al., 2020). 

For construction material applications, transport processes through 
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woody cell wall materials is also important for creating durable adhesive 
bonds (Hunt et al., 2018a), chemically modifying wood (Hill, 2006; 
Plaza et al., 2022), and wood preservation treatments (Ibach et al., 2022; 
Kirker and Lebow, 2021). Wood degradation mechanisms, such as 
fungal decay (Ibach et al., 2022; Kirker et al., 2017) and metal fastener 
corrosion (Zelinka et al., 2019, 2010), are also controlled by transport. 
These types of degradation limit the utility of wood in high moisture 
environments. An improved understanding of transport mechanisms 
would accelerate the development of more environmentally friendly 
wood preservation treatments and improved resistance to degradation, 
thereby expanding the market for sustainable wood construction ma
terials (Falk, 2009). 

Wood tissue exhibits a hierarchical structure which provides struc
tural support while enabling transport of water and nutrients (Arzola- 
Villegas et al., 2019). The microstructure is highly porous and varies 
extensively between species. Bulk transport of water and ions is effec
tively facilitated by the macroporosity of wood (Fredriksson et al., 
2022), however intra-cell wall diffusion requires infiltration into the 
complex assembly of lignocellulosic polymers. Quantitatively discerning 
the precise nanostructure of lignocellulosic biomass is still an active area 
of research (Kirui et al., 2022; Perras et al., 2017); however, it is 
generally accepted that bundles of several dozen cellulose chains are 
assembled into larger fibrils which are decorated with hemicellulose and 
further ensheathed with lignin (Kirui et al., 2022; Lyczakowski et al., 
2019), and that the internal structure and dynamics change as a function 
of hydration (Paajanen et al., 2022) driven by inherent interactions 
between the individual biopolymers (Vermaas et al., 2015, 2019a,b). 

Many studies have investigated molecular transport within wood 
and other types of biomass with computational (Chen et al., 2019; Shi 
and Avramidis, 2021) and experimental (Jakes, 2019; Jakes et al., 2020; 
Zelinka et al., 2015) methods. Given suitable structural characterization 
of the macroporosity of wood tissue, often by imaging methods, bulk 
transport throughout the interconnected pores can be well-described by 
direct numerical simulation considering the structure explicitly, and 
coupling this structure to reduced order approximations for bulk 
transport in porous media (Autengruber et al., 2020; Thornburg et al., 
2020). However, characterizing diffusive transport within the cell wall 
has proven far more challenging largely because the length scale at 
which intra-cell wall diffusion occurs (~10− 5 m) and the difficulty of 
decoupling intra-cell wall diffusion from bulk diffusion through the 
macropores precludes most bulk measurement techniques. From a ma
terials perspective, unmodified lignocellulosic cell walls are solid poly
mers and intra-cell wall transport is expected to be a solid polymer 
diffusion process (Jakes et al., 2019), with motions at the atomic scale by 
the individual polymers in the cell wall together with hydration levels 
controlling diffusion. 

Recent experimental work on latewood loblolly pine cell wall layers 
strongly supports that diffusion through unmodified wood cell walls is a 
solid polymer diffusion process, where motions within the polymer 
structure are limiting to transport. Using synchrotron X-ray fluorescence 
microscopy (XFM) and a custom-built relative humidity (RH) chamber, 
Zelinka and coworkers directly observed that there is a 60–85% RH 
threshold for mineral ion diffusion in individual wood cell wall layers 
(Zelinka et al., 2015). At levels below this level of hydration, there is 
simply no room in the wood nanostructure to permit diffusion, whereas 
enough water intercalates into the wood structure at greater humidity to 
plasticize the wood polymers and facilitate mineral ion diffusion. 
Interestingly, the 60–85% RH range also corresponds to the 50–85% RH 
range for the moisture-induced glass transition in amorphous poly
saccharides (Jakes et al., 2019; Paajanen et al., 2022). Using nano
indentation dynamic mechanical analysis, it is possible to assess the 
moisture- and time-dependence of the molecular relaxations corre
sponding to the glass transition (Jakes, 2019). These molecular re
laxations correlate directly to ionic conductivity measurements made on 
similar wood cell wall layers, demonstrating that ionic conductivity is 
being controlled by the molecular relaxations (Jakes, 2019). This 

manifests concretely in time-lapse XFM imaging, from which it is 
possible to determine moisture-dependent ion diffusion constants (Jakes 
et al., 2020). The direct connection to moisture content highlights how 
structural changes at the atomic scale propagate forward to higher order 
observables. 

With this experimental context in mind, the current study aims to use 
the power of molecular simulation to act as a computational microscope 
to identify how interactions in intact biomass respond to changes in 
hydration (Fig. 1). Using prior experiments as a benchmark for com
parison (Jakes et al., 2020), we can compute diffusion coefficients for 
multiple ion species (Na+, K+, Cu2+, and Cl− ) within our models. We 
find that the diffusion coefficients determined from atomistic simulation 
models show the same trends found experimentally. Using the detailed 
structural information available only from an atomic model, we find that 
increasing hydration reduces contacts between individual biopolymers 
within a cell wall, creating the space for rapid diffusion along hydrated 
tracks parallel to the hemicellulose strands once water molecules ac
count for 10–15% of the total mass for the cell wall. The detailed mo
lecular picture also identifies interactions between carboxylate groups 
that decorate the hemicellulose and positive ions. These interactions 
impede diffusion even further beyond what the crowded conditions 
require within the cell wall. 

