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ABSTRACT: Polysaccharides like chitosan (CHT) can sustainably replace
synthetic polymers in many material applications, but their native mechanical
properties are often subpar. Addition of ionic surfactants like the anionic sodium
dodecylsulfate (SDS) can bring about dramatic mechanical enhancements in pH
polysaccharide materials, including those of CHT. At basic pH, CHT is neutral = ) Loading ﬂ
and forms elastic hydrogels, but the cationic nature of CHT at acidic pH enables LYo stress o€

ionic cross-linking with SDS, leading to viscoelastic hydrogels with superior

strength. Thus, SDS:CHT has emerged as a promising platform for spatial and dynamic programming of hydrogels with unique
responses to mechanical loads, but the nanoscale origins of their load-bearing mechanisms remain elusive. To address this gap, CHT
hydrogel networks were self-assembled at varying pH values and SDS concentrations and mechanically tested using a multiscale
modeling pipeline. In addition to yielding self-assemblies with mechanical properties consistent with experimental reports, our
methods revealed distinct pH- and SDS-dependent load-bearing mechanisms. We found that basic CHT networks underwent load-
dependent crystallization, similar to stretched rubber, while SDS micelles shouldered the load response in acidic SDS:CHT networks
by merging into larger micelles. These findings may enable the adaptation of these programming mechanisms for other
polysaccharide—surfactant combinations, lead to the improvement of mechanical robustness of existing SDS:CHT applications, and
inspire the development of new applications.
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B INTRODUCTION

Polysaccharides like cellulose and chitosan (CHT) are among
the most abundant biomolecules found in nature. Inexpensive

platform for programmable mechanomaterials, their molecular
and mechanistic underpinnings are not understood. Here, we
aim to understand the nanoscale origins of the different
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and biodegradable, such polysaccharides are promising
alternatives to synthetic polymers for packaging,' biomate-
rials,”> and other materials science applications.” Yet,
polysaccharides remain largely untapped as substitutes for
synthetics due in large part to their underwhelming mechanical
properties.”>

When used as additives, ionic surfactants can engender
mechanical enhancements in polysaccharide materials. The
anionic surfactant sodium dodecylsulfate (SDS) has been
shown in past reports to enhance elasticity, toughness, and
other Properties in composite with alginate,” natural gums,”"’
CHT,'" and other polysaccharides.'* In the case of CHT, He
et al'' showed that the mechanical properties of CHT
hydrogels could be transformed from elastic to viscoelastic by
treatment with acidic SDS solutions. In contrast to the other
polysaccharide—SDS studies, He et al. also demonstrated that
this acid—SDS-induced viscoelasticity could be harnessed to
spatially and dynamically program the mechanical properties of
CHT hydrogels, using a facile method of printing patterns with
the acid—SDS solution on pre-formed basic CHT hydrogel
films. While this work highlights SDS:CHT as a promising
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mechanical properties observed in SDS:CHT hydrogels, and
aid the adaptation of this programming mechanism for other
polysaccharide—surfactant materials.

Toward this goal, we draw on past studies to establish the
known facts and delineate the gaps in knowledge. The pH-
responsive CHT is electrostatically neutral at basic pH and
forms hydrogels chiefly through hydrogen bonds (H-bonds)
and water bridges."”™"> However, CHT is highly cationic at
acidic pH (pK, ~ 6.5), and the association of SDS with
cationic CHT and similar polymers was found to be driven by
electrostatics'°™"? and entropy.20 Using scattering experi-
ments, Hoffmann et al. deduced that ionically linked rodlike
complexes are related to increased viscosity in solution phase
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Figure 1. Overview of the multiscale modeling pipeline. (a) Coarse-grained models of chitosan (CHT) chains and sodium dodecylsulfate (SDS)
surfactant molecules and their corresponding atomistic structures are shown. Protonation of the amine groups of atomistic CHT and the
corresponding B3 beads of CG-CHT is dictated by the environment pH, and their inherent pK, ~ 6.5. (b) The three-step multiscale molecular

modeling pipeline followed in this report is illustrated schematically.

complexes of SDS and JR 400, a polysaccharide bearing some
similarities to CHT,"? but whether these results apply to solid
hydrogels is not clear. Despite the utility of scattering
experiments in observing dynamic changes in molecular
structure along with mechanical properties, fine nanometer
length-scale resolutions (<10 nm) remain inaccessible. On the
other hand, atomic force microscopy (AFM) experiments can
measure mechanical moduli while simultaneously generating
detailed molecular structures at <10 nm resolutions. For
example, AFM has been used to explore structure—mechanical
property relationships in dry cast CHT films,”" as well as the
complex formation of anionic surfactants with polycations.””
However, to the best of our knowledge, AFM has not been
used to investigate structure—mechanical property relation-
ships in SDS:CHT or similar polysaccharide—surfactant
hydrogels.

Molecular dynamics (MD) can be a viable computational
alternative for testing mechanical properties in tandem with
molecular phenomena in fine timescales and atomic detail
when the molecular structure is known,”>?* but the
investigation of nondeterministic hydrogel structures is
difficult. As a result of the complex self-assembly kinetics of
hydrogels, their study with atomistic MD has been limited to
early kinetic stages in small and unpercolated complexes.'*"”
While coarse-grained (CG) modeling (whereby atoms are
grouped into “beads”) curtails this challenge and allows for
computationally efficient self-assembly of larger percolated
hydrogel-like networks,”>*° the trade-offs inherent to CG
modeling yield lower resolution details vis-a-vis atomistic
models.

