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Methods

CG Model

In our mapping scheme, we approximately group 4 heavy atoms into a single coarse-grained
bead. As shown in Figure 1, the B1 bead includes atoms from the hydroxyl side chain,
the B2 bead includes most of the polymer backbone atoms, and the B3 bead maps the
hydroxyl and amino groups opposite to the Bl side chain. All three beads have different
levels of hydrophilicity, and the B3 bead can become protonated depending on the pH.
The basic bead type used in our chitosan model is taken from the MARTINI carbohydrates
coarse-grained force field parameter set,! in which each building block is categorized as
apolar, polar or charged. The polarity types of B1, B2 and B3 beads are in increasing
order, and B3 bead becomes positively charged in an acidic environment. The polarity is
determined by comparing to oligosaccharides examples provided in the MARTINI CG model
for carbohydrates.! Each chitosan chain is designed to have 10 monomers so that the total
length is within the experimentally reported persistence length (5-15nm).%*

Table S1: Bond, angle and dihedral parameters.

bonds Rpona (nm)  Kpong (kJ mol~! nm~2)
B1-B2 0.2494 30000
B2-B3 0.1934 30000
B2-B2’ 0.5211 30000
angles Oo(deg) Kangte (kJ mol 1)
B1-B2-B3 123.76 450
B2-B2-B2” 163.78 350
B2-B2’-B1’ 70.94 450
B1-B2-B2’ 90.88 100
B3-B2-B2’ 135.94 300
B3’-B2’-B2 58.01 800
dihedrals Ypa(deg) Kpq (kJ mol™!)
B1-B2-B2’-B1’ 175.62 8
B1-B2-B2’-B3’ -28.59 10
B3-B2-B2’-B1’ 36.57 18

The force field (see Eq. consists of bonded interactions (harmonic bonded, angular

potential and proper dihedral, see Table and non-bonded interactions (12-6 Lennard-
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Table S2: Non-bonded Lennard-Jones (LJ) interaction strengths. Unit of inter-
action strength (¢) is in kJ/mol. The radius (¢) of all LJ interactions is 4.7A.

Beads Bl B2 B3 B3t/Cl- Water

B1 50 5.0 5.6 5.6 4.75
B2 50 5.0 5.6 5.6 4.75
B3 56 5.6 5.6 5.6 5.32
B3t/Cl~ 56 56 5.6 3.5 5.0
Water 4.75 4.75 5.32 5.0 4.0

Jones potential and Coulombic potential, see Table . The bonded interaction parameters
are tuned from fitting the distributions of corresponding bonds, angles and dihedrals to
atomistic simulation results using GROMOS 53A6GLYC force field.® CG bond and angle
distributions match well with corresponding distributions in atomistic simulation as shown
in Figure [SI} Non-bonded interactions are defined according to bead type definitions in the
MARTINI CG force field (extension to carbohydrates).” The most polar bead, B3, is defined
as comparable to a building block of acetamide because of the presence of the amino group
in the bead. The less polar B1 and B2 beads are defined as similar polarity as propanol
and ethanol. The protonated B3 bead (B3") is defined similarly to protonated propylamine.
In addition, the torsional angles ¢cg, Yeog (as defined in Figure ) distribution map
of chitosan chains for atomistic (Figure [S2c) and CG (Figure [S2ld) models sample similar
configurations in both models. The atomistic model samples the 2-fold helical conformation
since the values of ¢ and ¢ are centered in the ¢ and ¢ of 2-fold helix (¢ = —98°, ¢ = 92°
in Figure ).7 Therefore, the conformation of CG chitosan polymers in the simulation
resembles the 2-fold helix most commonly observed experimentally.®4Y In the atomistic
simulation, the scale of the simulation box is limited (see simulation setup). Since the
box size is limited for performance, to simulate an infinite chitosan chain, both ends of a
single-chained chitosan polymer are connected through the periodic boundary box. With the
exclusion 1-2, 1-3, 1-4 non-bonded interactions, the proper dihedrals are used to reproduce
the secondary structure in the atomistic chitosan simulations. The MARTINI polarizable CG

water™® model is used as it is needed to achieve the right behavior of chitosan self-assembly
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under low pH. The usage of non-polarizable MARTINI CG water results in overbinding of

anionic ions to protonated chitosan polymers, leading to chain condensation at low pH.