2. Materials and methods 

2.1. Atomistic model of plant secondary cell wall 

The secondary cell wall model used here contains the three major 
polymers, cellulose, hemicellulose, and lignin, in approximately the 
ratio found in hardwood (Walker, 2006) (Table 1). The cellulose model 
contains four 18-chain cellulose Iβ bundles with DP (degree of poly
merization) of 40 in the 234,432 motif (Langan et al., 2005) (Fig. 2). 
Decorated xylan molecule with DP of 40 was used to represent hemi
cellulose. Experimental studies suggest that ~ 40–70% of the xylose 
residues are acetylated on C2 or C3 positions and D-glucuronic acid 
groups are also linked to C2 or C3 in ~ 10% of the xylose residues 
(Walker, 2006). In our xylan model, the D-glucuronic acid groups are 
linked to C2 in every one of eight xylose residues, whereas the acetyl 
groups are linked to C2 in every other xylose residue. In models where 
the C2 has been occupied by a D-glucuronic acid group, the acetyl group 
is linked to C3. All the substitution groups are located on the even- 
numbered xylose residues, leading to a xylan molecule with all deco
rations on the same side (Fig. 2). A schematic lignin 20-mer model 
proposed by (Ralph et al., 2019) for hardwood was used to construct the 
structure of the lignin polymer model, which contains 13 syringol units 
and 7 guaiacol units (S:G = 65:35, Fig. 2). While the individual polymers 
were repeated to fill the simulation volume (Table 1), and therefore the 
polymer distribution is not polydisperse like it would be in intact 
biomass, the system approximately represents intact biomass to within 
the limitations of current modeling approaches. The individual com
ponents were assembled using PACKMOL (Martínez et al., 2009) into a 
rectangular simulation volume. The generated PCW model was com
pressed slowly by decreasing the simulation box dimensions until a 
desired density of 1.5 g/cm3 determined experimentally from dried 
wood (Zauer et al., 2013) was achieved at a box size of 78.8 Å x 78.8 Å x 
210.6 Å. Sodium ions were added to maintain charge neutrality for the 
total system. 

Table 1 summarizes the composition of the PCW model constructed 
in this work. The 30 xylan molecules with a 2-fold conformation and the 
58 lignin molecules were randomly placed surrounding the four cellu
lose bundles using the PACKMOL program. The atomic model of the 
plant secondary cell wall on a percent mass basis contains 49.6% cel
lulose, 22.5% hemicellulose (xylan) and 27.5% lignin, when no water 
molecules are present. 
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2.2. Complete the model with water and ions 

The initial model described above was generated such that water was 
3 wt% of the total simulation system. To generate alternative systems 
with different hydration levels, the hemicellulose and lignin polymers 
were moved such that the center of geometry each individual molecule 
was multiplied by a constant factor, effectively moving each polymer 
away from cellulose fibril without introducing ring penetrations. Addi
tional water molecules were added into the interstitial spaces after 
rewrapping the lignocellulose using the solvate plugin to VMD (Hum
phrey et al., 1996). By empirically varying the constant factor by which 
the system was expanded, we obtain models that are 0, 3, 5, 10, 15, 20, 
25, or 30 percent water by weight (100% × mass water / mass total) 
(Fig. 3) and range from approximately 120,000 atoms to 190,000 atoms 
in size. Converting to equilibrium moisture content, these systems have 
an equilibrium moisture content of 0, 3.1, 5.3, 11.7, 17.6, 25.4, 33.4, 
and 43.9%, respectively. This range of hydration spans hygroscopic 
measurements for wood at across all humidity levels up to the fiber 
saturation point (Glass et al., 2014). 

To track ion diffusion within the system, ions were added by 
replacing water molecules within the system. Three ionization models 
were prepared for each level of hydration, shown in Fig. 3. In the first 
case, only neutralizing sodium ions were added to each model. To 
directly compare against experimental findings, 100 mM KCl, and CuCl2 
salts were added to the hydrated neutralized models using the 

autoionize plugin to VMD to create two alternative systems. 

2.3. Molecular dynamics 

The 22 models were minimized briefly using NAMD 2.14 (Phillips 
et al., 2020) to prepare for production simulations using the GPU resi
dent integrator in NAMD 3.0a9 (Phillips et al., 2020). The fourteen 
systems ionized with KCl and CuCl2 were simulated for 400 ns to 
determine the diffusion coefficient for these ions within the cell wall. 
The eight systems where the model was only neutralized were simulated 
for 1000 ns to assess structural changes that may take longer to manifest. 

