Complex Pathways Drive Pluripotent Fmoc-Leucine Self-assemblies
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Abstract: Nature uses complex self-assembly pathways to access distinct functional non-equilibrium self-assemblies.
This remarkable ability to steer same set of biomolecules into different self-assembly states is done by avoiding
thermodynamic pit. In synthetic systems, on demand control over ‘Pathway Complexity’ to access self-assemblies
different from equilibrium structures remains challenging. Here we show versatile non-equilibrium assemblies of the
same monomer via alternate assembly pathways. The assemblies nucleate using non-classical or classical nucleation
routes into distinct metastable (transient hydrogels), kinetic (stable hydrogels) and thermodynamic structures [(poly)-
crystals and 2D sheets]. Initial chemical and thermal inputs force the monomers to follow different assembly pathways
and form soft-materials with distinct molecular arrangements than at equilibrium. In many cases, equilibrium structures
act as thermodynamic sink which consume monomers from metastable structures giving transiently formed materials.
This dynamics can be tuned chemically or thermally to slow down the dissolution of transient hydrogel, or skip the
intermediate hydrogel altogether to reach final equilibrium assemblies. If required this metastable state can be
kinetically trapped to give strong hydrogel stable over days. This method to control different self-assembly states can
find potential use in similar biomimetic systems to access new materials for various applications.

Self-assembly pathways direct biomolecules to form distinct non-equilibrium structures. Albeit composed of same
monomers, the functions and morphologies of such assemblies differ from their thermodynamically stable
counterparts."The high level of adaptivity in biological self-assemblies is achieved by navigating through different
energy landscapes with several local minima before reaching thermodynamic equilibrium.® Such temporal control over
versatile self-assemblies allows nature to avert synthesis of new molecules for different purposes. For example,
Microtubules and Actin filaments are responsible for vital functions like cell stiffness, cell migration, and cell division.
They can employ different coupling proteins to modulate their polymerization pathways which allow them to tailor their
structures for required tasks.®! Similarly, Exosomes can form different self-assemblies derived from single cell line like
unilamellar vesicles, vesosomes, and tubular structures to serve different functions.! However, loss of control over
competing pathways can also lead to unwanted structures like irreversible aberrant protein aggregation resulting in
Alzheimer’s and Parkinson’s.®

Emulating such control over complex pathways to direct monomers for desired self-assembly outcomes remains
challenging for Supramolecular chemists. Often they lead to untargeted self-assemblies. This warrants control over
different kinetic and thermodynamic routes to access different metastable or equilibrium assemblies as needed. Since
the seminal work by Meijer and co-workers,* several contributions in the form of kinetic and thermodynamic
models,™® and experimental findings®?"!” have furthered our understanding to control competing self-assembly
pathways- often termed as ‘Pathway Complexity’. Managing these self-assembly pathways in biomimetic aqueous
systems gets notoriously difficult as water competes for hydrogen bonding, and hydrophobic interactions become
dominant. "*79 Stupp and co-workers used peptide amphiphiles, and chromophore amphiphiles interacting via H- bonds
and T orbital overlap respectively, to navigate through complex energy landscapes.™™ They obtained controlled
metastable, kinetically trapped or thermodynamic self-assemblies by changing the order of on and off switching of the
competing interactions. Wilson and co-workers have used thermal ramps to switch inter-digitation of oligo-(ethylene
glycol) chains in Janus dendrimers. Different kinetically trapped states rendered complex 3D assemblies like elongated,
and compartmentalized 3D vesicles.®

Clearly, control over alternate assembly pathways can give access to new assemblies with distinct molecular
arrangements, and properties moving away from equilibrium. In this regard, amino acids and peptide self-assemblies-
widely used biomimetic scaffolds have not been subject to this approach extensively.'® Perhaps owing to the challenges
mentioned before. Like proteins in biological settings,™ they show ability to phase separate by Liquid-Liquid- and Liquid-
Solid phase separation (LLPS and LSPS).** Thus offering opportunity to explore alternative non-classical self-
assembly pathways different from classical homogenous and secondary nucleation events. Pathway complexity control
in such systems can lead to a new range of bio-inspired functional soft materials.