Utotal = Ubonded + Unon-bonded>
Ubonded = Ubonds + Uangles + Udihedralsa

Unon-bonded = UvdW + Uelectrostatics:

1
Ubonds = Z §kl(l - l0)27

bonds

1
Uangles = Z §k9(0 - 00)27

angles

Udihedral = Y, ko(1 + cos(ng — ¢p)),

dihedrals
o 12 o\ 6
Uvaw = E 461’;‘ K—) - <—> } )
— . r r
pairs(i)
4iqj
Uelectrostatics = E T
L~ Amege,r
pairs(i#£j)

Simulation Parameters and Setup

Atomistic simulation

The atomistic simulation was set up with GROMOS53A6 force field.” In the simulation, a

single 10-mer chitosan polymer chain was connected through the periodic boundary to create

an infinite chain. The length of the polymer chain was set to around 5 nm, to capture the

minimal persistence lengths reported in experiments.?* In the simulation, 1445 SPC water

molecules were used to solvate the chitosan chain. The timestep of atomistic simulation was 1

fs, and the simulation integration method was leapfrog.'¥ The total length of the isothermal-

isobaric (NPT) simulation was 100 ns, and the last 10 ns was used for analysis. Berendsen
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Figure S1: Bond and angle distribution comparison in atomistic (green) and CG simulations
(a) B1-B2-B3 angle; (b) backbone angle formed by 3 consecutive backbone B2
beads (B2-B2-B2”); (c) B2-B2’-B1’ angle; (d) B1-B2-B2’ angle; (e) B3-B2-B2’ angle; (f)
B2-B2’-B3 angle; (g) backbone dihedral angle formed by 4 consecutive backbone B2 beads
(B2-B2’-B2”-B2”"); (h) B3-B2-B2’-B1’ dihedral angle; (i) B3-B2’ bond; (j) B1-B2 bond; (k)

(blue).

Bond (A)

B2-B3 bond; (1) B2-B2’ bond.

Bond (A)
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Figure S2: Extended 2-fold helix conformation of chitosan chains in atomistic and CG mod-
els. (a) ¢ and 1 torsional angle distribution map of a chitosan chain in atomistic simulation;
(b) Chitosan chains with extended 2-fold helical conformations in atomistic model (left) and
CG model (center). Chitosan CG model is zoomed in to show definitions of CG torsional
angles ¢cq and Yog; ¢oq is defined as the torsional angle formed by B1, B2 beads in one
monomer and B2, Bl beads in the subsequent monomer, and ¢ is defined as the tor-
sional angle formed by B3, B2 beads in one monomer and B2, B1 beads in the subsequent
monomer; (c¢) Torsional angle distribution map of chitosan in atomistic model; (d) Torsional
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temperature and pressure coupling schemes™*

were used with a reference temperature of 300
K, and pressure of 1 atm. The relaxation time of the temperature coupling was 0.1 ps and of
the pressure coupling was 1.0 ps. Semi-isotropic pressure coupling was used in the simulation

with a compressibility of 4.5 x 107> bar~!.

Coulombic interactions were treated with the
generalized reaction field method"® with ¢ = 66. A 1.4 nm cutoff distance was used for the

short-range electrostatics and van der Waals interactions.