In light of these challenges, we have combined the strengths
of CG and atomistic MD to devise a three-step computational
approach to develop a unified understanding of the mechanical
properties and nanoscale structural dynamics in SDS:CHT
hydrogels. First, percolated CHT networks at different pH and
SDS concentrations were self-assembled at CG resolution, then

6464

refined to atomistic resolution, and finally, mechanically tested
in silico to gain a unified understanding of the mechanical
properties and nanoscale structural dynamics (Figure 1b). In
agreement with experiments, distinct pH- and SDS concen-
tration-dependent self-assembly modes, cross-linking mecha-
nisms, and corresponding mechanical properties were
observed. Importantly, we contrast the nanoscale load-bearing
mechanisms underlying the programmable mechanical proper-
ties in CHT hydrogels in the pH—SDS space. These results
could assist in enhancing the robustness of the existing
SDS:CHT applications’” " and enable the discovery of new
applications. Furthermore, this work presents a transferrable
protocol for the “full-stack” evaluation of hydrogels from self-
assembly to mechanical properties, marking a significant
advancement toward computational materiomics.

B METHODS

CG Models for CHT and SDS. Figure la illustrates our CG
mapping, where approximately four heavy atoms are grouped into a
single CG bead. In this paper, we consider the idealized case where
100% of the monosaccharide units in CHT are deacetylated.
Accordingly, each CHT chain is modeled as a linear polymer of 30
N-glucosamine units, translating to a contour length of about 16 nm.
N-Glucosamine units are represented by three CG beads: Bl
constituting the 6’-hydroxyl group, B2 constituting the backbone
atoms involved in 4,1-glycosidic bonding, and B3 constituting the
ionizable 2’-amine group. The 2'-amine in CHT ionizes with pK, ~
6.5, allowing solution pH to be modeled by randomly placing a charge
of +1 e on a fraction of B3 beads, as dictated by the Hendersen—
Hasselbalch equation. However, in the pH limits explored in this
work, CHT chains are either entirely neutral or entirely cationic.
Further details of this CG model for CHT can be found in our
previous work.”®

The CG model of the SDS was borrowed from the standard
MARTINI forcefield:*>" the anionic SO4 bead carries a permanent
charge of —1 e and includes the sulfate headgroup, while the
hydrophobic Al, A2, and A3 beads represent the hydrocarbon tail
(Figure 1a). The MARTINI polarizable water model®> was used to
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solvate our CG systems, where each CG water represents four
atomistic waters. These CG water molecules have Drude-like
oscillating charges that account for the polarizability of water.
Monovalent ions were used to ensure charge neutrality.

CG Self-Assembly Simulations. CG-CHT hydrogel networks
were self-assembled using molecular dynamics simulations with
varying molarities of SDS and at extreme pH conditions: basic pH
> 9.3 and acidic pH < 3.7, such as the conditions used to prepare
composite hydrogels of SDS and CHT by He et al.'' Initially, 20
CHT chains were randomly placed in a cubic periodic box with
roughly 41 000 CG water molecules for an effective concentration of
about 4% (m/v) CHT. The number of CG-SDS molecules (n5ps) to
be inserted for a target molarity (Mgps) in a system with npy
polarizable water molecules was determined by the equation

4 X npyw X Mgpg
5S5.5 + Mgpg

Ngps =

Acidic pH systems were assembled with SDS at concentrations of
0, 22, 43, 65, 86, 130, and 180 mM. As controls, basic pH systems
were assembled with SDS at concentrations of 0, 86, and 180 mM.
Two independent replicas were performed for all systems except CHT
with 22 and 43 mM SDS at acidic pH.

The molecular dynamics engine, GROMACS version 4.5.7,% was
used to perform the CG self-assembly simulations. To obtain a
randomized starting conformation, solute molecules were set to
slightly repel each other, and the systems were simulated for 25 ns in
the NPT ensemble. Following randomization, repulsive potentials on
solute molecules were lifted. SDS and CHT were returned to their
native forcefield descriptions, and monovalent counterions were
inserted as required to maintain system-wide charge neutrality.
Steepest descent energy minimization was performed on these starting
configurations before a 2 ns NPT equilibration run with the positions
of solute molecules fixed with harmonic restraints. Lastly, unrestrained
self-assembly was performed for 500 ns in the NPT ensemble. Particle
motion was integrated using the leapfrog algorithm at 0.010 ps time
steps. Temperature was fixed at 300 K using the Nose—Hoover
thermostat™ with a time constant of 4 ps, and pressure was
maintained at 1 bar using the Parrinello—Rahman barostat™ with a
time constant of 10 ps. Isotropic pressure coupling with a
compressibility of 4.5 X 107% bar™' was applied. Short-range
electrostatics and van der Waals interactions were calculated using
the plain cutoff scheme for a distance of 2 nm. Long-range
electrostatic interactions were calculated using the particle mesh
Ewald®® method, with a relative permittivity, €, set at 2.5. Dummy
bonds of MARTINI polarizable water were constrained using the
LINCS algorithm.*’

Characterization of Self-Assembled Structures. To study the
patterns of growth in the self-assembly of SDS:CHT hydrogels at
different pH conditions and SDS concentrations, a clustering
algorithm based on the principle of breadth-first search®® was
established. The self-contact matrix of SDS atoms was traversed
every 0.1 ns to find connected components. A group of SDS
molecules were said to constitute a micellar aggregate if there existed a
path between them through either of their two distal hydrophobic tail
beads (A2 and A3 in Figure la). The existence of a path was
determined by a maximum bead-to-bead distance cutoff of 0.65 nm.
The number of micellar aggregates and their respective aggregation
numbers were computed over all trajectories.

