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ABSTRACT: Biofilms are the predominant mode of microbial life
on Earth, and so a deep understanding of microbial communities�
and their impacts on environmental processes�requires a firm
understanding of biofilm properties. Because of the importance of
biofilms to their microbial inhabitants, microbes have evolved
different ways of engineering and reconfiguring the matrix of
extracellular polymeric substances (EPS) that constitute the main
non-living component of biofilms. This ability makes it difficult to
distinguish between the biotic and abiotic origins of biofilm
properties. An important route toward establishing this distinction
has been the study of simplified models of the EPS matrix. This
study builds on such efforts by using atomistic simulations to
predict the nanoscale (≤10 nm scale) structure of a model EPS
matrix and the sensitivity of this structure to interpolymer interactions and water content. To accomplish this, we use replica
exchange molecular dynamics (REMD) simulations to generate all-atom configurations of ten 3.4 kDa alginate polymers at a range
of water contents and Ca−Na ratios. Simulated systems are solvated with explicitly modeled water molecules, which allows us to
capture the discrete structure of the hydrating water and to examine the thermodynamic stability of water in the gels as they are
progressively dehydrated. Our primary findings are that (i) the structure of the hydrogels is highly sensitive to the identity of the
charge-compensating cations, (ii) the thermodynamics of water within the gels (specific enthalpy and free energy) are, surprisingly,
only weakly sensitive to cation identity, and (iii) predictions of the differential enthalpy and free energy of hydration include a short-
ranged enthalpic term that promotes hydration and a longer-ranged (presumably entropic) term that promotes dehydration, where
short and long ranges refer to distances shorter or longer than ∼0.6 nm between alginate strands.

■ INTRODUCTION
Microbial life in all environments, from oceans to soils to the
human body, primarily and most actively exists inside the
subenvironment of a biofilm.1 Termed “stiff water” by early
investigators,2 biofilms are hydrated gel networks of bio-
molecules that are broadly referred to as extracellular
polymeric substances (EPS).3,4 Of the EPS, polysaccharides
are thought to play a key role in a biofilm’s structural
coherence5−8 and resistance to water stress,9−11 yet the
fundamental mechanisms whereby polysaccharides confer
these properties remain incompletely understood. This knowl-
edge gap represents a critical bottleneck in efforts to
understand the larger scale properties of biofilms, such as the
spatial and temporal gradients of organisms and extracellular
molecules that result in a supraorganism, wherein multiple
generations of microorganisms can specialize and cooper-
ate.12−14

A key aspect of the structural coherence of biofilms is the
persistence of spatiotemporal gradients sharp enough to be
described as “microdomains”.15 On the length scale of a few to

tens of micrometers,16 these microdomains further compart-
mentalize extracellular activity within the biofilm and include
water-rich pores that can buffer the cells from fluctuations in
water availability.2,17,18 In instances where the microorganisms
and EPS proliferate concurrently, these heterogeneities in the
distribution of biofilm cells have been somewhat explained by
the well-known depletion aggregation that occurs in colloid−
polymer mixtures.19,20 This “macromolecular crowding”
phenomenon results in regions of high cell density separated
by regions of high macromolecular density21 and can give rise
to water-filled macropores in the EPS matrix when the cells die
or coordinate a dispersal.18 However, whereas these cellular
processes can explain the formation of macropores on length
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scales greater than a single cell, they cannot on their own
explain the persistence of these pores or related phenomena
such as the response of the biofilm as a whole to variations in
the external water potential or aqueous chemistry. Observa-
tions that EPS secretions protect cells from water stress even in
single-cell systems22 suggest that a key role is also played by
the nanoscale (molecular level) properties of the EPS matrix.
In short, a detailed understanding of the biofilm structure and
large-scale properties likely requires knowledge of both the
microbial level processes on scales of 10−6 to 10−5 m that
generate structure (cell growth, death, and dispersal) and the
molecular level properties of polysaccharide gels on scales of
10−9 to 10−7 m that provide coherence and desiccation
resistance.
The extracellular space of biofilms is essentially a solution of

polymers�mostly polyelectrolytes�with varying degrees of
association and cross-linking,23 and so we posit that insight
into the microstructural heterogeneities in the biofilm matrix
can be gained by investigating how polymer−polymer,
polymer−water, and water−water interactions result in
molecular structures, mechanics, and energetics on scales
below 10 nm. This idea is supported by the results of recent
investigations into the distinct impacts of divalent versus
monovalent inorganic cations on key biofilm properties
including mechanical stability, permeability, and bioactiv-
ity.24−29 Divalent cations are of interest because they can
provide labile cross-linkages between negatively charged
polysaccharide molecules, thus impacting the molecular
architecture of the biofilm matrix.30 These microscale impacts
influence larger-scale microbial strategies as illustrated by the
bacterial species Pseudomonas aeruginosa, which produces
biofilms with the polyanionic polysaccharide alginate, for
which certain virulence factors�including those which
regulate biofilm production�are highly sensitive to aqueous
Ca2+ concentrations.31,32 In addition, microorganisms in
wastewater treatment facilities have been observed secreting
greater amounts of polysaccharides when exposed to higher
levels of calcium.24 Together, these results suggest that the
microstructure and macroscopic-level properties of EPS gels
are impacted more-or-less directly by molecular-level processes
and notably by polymer cross-linking by divalent cations.
Insights into the fundamental properties of polysaccharides

and EPS gels have been generated using a variety of methods
including rheology,33−36 permeability,37−39 swelling pressure
measurements,40,41 electron microscopy visualization of the
nanoscale architecture,42,43 and theories of associating
polyelectrolytes.44,45 A limitation of these techniques, however,
is that they do not resolve effects associated with the discrete
nature of the solvent. This limitation is potentially significant,
in that the inside of polysaccharide gels forms a nanoporous
medium with pore size on the order of a few nanometers.
Studies of water in nanofluidic devices,46−49 reverse micelles,50