CG simulations with GROMACS

Coarse-grained simulations were set up using our model. 50 ns isothermal-isobaric (NPT)
simulations were run after 10 ns of randomization simulations. In the randomization process,
all chitosan beads were set to slightly repel each other so that polymer chains can disperse
and fill the entire simulation box. The last 10 ns of NPT data was used for analysis. The

timestep of the CG simulations was 20 fs, and the simulation integrator was leapfrog.t® Nose-

16117 3

Hoover temperature coupling and Parrinello-Rahman pressure coupling schemes"® were
used with a reference temperature of 300 K, and pressure of 1 atm. The relaxation time of
the temperature coupling was 1 ps and of the pressure coupling was 10 ps. Isotropic pressure
coupling was used in the simulation with a compressibility of 4.5 x 107 bar~!. Coulombic
interactions were treated with particle-mesh Ewald method?” with ¢ = 2.5. A 1.6 nm
cutoff distance was used for the short-range electrostatics and van der Waals interactions.
The constraint algorithm LINCS was used to constrain the MARTINI polarizable water
dummy bonds®!' (For details of MARTINTI polarizable water model, see Ref1?).

12 simulations were set up with different water contents and pH. Water content was
modeled by changing concentrations of chitosan polymer chains in the simulation box. 20,
40, 60, and 80 chitosan 30-mer polymer chains were randomly put into the simulation box
and solvated with around 37000 polarizable MARTINI water beads corresponding to water
contents of 95.4%, 91.1%, 86.4%, and 82.3% respectively. Solution pH was modeled by

changing the percentage of protonated chitosan B3 bead using the Henderson-Hasselbalch

S7



equation. 0%, 50%, and 100% of chitosan B3 side chain beads were randomly protonated
corresponding to pH of >10.5 (<0.01% protonation), 6.5 (~50% protonation, pKa~ 6.5),

and <2.5 (>99.99% protonation) respectively.

CG simulations with LAMMPS

We transferred the simulations from GROMACS to LAMMPS so that we could deform the
box size in the simulation to measure the elastic moduli of chitosan hydrogels. The same sets
of water contents and pH combinations were used as in the GROMACS NPT simulations.
LAMMPS CG simulations were set up using our model. The initial conformation was taken
from the last frame of 50 ns GROMACS NPT runs. The timestep of the CG simulation

was 20 fs, and the simulation integrator was velocity-Verlet.?? Nose-Hoover temperature

617 18

coupling and Parrinello-Rahman pressure coupling schemes"® were used with a reference
temperature of 300 K, and pressure of 1 atm. The damping parameter of temperature and
pressure coupling was 2 ps. An isotropic pressure coupling was used in the simulation during
equilibration steps. 2.5 ns canonical ensemble (NVT) simulations and 2.5 ns isothermal-
isobaric (NPT) simulations were run as an equilibration step, and 10 ns box deformation
simulations were performed after the equilibration step. In box deformation simulations, the
LAMMPS command “fix deform” was used with the “erate” option to change the dimen-
sion of the box at a constant rate every step in order to set the overall box deformation in
X axis to be 2 times of the original size in 10 ns of deformation simulations. During the
box deformation step, Y, Z directions were coupled with 1 atm Parrinello-Rahman barostat
with a damping parameter of 2 ps. In both equilibration and deformation steps, Coulom-
bic interactions were treated with particle-particle particle-mesh (PPPM) method“® with
e = 2.5. A 1.6 nm cutoff distance was used for the short-range electrostatics and van der
Waals interactions. The constraint algorithm SHAKE was used to constrain the MARTINI

polarizable water dummy bonds®##* (For details of MARTINI polarizable water model, see

Ref'?). To account for the 1-3 exclusions inside the MARTINT polarizable water bead, we
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modified the “special_bonds” command in LAMMPS so that interactions that were excluded
in our model are not calculated, instead of being multiplied by a factor of zero, which would

cause a division by zero if the dummy particles inside the CG polarizable water overlaps.

Analysis Methods

Static structure factor

The static structure factor quantifies the spatial correlation of chitosan beads in the polymer
network structure over a distance (27/q). The peak in low-q regime of the static structure
factor marks the long range order of the polymer assembly in the system. The static structure
factor is related to the radial distribution function g(r) by a Fourier transformation, given

by

S@) =1+ / dre=i (g(r) — 1) (2)

\%4

where g(r) is the radial distribution function from all chitosan beads to all chitosan beads.

