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ABSTRACT We report an accurate implicit-solvent coarse-grained model for a water-soluble
1,3,5-benzenetricarboxamide (BTA) supramolecular polymer. The technical advances
guaranteed by this CG model allow simulating the self-assembly of a thousand BTA monomers,
and easy variation of the BTA concentration into the system down to experimental dilute
conditions. In this way, we can monitor the mechanism of supramolecular polymerization as a
function of the concentration at submolecular resolution. While increasing the concentration
produces rapid formation of large disordered clusters that are then converted into BTA fibers,
moving to very dilute concentrations favors early ordering of the oligomers in solution even at
small sizes. Interestingly, we observe that below a certain concentration the oligomers that
dynamically grow in solution during the self-assembly present the same level (and amplification)
of order of pre-stacked equilibrated oligomers of the same size, meaning that concentration-

dependent kinetic effects have disappeared from the polymerization mechanism.
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Water-soluble supramolecular polymers, formed via 1D self-assembly of monomers that
interact via non-covalent interactions, are attracting increasing attention due to their interesting
bioinspired properties.” Thanks to their supramolecular character these structures possess
dynamic properties®”’ such as self-healing behavior, adaptivity and stimuli responsiveness similar

to many natural materials.*"

However, while obtaining high-resolution details of how
supramolecular polymers polymerize/depolymerize in aqueous environments is a key step
toward the rational design of innovative materials for a wide range of bio- and nano-

applications,'*'*"

this is experimentally difficult, if not prohibitive, due the small size of the
monomers and their dynamic behavior.

Among many others,"'"*"® 1,3,5-benzenetricarboxamide (BTA)-based supramolecular polymers
are ideally suited for fundamental studies on supramolecular polymerization' and well-studied
also in water.””* BTA monomers self-assemble due to core stacking and three-fold hydrogen-
bonding between the amides surrounding the aromatic cores.'” While supramolecular BTA

polymerization has been well-studied in organic solvents,”?*

complexity largely increases in
water, where hydrophobic effects play a fundamental role. This hinders experimental
determination of the molecular factors controlling supramolecular polymerization.”® For this
reason, molecular simulations have recently emerged as a useful tool to gain molecular-level

insight into supramolecular polymers in various media,” including water.

15,30-35
Recently, we have reported atomistic molecular dynamics (AA-MD) simulations of BTA
supramolecular polymers in explicit water, providing high-resolution (atomistic) details of the

structure and order into these fibers.” We also unraveled the key types of interactions controlling

these supramolecular polymers in water (H-bonding, hydrophobic effects, etc.), their



cooperativity and the amplification of order into the growing BTA fibers.”’ However, a major
challenge (both in the experiments and simulations) is studying the dynamic self-assembly of
these fibers while keeping a high resolution in the description of the monomers.

Starting from this detailed (atomistic) information, we have recently developed a transferable
coarse-grained (CG) model for water-soluble BTA supramolecular polymers.” Based on the
MARTINI force field,” this model also includes the possibility of an explicit treatment of inter-
monomer H-bonding. This explicit-water BTA CG model was proven fully consistent with the
AA ones, correctly reproducing the behavior of the BTA monomers in water, the strength and
the cooperativity of all the key interactions (H-bonding, hydrophobic effects, etc.) involved in
the self-assembly. While allowing us to study for the first time BTA supramolecular
polymerization in water in time at high-resolution (submolecular), this model also demonstrated
optimal agreement with the experiments, correctly capturing the effect of subtle changes in the
surrounding conditions (temperature) or in the monomer structure, easily implementable thanks
to the transferability guaranteed by the MARTINI force field, on supramolecular polymer
structure® and dynamics.”

Despite these tremendous advantages, this CG model is still limited by the number of
monomers that can be practically modeled using explicit water beads to represent the solvent.
Another typical drawback of explicit solvent molecular models is that the simulated systems are
unavoidably over-concentrated (in our case, ~2-3 orders of magnitude higher than in the
experiments),”* whereas decreasing even slightly the concentration into the models by reducing
the number of monomers or enlarging the simulation box readily results into statistical
irrelevance or a prohibitive computational cost for the simulations (high number of water

particles to be simulated).