biological membrane channels,51 and other nanoporous
systems52−56 reveal that liquid water adopts properties distinct
from those of bulk liquid water when confined in pores smaller
than about 2 nm,57 and that molecular-level information is
required to understand these properties.
Molecular dynamics (MD) simulations provide a means of

probing atomistic scale phenomena and are currently one of
the primary tools employed to resolve the architecture of
aqueous biopolymers as topologically heterogeneous as
proteins58,59 and natural organic matter.60−62 In the case of
biopolymer solutions, a key limitation of this approach is that

current computational capabilities constrain the time and
length scales of simulations to hundreds of nanoseconds and
tens of nanometers, orders of magnitude below the time and
length scales required to explore the conformational relaxation
of polymeric macromolecules or the spatial heterogeneities
noted above.
Computational sampling techniques aim to overcome the

challenge outlined above by using either coarse-grained
representations of the simulated systems63,64 or, alternatively,
approaches that accelerate the exploration of the energetic
landscape of the system.65,66 The replica exchange molecular
dynamics (REMD) technique, also known as parallel temper-
ing, has emerged as one of the primary methods used by
computational biologists to ascertain the equilibrium con-
formations of biopolymers and biopolymer aggregates at the
atomistic level.65,67−69 In REMD, multiple simulations of
identical systems are run concurrently at a range of
temperatures and allowed to exchange with neighboring
systems based on the Metropolis criterion; the technique can
be thought of as a random walk in temperature space.70 This
effectively allows for stable configurations discovered by higher
temperature replicas to “trickle down” to the lowest temper-
ature replica, which enables the discovery of stable
configurations even in systems characterized by inherently
slow configurational rearrangement. We note that REMD
simulations of explicitly solvated systems require a greater
number of replicas than implicitly solvated systems, but we
believe the use of REMD in studies of proteins in explicit
solvents is sufficiently well established to justify its use in our
study.71−74

In this investigation, we use REMD to reveal the equilibrium
configurations of a solution of a model EPS on length scales up
to 10 nm as a function of water content and cross-linking
cation (Ca or Na). We posit that 10 nm scale simulations,
while inherently incapable of representing EPS heterogeneity
on larger length scales, can provide insight on key molecular
level processes and energetics that enable the persistence of
microdomains and other larger scale properties. For simplicity,
we restrict our focus to solutions of the polyanionic
polysaccharide alginate. Alginate was chosen because of its
widespread use in experiments and simulations as a simple
model of biofilms and the gel foulant layers of water treatment
membranes.9,75−80 In nature, alginate exists as a copolymer
with repeating units of the stereoisomers α-D-mannuronate
(M) and β-L-guluronate (G), which are carboxylated
hexopyranoses.81 Repeating units of the G monomer are
known to form stable cross-linkages with calcium ions via the
“egg-box model”.82−88 This model results in condensed lateral
associations of alginate in which the number of monomer units
between cross-linkages actually increases with increasing
calcium concentrations (the opposite of covalently cross-linked
gels).89 For simplicity and to avoid condensed systems
resulting from the polyG−Ca2+ interactions, we model alginate
as repeating M units, which form milder electrostatic
interchain associations through Ca2+ between the negatively
charged carboxylate groups (COO−). We take advantage of
this to readily tune attractive alginate−alginate interactions by
varying the ratio of Na+ to Ca2+.
A relatively limited number of previous MD simulation

studies have examined the structure of solutions of alginate or
other EPS constituents. Plazinski90 and Plazinski and Drach83

investigated the nature of the Ca2+-mediated linkages between
alginate strands in an explicit aqueous solvent, but these
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studies limited the size of their system to two oligomers. Hecht
and Srebnik91 used a tempering technique to shed light on the
structures of longer chains (N = 20) as a function of M/G
content, but this study used an implicitly modeled solvent and,
therefore, could not provide information on the role of water
in structure formation or on the dynamics of water in the
simulated structures. Here, we use the REMD simulation
methodology to discover equilibrium configurations in
comparatively large systems despite the slow rearrangement
kinetics of the polymer matrix. Simultaneously, we use a fully
explicit water model to establish how these structures might
exist in thermodynamic equilibrium with various aqueous
environments, notably through determination of the water
excess chemical potential in simulated gel microstructures.
Ultimately, the resulting simulations provide the first
glimpse�to the best of our knowledge�of the equilibrium
atomic-level configurations within a polysaccharide gel on
length scales up to 10 nm as a function of water content and
cation identity. Through an exploration of the thermodynamic
basis for this structure, we show that distinct water energetics
within the gel may play a key role in the structural coherence
and desiccation resistance conferred by the EPS matrix.
Finally, we note that although the present work focuses on

pure alginate gels with a simplified structure (only M isomers,
no other EPS components) and aqueous chemistry (only Na
or Ca ions), the insights generated through our simulations
should be relevant to a variety of biological and engineered
systems. The microstructure of the biofilm matrix is founda-
tional not only to the lives of its inhabiting microorganisms but
also to the ecosystem in which the biofilm exists, whether it be
the ocean,92,93 the rhizosphere,94 a water treatment
facility,95−98 or the lung of a cystic fibrosis patient.99,100

Simultaneously, beyond their importance as a component of
many biofilms, pure alginate gels have important applications
in drug delivery,101,102 wound healing,103 water harvesting,104

and membrane separation technologies.105,106 Lastly, our
results also have the potential to deepen the understanding
of the biological roles of analogous charged polysaccharides,
e.g., mucopolysaccharides in the glycocalyx that surrounds
epithelial cells.107,108

■ METHODS
Simulated Systems. REMD was used to discover

equilibrium configurations of alginate gels for 21 different
systems with identical alginate contents but with different Ca−
Na ratios (with 0, 50, or 100% of alginate anionic charge
balanced by Ca vs Na) and water contents (65, 70, 75, 80, 85,
90, or 95% by weight). Each of the systems consisted of 10
strands of alginate polymers with 20 monomers each (mass of
3.44 kDa) interspersed in a solution of explicitly modeled
water molecules. All counterions balance the charge of the
alginate polyanions, and our simulations therefore mimic zero-
salinity conditions regardless of water content. The length of
the alginate strands was limited to a value roughly 100 times
shorter than that observed in bacterial biofilm gels109 to
minimize the likelihood of self-interaction between periodic
images of the same molecule. The lowest water content was set
to 65% because the dehydration process from 70 to 65% water
resulted in cavitation of the solvating water in the Na− and
Ca−Na-balanced gels. The Ca-balanced gels were able to
withstand cavitation at these dehydration levels, presumably
because of the tighter condensation of alginate strands.