Other simulation parameters are shared. The CHARMM36 force field 
was used to describe interactions between carbohydrates (Guvench 
et al., 2009, 2008; Hatcher et al., 2009), lignin (Vermaas et al., 2019b), 
water (Jorgensen et al., 1983), and ions (Beglov and Roux, 1994). 
Following CHARMM36 standards, we used a 12 Å cutoff and a force 
switching function after 10 Å. Long range electrostatics was treated 
using particle mesh Ewald with a 1.2 Å grid spacing (Essmann et al., 
1995). To enable a 2 fs timestep between force evaluations, covalent 
bonds to hydrogen atoms were treated using the RATTLE algorithm 
(Miyamoto and Kollman, 1992). The Langevin thermostat was set to 
maintain a temperature of 300 K using a 5 ps− 1 damping coefficient 
(Paterlini and Ferguson, 1998). A Langevin barostat semi-isotropic with 
respect to the cellulose fibril axis was set to maintain 1 atm pressure 
(Feller et al., 1995). 

Fig. 1. Hierarchical anatomy of a tree. (A) Macroscale illustration of a tree (B) cross-section of a tree trunk, showing the rings and bark (C) Illustration showing the 
breakdown for softwood from micro to nanoscale. The secondary cell walls are indicated by S1, S2 and S3 and the cells are adhered to each other by the compound 
middle lamella (CML). The secondary cell wall also consists of hemicellulose labeled as xylans (green) and lignin (brown) (D) All-atom model for a plant cell wall 
with cellulose (blue), hemicellulose (green) and lignin (orange). (E) All-atom model for the plant cell wall with 30 wt% water. In this representation oxygen in water 
molecules is shown as red and the hydrogens are represented by white colors. Sub-panel figure (C) is reproduced with permission from (Jakes et al., 2020) under the 
Creative Commons Attribution 4.0 International License. 

Table 1 
Composition in the plant secondary cell wall model.   

Experimental Composition Experiment ratio (weight) DP of biopolymer Number of chains Simulation ratio (weight) Simulation Composition (% mass) 

Cellulose 45%  2.25 40 72  2.20  49.6 
Xylan 20%  1.00 40 30  1.00  22.5 
Lignin 25%  1.25 20 58  1.22  27.5  
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2.4. Analysis 

In the analysis of our trajectories, we quantified key observables such 
as diffusion coefficients and intermolecular contacts using scripts writ
ten for python-enabled alpha versions of VMD 1.9.4 (Humphrey et al., 
1996). Leveraging python libraries such as NumPy (Harris et al., 2020), 
SciPy (Virtanen et al., 2020), and matplotlib (Hunter, 2007), we use 
Einstein’s relation to quantify diffusion from the mean-squared 

displacement (Einstein, 1905). To analyze diffusion, we leverage the 
long trajectories by analyzing multiple 50 ns trajectory snippets to 
determine a diffusion distribution. In this analysis, the trajectories are 
aligned to the cellulose fibril to eliminate drift based on thermostat 
fluctuations and the initial velocities. The diffusion coefficient within an 
individual snippet is determined from the slope of the linear fit between 
mean squared displacement and time (D =

MSD(t)
6t ), ignoring the fit to the 

Fig. 2. Chemical structures and corresponding atomic model for a single fragment of secondary cell wall polymers hemicellulose (green) and lignin (orange), 
alongside cellulose microfibrils (shades of blue, representing the 4 cellulose bundles). There are total of 72, 30, and 58 copies of cellulose, hemicellulose, and lignin 
polymers in our atomic secondary cell wall model. The chemical structures made using Marvin Sketch 22.16. 

Fig. 3. Atomistic representation of secondary cell wall in plants at different moisture levels. In this representation, blue is used for the central cellulose fibril, orange 
for lignin polymers, and green for hemicellulose. Atoms within a water molecule are color coded, with red for oxygen and white for hydrogen. The range 0–30% of 
water weight percent represents low to high moisture content in wood. 

D. Sarkar et al.                                                                                                                                                                                                                                  



The Cell Surface 9 (2023) 100105

5

first 5 ns of data. This procedure enables multiple samples to be taken 
from a single trajectory, facilitating error estimation. 

In addition to diffusion, we also track and quantify contacts between 
different polymers over time. Rather than using a rigid cutoff, we 
evaluate contacts between heavy atoms using a sigmoid function, first 
used in (Sheinerman and Brooks, 1998) to describe native contacts 
within a protein. 

Cij =
∑

i,jpairs

[
1 + e− 5Å− 1

(4Å− dij)
]− 1

(1) 

This contact sum captures the essential close-contact interactions 
between cell wall components and is less sensitive to an arbitrary cutoff 
choice than other alternative metrics. To determine the contact number 
in the dense, periodic system, we used the KDtree implementation in 
Scipy (Virtanen et al., 2020) to determine contact distances between 
atoms within the periodic system using a minimum image convention. 