Herein, we present an implicit-solvent CG model for water-soluble BTA supramolecular
polymers. Starting from our accurate explicit-solvent CG models for water-soluble BTAs, we
adapted these to be compatible with the Dry MARTINI force field environment.” The implicit-
solvent CG BTA models (Figure 1: DRY-BTA) were then refined to obtain the best possible
agreement with the explicit-water CG** and AA* models for the same monomers. In particular, it
was fundamental to verify that these were able to correctly capture the key factors controlling
BTA self-assembly (supramolecular polymerization) in water — i.e., monomer behavior in water,
monomer-monomer interaction, cooperativity of the interactions involved in the self-assembly
and order amplification during polymer growth.”

The implicit-solvent CG parameters for the BTA core (aromatic cores+amides) were
opportunely tuned to obtain a dimerization free-energy profile consistent with those obtained
using our explicit-solvent AA and CG models™ (obtained via metadynamics™ simulations, where
two BTA cores+amides in implicit-solvent were let stacking/destacking multiple times — see SI).
According to our explicit-water CG models for these BTAs, we built two variants of this
implicit-solvent CG model — i.e., one with (DRY-BTA,) and one without (DRY-BTA,) explicit
treatment of inter-monomer H-bonding. To represent the amides, in DRY-BTA, we chose the
Dry MARTINI beads giving the best matching in terms of dimerization free-energy profile with
the explicit-water CG and AA models. On the other hand, as done previously,”” in DRY-BTA,
we created a custom CG bead (Figure 1b: AMD,) containing a rigidly rotating +¢q dipole
mimicking the rigid orientation in the amides and the directionality of H-bonding typical of the
AA models. The value and distance between the +q charges were optimized to reproduce the
same dimerization free-energy (see SI). Both implicit-solvent models showed optimal agreement

with the corresponding explicit-solvent CG and AA models (see SI: Figure S1). For the dodecyl



spacers, we used standard dry-SC1 beads, while for the PEG terminal units we used the Dry
MARTINI parameters recently reported by Larsson et al.”® All non-bond interactions used in the
DRY-CG models are reported in the SI (Table S1), while the bond terms are the same of our

previously reported explicit water CG-BTA model.”
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Figure 1. Implicit-solvent CG models for water-soluble BTA supramolecular polymers. (a)
Chemical structure of water-soluble BTA monomers. (b) CG representation of the DRY-BTA
core and side chains. DRY-BTA. and DRY-BTA, models differ only in the description of the
amides (AMD, or AMD,). (c,d) Behavior of the DRY-BTA monomers. Comparison of the (c)
radius of gyration (R,) and (d) solvent-accessible surface area (SASA) for the DRY-BTA. and
DRY-BTA, monomers with the explicit-solvent AA model for the same monomer.”

The radius of gyration (R,) and the solvent accessible surface area (SASA) for the DRY-BTA
monomers were found optimally consistent with the AA models (Figure 1c,d), and nearly

identical to the explicit-water CG-BTA models in water.”> To measure the dimerization strength



of two full DRY-BTA monomers we used metadynamics simulations (see SI),”* particularly
useful in the study of complex/flexible polymeric systems.* For both DRY-BTA_ and DRY-
BTA, we obtained a dimerization free-energy of -9+2 kcal mol”, identical to that previously
obtained for explicit-water AA and CG-BTA models.** Thus, the DRY-BTA CG models
demonstrated to correctly capture both the behavior of the individual monomer and of monomer-
monomer interaction in solution.

A fundamental point for these supramolecular polymers is self-assembly cooperativity. To
verify that these DRY-BTA models correctly capture the cooperativity in the key types of
interactions involved in the self-assembly, we constructed and equilibrated pre-stacked DRY-
BTA oligomers of different size (Figure 2: 2, 3, 5,7, 14, 21 and 84DRY-BTA). We extracted
information on H-bonding and the strength of hydrophobic interactions for all different size
oligomers. Thanks to the advantages of this DRY-BTA model, we could easily simulate 1000
BTA monomers, which underwent self-assembly forming long fibers (Figure 3a). The data for
these large systems are also added to the cooperativity plots of Figure 2. The relative shrinkage
of the average monomer SASA in the oligomers (ASASA: calculated as the difference between
the average SASA of the BTAs in the different size assemblies and that of the BTA monomer
dissolved in solution) provides indication of the strength of the hydrophobic effects. Seen in
Figure 2b (dotted lines), the ASASA becomes larger in absolute value while growing with the
size of the assemblies, plateauing for the larger systems (both DRY-BTA_,6 and DRY-BTA,
models show comparable cooperativity of hydrophobic effects, identical to that obtained with
our explicit-water CG-BTA model).”