MD simulations were performed using the GROMACS
2021.2 package.110 van der Waals and electrostatic interactions
were calculated with a cutoff distance of 12 Å. Long-range
electrostatic interactions were calculated with the particle−
particle−particle−mesh method of Hockney and Eastwood.111

All hydrogen bonds in the simulation were constrained using
the LINCS algorithm.112 Interatomic interactions were
described using the SPC/E model113 for water molecules
and the revised GROMOS56a6_Carbo force field114 for
alginate polymers. The carboxylate groups on each alginate
monomer were parameterized according to Project et al.,115 as
in Plazinski and Drach.83 Sodium and calcium ions were
parameterized with the GROMOS 53a6 force field.116 We note
that the predictions of MD simulations are sensitive to the
choice of inter-atomic potential models and that although the
combination of force fields used in this study has been
extensively validated,117−120 their accuracy in the modeling of
polysaccharide gels is still under evaluation.121,122 As a partial
validation of the alginate model used in our simulations, we
calculated the persistence length of an identically para-
meterized 60-mer (see Figure S11). Our simulation method-
ology yielded a persistence length of 15.9 ± 0.04 nm, which is
within the range of 12−16 nm observed in previous
experimental and computational investigations.123 In addition,
we calculated calcium-water and calcium-carboxylate radial
distribution functions (RDFs), as reported in the Supporting
Information (Figure S12) to verify that the local coordination
of calcium ions as important alginate cross-linkers was
consistent with that reported in previous simulation stud-
ies.86,90 All carboxylate groups were modeled in their
deprotonated form, as expected under near neutral pH
conditions. We used three different counterion environments
to charge balance the alginate strands: 200 sodium ions; 100
calcium ions; and a mixture of 100 sodium ions and 50 calcium
ions. The methods of dehydration and equilibration were
identical for the three ionic environments.

Generation of Equilibrated Configurations. The
initialization of the three ionic environments involved the
following procedure. First, a single alginate strand was
equilibrated with sodium ions and water molecules in a 10 ×
10 × 10 nm simulation cell. Next, 10 replicates of the
equilibrated alginate strand and counterions were randomly
packed124 with a minimum center of mass separation of 15 Å
in a 15 × 15 × 15 nm simulation cell with periodic boundaries
and solvated with water molecules. This resulted in an initial
water mass content of 99%. Each of the three systems
underwent an initial equilibration in the NPT ensemble for 10
ns and then, dehydration to 97% water content by mass. The
dehydration procedure involved deleting a random selection of
water molecules that constituted 5% of the total number of
water molecules and then running NPT equilibration for 1 ns.
These two steps were repeated until the water content reached
the desired level. The 97% water content systems then
underwent a 50 ns REMD equilibration, and the lowest
temperature replica was dehydrated to 95%, which then
underwent further REMD equilibration. This process of
dehydration, followed by a short (1 ns) equilibration by MD
simulations in the NPT ensemble and a longer (50 ns)
equilibration using REMD, was repeated until REMD-
equilibrated configurations had been obtained for each system
at seven different water contents between 95 and 65%. Finally,
equilibrium properties were evaluated from a 10 ns NVT
ensemble simulation of the six lowest temperature REMD
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structures after a further 1 ns of equilibration in the NPT
ensemble.
The REMD methodology consisted of 100 replicas equally

spaced thermally in a temperature range of 300 to 399 K. A
temperature interval of 1 K resulted in an exchange probability
of 20 to 40%. At a water content of 65%, fewer replicas were
needed to achieve similar exchange probabilities, and thus, the
number of replicas was reduced to 50 and the temperature
interval increased to 2 K. During each REMD equilibration
run, the replicas were first equilibrated for 100 ps in the NVT
ensemble. Then, each of the replicas was run concurrently in
the NVT ensemble for 50 ns and permitted to exchange with
neighboring replicas every 1000 timesteps (1 ps). We verified
the convergence of the REMD equilibration for all water
contents. The details of this verification are presented in the
Supporting Information (Figures S10 and S13).
The methodology outlined above resulted in an array of

alginate gel simulations at varying levels of Ca and water
content. At each set of environmental conditions, an ensemble
of the six lowest temperature replicas (300 to 305 K) was taken
to be representative of a gel at the corresponding calcium and
water content. We note that the simulated systems are not
meant to be representative of a macroscopic alginate gel with a
corresponding average water content but rather give insights
into the molecular architecture of 10 nm scale regions within a
gel or biofilm with a corresponding water and ionic
environment. Even with periodic boundaries, our simulation
cell is too small to capture larger-scale heterogeneities within
biofilms: as noted in the introduction, biofilms are heteroge-
neous structures, such that a biofilm with an overall water
content of 95% might contain regions with >99% water and
regions with <80% water.

