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ABSTRACT

Through molecular dynamics simulations, we demonstrate how single-chain nanoparticles
(SCNPs) assembled via transient linkages in water can remodel in organic solvent. Methacrylate-
based random heteropolymers (RHPs) have shown promise in an assortment of applications that
harness their bio-inspired properties. While their molecular behavior has been broadly
characterized in water, many newer applications include the use of organic solvent rather than bio-
mimetic conditions in which the polymer assemblies, typically driven by the hydrophobic effect,
are less well understood. Here, we examine a specific RHP system which forms compact globular
morphologies in highly polar and non-polar environments while adopting extended conformations
in solvents of intermediate polarity. We also demonstrate the pivotal role of electrostatic
interactions between charge groups in low dielectric mediums. Finally, we compare high
temperature anneal cycles to room temperature equilibrations to illuminate activation barriers to

remodeling upon environmental changes.
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LETTER

Single-chain nanoparticles (SCNPs) harness synthetic macromolecules as promising drug
delivery systems, nanomedicines, catalysts, and more.! While many SCNPs rely on covalent or
other strongly associating linkages to assemble, a promising subset of materials use reversible,
dynamic associations in their assembly.? One of the simplest and most cost effective SCNP designs
is the combination of moieties with varying interaction energies which use solvophobic effects as
a driving force to assembly. Methacrylate-based random heteropolymers (RHPs) are one such
system, which self-assembles into nano-scale particles containing single or few chains in water,
and offers an exciting avenue for protein stabilization and mimicry, nanofiltration, and other
promising applications.>’. Behavior of methacrylate-based designs in water have been studied
most in depth, as many of their applications occur in aqueous environments.%’

We previously studied a specific RHP design-space through molecular dynamics (MD)
simulations and elucidated the resulting SCNP structure and dynamics.'” The work demonstrated
that while theories are helpful in understanding these polymer systems, the inclusion of specific
chemistries is necessary for a full picture of the molecular behavior. While the work has been
pivotal in gaining a mechanistic picture of how the RHPs behave in water, several potential
applications occur in, or require processing steps performed in, other solvents. The compactness
and mobility of chains in solvents with different affinities for the varied chemical substituents has
been leveraged to control structures of resulting membranes, gels, and other nanomaterials.”-!!-12
Characterizing the relationship between polymer behavior and its solvent environment allows such
methods to be applied predictably for a variety of polymer-solvent systems.

While covalently cross-linked SCNPs would not be considerably altered by the presence

of organic solvent, we expect drastic changes in systems, including ours, driven by transient
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linkages reliant upon solvent interactions to drive assembly. Amphiphilic synthetic polymer
systems which form compact assemblies in water can adopt extended conformations in solvents
of intermediate polarity, within which both hydrophobic and hydrophilic components energetically
prefer the enthalpic contributions to solvation over the entropic restriction of compactification, or
reverse micelles in solvents which invert typical aqueous behavior, leading hydrophilic
components to invert together while hydrophobic moieties preferentially orient to an assembly’s
surface. This behavior has been experimentally observed for amphiphilic homopolymers with
amphiphilic monomers, '*'* as well as for heteropolymers with both hydrophobic and hydrophilic
monomers, most well characterized for 2-component copolymer systems.'>-' The specific
intramolecular interactions dictate how each polymer will adapt, with some systems maintaining
monomer contacts in organic media compared to aqueous solvent due to strong intrachain
associations which persist in the new environment.!*

Our particular polymer of interest has been used to stabilize enzymes for the creation of
sustainably degradable polyesters through solution-casting in toluene or dichloromethane.?! In the
current work, we leverage our previously demonstrated simulation methods and broaden them to
a variety of organic solvents, namely tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and
hexane. We use atomistic molecular dynamics (MD) simulations, having seen the importance of
incorporating this level of chemical resolution through our prior work, as well as within the
literature. While coarse-grained simulations have been useful for RHP systems, such as in
demonstrating the correlation between stronger monomer interactions and smaller, denser
nanoparticle formation in copolymers,* the methods require a fixed polarity and lack the atomic
solvent structures, making inherently amphiphilic molecular substituents such as poly(ethylene

glycol) difficult to model as they interact. Including chemical detail is vital to capturing the
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configurational entropy for side chain reorientation when transferring solvents and maintaining
separate assessment of backbone and side chain segments, which depending on their affinities to
the solvent will greatly alter resulting morphologies.?*2* In addition to our atomistic simulations of
the four-component RHPs in water, atomistic resolution has been leveraged in simulating two-
component amphiphilic copolymers in both water and chloroform.> We use similar techniques on
our more complex system with more in-depth analysis and demonstrate the impact of added
compositional complexity in a broader variety of solvents. The results we present show substantial
differences in monomer accessibility and conformational flexibility which depend on solvent
polarity and structure, as well as RHP chemistry. These behaviors affect how the molecules would
interface during post-synthetic processing steps or at end application in non-aqueous solvents and,
therefore, greatly impact their use. Beyond applications in organic solvent, our results also offer
significant insight to potential interactions with other organic substances such as small molecules
or hydrophobic biomacromolecules.