The explicit +q charges in the amides of the DRY-BTA_ oligomers allow directly monitoring

the number of H-bonds per-monomer into the system.” The average number and cooperativity of



H-bonding in the DRY-BTA_ models (Figure 2b: red) are found substantially identical to those
found using our explicit-solvent CG-* and AA-BTA models:* the number of equivalent H-
bonds per-BTA is seen to increase from ~0.5 for the dimer to ~2.3 at saturation. Interestingly,
properly tuning of the threshold distance for the calculation of the contacts between the amide
CG beads (see SI) allows obtaining an equivalent data for implicit H-bonding also with the

DRY-BTA, model (Figure 2b: blue).
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Figure 2. Self-assembly cooperativity and amplification of order during growth captured by the
DRY-BTA models. (a) Hydrophobic effect: SASA variation (ASASA) per-BTA as a function of
the size of the BTA oligomers. (b) Average number of equivalent H-bonds per-BTA as a
function of the size. (c,d) Radial distribution functions g(r) of the BTA cores for the different
size assemblies, in the two model variants respectively (DRY-BTA. and DRY-BTA,).
Amplification of stacking order into the growing BTA oligomers is demonstrated by the
increasing height of the g(r) peaks at stacking distance c, 2¢, 3¢ (fist, second, third neighbor).

The evolution of the g(r) of the BTA cores into the growing size DRY-BTA stacks is a good

indicator of the amplification of the stacking order in the supramolecular polymer — the higher



the g(r) peaks at stacking distance c, 2¢, 3¢ (first, second, third neighbor), the higher the
persistency of the core stacking into the assembly. The height of the g(r) peaks increases with the
size of the BTA. assemblies, reaching saturation in the largest systems (Figure 2c). This
amplification of order during fiber growth is again consistent with what recently observed in the
explicit-water AA’ and CG-BTA® models. In summary, all extracted parameters demonstrate
that these DRY-BTA models can also correctly capture the cooperativity of self-assembly and
the amplification of order during supramolecular polymerization, proving that their accuracy is
fully comparable to that of explicit-water CG models and the AA ones for the study of these
water-soluble BTA fibers and their supramolecular polymerization.

The main advantages of these DRY-BTA models consists in the possibility to simulate a larger
number of monomers and to freely increase the size of the simulation box for simulating very
dilute systems (too computationally demanding for explicit-solvent models). This allows
studying the effect of concentration on the polymerization mechanism. We started from a
reference system (Figure 3a) containing 1000 dissolved DRY-BTA_ monomers randomly placed
into a cubic simulation box with sides of 30x30x30 nm, corresponding to a concentration of ~48
mM (complete computational details are provided in the SI). After 7.5 ps of simulation, the
DRY-BTA, monomers had spontaneously formed very long fibers (~50 nm of length). It is
interesting to monitor both the evolution of the average size and of stacking order into the
assemblies (measured by the order parameter, @: average coordination between the BTA cores)
during the polymerization process. As previously seen using our explicit-water CG models,” the
BTA monomers aggregate very fast (abrupt decrease in the number of clusters present in the

system — Figure 3b: dotted lines), while the ordering of the aggregates (growth of @, solid lines)



proceeds on a slower timescale (see also SI — Figure S2 for a self-assembly free energy

landscape).
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Figure 3. Self-assembly and polymerization of a 1000 BTA monomers. (a) Snapshots taken at
three different times from the simulation with the BTA. model at a concentration of 48 mM. (b)
Number of BTA clusters and order parameter @ (core-core coordination) as a function of time
for both BTA. and BTA, models at 48mM. (c) Number of BTA clusters and order parameter @
(core-core coordination) as a function of time for the BTA. model at six molar concentrations.