Structure Characterization. The resulting configurations
were first characterized in terms of their structure. The solvent
accessible surface area (SASA) of the alginate was calculated
using the double cubic lattice method outlined in Eisenhaber
et al.125 using a solvent particle with a radius equivalent to that
of a water molecule (1.4 Å). Analogous calculations were
carried out with a probe radius of 3.0 Å, i.e., considering the
first hydration layer as part of the alginate framework. Final
SASA values were computed from an average of values taken
every picosecond over a 500 ps trajectory in the NVT
ensemble at 300 K.
We also report the average mass-weighted radius of gyration

(Rg) of the alginate strands for each of the three ionic
environments as they are dehydrated. Rg values are calculated
using the following formula

i
k
jjjjjj

y
{
zzzzzz=

r
R

m

m
i i i

i i
g

2 1/2

(1)

where ri is the position of atom i with respect to the center of
mass of the molecule, and mi is the mass of atom i. The radius
of gyration gives a rough measure of the compactness of
individual alginate strands, i.e., the volume of the configura-
tional space occupied by the strands.
The pore size distribution (PSD) was determined by first

calculating the fractional free volume (FFV, excluding the
alginate) of the simulation cell using test particles with a size
ranging from 0 to 4 nm. The method involves attempting 500
hypothetical insertions per nm3 of a hard sphere with the
corresponding radius. If the sphere overlaps with any alginate
atom (as defined based on the atomic radii evaluated by

Bondi),126 the insertion fails and the position is considered
occupied. We note that the absolute values of FFV are sensitive
to the choice of atomic radii (for example, the radii compiled
by Bondi are not identical to the radii implied by the
interatomic potential models used here). To minimize the
impact of this effect, calculated FFV values were normalized to
the FFV calculated from the test insertion of a sphere with a
radius of 0 nm. Insertions are attempted every picosecond of a
500 ps NVT run. Finally, the PSD was calculated by taking the
derivative of the plot of FFV versus the test particle radius. We
note that the PSDs calculated with this method (commonly
used in atomistic simulation studies)127,128 correspond to a
distribution of distances to the nearest surface and not strictly
to the distribution of pore sizes conventionally measured, e.g.,
by N2 gas adsorption or Hg intrusion porosimetry.

Hydration Energetics. To explore the possible thermody-
namic basis for the heterogeneity observed in biofilms, we set
out to investigate how the enthalpy and free energy of
hydration change both as a function of counterion type and
water content. All quantities were taken from a simulation run
in the NVT ensemble, and so the free energy measured is the
Helmholtz free energy, F = U − TS, where U is the total
internal energy of the system and TS the entropic component
of the free energy.
The enthalpy of hydration was approximated as129

= +h u u RThydration pot,w pol (2)

where Δupot,w is the specific potential energy of water less that
of a single water molecule in vacuum, Δupol is a correction for
the polarization energy not captured by the MD model, and R
is the ideal gas constant. As the systems are dehydrated, the
specific potential energy of water is calculated as the change in
potential energy normalized by the change in water content,
Δnw

i
k
jjjjj
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U

n
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w , ,

pot

w
i w (3)

In eq 3, the term on the right side was evaluated as the slope
of Upot versus nw calculated from our simulation results at
different water contents. Because of the small pressure of the
simulated systems, calculated values of upot,w are essentially
i d en t i c a l t o t h e s p e c i fi c en t h a l p y o f wa t e r ,

= +h u P V n/w w w , where the second term on the right
side is negligible (PΔV/Δnw ≈ 0.002 kJ mol−1).
To complete the thermodynamic picture, we also

determined the chemical potential of water in the gels or the
differential free energy of hydration

i
k
jjjjj

y
{
zzzzz= F

n
N V T

w
w , ,i w (4)

More precisely, we calculated the excess part of the chemical
potential, which excludes the ideal component associated with
the free energy of a single water molecule in ideal gas
conditions (μw

excess = μw − μw
ideal). The excess chemical potential

was evaluated analytically from MD simulation trajectories
based on potential distribution theory130,131 using the Widom
insertion method. This approach relies on the relation132,133
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where ΔUpot,TPI is the change in total potential energy
associated with the hypothetical addition of a single water
molecule at a randomly selected location in the simulated
system, and the brackets denote an average over a large
number of hypothetical insertions. The second term on the
right side is a correction for the volume fraction occupied by
alginate, evaluated based on the ratio of the atomic density of
water molecules in our simulated systems, ρ, and in bulk liquid
water, ρ0. For each of our simulated systems, we used 60,000
randomly selected insertion locations per nm3 per ps. At each
insertion location, 5000 insertions were attempted allowing the
water molecule to rotate and translate within a sphere of radius
0.5 Å. Additional details on our Widom TPI analysis are
presented in the Supporting Information.
In addition to the excess chemical potential, we also present

the water activity aw = exp(Δμ/kT) as a measure of how the
chemical potential of water in our systems differs from that of
pure water. Water activity is formally defined as the ratio of the
partial pressure of water in equilibrium with the system to the
partial pressure of water in equilibrium with pure water.
Therefore, water activity acts as a quantification of the
thermodynamic driving force of water into or out of the
system, relative to a hypothetical reservoir of pure liquid water.

■ RESULTS AND DISCUSSION
Structure of the System in Dilute Conditions. The

most dilute systems analyzed in this investigation are alginate
solutions with a water content of 95% by mass. As shown in
Figure 1, the alginate molecules exhibit a strong preference for
a linear conformation in all three systems. The elongated
nature of the strands promotes the formation of structures that
extend continuously in all directions through the periodic
boundary conditions, such that the simulated configurations
essentially reflect the inside of an alginate gel.
As shown in Figure 1a, the sodium-balanced system exhibits

alginate strands that are homogeneously distributed through-
out the simulation cell. In the same dilute condition, the
presence of calcium ions causes a significant amount of
interchain aggregation of the strands, as shown in the Na−Ca
balanced system (Figure 1b) and particularly in the Ca
balanced system (Figure 1c). This increasing aggregation is
consistent with the expectation that Ca ions act as semi-stable
bridges between COO− groups of neighboring algi-
nates,30,90,134 as confirmed by visual examination of equili-
brated structures. The closer coordination of Ca (vs Na) by
the COO− groups is evident in Figure 1b, where Ca ions are
tightly associated with the alginate strands, whereas many Na
ions are more loosely associated with the organic polyanion.
Further insights into the effect of water content on the

molecular architecture of the alginate gels can be gained by
examining their PSD. More precisely, Figure 1d shows the
distribution of distances to the nearest alginate surface for the
Na, Na−Ca, and Ca balanced systems at 95% water content.
Results at lower water contents are presented in Figure S1. The
dashed line shows a theoretical prediction for an ideal
assemblage of parallel, hexagonally packed (i.e., maximally
spaced) cylinders with a radius of 0.25 nm in a volume
equivalent to the Na-alginate simulation with 95% water. As

expected, all curves have identical values at r = 0, reflecting the
surface area of the alginate strands as determined using a probe
of radius 0. The slope of the curves at low r decreases from the
idealized system to the Na, Na−Ca, and Ca balanced systems,