3. Results 

Here, we present the results from independent all-atom molecular 
dynamics (MD) simulations of the plant secondary cell wall (Animation 
S1) with different water weights, ranging from 0 to 30 wt% water, which 
span the realistic range for wood moisture content. First, we calculate 
the diffusion coefficient (D) of cell wall polymers, ions, and water at 
different water weights. In addition, we calculate the diffusion coeffi
cient of ions (Na+, K+, Ca2+, Cl− ) in the cell wall and find that our results 
agree well with previously reported X-ray fluorescence microscopy 
measurements (Jakes et al., 2020). Next, we quantify the contacts be
tween different cell wall polymers using Eq. (1). Both molecular diffu
sion and measured contacts between cell wall polymers exemplify 
changes in the mechanical properties of secondary cell wall at varying 
moisture levels. 

3.1. Diffusion of plant secondary cell wall components 

Visually, the increase in diffusion is immediately apparent from our 
trajectories. As shown in supporting animation S2, cell walls with low 
moisture content appear to be essentially static over the microsecond 
long trajectory animations. By contrast, increasing hydration creates 
trajectories that are visibly more dynamic (Animation S3), even if the 
overall structure remains relatively consistent over the simulation 
timescale. 

The measured diffusion rates across the different cell wall models 
vary considerably and are dependent on hydration within the plant cell 
wall (Fig. 4). Higher moisture content is observed to broadly increase 
diffusion by more than an order of magnitude across the hydration levels 
tested. Following general trends for diffusion in solution, larger poly
mers diffuse more slowly than ions or water, and ions move more slowly 
than the water molecules that lubricate the interpolymer spaces within 
the model. 

The water within the model exhibits slower dynamics than it would 
in bulk solution. Whereas the expected diffusion coefficient for the TIP3 
water model is 6 × 10− 5 cm2/s (Mark and Nilsson, 2001), we find that 
water diffusion within the confines of the cell wall is at least an order of 
magnitude slower (Fig. 4). Slower water dynamics compared to bulk 
with a similar order of magnitude difference have been observed pre
viously through quasielastic neutron scattering measurements (Plaza 
Rodriguez, 2017). 

Among the cell wall polymers, cellulose is observed to have the 
slowest diffusion (Fig. 4). The cellulose fibril is on aggregate the largest 
single entity in the simulation system at approximately 470 kDa. Its size 
and slow motion made cellulose the natural choice for aligning the 
overall trajectory prior to measuring the mean squared displacements 
needed to calculate the diffusion coefficients reported in Fig. 4. Without 
this realignment, correlated drifts for the center of mass of the whole 

system pollute the diffusion measurement, substantially accelerating 
diffusion for the slowest components. The lignin and hemicellulose 
fractions have similar diffusion profiles, owing to the similar molecular 
weights for each individual molecule within the system, 4.5 kDa for 
lignin fragments, and 7.1 kDa for each hemicellulose chain. However, 
size is not the only determinant for diffusion, as hydrophilic hemi
celluloses demonstrate slightly larger gains in diffusion coefficient with 
increasing hydration than amphipathic lignin polymers do. The excep
tion to this is cellulose, which is the largest single polymer component 
within the cell wall model and was used as the reference to eliminate 
center of mass drift from the trajectory. 

3.2. Ion diffusion in secondary cell wall of plants 

To tie the diffusion results to reality, we can compare ion diffusion 
coefficients from within our model directly to diffusion coefficients 
determined from time-lapse XFM experiments (Jakes et al., 2020). Fig. 5 
reports the diffusion of ions calculated from MD simulations, replicating 
information from Fig. 4, and directly compares the measured diffusion 
with the imputed diffusion coefficients from XFM. The time-lapse XFM 
ion maps were collected in a preconditioned 2 μm thick section of lob
lolly pine (Pinus taeda) held at 70%, 75%, or 80% relative humidity, 
which is 14–16% equilibrium moisture content (Glass et al., 2014). The 
diffusion determined via simulation is approximately one order of 
magnitude faster than the experimental references. Multiple factors may 
contribute to this discrepancy. On the technical side, the selected water 
model within our simulation system is known to have faster diffusion by 
roughly a factor of two, with a diffusion coefficient of approximately 
4–6 × 10− 5 cm2/s depending on temperature rather than 2.3 × 10− 5 

cm2/s (Mark and Nilsson, 2001). Likewise, the initial ion distribution is 
different between the homogenous initial distribution from the simula
tion compared with the ion wavefront from a single source that was 
tracked in XFM. Since local charge neutrality needs to be maintained as 
the ions move to avoid creating an electric field in the XFM experiment, 
both cations and anions diffuse at similar rates when measured by XFM 
(Jakes et al., 2020). By contrast, in our simulations independent motion 
for cations and anions does not change the overall charge distribution 
within the periodic volume. This is seen mostly explicitly in the Cl an
ions (Cl− ), which diffused at similar rates regardless of counterion in 
simulation but exhibited diffusion that matched the associated cation 