It is extremely interesting to study how these two key phases (growth and ordering) in the
polymerization mechanism change when the monomer concentration in solution is changed. In
fact, we have already observed using our explicit-solvent CG model that the polymerization
mechanism can be influenced, to some extent, by the BTA molar concentration in solution.’> We

systematically changed the box size while keeping constant the number of monomers in the

10



systems. We came out with two higher-concentration systems (96 mM and 160 mM respectively)
to compare with our reference 48 mM system, and three more diluted ones (12 mM, 1.28 mM
and 20 uM). The last, most diluted system (20 xM) is in the same range of the typical
concentrations used in the experiments.””' Such a condition could be modeled only thanks to the
notable computation advantages provided by our DRY-BTA model. In fact, it is worth
considering that such a dilute concentration, obtained enlarging the box sides up to 400x400x400
nm, would correspond to >1.6 billions of water molecules into the system (>400 millions of
water CG beads in the explicit-solvent MARTINI environment)!

Figure 3c shows the same data for all 6 simulated concentrations. For what concerns the self-
assembly rate, the effect of increasing the dilution is clearly visible from the shift to the right
(longer simulation times) of the dotted curves representing the decrease in the number of clusters
in solution (fusion of the aggregates). Interestingly, increasing the concentration into the system
produces a speed-up in the ordering of the assemblies (@: solid lines) only up to a certain
concentration (48 mM). Over this threshold, this proceeds at the same rate also for the higher
concentrations (96 mM and 160 mM). This means that there is a physical limit in the velocity of
the reorganization of the assemblies to optimize the interactions that is independent on the
concentration in solution (at least above a certain concentration value).

A convenient way to represent the polymerization mechanism is plotting the order parameter
@ against the average cluster size (Figure 4). The red curve (48 mM) shows the same sigmoidal
behavior observed in our previous work.** This means that the DRY-BTA_, monomers first self-
assemble into disordered aggregates, but then, instead of growing further in disordered way, the
system proceeds toward ordered oligomers. Fiber growth then proceeds via the fusion of these

stacked oligomers. When moving to higher monomer concentrations, the curves change tending

11



to an “L” shape (Figure 4: yellow). This occurs because at such high concentrations the initial
aggregation is so fast (Figure 3c: dotted yellow curve) that monomers rapidly form a few (or a
single) large cluster before having the possibility to order. Ordering then proceeds once the
average cluster size is already large, or has even reached the maximum limit (1000, 1 single
cluster in the system). On longer timescales, such highly concentrated systems form fibers inter-

connected to each other through the PBC box (a gel-like structure, see SI: Figure S3).
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Figure 4. Mechanism of BTA supramolecular polymerization as a function of monomer
concentrations. Colored lines guide the eye through the simulation data obtained for each system
at different concentrations. Black points represent the average order (@, with standard
deviations) into the prestacked oligomers (2, 3, 5, 7, 14 and 21DRY-BTA,) at the
thermodynamic equilibrium.

More interesting is what happens when decreasing the concentration in the systems. Below 12
mM, the curves tend toward a reverse “L” shape. Interestingly, the curves for the two lowest
concentrations (1.28 mM and 20 M) are perfectly superimposed, while in the latter case the
growth of large aggregates becomes extremely slow (large distance between the formed

oligomers into the box). Shown in Figure 4, the curves for these two dilute cases follow a well-

12



defined path identified by black points. The latters represent the data extracted from the pre-
formed DRY-BTA, stacks of Figure 2 (2, 3, 5, 7, 14, 2IDRY-BTA,) used for the study of
cooperativity, from which we calculated the order parameter (@) at the equilibrium. This means
that in our model at 1.28 mM we are already in the same condition of the most dilute 20 uM
concentration, where kinetic effects on the polymerization mechanism due to monomer over-
concentration have disappeared.

In conclusions, we have developed an accurate implicit-solvent CG model for a water-soluble
BTA supramolecular polymer. This is consistent with the explicit-water models (AA and CG) for
all key features controlling these supramolecular polymers, it allows simulating the self-
assembly of long fibers and to study the mechanism of supramolecular polymerization in water.
We can study a large number of monomers in a wide range of experimentally relevant
conditions, obtaining unique insight into the effect of concentration on the polymerization
mechanism. We observe that below a certain threshold, the BTA concentration does not
influence the mechanism of polymerization, while above this threshold the kinetic effects start
playing an important role. Based on the Dry MARTINI force field, this model can be in principle
adapted to other BTA variants, opening the way to the study of the effect of molecular structure
on the polymerization mechanism, and the intriguing possibility of modeling the interaction of

these fibers with large biorelevant supramolecular targets (e.g., lipid bilayers, etc.).
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