Figure 1. (a−c) Snapshots of REMD-equilibrated systems with 95%
water at 300 K for alginate charge-balanced by Na, Na−Ca, or Ca ions
(from top to bottom). The simulation cell width is ≈10.5 nm.
Alginate strands are shown in green, Na ions in blue, and Ca ions in
fuchsia. Water molecules are not shown. (d) Pore size distributions of
REMD-equilibrated systems with 95% water at 300 K. The dashed
line shows the relationship predicted for a system containing parallel,
maximally spaced cylinders with a radius of 0.25 nm.
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reflecting increasing aggregation. Comparison of the different
curves confirms that the Na balanced system is relatively
uniform (in particular, the peak position, which roughly
reflects the most likely pore radius, is identical in the Na
balanced and ideal systems). In contrast, the Ca balanced
system is non-uniform and exhibits a greater abundance of
relatively large pores, with a peak pore radius ∼2 times larger
than for the Na balanced or idealized systems. We note that
the scale of the heterogeneity in the Ca balanced system is
likely constrained by the finite size of our simulation cell (i.e.,
for a 10 nm simulation cell size with 95% water, the largest
observable pore radius is on the order of 4 nm), such that our
simulations likely underestimate the difference in pore size
distribution between Na- and Ca-alginate.
In addition to offering insight into the nature of alginate

aggregation, the PSD also offers insight into the way in which
water is confined in these gels. As mentioned already, previous
studies indicate that water structure and dynamics are
significantly impacted by the vicinity of nearby interfaces to
distances of up to 1 nm.57 Therefore, the PSD curves reported
in Figure 1d reveal that in Na-alginate with 95% water content,
up to half of the pore water may have properties tangibly
distinct from those of bulk liquid water. In the Ca balanced
system with 95% water content, the fraction of water impacted
by the alginate strands is significantly lower on the order of

20% (or less if our simulations underestimate the hetero-
geneity of Ca alginate as suggested above).
Overall, the results presented in Figure 1 indicate that the

simulation methodology developed here can generate well-
equilibrated structures of alginate gels despite the expected
slow conformational rearrangement of these gels. Results
obtained with different aqueous chemistries show a strong
influence of the Na−Ca ratio on alginate aggregation and pore
size, in agreement with strong differences in mechanical
properties and hydraulic permeability measured for Na versus
Ca balanced alginate in previous studies.24,25,28,29,32,135,136

Structure of the System at Lower Water Content. As
described in the Methods section, a succession of dehydration
and REMD equilibration steps was used to generate molecular
architectures for three ionic systems as a function of hydration
level. Results are shown in Figure 2a in the case of the Na-
alginate system, where the four panels show cross-sections of
the simulated system at four hydration levels between 95 and
80%. As shown in Figure 2a, dehydration causes a transition to
configurations where most of the pore water is located within
two monolayers of the nearest alginate molecule, yet water
content remains high (80%). Furthermore, even as dehy-
dration imposes a closer arrangement of alginate strands,
interactions between neighboring strands remain predom-
inantly water-mediated as shown by the low abundance of
direct alginate−alginate contacts. Note that in each dehy-

Figure 2. (a) Snapshots of a 1 nm thick cross-section of Na-alginate at water contents of 95, 90, 85, and 80% from left to right. The pink dots
represent the location of alginate atoms. Dark blue dots show the center-of-mass locations of water molecules that are within two water diameters
(6 Å) of an alginate strand, and light blue dots denote water molecules further than 6 Å from alginate. (b) Accessible surface area of the alginate
strands as seen by a hypothetical probe with a radius equal to the diameter of a water molecule. The results quantify the interfacial area between
water located within vs beyond the first hydration shell of alginate. The dotted line shows the surface area of 10 infinitely-spaced alginate strands.
The error bars represent the standard error over the six lowest temperature replicas. (c) Average radius of gyration of individual alginate strands.
Error bars represent the standard error over the three lowest temperature replicas. The dotted line shows the Rg value of a single alginate strand in
the limit of infinite dilution.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.2c07129
J. Phys. Chem. B 2023, 127, 1828−1841

1833

https://pubs.acs.org/doi/10.1021/acs.jpcb.2c07129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c07129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c07129?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c07129?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c07129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dration step, we decrease the percentage of water by mass in
the system by a constant interval. Therefore, each successive
dehydration involves the removal of fewer water molecules
than the previous dehydration interval.
The progressive aggregation of alginate strands with

increasing alginate mass fraction can be quantified by
evaluating the progressive decrease in the SASA of the strands.
Predicted values for our three simulated systems, shown in
Figure S3, indicate that the SASA of the Ca-balanced system is
reduced by 10 to 20% relative to the Na system. For all three
ionic environments, the surface area decreases monotonically
as water is removed from the system. In other words, the
degree of alginate aggregation is enhanced by dehydration, and
for the Na-alginate system, aggregation is only possible
through dehydration. However, the decrease in SASA
associated with aggregation is relatively small in all systems,
as expected based on the importance of water-mediated
interactions between alginate molecules noted above, i.e., even
when alginate molecules aggregate, their surface remains
predominantly coated with water.
As an alternative measure of the alginate surface area, we