Similarly, the self-contact matrix of CHT atoms is traversed every
0.1 ns to find connected components. In this case, a group of CHT
chains are said to constitute a cluster if there exists a path between
their B2 backbone beads, either by direct backbone—backbone
contacts or indirectly mediated by an SDS micelle. Backbone—
backbone contacts were defined as a pair of B2 backbone beads within
a distance threshold of 0.55 nm. Backbone—micelle contacts exist
when a CHT B2 is within 0.55 nm of an SDS headgroup bead (SO4)
in the micelle (Figure 1a). If two different CHT chains are in contact
with the same SDS micelle, an SDS-mediated cross-link is said to exist
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between them. All distance thresholds included the first neighbor peak
of their respective pair correlation functions.

CHT clusters were considered hydrogel networks if they displayed
percolation along any direction in space. From visual inspection,
cluster sizes of 14 and higher displayed percolation and remained
stable over the final 100 ns of simulation, and thus 14 was set as the
threshold to qualify as a hydrogel network. At each time step, the
systems were assigned a Boolean percolation number: 1 if the cluster
size is at least 14 and 0 otherwise. Fitting a logarithmic growth curve
to the time series of this Boolean percolation yielded a characteristic
percolation time, which corresponded to a “half-life” for percolation.

Backmapping from CG to Atomistic Resolution. Self-
assembled CG structures were converted to high-resolution atomistic
strgctures using the backmapping protocol developed by Wassenaar et
al.”

Figure la illustrates the mapping of CG-CHT and CG-SDS beads
to their corresponding atomistic resolution atoms. Accordingly, target
atomistic topologies for all molecules were projected onto the CG
structures. Notably, the 100% deacetylation degree of CHT is
maintained after backmapping, such that the atomistic CHT chains
are also 30-mer N-glucosamine chains. Each CG water represents four
atomistic water molecules;*” thus, four atomistic water molecules are
projected onto each CG water, such that the CG-solvation structure is
maintained. As CG ions are considered to be solvated ions,>" they are
each backmapped to one atomistic ion and four atomistic waters.

Next, the projected structures were relaxed through two steepest
descent energy minimization steps, first with intermolecular
interactions turned off and second with intermolecular interactions
turned on. Then, with hydrogen bonds constrained and non-hydrogen
solute molecules held with harmonic position restraints, the systems
were relaxed with a series of five short 500 time step NVT MD
simulations while gradually increasing the time step of integration
from 0.1 to 2 fs. All of the MD steps were performed at a temperature
of 300 K.

Following this backmapping process, solvent molecules were
allowed to achieve a stable density during 2 ns of NPT simulation
with position-restrained solute molecules. Finally, restraints on solute
molecules were lifted, and systems were simulated until their
structures reached equilibrium, indicated by a constant population
over at least 15 ns of four types of intermolecular interactions:

e CHT-CHT H-bonds, defined by a distance of less than 0.3
nm between hydrogen bond acceptors (any nitrogen or
oxygen) and any polar hydrogens and a maximum donor-
hydrogen—acceptor angle of 150°.

e SDS—CHT H-bonds, defined the same as CHT—CHT H-
bonds.

o CHT-CHT water bridges, considered to be present between
CHT chains if a water molecule’s oxygen atom is within 0.3
nm of a pair of polar atoms (any nitrogen or oxygen) of a CHT
molecule.

e SDS—CHT salt bridges, defined by a distance of 0.4 nm or less
between a sulfur atom of an SDS molecule and a nitrogen atom
of a protonated —NH;"* group of a CHT molecule.

Three representative 4% CHT hydrogel networks in the pH-SDS
space were selected for this analysis: 0 mM SDS at basic pH (NB-0),
180 mM SDS at basic pH (NB-180), and 180 mM SDS at acidic pH
(NA-180). NB-0 and NA-180 were simulated for 25 ns and NB-180
for 3$ ns.

The molecular dynamics engine, GROMACS version 4.5.7,% was
used to generate the equilibrated atomistic structures. NPT
production simulations were performed with a time step of 2 ps,
enabled by constraining all covalent hydrogen bonds using the LINCS
algorithm.?” Temperature was fixed at 300 K using the Nose—Hoover
thermostat™ with a time constant of 1 ps, and pressure was
maintained at 1 bar using the Parrinello—Rahman barostat® with a
time constant of 5 ps. Isotropic pressure coupling with a
compressibility of 4.5 X 107° bar™' was applied. Short-range
electrostatics and van der Waals interactions were calculated using
the plain cutoff scheme for a distance of 1.4 nm. The particle mesh
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Ewald method was used to calculate long-range electrostatics. The
carbohydrate-specific united atom forcefield, GROMOS S53a6
GLYC,"™ was used. All atomistic simulations used the three-site
simple point-charge (SPC) water model.*"

In Silico Mechanical Testing of Atomistic Structures.
Constant stress uniaxial deformation was performed by applying a
negative pressure, p,,, along the deforming axis, against the positive
atmospheric pressure, p,,, of 0.1 MPa. The net loading stress, 6i,,4, is
given by o4 = —(Papp — Pam)- Constant stress simulations were
performed for 15 ns at varying stresses, each starting from the final
frame of the preceding simulations, where backmapped atomistic
structures were equilibrated. Anisotropic pressure coupling was
implemented, with p,,, applied along the deforming axis and py,
applied along the nondeforming axes, using the Parrinello—Rahman
barostat at a time constant of 5 ps*> and a compressibility of 4.5 X
1076 bar™! along all three axes. The final strain was considered to be
reached when the 95% confidence interval for mean strain fell below
0.01 strain units over 2 ns of simulation.