Fig. 4. Diffusion of different cell wall components and ions within the network 
formed by the secondary cell wall in woody plants as function of different 
moisture content. As detailed in the methods, diffusion coefficients were 
determined via Einstein’s relation using independent 50 ns snippets for the 
1000 ns (water, cellulose, lignin, hemicellulose, and neutralizing Na+) or 400 ns 
trajectories (other ions). The standard error estimates are derived from the 20 
or 8 independent 50 ns samples gathered from the full trajectory. 
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measured with XFM (Jakes et al., 2020). Together, we anticipate that the 
coupled nature of diffusion in XFM would slow diffusion of the wave
front relative to a tissue already impregnated with ions. Since we reca
pitulate the key trends found experimentally, that K+ diffuses much 
more rapidly than Cu2+ (Fig. 5), with magnitudes that are reasonable 
given the different conditions seen between the two experiments, our 
simplified cell wall model recapitulates the essential dynamics of ion 
permeation into cell walls. Finally, the composition varies between the 
atomic model and the secondary cell wall composition in different plant 
species, including loblloly pine. In the case of juvenile and mature lob
lolly pine, the composition is reported to be 44–46% cellulose, 24% 
hemicellulose and 27–29% lignin (Nelson et al., 2013), which is in the 
same range as the composition of the atomic model (Table 1). Similar 
plant cell wall compositions for plant cell wall for popular hardwood 
species such as loblolly pine, poplar are presented in (Rowell et al., 
2005), (Kretschmann and Cramer, 2007) and (Bryant et al., 2020). 

Having established the correspondence with experiment, the widely 
varying water content from simulation can be used to establish trends 
over a wide range of conditions, including those that may be inaccessible 
experimentally. We observe that the diffusion coefficient of inorganic 
ions increases with the water weight in the cell wall of woody plants. At 
low water weight, akin to low moisture content, the diffusion is slow 
(~10− 9 cm2/s) but grows by almost three orders of magnitude (10− 6 

cm2/s) for wood with 30 wt% water. The wide range observed in the 
diffusion of ions can be attributed to the interactions between inorganic 
ions and the local secondary cell wall environment with different water 
weights. As the water weights increase, the ions appear in a more hy
drated environment, and diffusion approaches values observed for bulk 
diffusion in solution. 

The diffusion for individual ions appears to be related to the hy
dration shell radius. Within the MD simulation trajectories, we observe 
that similarly charged ions may have different diffusion coefficients. For 
instance, the sodium ion (Na+) diffusion is a factor 2–3 slower compared 
to potassium ion (K+, Fig. 5). This correlates with measures of the hy
dration shell radius, as measures for K+ (3.31 Å) or Cl- (3.32 Å) are 
similar, followed by Na+ (3.6 Å) and then Cu2+, which has a larger 
hydration shell (4.1 Å, Jakes et al., 2020). This relationship 

mechanistically suggests that rapid ion diffusion depends on solvating 
the ion within the relatively mobile water within the cell wall 
environment. 

3.3. Contacts between secondary cell wall components 

Fig. 6A and 6B represent a molecular system of the plant secondary 
cell wall at low and high moisture content, 5 and 30 water weight 
percent respectively. Even after extensive equilibration under constant 
pressure conditions, we see that there may be large voids in between 
individual cell wall components. This is particularly true for models with 
lower water content, as water can more readily fill in gaps within the cell 
wall structure for hydrated cell walls. As a consequence, close contacts 
between different cell wall polymers goes down with increasing hy
dration (Fig. 6C). By hydrating the system and removing interpolymer 
contacts, water acts as a lubricant to polymer motion within the cell 
wall. Fundamentally, the reduction in contacts demonstrated by Fig. 6C 
drives the increase in biopolymer motion first characterized in Fig. 4. 
Fig. 6C also demonstrates why cellulose-hemicellulose and especially 
cellulose-lignin interactions have been historically so difficult to quan
tify, since there are just many more hemicellulose-lignin interactions, 
even in the absence of covalent linkages between the polymers. 

3.4. Interactions between ions and plant cell wall components 

Demonstrating at a global scale that water reduces contacts with the 
surroundings by lubricating the cell wall interior, we again focus on the 
ions and what drives their differential diffusion. Fig. 7 and supporting 
animations S4–S6 illustrates as well as quantifies typical cation–cell wall 
polymer interactions. When the water weight of the plant’s secondary 
cell wall system increases, the contacts between cations and the cell wall 
polymers are generally reduced. In a solid system, the coordination 
number of the ions will be approximately constant, and thus the 
decrease in contacts to biopolymers leads to an increase in contacts to 
water molecules. For sodium or potassium (Fig. 7D and E), the changes 
in contact number are monotonic. Similar trends where contacts are 
reduced at higher moisture levels are observed for Cu2+ interaction with 
cellulose and lignin, but not when interacting with hemicellulose 
(Fig. 7F). Instead, we find that the reduction in number of contacts be
tween the cation and hemicellulose is not monotonous. Instead, the 
cation-hemicellulose contacts increase beyond 15% water weight. We 
attribute this to the strong electrostatic interaction between the cation 
and carboxylate functional group in hemicellulose in our secondary cell 
wall model, with representative snapshots shown in Fig. 7 A-C. We 
would anticipate that other divalent cations would have similar strong 
interactions with hemicellulose carboxylate groups and may need to be 
avoided when optimizing for diffusion within wood. Overall, for 
different salts used in this study, we find the cation interaction with 
hemicellulose are relatively strong when compared to interactions with 
lignin or cellulose, due to the anionic carboxylate functional group in 
hemicellulose. 