present in Figure 2b the alginate accessible surface area
determined using a probe radius equal to the diameter of a
water molecule. This variable essentially quantifies the
accessible surface area of the hydrated alginate strands (i.e.,
with the first layer of hydration water considered a part of the
alginate framework). Values lower than those calculated for
isolated strands indicate overlap between the hydration waters
of neighboring alginate strands. Our results show that the
addition of calcium results in a significant reduction (∼40%) of
the hydrated surface area of the alginate polymers. This
reduction is much greater than the corresponding reduction of
the standard SASA (10 to 20%), which indicates that the Ca-
alginate aggregates include extensive alginate−water−alginate
linkages. We also note much steeper drops in the hydrated
surface area as the gels are dehydrated. At 65% water content,
the Na− and Ca−Na-alginate gels display a hydrated surface
area 35 to 40% that of an isolated alginate strand. In other
words, near the onset of cavitation in our simulated systems,
about two-thirds of the alginate surface participates in
alginate−alginate interactions mediated by two or fewer
water layers.
An additional measure of the microstructural changes

associated with dehydration is presented by the average radius
of gyration (Rg) of the alginate strands, reported in Figure 2c
for each of the three ionic systems as a function of water
content. As shown in Figure 2c, the average Rg value in the Na-
alginate gel is almost invariant with gel hydration. Similarly, the
Rg value in the Ca−Na-alginate gel only decreases by about 3%
as the gel is dehydrated. The lack of dependence of Rg on water
content is consistent with experimental findings that Rg
remains constant with increasing alginate concentrations.123

The Rg value in Ca-alginate, however, is consistently lower
than in the other two systems and decreases markedly upon
dehydration, particularly at water contents below 85%,
reaching a value roughly 9% lower than in the other systems
in the dilute limit. Our results confirm the relative stiffness of
the alginate strands observed visually in Figure 1. Our results
further suggest that Ca-mediated cross-links can partly
overcome this stiffness and bend the alginate molecules,
whereas Na-mediated cross-links cannot. This stiffness of the
alginate strands (and the partial bending required to cross-link
the strands) may partly explain the limited degree of

aggregation in the Na balanced system. In studies of other
charged polysaccharides, increased concentrations of the
polysaccharide and counterions force the counterions closer
to the polysaccharide, making the chains more flexible.137 It is
reasonable to think a similar effect may occur in our simulated
systems, but the magnitude of this effect is difficult to ascertain
in our simulations because the simulation cell size inherently
limits the length of our alginate polymers.
Additional results showing the progressive evolution of pore

size distribution with dehydration in the three simulated
systems are presented in Figure S1. These results indicate that
the Na-balanced alginate gel retains a relatively uniform
distribution during dehydration. Conversely, the two Ca-
balanced systems retain a non-uniform alginate distribution
during dehydration. As the alginate is progressively dehy-
drated, a significant peak at near-zero r values (indicating
regions of the gel that have mostly expelled water) emerges at
<85% water in the Ca-balanced system and at <80% water in
the Na−Ca balanced system but is not observed in the Na
balanced system. Qualitatively, the PSD of the Ca−Na-alginate
system is more similar to that of the Na-alginate gel in the
dilute limit and more similar to that of the Ca-alginate gel in
the concentrated limit.

Enthalpy of Hydration. To explore the impact of
molecular architecture on the thermodynamics of water in
the gel, we evaluated the specific enthalpy of hydration, Δhhyd,
of the system as a function of ion type and water content
(Figure 3a). Equivalent to the inverse of the specific enthalpy
of vaporization, Δhhyd is a measure of the energetic affinity of
the system for water. As expected, the specific enthalpy of
hydration is essentially equal to that of bulk water in the dilute
limit (−43.97 kJ/mol with our simulation methodology, in
agreement with values reported in experiments (−43.99 kJ/
mol138) and in previous studies of SPC/E water (−44.08 kJ/
mol129)). Regardless of the ion type, Δhhyd stays relatively
constant with dehydration until the Mw/Malg ratio drops below
∼3, i.e., 75% water content. At water contents below 75%,
Δhhyd becomes abruptly more negative, indicating that water
removal from the gel becomes significantly more endothermic.
At this point, according to our predicted PSD curves (Figure
S1), almost all the water molecules in each of the three ionic
systems are part of the first hydration shell of an alginate
polymer. The significant drop in the enthalpy of hydration
below this water content indicates that water molecules in the
first hydration layer of alginate have a more favorable enthalpy
than water molecules in bulk liquid water. If we assume that
the enthalpy of water−alginate interactions remains relatively
constant, these results indicate that the strength of water−
water hydrogen bonds beyond the first hydration layer is
essentially identical to that observed in bulk liquid water, even
in relatively highly dehydrated gels. We cannot conclude this
definitively, however, because the magnitude of water−alginate
interactions likely varies with dehydration.

Chemical Potential of Water. To understand how the
molecular morphology of alginate polymers might impact
larger-scale cohesion and desiccation resistance, we determined
the excess chemical potential (μexcess) of water in the three
simulated systems. The excess chemical potential of pure water
(−28.0 ± 0.2 kJ/mol with our simulation methodology, in
agreement with values reported in previous studies of SPC/E
water of −26.8,139 −27.8,140 −26.7,141 and −28.3 kJ/mol142)
reflects the enthalpic favorability associated with the formation
of water−water hydrogen bonds and van der Waals
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interactions (−46.7 kJ/mol without the polarization correction
Δupol) and the entropic penalty associated with the decreased
configurational freedom of water in the liquid phase (on the
order of 16 kJ/mol). If the excess chemical potential of water
in our simulated systems differs from that of bulk liquid water,
then water molecules should tend to migrate toward the
system with the lower chemical potential to reduce the overall
free energy. Thus, by comparing the excess chemical potential
of water in the alginate gel systems to the excess chemical
potential of pure water, we can gain an understanding of the
thermodynamic driving force toward water redistribution
between alginate-rich and water-rich domains within an EPS
gel or a biofilm.
As shown in Figure S7, we observe no statistical difference in