Nonequilibrium molecular dynamics was implemented to perform
cyclic deformations, starting from the equilibrated backmapped
atomistic structures. Dimensions of the deformation axis were
changed according to the function L(t) = L(0) + L(0) X dy/dt X ¢t,
where L(0) is the initial box length before deformation, t is the time
elapsed during deformation, and dy/dt is the constant strain rate
relative to the original box length L(0). The box length along the
deformation axis was extended with a constant strain rate, dy/dt =
+0.01 ns™!, during the tension leg, and compressed with a constant
strain rate dy/dt = —0.01 ns™". Each leg was simulated for 15 ns such
that the deformation axis reached a maximum strain y,,,, of 0.15 at the
end of the tension leg and a minimum strain y,,;, of 0 at the end of the
compression leg, and a total of three consecutive cycles were
performed. Pressure coupling was anisotropic, with a pressure of p,,
and a compressibility of 4.5 X 107 bar™! along the two nondeforming
axes. Along the deforming axis, compressibility was set to 0. Uniaxial
stress was computed from the negative of the pressure experienced
along this axis. The Parrinello—Rahman barostat with a time constant
of S ps was used along all axes.

B RESULTS AND DISCUSSION

Dual Pathways of Self-Assembly in the pH-SDS
Phase Space. To investigate the structural roots of the
distinct mechanical properties of CHT and SDS:CHT
hydrogels, networks of each were first self-assembled at the
CG resolution. Starting from randomized positions, neutral
CHT under highly basic conditions (pH > 9.3) and fully
cationic CHT under highly acidic conditions (pH < 3.7) were
self-assembled with SDS concentrations ranging from 0 to 180
mM. Self-assemblies with percolated (space spanning) CHT
networks were classified as hydrogel networks, and character-
istic percolation times for hydrogel network formation are
reported in Table 1. Under basic conditions, CHT formed
hydrogel networks in under 6 ns, independent of SDS

Table 1. Percolation Times in Nanoseconds (ns) for CHT
Networks at Varying pH Values and SDS Concentrations”

[SDS] (mM) pH < 3.7 pH > 93
0 no network® 5.3%
22 no network -
43 no network -
65 no network*® —
86 56.5% 59
130 19.8% —
180 10.4* 4.4

“Asterisk signs (*) indicate times averaged over two independent
replicas, and untested conditions are indicated by a dash (—).
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concentration. In stark contrast, percolated hydrogel networks
emerged under acidic pH only after a critical SDS
concentration was reached: hydrogel networks were only
observed at SDS concentrations upwards of 86 mM; moreover,
percolation times decreased as SDS concentration increased.
Thus, two pathways of CHT hydrogel assembly are
observed—one that is SDS-independent at basic pH and
another that is strongly SDS-dependent at acidic pH.

Pair correlation functions g(r) illustrate the structural
differences between hydrogel networks assembled via these
two distinct self-assembly modes. Pair correlations between
CHT’s B2 backbone beads (gg,_p,(r)) and between SDS’s A3
core and S04 headgroup beads (gu;_so4(r)) are observed
simultaneously in Figure 2 to disentangle the effects of pH and
SDS (see bead definitions in Figure la). Figure S1 in the
Supporting Information shows the temporal evolution of
ge2-p2(r) and ga3_go4(r). Although percolation times at basic
pH are well under 10 ns, these temporal insights show that
structures continue to evolve past the percolation point.
Convergence of gy sos(r) and gy_pa(r) under basic pH
occurred at similar timescales at all SDS concentrations but
varied under acidic conditions, further emphasizing the
interplay between pH and SDS contents in self-assembly.

We focus on two hydrogel networks, NA-180 (network
assembled under acidic pH with 180 mM SDS) and NB-180
(network assembled under basic pH) in the final 100 ns of the
trajectories when both gx3_s04(r) and gg,_p,(r) have reached
equilibrium. Snapshots of the equilibrium structures of NB-180
and NA-180 are shown in Figure 2d,2e, respectively. In NB-
180, the correlation between interchain pairs of CHT’s B2
backbone beads is characterized by a high-intensity peak at r ~
0.5 nm (roughly the van der Waals diameter of B2 beads),
followed by periodic peaks of rapidly decaying intensities at
longer distances (Figure 2a). The short-range peak at r ~ 0.5
nm corresponds to attractive interactions between polar B2
beads, and the smaller periodic peaks at roughly 0.5 nm
increments indicate that these interchain B2 pairs form
ordered crystal-like domains at CHT chain junctions (Figure
2a, inset).