Here we present, multi-routed evolution of phase separated Fmoc-Leucine (FL) aggregates into hierarchical assemblies
via complex self-assembly pathways (Schemel:Pathl to 8). Initial conditions with set chemical and thermal cues
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determine the self-assembly pathways and outcomes. The disordered phase separated FL aggregates (solidified
droplets) can form metastable assemblies with different properties before reaching their final thermodynamic state. The
metastable phase is usually a fibrous transient hydrogel with pathway dependent customizable lifetime (hours to days)
and strength. The final thermodynamic states can be adjusted to different microscopic arrangements such as poly-
crystal spherulites, or single crystals (Path1&8). The molecular packing differs for transient (polymorph B) and final
assemblies (polymorph A). Interestingly, using instant pH switch or gradual pH switch, we can flip the order of
appearance of metastable and thermodynamic assemblies by forcing them on distinct assembly pathways. These
assemblies nucleate via non-classical, and classical pathways depending on the set conditions.™" Instant pH increase
results in non-classical nucleation (N-CN) of fibrillar hydrogel from solidified droplets within minutes. This is followed by
slow solution crystallization (1d-3d) of free monomers to form crystals on the expense of hydrogel disassembly
(Classical nucleation- CN) (Path 8). On the other hand, gradual pH change permits the accelerated nucleation of
thermodynamically more stable polycrystals (within minutes). This is followed by the formation of metastable hydrogel
only when the system increases to optimum pH levels (~1h). Here, both the distinct phases evolve directly from
solidified droplets (N-CN) (Pathl). Eventually, the polycrystals outgrow and consume the metastable hydrogel leading
to its dissolution (~15h). If needed, the formation of transient hydrogel can be skipped all together accelerating the
formation of polycrystals (~2h) (Path2&3). Furthermore, under set conditions the system evolves only to kinetically
trapped hydrogel (polymorph B), which previously would give way to polymorph A (Path6&7). Therefore, we show
complete control over complex assembly pathways of solidified FL droplets following classical and non-classical
nucleation routes.
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Scheme 1: General scheme depicting non-classical and classical nucleation routes for evolution of phase separated solidified droplets of FL.
Pathl uses gradual pH change by HA hydrolysis to go through non-classical nucleation and give polycrystals (polymorph A), and transient
hydrogels (polymorph B). Path 2 and Path 3 allow direct conversion of solid droplets to polycrystals without intermediate hydrogelation using
thermal (high temperature) or chemical variations (no salt). Path 6 and 7 use chemical variations (salt with slow or fast pH change) to form stable
kinetically trapped hydrogels with same molecular packing as transient hydrogel in Path 1. Path 8 is carried using instant pH change by NH; shot
leading to instant gelation. The monomer rich solution then crystallizes to form single crystals (polymorph A)- classical nucleation. This results in
dissolution of starting polymorph B hydrogel.
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We selected amphiphilic FL as self-assembling motif for our studies based on previous reports on its self-assembling
propensities. Draper et al realized an extensive study on gelation and subsequent crystallization of Fmoc-amino
acids.’? They found that FL gelation was not possible by pH change from basic to neutral/ acidic using Gluconolactone
hydrolysis. Similarly, thermal annealing was ineffective for FL hydrogelation.*® Solvent switch results in FL self-
assembly into crystalline spherulites (water added to FL in MeOH)." In other very interesting study, Knowles, Yan, and
co-workers!™® report that FL can form phase separated droplets which solidify and subsequently form nanofibers. The
fiber nucleation occurred in the metastable solidified droplets. This two-step nucleation event involving a less ordered
pre-nucleation step is in line with non-classical nucleation theory (N-CN). It differs from classical single-step nucleation
theory (CN) which assumes that ordered nuclei form directly from supersaturated solutions of monomers.

These different reports of FL self-assemblies make it a worthy candidate to explore complex assembly pathways in
order to attain new structures and soft-materials. To test this, we set out to use phase separation (LLPS/LSPS) by
solvent switch method using water+MeOH to explore the N-CN route for our studies. We wanted to avoid concentrated
basic solution for FL dissolution to prevent unwanted Fmoc- deprotection (SI Fig. S1).% Another important factor is the
FL concentration to improve our chances in achieving hydrogel like soft materials. Knowles and Yan report™®! that
increasing the monomer concentration led to accelerated liquid—solid droplets—fiber transitions (slowest for FL
needing 1-2 months). Draper et. al. were unable to attain hydrogel with ~19mM of FL."? Considering the self-
assembling timeframe and behavior in these reports, we decided to use higher FL concentration [~2 times- ~33mM].

Under these set conditions, clear methanol solution of FL immediately becomes turbid upon addition of water at 24°C.
Within 60 minutes, these aggregates grow and sediment leaving clear solution at the top (S| Fig. S2). Salts can
decelerate or accelerate such transitions in phase separated systems. % Therefore, we repeated same experiment
by adding aqueous salt solutions to FL solution in MeOH. High salt ratios accelerated the previous transition 30 minutes
(FL:Salt-1:5.1, 1:3.4, 1:1.7). whereas lower ratios (1:0.85, 1:0.42) behaved like salt-less system. Only exceptions were
in presence of POs> where solutions remained clear with higher ratios. With lower ratios initially turbid solutions
sometimes transformed into weak hydrogels. This behavior prompted us to check the pH of the systems.