the excess chemical potential of water as a function of calcium
content. Therefore, in Figure 3b, we report the excess chemical
potential of water averaged between our three simulated
systems as a function of water content. Each black circle in
Figure 3b represents an average calculated over 18 distinct 10
ns long simulations. An alternative plot of the same results
expressed as the activity of water, aw = exp(Δμ/kT), where Δμ
is the difference in the chemical potential of water between our
systems and pure water, is presented in Figure S8.
The results shown in Figure 3b indicate that at water

contents >70%, alginate gels exhibit a water excess chemical
potential less negative than that of pure water, i.e., water in the
gels has an activity greater than 1. This observation is
consistent with the known cohesive nature of alginate gels: if
water had a lower chemical potential in the gel than in pure
water, alginate gels exposed to pure water would tend to swell
and disaggregate. Our results also are consistent with previous
theoretical studies suggesting the existence of a miscibility gap
in alginate−water mixtures.79 In addition, our prediction that
aw > 1 within alginate gels at water contents typical of biofilms
is consistent with observations in food chemistry that water
activities aw > 1 are conducive to microbial life, whereas
antibacterial properties start being detected in systems with aw
< 0.94.143

The invariance of the excess chemical potential with the Na/
Ca ratio indicates that the presence of calcium has little to no

effect on the thermodynamics of water inside the gel. This
finding is unexpected in light of the strong impact of Na versus
Ca on alginate aggregation and microstructure (Figure 1) but
is supported by our similar observations on the enthalpy of
hydration (Figure 3a). If correct, our results appear to imply
that the impacts of Ca ions on biofilm properties reported in
the literature24,25,28,29,32,135,136 reflect either a difference in
mechanics (for example, a higher yield stress of Ca alginate
associated with stronger cross-linking of alginate strands or a
high permeability associated with the existence of large pores
in Ca alginate) or, alternatively, the existence of driving forces
that are not captured at the ∼10 nm scale of our simulated
systems. With regard to this last point, the aforementioned
possibility that our simulations underestimate the abundance
of large pores (filled with bulk-liquid-like water) in Ca-alginate
implies a possible bias in the magnitude (but not in the sign)
of the thermodynamic driving force toward hydration or
dehydration.
In Figure 3, we report the best-fitting curves

= +h A M M h( / ) b
hyd w alg hyd,bulk a n d

= + +A M M C M M( / ) ( / ) ,b d
excess w alg w alg excess,bulk where
A and b are identical for both curves. This choice of parametric
relation is arbitrary but informed by theoretical predictions
that disjoining pressure in fluid-filled slit-shaped pores between
solid surfaces includes components that scale with pore width
to the power of −1, −2, or −3.144−147 The four parameters
were determined by fitting the average μexcess values in Figure
3b using the non-linear least squares method. The coefficient
and exponent of the first term were found to accurately
represent the Δhhyd values in Figure 3a. The best-fitting values
of b and d are 6.4 and 1.1, respectively.
The fits shown in Figure 3 further illustrate the relationship

between the differential enthalpy of hydration and the excess
chemical potential (i.e. the differential free energy of
hydration). Specifically, the results shown in the two curves
are related through

= =f h T sexcess hyd hyd hyd (6)

Figure 3. Plots of (a) the specific enthalpy of water (i.e., differential enthalpy of hydration) and (b) excess chemical potential of water (i.e.,
differential free energy of hydration) in the three gels as a function of the mass ratio of water to alginate (including counterion mass). The dotted
lines show the specific enthalpy of hydration and excess chemical potential for pure SPC/E water calculated using our simulation methodology. The
black dots represent the average taken over the three ionic environments (18 total μexcess calculations per value of Mw/Malg). The solid black lines
show fitted curves of the form (a) +A M M h( / ) b

w alg hyd,bulk and (b) + +A M M C M M( / ) ( / )b d
w alg w alg excess,bulk where A and −b are the same

for both curves, and all parameters (A, b, C, and d) were fitted to the simulation predictions in (b).
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where Δfhyd and Δshyd are the differential free energy and
entropy of hydration, respectively. Thus, our results indicate a
−TΔshyd term that is positive and proportional to
M M( / )w alg

1.1. In other words, the differential entropy of
hydration is always negative, indicating that it is entropically
unfavorable to transfer a water molecule to the system from a
hypothetical reservoir of pure liquid water. Furthermore, this
entropic penalty increases as the gels are dehydrated. Our
results are consistent with the fact that as the gels are
dehydrated, the hydrating water phase becomes increasingly
confined by the alginate matrix, which appears to limit the
configurational space accessible to the water molecules. This
confining effect of the alginate matrix on the chemical potential
of water in the gels seems to be associated with the polymeric
nature of the alginate molecules: in similar MD simulations of
mono and polysaccharide solutions,148 the chemical potential
of water decreased monotonically with increasing organic
concentration and degree of polymerization. We note that
previous studies reveal a relatively high sensitivity of water
activity predictions in organic solutions to the choice of
interatomic potential parameters.148 Therefore, the magnitude
of the entropic term identified here should be taken with
caution.