There were a number of key differences in NA-180, where
polycationic CHT chains were ionically cross-linked to anionic
SDS. As expected, the short-range attractive B2—B2 contacts at
r ~ 0.5 nm are eliminated by electrostatic repulsion. On the
other hand, the broad peak at r of 2.0—4.0 nm corresponds to
roughly double the SDS micelle radius, which is estimated to
be in the 1.0—2.0 nm range from the maximum intensities in
the A3—SO4 pair correlation function between core—head-
group pairs of SDS molecules (Figure 2b,c). Thus, CHT chains
were ionically bridged across SDS micelles. As multiple CHT
may bind to the same SDS micelles, some CHT chains may
only be separated by single SO4 headgroups—this type of
binding corresponds to the intensity at r ~ 1.0 nm
(approximately double the van der Waals diameter of the
CG beads).

Comparison with Experiments. SDS-independent self-
assembly at basic pH and SDS-dependent self-assembly at
acidic pH were also observed by He et al., who demonstrated
that SDS was immobilized within CHT hydrogels at acidic pH
but could be easily washed away at basic pH.'' Our
observation that percolated hydrogel networks of cationic
CHT require a critical concentration of SDS is also in
agreement with previous publications. Using turbidity experi-
ments, these reports showed that gel-like insoluble complexes

https://doi.org/10.1021/acsanm.2c00560
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Figure 2. Effect of pH on the structural organization of SDS:CHT networks. (a) Pair correlation of interchain B2 backbone bead pairs, gg,_g,(r), in
the CHT hydrogel network with 180 mM SDS at basic pH (NB-180). The first peak at  ~ 0.5 nm, highlighted with gray, corresponds to direct
B2—B2 contacts, as seen in the inset. (b) gg,_p,(r) for CHT hydrogel with 180 mM at acidic pH (NA-180) shows the lack of direct B2—B2
contacts at ¥ ~ 0.5 nm. The broad peak at 1.5 nm < r < 4 nm highlighted in gray represents B2—B2 pairs cross-linked across SDS micelles, as shown
in the inset. (c) Pair correlation between the tail bead A3 and the headgroup SO4 of SDS (ga3_s04(r)) of NA-180 and NB-180 indicates that
micelles have similar radii 0.75 nm < R.;. < 2 nm, highlighted in gray, and illustrated in the inset. Data from NB-180 and NA-180 are plotted in
orange and green, respectively. Pair correlations were computed over the final 100 ns of the self-assembly simulations, sampled every 1 ns. Full
snapshots of CG hydrogel networks of NB-180 (d) and NA-180 (e) at the final time step of their self-assembly simulations are shown, with SDS
colored in red and CHT colored in blue. The insets of panels (a)—(c) are zoomed in visualizations of structures from panels (d) and (e).

of SDS and cationic CHT were observed at and above a critical
SDS concentration but not below.'®*>

Furthermore, the crystal-like domains of CHT chains
observed in the hydrogel networks at basic pH (NB-180 in
Figure 2a,d) and the lack thereof at acidic pH (NA-180 in
Figure 2b,e) are validated by experimental studies: it was found
using X-ray diffraction that characteristic signatures for H-
bonding in crystalline domains of CHT were present in gels
assembled at basic pH but were lost in acidic SDS:CHT gels.*’
The rodlike structural organization of SDS:CHT complexes
within the hydrogel network at acidic pH (inset of Figure 2b)
is similar to that observed for SDS and the cationic
polysaccharide JR 400 by Hoffmann et al. by scattering
experiments.'” Hoffmann et al. describe the complex as having
a core composed of only surfactants, a mixed layer where
polysaccharide JR 400 is interpenetrated within the surfactant
micelle, and an outer layer composed of only JR 400. JR 400
contains bulky hydrophobic side chains, which may penetrate
the hydrophobic surfactant core, while the 100% deacetylated
CHT used in these simulations does not have any hydrophobic
side chains, thus reducing the likelihood of observing CHT
within the hydrophobic core of the SDS. Accordingly, we
observe rodlike complexes with cores composed of only SDS
and shells composed of only CHT but not an interpenetrated
layer of SDS—CHT.

Backmapping to Atomistic Resolution Reveals pH-
Dependent Cross-Link Populations and Thermodynam-
ic Insights. Relative to atomistic-scale simulations, CG
resolutions enable more efficient sampling of kinetic processes,
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like hydrogel self-assembly, but limit structural detail to atom
groups. Backmapping to atomistic resolution allows us to
recover the detailed atomic structures from CG assemblies.
Percolated networks NA-180, NB-180, and NB-0 (CHT
hydrogel network at basic pH with 0 mM SDS) were
backmapped to observe atomistic structural differences of
CHT hydrogels assembled in the pH—SDS space. The
crystalline association of CHT chains at basic pH is clearly
visible in the snapshots of the NB-0 and NB-180 assemblies
(Figure 3a,b). The snapshot of NA-180 shows the lack of such
crystalline associations; rather, CHT chains were primarily
bridged across SDS micelles (Figure 3c) forming a network of
roﬂiﬁe complexes similar to those observed by Hoffmann et
al.™

Quantitative analysis of the populations of four different
intermolecular interaction types in NB-0, NB-180, and NA-180
reveals pH-specific cross-linking patterns (Figure 3d—f). Mean
populations of intermolecular CHT—CHT H-bonds and
CHT—-CHT water bridges under basic pH in NB-180 and
NB-0 were comparable, suggesting that crystalline junctions of
CHT chains are unaffected by SDS. A small population of
SDS—CHT H-bonds arose from the superficial binding of
some SDS micelles with neutral CHT chains in NB-180, where
CHT’s polar hydrogens served as H-bond donors to SDS’s
polar oxygens. Visual examination revealed that SDS micelles
did not take part in cross-linking between H-chains (Figure
3b). In contrast, the population of CHT—CHT H-bonds was
negligible in NA-180, and CHT—CHT water bridges were
present in reduced amounts compared to the basic pH systems.
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Figure 4. Orientational order in the solvation shells of atomistic hydrogel networks. (a) Probability distributions of the orientational order
parameter, g, and (b) mean orientational order parameter values (q) for NB-0, NB-180, NA-180, and bulk water. Data are sampled over 15 ns of

simulation, and error bars indicate the standard error of mean.