4. Discussion 

It is generally understood that diffusion through solid polymers 
including wood depends on molecular motions of the polymer, free 
volume in the polymer matrix, diffusant dimensions, and solubility of 
the diffusant in the polymer matrix (Engelund et al., 2013; Fredriksson 
et al., 2022). Diffusant transport is generally controlled by the motion of 
similar-sized features of the polymer matrix. Smaller diffusants, such as 
water molecules, are controlled by uncoordinated local motions, 
whereas larger chemicals, like mineral ions, are controlled by coopera
tive motions. As a hygroscopic material, water absorbs in the cell wall 
and acts as plasticizer that increases molecular motions and free volume. 
It is generally understood that diffusion is promoted by increases in 
water plasticization. Of particular interest is an ambient temperature 

Fig. 5. Ion diffusion as a function of moisture index in secondary cell wall of 
woody plants. We calculate the diffusion of cations (Na+, K+ and Cu2+) and 
anion (Cl− ). Overall, ion diffusion increases as the moisture index increases. For 
KCl and CuCl2 at 0.1 M initial concentration, diffusion coefficients were pre
viously measured using time-lapse X-ray fluorescence microscopy (XFM, Jakes 
et al., 2020). Scatter circles and triangles with no face color represent the 
experimental data for the respective cation (K+ and Cu2+) and anion (Cl− ). 
Atomic level molecular diffusion agrees within an order of magnitude with 
microscale scale diffusion measurements. Similar to observations reported in 
XFM experiments, we find in MD simulations that K+ diffuses faster than 
Cu2+ ions. 
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moisture-induced glass transition that current evidence indicates occurs 
in the amorphous polysaccharides when wood is conditioned between 
50 and 85% RH, which corresponds to 10–15% moisture content. 
Diffusion of larger chemicals, like mineral ions, are only expected to 
appreciably occur through rubbery polymers above their glass transition 
that have cooperative motions. 

Within our simulations, where we identify a linear trend on a loga
rithmic scale (Fig. 4), it would appear at first glance that we do not see a 
clear moisture-induced glass transition. However, if we replot Fig. 4 on a 
linear scale (Fig. 8), this same ion and polymer diffusion information 
shows a clear transition at between 10 and 15% moisture content, where 
the diffusion goes from effectively zero to growing approximately line
arly. Based on this simplified depiction of the plant cell wall and the 
observation of piecewise linear ion and polymer diffusion, we suggest 
that below 15% water weight the system behaves as though it were 
effectively static. Above that moisture threshold, internal motions 
become appreciable, and the material transitions to a more “rubbery” 
state rather than a glass. This observation of a moisture-induced glass 
transition, based on diffusion coefficients calculated from atomistic 
simulations agrees well with previously reported XFM experiments 
(Jakes, 2019; Jakes et al., 2020, 2019). Below this threshold, the 
diffusion for any permeant will be slow within a tightly bound 
arrangement of secondary cell wall biopolymers. However, once there is 

sufficient hydration, the diffusion approaches the maximum observed in 
an approximately linear fashion. Maintaining hydration above this 
transition point will be critical for applying penetrating treatments to 
woody biomass, and may contribute to vastly different cell wall diffu
sion measures across plant tissues (Kramer et al., 2007). 

Demonstrating this importance quantitatively, we can estimate the 
diffusion length and timescale for penetrating wood treatments, such as 
ions. For Fickian ion diffusion within in the secondary cell wall, the 
diffusion length for a given time is estimated by this formula: LD =
̅̅̅̅̅̅̅̅
2Dt

√
. Here, D is the diffusion coefficient and time t is how long one is 

willing to wait. Over short 50 ns timescales, Cu2+ has a corresponding 
diffusion length of less than 1 nm, even at the highest hydration level 
simulated. A single xylan monomer is about 0.9 nm large. Thus, divalent 
copper cations tend to remain bound to a single hemicellulose polymer 
in the cell wall for a considerable duration within our simulation. 
Similarly, for monovalent sodium and potassium cations, the diffusion 
lengths are less than 1 nm at below 15% water wt. and between 1 and 4 
nm at higher levels of hydration in wood. Using these diffusion lengths, 
we estimate that treatments in dried wood would require timescales on 
the order of years to permeate 1 in. but may only take a month or two to 
diffuse within hydrated wood samples. In practice, where the initial 
concentration gradient is large rather than zero as it is in these simu
lations, practical treatments would take only hours in water-saturated 