■ CONCLUSIONS AND IMPLICATIONS FOR THE
BIOFILM MATRIX

The results presented above have notable implications for our
understanding of the biofilm matrix. First, they indicate that
the thermodynamics of water in alginate gels with > 65% water
tend to favor a phase separation between an alginate-rich phase
and a water-rich phase, regardless of the identity of the
counterbalancing ion. This is consistent with the cohesive
nature of alginate gels and with the persistence of sharp density
gradients within the biofilm matrix.15 It also is consistent with
experimental observations that dehydrated biofilms, when
exposed to bulk liquid water, spontaneously rehydrate only up
to water contents on the order of ∼70% as shown, e.g., in
experiments with a B. subtilis mutant that produces EPS but
not the main biofilm protein (ΔtasA strain) by Ido et al.149

One potential implication of our results concerns the
mechanism by which EPS confers resistance to desiccation.
Observations such as those that the genes responsible for
alginate production in the soil bacterium Pseudomonas putida
are turned on under water-limiting conditions9,150,151 have
classically been interpreted as indicating that desiccation
resistance results from the hygroscopic nature of the biofilm
matrix�its ability to absorb water from the atmosphere.
Indeed, the observation that two of our simulated systems
undergo cavitation at a water content between 65 and 70%
indicates that these gels exhibit a strong resistance to
desiccation below this level (i.e., the gel prefers to cavitate
rather than collapse, likely due to the stiffness of the three-
dimensional network of alginate strands).
Our results, however, also reveal a second mechanism

whereby alginate may protect cells from fluctuations in water
availability: high water activity within of the alginate gels (aw >
1) suggests that EPS gels may maintain a thermodynamic
driving force for water out of the extracellular space and into
the cells. In addition, this driving force increases in strength as
the biofilm becomes more water stressed or as the
concentration of alginate in the extracellular space increases.
This finding implies that cells may be able to counteract water-

stressed conditions (low osmotic potential) by excreting
alginate and, also, may be able to tune osmotic pressure
within biofilms by controlling the balance of EPS and
osmolytes.9 This result is consistent with the observation
that certain bacterial species secrete alginate in environments
with little water or with a high concentration of solutes.152

The high activity of water in alginate gels at >70% water
content may also play a role in the stabilization of extracellular
molecules such as proteins and DNA, as the activity and
stability of these molecules are very sensitive to changes in
water activity.153 Our results provide evidence that as a biofilm
dehydrates, alginate can increase the water activity of the
extracellular space, or phase separation of alginate may give rise
to regions of high water content that could prolong the
stability and activity of extracellular biopolymers essential to
biofilm viability. Indeed, Svenningsen et al.22 found that
turning off the gene for alginate production in the biofilm-
producing soil species P. putida leads to a greater buildup of
ROS with desiccation. One possible explanation for this
connection between ROS buildup and loss of alginate is that
alginate gels prolong the activity of ROS-cleaning proteins by
increasing the water activity as the biofilm is dehydrated.
The benefit of the increased chemical potential of water at

low water contents to the cells is prolonged if the alginate is
somehow prevented from collapsing to the low water content
at which it returns to a phase equilibrium with bulk liquid
water. Complete collapse of the alginate polymers in these
systems may be prevented or slowed by the extended nature of
the alginate strands, which is only partly captured in our
simulations due to the relatively short length of our simulated
polymer strands. The relative stiffness of the alginate strands
(indicated by their high radius of gyration and its minimal
decrease with dehydration) likely helps prevent this collapse by
inhibiting the formation of close-packed arrangements.
As mentioned above, our systems provide only a nanoscale

view of alginate gels and therefore do not capture polymer
physics on the length scales of actual alginate polymers (>100
nm).109 In polymer solutions, the free energy is dictated by a
balance between the monomer−monomer and monomer−
solvent interactions with the entropic resistance of the
polymers to complete collapse and to complete extension.
While our simulations capture the monomer−monomer and
monomer−solvent interactions, it is unclear whether the
entropic term associated with the polymers is fully captured
by our calculations of the chemical potential of water. The
simulated alginate strands approach the persistence length of
real alginate strands and, therefore, should at least partly
capture the manner in which the maximization of the
configurational entropy of the polymers stretches and
compresses the solvating water in a way that is captured by
the Widom insertion method. However, the similarity in length
between the simulation cell and individual strands may
introduce artifacts, e.g., by preventing the emergence of
heterogeneity on length scales similar to or larger than the
simulation cell dimension. Although the microstructural and
energetic trends observed in our simulations are generally
consistent with expectations, the quantitative accuracy of our
predicted water energetics is difficult to ascertain in the
absence of experimental validation for alginate strands like
those used in our study (i.e., with 20 M-monomer units). We
note that the structural properties of water-organic mixtures
tend to be relatively weakly sensitive to MD simulation
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methodology, while their energetic properties tend to be much
more sensitive.148

Unfortunately, the simulations become highly computation-
ally expensive at water contents above 95%. However, the
trend in the excess chemical potential of water in all three gels
suggests that at high water contents, they approach the excess
chemical potential of pure water. This indicates that regions of
high and low alginate concentrations can co-exist in
thermodynamic equilibrium, in agreement with thermody-
namic predictions.79 This is a significant finding for under-
standing the macroscale stability of the biofilm matrix, as it
suggests a way in which the connectivity of the polymer
network might be preserved across water-rich regions. All in all,
our results are consistent with the experimental findings of a
non-monotonic dependence of biofilm mechanical stability and
permeability on the calcium content. At low Ca contents, the
connectivity of the polymer network is strengthened by the
formation of high-energy cross-links between alginate poly-
mers.
The predicted thermodynamic tendency toward the phase

separation of the polymer solution into polymer-rich and
water-rich regions is reminiscent of the coacervation process in
biological systems that has gained significant attention in the
past two decades.154,155 The formation of coacervates, the
polymer-rich phase, is driven by the electrostatic attractions of
polyelectrolytes with oppositely charged polymers or with
inorganic counterions. The theory of coacervation is similar to
traditional polymer scaling theory except that in the former,
the species are in chemical equilibrium with the solvent as
opposed to thermal equilibrium in the latter.155 Theories of
coacervation largely consider the solvating water as a
continuum and thus have not explored the possibility of
water as a phase separating actor itself.155 Here, by examining
the chemical potential of water in the alginate solution, we
have observed a yet unexplored driving force for coacervation,
namely, an increase in the chemical potential of water at
intermediate regimes of polymer concentration. In our
opinion, these findings call for greater attention to water’s
identity as a phase separating actor as opposed to treating it
simply as the medium in which phase separation occurs.
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