Herein, we explore RHP behavior using unbiased atomistic molecular dynamic methods
with the Amber MD package, similar to our prior work.!%?¢ Through a series of successive anneal
cycles to 500 K in implicit water, ten conformations each of two distinct polymer sequences were
created and then annealed to 650 K in explicit solvent: water, DMSO, THF, or hexane. The
resulting single chain conformations at 300 K from these simulations were used for analysis.
Equilibrated structures from explicit water were then transferred to DMSO, THF, or hexane for
further study at room temperature as they adjust to the new solvent environments. Parameterization
and simulation details are provided in the Supplementary Information.

The two random heteropolymer sequences investigated, Sequence 1 and Sequence 2 as shown

in Figure 1, are composed of the methacrylate-based building blocks studied previously.!®
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Sequence 1 contains all four monomer species—methyl methacrylate (MMA), oligo(ethylene
glycol)methacrylate (OEGMA), 2-ethylhexyl methacrylate (EHMA), and 3-sulfopropyl
methacrylate (SPMA)—used in the prior work, while Sequence 2 is similar but lacks the anionic
SPMA monomer.

Sequence 1
U@ T8 G088 CEC G EGGE - GG CONNE O ONNNEC COCECE G ONNNSE S80S ¢ s O
Water THF Hexane

Ssdyuyes
ELGT

® MMA
Sequence 2
Figure 1. Sequences and renderings of the conformations with the minimum (left) and maximum

(right) mean radius of gyration for each system. Solvent is omitted for clarity.

Both sequences formed compact globular structures in water and hexane, with distinct
surface compositions in each solvent apparent by visual inspection in Figure 1. DMSO and THF
led to contrastingly extended conformations. Quantitatively, the mean radius of gyration (R,) and
solvent accessible surface area (SASA) for each equilibrated conformation is presented in Figure
2. The R,, from which a minimum and maximum were selected for rendering in Figure 1, has a
narrow distribution for compact structures in water and broader distributions for the organic

solvents of interest. SASA, calculated in each solvent using Amber’s default radius size to allow
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cross-comparison, shows similar distributions within each dataset, indicating that the
configurations as adopted for the interaction energies between solvent and polymer have similar
amounts of contact despite entropically unique topologies indicated by unique R, values. Sequence
1 and 2 have similar ranges for both properties in each examined environment, with the exception

of THF solvated structures which shows lower extension and solvation of sequence 1.
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Figure 2. (A) Radius of gyration (Rg) and (B) total solvent accessible surface area (SASA) with
schematic representation (right) of how conformation and accessible surface area relate. Results
represent the mean value from equilibrated structures after annealing in solvent of interest for each

conformation.

Mobility of the polymer backbone and side-chains generally scales with chain extension,
albeit with several notable trends by monomer type (Supplementary Figures 1-2). While mobility
in THF is high and mobility in hexane is low, corresponding to the compactness, low backbone
mobility in SPMA monomer residues lead to lower values for Sequence 1 as compared to Sequence
2. Mobility of the side-chains themselves are impacted by moiety sizes, with OEGMA consistently
having high fluctuations in all solvents due to its long side-chain length, as well as being soluble
in water, THF, and DMSO. As EHMA and SPMA have similar side chain lengths, their relative

side-chain mobilities are indicative, instead, of freedom of motion in the polymer configuration.
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In water, SPMA fluctuates more than EHMA, while the trend is flipped in all three organic
solvents. In hexane, SPMA is practically immobilized and EHMA has significantly higher
fluctuations.

Polymer compactification and monomer mobilities all indicate that SPMA greatly impacts
chain behavior. An assessment of the radial distribution function (RDF) between sulfur atoms in
the SPMA’s anionic sulfonate group, shown in Figure 3, shows that while some liquid-like features
can be seen between SPMA moieties in water, increasingly pronounced features and short
distances appear for the RHPs in DMSO, THF, and hexane. A similar analysis between sulfur and
potassium counterions (Supplementary Figure 3) indicates that salt bridging leads to these effects.
Intrachain associations have been observed in literature to restrict heteropolymer assembly through
salt bridging in water amongst anionic and cationic monomers and in organic solvent via strong
fluorocarbon associations.*!° The extremely high correlations between sulfur positions in THF and
hexane in our conformations naturally explain the mobility and configurational differences
between sequence 1 and 2, locking sequence 1 into place due to electrostatic interactions in the

low dielectric mediums.
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Figure 3. Radial distribution function of anionic moieties as measured between sulfur atoms within
the sulfonate groups of SPMA monomers. Bold lines show mean values over ten conformations

(each shown as thin lines) for the equilibrated sequence as annealed in each solvent of interest.