To gain a thermodynamic understanding of these pH-
dependent cross-linking bond populations, we compared the
ordering of water in the solvation shells against bulk water
using the orientational order parameter, g, where the ensemble
average value, (g) = 1 for perfect tetrahedral H-bond networks
in hexagonal water ice, and (q) = 0 for randomly ordered
molecules, such as those of ideal gases.45 The orientational

order parameter for a water oxygen atom (OW) i, g, is given

1)2
3

(cos(l//jik) +
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where the angle y;; is formed by the original OW; atom and
the nearest-neighbor atoms OW; and OW (j, k < 4) with OW,
at the apex.

We defined the first solvation shell by finding the OW atoms
within 0.35 nm of our hydrogel solutes, CHT and SDS. Then,
we found g for each OW in the first hydration shell by finding
the four nearest OW atoms. To compare the solvation shell
with bulk water, we simulated about 4000 SPC water
molecules with NPT molecular dynamics for 60 ns, following
the same protocol used for the simulation of the atomistic
hydrogel networks NB-0, NB-180, and NA-180. The orienta-
tional order analysis was performed for the last 15 ns of
simulation for bulk water, NB-0, NB-180, and NA-180, and the
results are shown in Figure 4.
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Figure 5. Mechanical characterization of NB-0 and NA-180 backmapped hydrogel networks. Data for NB-0 and NA-180 are represented in blue
and red, respectively, in all panels, and the color scheme is maintained henceforth. (a) Mean strain over the final 2 ns of constant stress uniaxial
deformation plotted against loading stress for NA-180 in red boxes and for NB-0 in blue circles. Error bars indicate 95% confidence intervals of
mean strain over the final 2 ns, sampled every 0.1 ns. Mean strains for which error exceeds 0.02 strain units, indicating yield, are marked with dotted
black circles. Nonyielding stress—strain data are fitted to the linear equation 6 = E X y + ¢ (stress, o; strain, y; elastic modulus; E). Elastic moduli, E,
computed from the fitted slopes with the 95% confidence interval of fit are 4 + 1 and 0.7 = 0.1 MPa for NA-180 and NB-0, respectively. (b) Stress
measured during the first of three cycles of tension (solid lines) and compression (dotted lines) at a constant strain rate. (c) Area of hysteresis
between tension and compression curves calculated by numerical integration from each cycle of deformation (red circles for NA-180 and blue
circles for NB-0). Error in area is propagated from the standard error of stress measurements.

The q distribution for bulk water in Figure 4a shows two
characteristic peaks at g ~ 0.5 and ~0.7, similar to previous
reports.”” In contrast, the g distributions for the hydrogel
networks NB-0, NB-180, and NA-180 lack these characteristic
peaks and instead have a broad peak at g ~ 0.3. The
distributions for NB-0 and NB-180 are nearly overlapping,
while NA-180 has an additional small peak at g ~ —0.8.

These differences are more clearly apparent with the mean
orientational order values, () (Figure 4b). The mean value for
bulk water {(g) ~ 0.38 is the highest of the tested systems and
indicates a high degree of tetrahedral order in the hydrogen
bond network, as would be expected for liquid water. NB-0
and NB-180 have significantly lower values within the range of
standard error, at about (q) ~ 0.18, suggesting that the
hydration shell is less ordered than bulk water and is well
conserved at basic pH, regardless of the presence of SDS. On
the other hand, NA-180 has the lowest mean value at about
(q) ~ 0.09, indicating that solvent order decreased further at
acidic pH. These results corroborate past computational
studies by Franca et al,'* where it was found that the
orientation of water molecules was altered by electrostatic
interaction with cationic monomers of CHT, resulting in a
higher exchange of water molecules and increased disorder in
the solvation shell relative to neutral CHT monomers. Franca
et al. also associate this increased water exchange with the
superior solubility of cationic CHT (CHT is cationic and
soluble at acidic pH when no ionic cross-linkers are present’').

These results can be contextualized in terms of Gibbs free
energy, G, which is determined by the combination of enthalpy
(H) and entropy (S) as AG = AH — TAS. A decreased
solvation shell order of NA-180 and known solubility of CHT
under acidic pH have two implications: (1) solvent entropy of
cationic CHT will be the highest and most favorable when
CHT is free in solution due to the maximization of CHT’s
surface area, and (2) the conformational freedom and, thus,
polymer entropy will be maximized when CHT is in solution.
Thus, for the Gibbs free-energy balance to favor self-assembly
(AG < 0) at acidic pH, enthalpic gains (AH < 0) must
outweigh the entropic penalties (AS) incurred by the solvent
and polymer. Accordingly, we conclude that gain in enthalpy
due to the formation of SDS—CHT salt bridges and H-bonds
drives the self-assembly of SDS:CHT hydrogels at acidic pH.
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On the other hand, the entropy of self-assembly is relatively
favorable for neutral CHT hydrogels, evidenced by the higher
level of order in the solvation shell. From past studies, it is
known that the solvation shell also stabilizes intramolecular H-
bonding in neutral CHT,"** which favors the restricted
conformational freedom and polymer entropy of CHT in states
such as the crystalline junctions in our hydrogel networks NB-
0 and NB-180.