Fig. 6. Quantifying average contact be
tween cell wall components at different 
water weights (A, B) Atomistic models 
illustrating low and high moisture content, 
5% and 30% water weights respectively in 
secondary cell wall in plants. In this figure, 
the cellulose microfibril is represented in 
blue, hemicellulose in green and lignin in 
orange. To maintain the same aspect ratio for 
the systems represented in panels (A) and 
(B), panel A is zoomed in further due to the 
smaller dehydrated system. The water is 
represented by red (oxygen atom) and white 
(two hydrogen atoms). (C) The average 
number of contacts between individual cell 
wall components – cellulose, hemicellulose, 
and lignin. The average number of contacts 
reduces as the moisture level increases, as 
water molecules diffuse in between the 
spaces impeding interaction between indi
vidual components.   
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wood. 
The singular experience of how carboxylate groups on hemicellulose 

can impede divalent cation motion through strong ionic bonds illustrates 
potential strategies for modulating diffusion in woody tissues. For 
instance, modifying hemicellulose synthesis to eliminate carboxylates 
would likely lead to accelerated cation diffusion, as the cations would 
not interact as strongly with a carbonyl or hydroxyl as they would with 
the carboxylate. Similarly, lignin acetylation would be expected to make 
lignin even more hydrophobic than it already is, altering transport dy
namics (Hunt et al., 2018b). Further study on both the experimental and 
modeling frontiers will be needed to couple together cell wall chemistry 
to the impact on dynamics at the molecular level. 

The ion diffusion results also have direct impact on the electrical 
conductivity of wood. Typical dried wood used as building materials is a 
good insulator. However, measured diffusions correlates with electrical 
conductivity of wood based on the Nernst-Einstein equation (Jakes et al., 
2020). Thus, when an electric field is applied to wood with a moisture 

content above 10–15% or so, substantial ion diffusion may permit wood 
to act as a conductor, with conductivity spanning 6 orders of magnitude 
(Stamm, 1930). Increasing hydrophobicity of wood polymers, such as 
treatments via low molecular weight phenol-aldehyde resins to exclude 
water and thus reduce ion movement, would be expected to significantly 
reduce conductance. 

5. Conclusion 

Diffusion in plant cell wall is dependent on moisture levels. The 
diffusion of inorganic ions in plant cell wall measured from MD simu
lation increases with cell wall hydration, and agrees well with prior XFM 
experiments (Jakes et al., 2020). Diffusion for all species, but particu
larly K+ and Cu2+ is observed to have a moisture-induced glass transi
tion at 15% equilibrium moisture content in wood. Generally, cation 
diffusion within the cell wall is slower compared to anion diffusion, 
because of strong interactions between carboxylate groups on the 

Fig. 7. Interaction between ions and individual polymers in plant secondary cell wall (cellulose, hemicellulose, and lignin). The different cations used in this study 
are Na+ (yellow), K+ (tan) and Cu2+ (orange) and snap shots of their interactions with the carboxylate functional group in hemicellulose shown in sticks with gray, 
red and white colors representing the carbon, oxygen, and hydrogen atoms respectively. Ion interaction reduces with increase in moisture content. Interaction 
between ions and hemicellulose are always higher compared to the interaction with either lignin or cellulose. Cations have a strong affinity towards hemicellulose, as 
it interacts strongly with the carboxylate group in hemicellulose. 

Fig. 8. Diffusion of polymers and ions indicating a moisture dependent glass transition between 10 and 15 wt% water in plant secondary cell wall (A) for bio
polymers cellulose, hemicellulose and lignin where diffusion constant is calculated using Einstein’s relationship as described in Methods and Fig. 4. (B) for 
monovalent cations (Na+, K+), monovalent anions (Cl− ) and divalent cations (Cu2+). Ion diffusion in the plant secondary cell wall agrees well with previously 
reported X-ray fluorescence microscopy (XFM) experiments (Jakes et al., 2020). 
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hemicellulose and cation retard the free diffusion of positively charged 
permeants. Armed with this mechanism, it is possible to design and 
engineer pathways to alter the mechano-chemical properties of ligno
cellulosic biomass, catering to applications in sustainable, chemical, and 
biomedical engineering. The insights obtained from our molecular 
simulations provide key guidelines for future experimental and 
computational studies, where we anticipate extending this model to 
explore the effects of cell wall polymer heterogeneity and acetylation on 
the diffusivity and ionic conductivity in plant biomass at different hy
dration index. 

The MD simulations further provide a detailed mechanistic view to 
relate moisture content to diffusive processes within plant secondary cell 
walls. One of the strongest conclusions is that the moisture-induced glass 
transition between at between 10 and 15 wt% water is a natural 
extension of existing trends in hydration space, where additional water 
facilitates polymer separation and ion solvation. Such quantitative and 
qualitative evaluation of molecular diffusion provides evidence towards 
the atomistic origins of cell wall being a barrier to diffusive transport, 
both for small and large diffusants, such as mineral ions and enzymes 
respectively. Hence strategies are being developed to engineer the cell 
wall microenvironment to ameliorate diffusion process, with an aim to 
create durable and sustainable plant-based biomaterials, to build a cir
cular bioeconomy (Sheldon, 2020). 
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Mechanism of Moisture-Induced Swelling in Wood Microfibril Bundles. Nano Lett. 
22, 5143–5150. https://doi.org/10.1021/acs.nanolett.2c00822. 

Paterlini, M.G., Ferguson, D.M., 1998. Constant temperature simulations using the 
Langevin equation with velocity Verlet integration. Chem. Phys. 236, 243–252. 
https://doi.org/10.1016/S0301-0104(98)00214-6. 