With equilibrated structures characterized, we turn to the transformation from water to
organic solvent. Data presented thus far annealed polymer chains in the explicit solvent of interest
before equilibrating for 60ns at 300 K, of which the final 40ns was used for the above analyses.
While some adjustment to the R, occurred at the beginning of equilibration following the anneal
(Supplementary Figure 4), the relative solvent accessibility (RSA) of each monomer type —the
partial SASA normalized by maximum monomer solvation (calculation details in Supplementary
Information)—stabilized quickly (Supplementary Figure 5). It should be noted that the resulting
trends between monomer species follow the aforementioned mobility data, with higher RSA for
monomers which showed greater fluctuations. Unexpectedly, however, monomer RSA is not
strictly correlated to overall chain extension and SASA, with SPMA residues showing significantly
lower accessibility in THF than in water despite adopting a conformation with nearly double the
R.,. If rather than being annealed in organic solvent, the polymers are instead annealed in explicit
water and then transferred to the solvent of interest for equilibration at room temperature, we find
that the same 60 ns is grossly insufficient for full remodeling. After 200 ns, conformations in THF
and DMSO show increased R,, though the majority remain far from corresponding equilibrium
values (Supplementary Figure 4). Figure 4 shows more rapid adaptation of RSA at room
temperature, with values trending towards equilibrium for THF and DMSO. Trends towards
equilibrium values indicate that kinetic barriers to rearrangement in THF and DMSO exist but can
be overcome through temperature —as in the annealed simulations— or time, as could be expected

if current trends continued in the room temperature simulations. Contrastingly, in hexane, RSA
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plateaus before reaching the equilibrium values. While behavior in hexane at room temperature is
observed to deviate from behavior in water, the assembly remains compact as R, maintains values
below those of the configurations in DMSO and THF. The activation barrier to backbone
reconfiguration appears to trend with the driving force to compactification, and therefore the
changes observed in RSA seemingly approach a meta-stable kinetically-trapped state in which
side-chains have reoriented but the conformation is not entirely reconfigured. The property which
deviates from the water behavior most quickly at 300 K is the accessibility of SPMA in hexane.
This rapid change in RSA highlights the high energetic cost of sulfonate exposure to hexane and
the strong driving force for it to bury within the SCNP core, even if a full remodel is not
energetically favorable.
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Figure 4. Change in relative solvent accessibility (RSA) of monomers over time after transfer to
solvent of interest at 300 K. Each datapoint shows mean and standard error of the 5 ns average
RSA for each monomer of a given species within the sequence over all conformations. Shaded
regions on the left of each plot show mean RSA from conformations equilibrated in water while
shaded regions on the right of each plot show mean RSA from conformations equilibrated in the

solvent of interest (Supplementary Figure 5).

The results presented demonstrate that the covalently bound heterogenous monomers in
our RHP system will lead to compact globules with heterogeneous surfaces in both highly polar
(water) and highly nonpolar (hexane) solvents, though the driving forces differ greatly. The
hydrophobic effect, which drives assembly in water, leads to well solvated polar monomers with
more shielded hydrophobic moieties. In contrast, in hexane, the oleophobic polar and charged
groups avoid exposure and instead bury into the globule core, with hydrocarbon chemistries
prevailing at the assembly’s surface. Therefore, the SCNP can exist in drastically different
configurations while still maintaining a compact geometry if the surface energy between the
solvent and monomers is high enough. Contrastingly, if entropic driving forces to polymer motion
outweigh the enthalpic costs to solvent exposure, the chain extends. In DMSO and THF, the
majority of monomers interact favorably with both solvents such that the RHP is generally open
and exposed. SPMA associations can limit extension and motion, but the small quantity of them
in the chain still affords enough freedom for other segments to maintain significant solvation. This
association nonetheless impacts accessibility to SPMA and its neighboring residues to solvent,
which has implications to post-synthetic modification strategies that could be employed. The

equilibrated structures illuminate the potential for interactions between RHPs or amongst RHPs

10
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and their environment in various settings, such as during processing in organic solvent to create
self-degrading polyesters or within the hydrophobic interior of cell membranes.?'*’

Beyond equilibrium behavior, our simulations also provide insight into how the polymer
chains get to those unique conformations and could behave upon transfer to distinct environments.
A change in solvent-monomer interaction energies can prompt either unfolding or remodeling,
with some reconfiguration possible without need for expansion to take place. Full reconfiguration
is best achieved using heat to overcome kinetic barriers on simulation timescales, though we also
demonstrated a near immediate adjustment to the new environment without thermal initiation.

In summary, the specific chemistry of the monomers selected for a heteropolymer as well
as their interactions with surrounding media prove to be of utmost importance to determining
polymer behavior. The structure which results from a given chemistry can lead to more traditional
SCNPs driven by hydrophobic interactions or other attractive and repulsive forces in certain
conditions while behaving as fully solvated, extended chains in others. The ratios of monomer
chemistries and the solvent polarities can be tailored to make specific moieties—and/or their
neighboring species—accessible or inaccessible. We have shown that reconfiguration can occur
significantly and rapidly with full remodeling possible at room temperature on timescales beyond
those typically accessible in simulation. This observed behavior has profound implications to how
the polymers may fold and assemble as they interface with proteins, surfaces, and other molecules
which impact intramolecular interactions.
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