Elastic modulus analysis

Elastic moduli of chitosan hydrogel systems were measured by fitting the stress-strain curves
during box deformation. Standard error of the fitted elastic modulus is computed from the
covariance matrix obtained when fitting the stress-strain curves. In LAMMPS, the “fix
deform” command was used to deform the simulation box with a constant strain rate. The
measured stress-strain curves were then fitted with a linear function at the zero strain point

to calculate the elastic modulus as the slope of the stress-strain curve (Figure [S3)).

Percolation analysis

Percolation analysis was performed to quantify the connectivity of the chitosan hydrogel

network structure through the simulation box. Any two chitosan CG beads within 5.5A
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Figure S3: Stress-strain curve (blue) of the chitosan hydrogel system with a water content
of 91.1% and a pH greater than 10.5. Red curve is a schematic smoothed stress-strain curve
using a Gaussian kernel. The curve in negative strain region is mirrored from positive strain
region for fitting purpose.
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Figure S4: Percolation time series of the chitosan hydrogel network with different pH (a,d,g,j:
>10.5; b,e,h k: 6.5; ¢,f,i,]: <2.5) and water contents (a,b,c: 95.4%; d,e,f: 91.1%; g,h,i: 86.4%;

ikl 82.3%).
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Figure S5: Physical crosslinking pattern schematic illustrations. (a) Perpendicular crosslink-
ing between two chitosan polymer chains; (b) Parallel crosslinking between two chitosan
polymer chains.

(which includes the first RDF peak from all chitosan beads to all chitosan beads) were
considered connected, and connected polymer chains were defined as percolated if they met
both the following conditions: 1) the polymer chains must span the entire box; 2) the polymer
chains must connect to themselves through the periodic boundary in all directions. The
percolation probability is calculated by sampling the fraction of percolated time every 1ns.
The percolation lifetime was calculated by fitting the time series of percolation probability

with a sigmoidal curve marking the transition between percolated and un-percolated states.

Crosslinking Pattern Analysis

To characterize the crosslinking pattern of a chitosan hydrogel network, we calculated the
polymer chain crosslinking angle cosine (cos()). The cos(f) ranges from 0 to 1, where 0
means completely perpendicular and 1 means completely parallel. The crosslinking orien-
tation between chitosan polymer chains was calculated from adjacent crosslinking chitosan
monomers. The cutoff distance between chitosan monomers is 7.5A, which includes the first
peak of the B2-B2 (backbone bead to backbone bead) radial distribution function. We de-
fined all chitosan monomers within a distance of B2-B2 beads of 7.5A to be in contact, and a
pair of monomers in contact with a crosslinking angle cos(#) over 0.8 was counted as parallel

contacts. We then summed up all parallel contacts within the chitosan polymer network to
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quantify the amount of parallel crosslinking in the system.

Crosslinking Energy Definition

Crosslinking energy is defined as the sum of interaction potentials between two adjacent
chitosan monomer units. For each chitosan monomer, we find all chitosan beads in other
chains within its 7.5A (including first peak of radial distribution function from all B2 beads
to all B2 beads) and calculate the sum of all non-bonded interactions between the chitosan

monomer and all other chitosan beads.

Pore Size Distribution

Pore size distribution (PSD) histograms are calculated with Zeo++ software.?® The software
uses a number of Monte Carlo samples per unit cell to probe the distribution of pore sizes.
The command “network” was used with both chan_radius and probe_radius set to 1.0 A,
where chan_radius is the radius of a probe used to determine accessibility of the pore.
probe_radius is the radius of a probe used in Monte Carlo sampling. The number of Monte
Carlo sampling per atom is set to 5000. To display PSD histograms and compare with static
structure factor, we have converted the PSD histogram X axis to be 27/D, where D is the

pore diameter.
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