Perras, F.A., Luo, H., Zhang, X., Mosier, N.S., Pruski, M., Abu-Omar, M.M., 2017. Atomic- 
Level Structure Characterization of Biomass Pre- and Post-Lignin Treatment by 
Dynamic Nuclear Polarization-Enhanced Solid-State NMR. Chem. A Eur. J. 121, 
623–630. https://doi.org/10.1021/acs.jpca.6b11121. 

Phillips, J.C., Hardy, D.J., Maia, J.D.C., Stone, J.E., Ribeiro, J.V., Bernardi, R.C., 
Buch, R., Fiorin, G., Hénin, J., Jiang, W., McGreevy, R., Melo, M.C.R., Radak, B.K., 
Skeel, R.D., Singharoy, A., Wang, Y., Roux, B., Aksimentiev, A., Luthey-Schulten, Z., 
Kalé, L.V., Schulten, K., Chipot, C., Tajkhorshid, E., 2020. Scalable molecular 
dynamics on CPU and GPU architectures with NAMD. J. Chem. Phys. 153, 044130 
https://doi.org/10.1063/5.0014475. 

Plaza, N.Z., Pingali, S.V., Ibach, R.E., 2022. Nanostructural Changes Correlated to Decay 
Resistance of Chemically Modified Wood Fibers. Fibers 10, 40. https://doi.org/ 
10.3390/fib10050040. 

Plaza Rodriguez, N.Z., 2017. Neutron Scattering Studies of Nano-Scale Wood-Water 
Interactions (Thesis). University of Wisconsin-Madison, Madison, WI.  

Ralph, J., Lapierre, C., Boerjan, W., 2019. Lignin structure and its engineering. Curr. 
Opin. Biotechnol. 56, 240–249. https://doi.org/10.1016/j.copbio.2019.02.019. 

Rowell, R.M., Pettersen, R., Han, J.S., Rowell, J.S., Tshabalala, M.A., 2005. Cell wall 
chemistry. Handb. Wood Chem. Wood Compos. Boca Raton Fla CRC Press, 
pp. 35–74. 

Sarkar, D., Santiago, I.J., Vermaas, J.V., 2023. Atomistic origins of biomass recalcitrance 
in organosolv pretreatment. Chem. Eng. Sci. 272, 118587 https://doi.org/10.1016/j. 
ces.2023.118587. 

Sheinerman, F.B., Brooks, C.L., 1998. Calculations on folding of segment B1 of 
streptococcal protein G. J. Mol. Biol. 278, 439–456. https://doi.org/10.1006/ 
jmbi.1998.1688. 

Sheldon, R.A., 2020. Biocatalysis and biomass conversion: enabling a circular economy. 
Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 378, 20190274. https://doi.org/ 
10.1098/rsta.2019.0274. 

Shi, J., Avramidis, S., 2021. Nanopore-Level Wood-Water Interactions—A Molecular 
Simulation Study. Forests 12, 356. https://doi.org/10.3390/f12030356. 

Stamm, A.J., 1930. An Electrical Conductivity Method for Determining the Moisture 
Content of Wood. Ind. Eng. Chem. Anal. Ed. 2, 240–244. https://doi.org/10.1021/ 
ac50071a012. 

Thoresen, P.P., Matsakas, L., Rova, U., Christakopoulos, P., 2020. Recent advances in 
organosolv fractionation: Towards biomass fractionation technology of the future. 
Bioresour. Technol. 306, 123189 https://doi.org/10.1016/j.biortech.2020.123189. 

Thornburg, N.E., Pecha, M.B., Brandner, D.G., Reed, M.L., Vermaas, J.V., Michener, W. 
E., Katahira, R., Vinzant, T.B., Foust, T.D., Donohoe, B.S., Román-Leshkov, Y., 
Ciesielski, P.N., Beckham, G.T., 2020. Mesoscale Reaction-Diffusion Phenomena 
Governing Lignin-First Biomass Fractionation. ChemSusChem 13, 4495–4509. 
https://doi.org/10.1002/cssc.202000558. 

Vermaas, J.V., Crowley, M.F., Beckham, G.T., 2019a. A Quantitative Molecular Atlas for 
Interactions Between Lignin and Cellulose. ACS Sustain. Chem. Eng. 7, 
19570–19583. https://doi.org/10.1021/acssuschemeng.9b04648. 

Vermaas, J.V., Petridis, L., Qi, X., et al., 2015. Mechanism of lignin inhibition of 
enzymatic biomass deconstruction. Biotechnol Biofuels 8, 217. https://doi.org/ 
10.1186/s13068-015-0379-8. 

Vermaas, J.V., Petridis, L., Ralph, J., Crowley, M.F., Beckham, G.T., 2019b. Systematic 
parameterization of lignin for the CHARMM force field. Green Chem. 21, 109–122. 
https://doi.org/10.1039/C8GC03209B. 

Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D., 
Burovski, E., Peterson, P., Weckesser, W., Bright, J., van der Walt, S.J., Brett, M., 
Wilson, J., Millman, K.J., Mayorov, N., Nelson, A.R.J., Jones, E., Kern, R., Larson, E., 
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