Comparison with Experiments and Computation. Struc-
tural organization of CG self-assemblies is well conserved after
backmapping, and experimental comparisons from the Dual
Pathways of Self-Assembly in the pH—SDS Phase Space
section also hold true here. Corroborating past calorimetric
studies,'**’ SDS—CHT salt bridges between anionic SDS
headgroups and cationic CHT amine groups were the
dominant intermolecular interactions in NA-180, followed
closely by SDS—CHT H-bonds. X-ray diffraction experiments
by Okuyama et al."* and MD simulations by Franca et al."*
previously reported the coexistence of CHT—CHT H-bonds
and water bridges in crystalline CHT junctions at basic pH, but
the remarkably larger population of water bridges reported
here suggests an enhanced role for water in the hydrogel
structure.

The relatively high and well-conserved mean orientational
order parameters ({g)), in conjunction with the high
populations of CHT—CHT cross-linking bonds, and the
ordered crystalline junctions observed in our basic pH
hydrogel networks NB-O and NB-180 are consistent with
past reports of the entropic favorability of neutral CHT in gel-
like forms.">'**® While Thongngam et al.'® have shown that
the formation of SDS:CHT hydrogels is exothermic,
corroborating our claim that SDS:CHT self-assembly is
enthalpy-driven, the entropic contributions were not inves-
tigated. Taken together with the known entropy-driven
solubility of cationic CHT reported by Franca et al,'* here
we show that the enthalpically favorable self-assembly of
cationic CHT with SDS is accompanied by entropic penalties,
as evidenced by the low value of the mean orientational order
parameter for N-180 ({q) ~ 0.09).

Mechanical Characterization of Self-Assembled Hy-
drogel Networks. The mechanical behaviors of NB-0 and
NA-180 were evaluated in silico against experimental measure-
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Figure 6. Molecular restructuring in response to uniaxial load from constant stress deformation. (a) Distributions of SDS aggregation numbers N,
in NA-180 are plotted against loading stress in the form of box-and-whisker plots. The box extends from the 25th to 75th percentile values of N,,.
The central line represents the median or 50th percentile value. Outliers are plotted with diamond fliers. Snapshots illustrate how SDS micelles
(red) merge in response to stress while cross-linking CHT chains (blue), the phenomenon responsible for the upward shift in N,, distributions at
high loading stress. (b) Parallel ordering of the glucosamine monomers of CHT chains computed by the parameter Soc = (3 cos” @ — 1)/2, where

. - —
is the angle between monomer vectors OC = 1, —

751, for all interchain pairs of monomers, as illustrated in the inset. Average S for NB-0 and

NA-180 are plotted against loading stress in blue circles and red diamonds, respectively. Error bars represent the 95% confidence interval of the
average. Data for panels (a) and (b) are gathered from the final 2 ns of constant stress deformation, sampled every 0.1 ns.

ments made by He et al."" Stress—strain curves of NA-180 and
NB-0 were constructed by applying uniaxial tensile loads of
increasing magnitudes and measuring the induced strain along
the deforming axis 7, = L,(t) — L,(0)/L,(0) (Figure Sa). NA-
180 and NB-0 achieved stable strains proportional to loading
stresses, until the highest loads of 1.1 and 0.9 MPa,
respectively, where strains displayed high variance. The high
variance in strain indicates that these loading stresses exceeded
the elastic limits of the hydrogel networks, causing them to
undergo plastic yield. Elastic moduli were determined from the
slopes of the linear elastic regions by linear regression. NA-180
and NB-0 had elastic moduli of 4 + 1 and 0.7 + 0.1 MPa,
respectively.

To evaluate viscoelasticity, NA-180 and NB-0 were
subjected to three cycles of tension and compression at a
constant strain rate up to a maximum uniaxial strain of 15% or
0.15 strain units. Stress—strain curves obtained showed
hysteresis between the tension and compression legs of the
cycles in both NA-180 and NB-0 (Figure Sb). The hysteresis
indicates that the stress response lags behind the strain
experienced by the hydrogel networks, a definitive property of
viscoelastic materials. Accordingly, the significantly higher
hysteresis in NA-180 compared to that in NB-0 is indicative of
a greater viscoelastic response (Figure Sc). The smaller
hysteresis in NB-0 reflects the viscoelasticity inherent to
CHT hydrogels.***

Comparison with Experiments. The elastic moduli for
acidic CHT hydrogels with SDS and basic CHT hydrogels
without SDS, measured by uniaxial tension, were E = 6.1 + 0.5
and 0.7 + 0.1 MPa, respectively.'' While some divergence
from experimental values was expected due to differences in
methodology, the fitted elastic moduli 4 &+ 1 MPa for NA-180
and 0.7 + 0.1 MPa for NB-0 are remarkably close to the
experimental values. The much higher hysteresis observed
during tension—compression cycles for NA-180 compared to
that for NB-0 is also in qualitative agreement with stress—strain
curves generated from cyclic deformation experiments.''

Further, molecular structures of NA-180 and NB-0 were
analyzed in tandem with deformation. Although populations of
CHT—-CHT and SDS—CHT intermolecular interactions were
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unaffected during both constant stress and cyclic deformations,
significant restructuring was observed at the supramolecular
level. Visualization of trajectories revealed enhanced restructur-
ing of SDS micelles in NA-180 in response to uniaxial loading.
Figure 6a shows the distributions of SDS aggregation numbers
(Ng), ie, numbers of SDS molecules within individual
micelles (with N, of at least 2) over the last 2 ns of
simulation. In the absence of external stress, the interquartile
range (IQR) of N,,, extended from 22 (Ql, the 25th percentile
value) to 32 (Q3, the 75th percentile value) with a median of
26 (Q2, the 50th percentile value). IQR remained unperturbed
until a loading stress of 0.7 MPa and above, where the
distributions became more dispersed in proportion with stress,
shifting toward higher Q3, while Q1 remained relatively stable.
The upward shift is evidence of larger SDS micelles formed by
merging of two or more smaller micelles, some of which have
N,, beyond the upper fence (Q3 + 1.5 X IQR) of the
distribution and represented as outliers. On the other hand,
outliers below the lower fence threshold (Q1 — 1.5 X IQR)
indicate small SDS aggregates transitioning between micelles.
As the IQR widened at higher stresses, such transient
aggregates fell within the lower fence threshold and did not
indicate an increased occurrence. Thus, external stress induces
SDS to merge into larger aggregates. Under cyclic deformation,
restructuring of SDS micelles was partially reversible—IQR of
SDS N,, increased and recovered over the first cycle but
displays an upward trend with the following two cycles (Figure
S2), compared to an undeformed control where N, was
unchanged.

Relative alignments of CHT chains in NB-0 and NA-180
were monitored by computing the parameter Soc = (3 cos*(6)
— 1)/2, where 6 is the angle between the O1—C4 vectors of
their constituent N-glucosamine monomers. Sgcshowed a
pronounced increase with increasing uniaxial deformation in
NB-0, demonstrating that the parallel alignment of polymers
chains is enhanced and echoing the deformation-induced
crystallization of polymers in a stretched rubber band.”>>' On
the contrary, in NA-180, there is no appreciable increase until
the yielding load of 1.1 MPa. While CHT chains are the
primary load-bearing components in NB-0, CHT chains in
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NA-180 appear to experience significant load only during yield.
Thus, the mechanical properties of NA-180 are mainly
contributed by SDS micelles that restructure into larger
aggregates at stresses within the linear region, and yielding
occurs when the SDS domains are overwhelmed, and load is
transferred to the CHT chains.

In summary, a multiscale molecular dynamics protocol was
implemented to self-assemble and characterize the structure
and mechanics of CHT hydrogels in the pH—SDS phase space.
CG-MD was used to self-assemble percolated hydrogel
networks of CHT with SDS at acidic and basic pH, from
scratch, which would have been infeasible with atomistic MD
due to the long timescales of kinetics and large length scales of
the hydrogel systems. The CG self-assemblies, backmapped to
atomistic resolution, corroborated past reports in terms of their
molecular structure,””~"*'® as well as the ordering of the
solvation shell."*** In addition to corroborating the enthalpic
contribution to SDS:CHT self-assembly at acidic pH,'® we
showed that this process is also entropically unfavorable.
Importantly, the mechanical properties of our self-assembled
structures agreed closely with experimental measurements."'
By observing molecular structures under mechanical stimuli,
distinct mechanisms of deformation were revealed. Upon
deformation, hydrogels of neutral CHT displayed enhance-
ment in parallel alignments of CHT chains, similar to the
classical example of elastic rubber bands, where stretching
leads to an increase in ordered crystalline polymer
junctions.’”' In the case of ionic SDS—CHT composites,
restructuring of SDS domains cross-linking polycationic CHT
was the primary structural response to loading stress, bearing
resemblance with polymer gels containing hydrophobic grafts,
where the mechanical properties can be tuned by the extent of
hydrophobic association.>

B CONCLUSIONS

The combination of CG and atomistic molecular dynamics
simulations produced nanoscale hydrogel assemblies with
properties consistent with their macroscale experimental
counterparts and additionally revealed key molecular phenom-
ena underlying their mechanical behaviors, which have
potential implications for a variety of programmable
mechanomaterial applications. For example, strain-induced
polymer crystallization could be applied to mechanically
condition CHT, as done commonly with vulcanized rubber,
and some polysaccharides.” The strain-induced restructuring
of SDS micelles could potentially be coupled with SDS’s
effectiveness in encapsulating a variety of payloads,””***
similar to previously reported tensile strain-sensing membra-
nous drug delivery systems.” These insights may also be
relevant to improving the properties of food products,
cosmetics, and other consumer products, where SDS:CHT
and other polysaccharide—surfactant combinations are rou-
tinely used.”™’ These findings hinge on the fundamental
physical phenomena of electrostatics and hydrophobicity and
may be generic to any material of similar architecture. In the
same vein, the computational modeling pipeline developed is
also transferrable to other systems. Together, the methods and
findings described in this report contribute new insights into
the load-bearing nanomechanics of CHT—SDS hydrogels with
programmable mechanical properties, which may assist future
efforts to adapt this programming mechanism to new
applications and other polysaccharide—surfactant systems.
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