We found that systems with high PO, ratios were above pH-8 causing FL dissolution. For lower ratios of PO4* showing
FL gelation the pH was 5.8-7.2, still higher than all other systems (pH3.8-5.2) (Sl Fig. S3-S5). Over all, presence of salts
visibly accelerated aggregation in these systems. Additionally, behavior with PO, alluded towards key role of pH
changes in realizing self-assembly transitions via distinct pathways. Moving ahead, we decided to use NaClO,4 for
experiments with two different ratios- 1:1.7(high salt ratio), and 1:0.42 (low salt ratio). Building up on observations with
phosphate salts we checked for systems’ response under controlled pH increase. We employed two ways to bring pH
changes, instant pH change by addition of NH3 shot to phase separated FL, and by slow hydrolysis of Hexamine (HA) to
produce NHj insitu (Scheme 1). HA can hydrolyze in water and acidic media to form formaldehyde (HCHO) and
ammonia (NHs), we suspected that acidity of the system would be enough to carry out this hydrolysis' ™ After testing
different concentrations we settled for set ratios of FL with NH3, and HA to give desired pH change (6.0-7.0).

Addition of NH3 to phase separated FL (equilibrated for 1 minute) resulted in formation of a very strong white hydrogel
within 2-3 minutes from an initially turbid solution. The observations were similar even in presence of NaClO,4. HA on the
other hand didn’t show similar transformations (HA was dissolved in water with/without NaClO,4 and added to FL solution
at t-0). For HA only, the initially turbid solution became clear within an hour and small transparent granules were
observed at vial's bottom. However, at high salt concentration (1:1.7), the system transformed within minutes into a
strong white hydrogel. For lower salt ratio (1:0.42), only after 50 minutes a hydrogel capable of supporting its weight
was formed by inverted vial test. Interestingly, this hydrogel got weaker over time and completely disappeared within 9
hours, leaving behind granular structures similar to system with HA only. In other cases (high salt+HA and high/low
salt+NHj3), the hydrogels were stable for over 5 days except when hydrogel was formed only by using NHs. In this case,
most of the hydrogel disappeared over 1-3 days leaving crystalline needles behind (Sl Fig. S2).

These systems were then checked for self-assemblies using transmitted light microscopy and scanning electron
microcopy (SEM). The initially turbid solutions of phase separated FL, with and without salt, were composed of poly-
dispersed opaque particles (0.1-6um). Soon after, we could observe formation of translucent 2D pleated sheets at the
expense of disappearing particles. These thin sheets kept on growing over several mm? until all the particles had
disappeared (Sl Fig. S6a-S6e). SEM images revealed that these sheets were formed of closely aligned <1um broad 2D
fibers (S| Fig. S6f-S6k). Unlike previous reports of 1D fiber™™ or flower shaped structures, ™ these 2D sheets could be
a result of high FL concentration in line with previous reports on such concentration dependent sheets formation. *” In
other case, NH; mediated instant pH change resulted in immediate fiber formation (<1 um). (Fig. 2e-I13, Fig. 3e-3f) We
observed that these fibers originated from the phase separated particles, in line with non-classical nucleation (N-CN)
observations reported before (Fig. 2a-2d, Inset 11 and 12, SI Video SV1). M Notably, immediate vicinity of fibers
showed obvious depletion in particle density when compared to regions without fiber presence. Within minutes, the
system transitioned to densely packed fiber network corresponding to the macroscopic hydrogel formation before.
Following through, we observed sporadic presence of crystals in fiber network after several hours. Eventually, the fibers
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Figure 2: (a-d) FL+NHj3: Instant fiber formation via non-classical nucleation from solidified droplets. Inset 11 shows higher magnification image of
the submicron sized initial aggregates. Inset 12 shows direct observation of fiber nucleation from them. (e-g) FL+NHs: Crystal growth in solution to
form long crystals over 3 days, leads to fiber dissolution. Inset 13 shows SEM images of the fibers (h) SEM image of the crystals.(i-j)
FL+Salt(1:0.42)+HA: Nucleation of polycrystals from phase separated particles (white arrows show nucleation point). Inset 14 shows higher
magnification image of mostly submicron sized initial aggregates. (k-I) Formation of transient hydrogel network. Inset 15 shows SEM images of the
fibers (m-n) Fibers disassemble leaving large sea urchin shaped polycrystals. Inset 16 shows SEM images of polycrystals. The inset drawings are
not to scale. Also see supporting videos. Time format- hr:min:sec.

totally disappeared leaving the crystals behind. Interestingly, even when these crystals almost tripled in size the fibers
surrounding them seemed intact (Fig. 2e-2h, Inset 11 and 13). Unlike the particle to fiber transition, this alludes that fibers
are not directly involved in crystal formation but crystallization may happen from soluble monomers via CN- typical of
Ostwald ripening. @ We then looked into FL system showing similar transitions with gradual pH change with low
salt(1:0.42)+HA. Within minutes sea urchin like assembly nucleated from initial turbid solution composed of particles.
These rigid looking structures composed of needle like fibers grew denser and bigger in size by consuming particles
around them (Fig. 2i-2k, Inset 14). 20 minutes later we see fibers emerging from the particle rich areas leading to total
disappearance of particles. The system now has crystalline and rigid sea urchin like assemblies along with several
millimeter long wavy fibers (Fig. 2k-2I, Inset 15). However, the crystalline assemblies continue to grow while the fibers
disassemble. Finally, large rigid assemblies composed of thick crystalline fibers (polycrystals) are left behind (Fig. 2m-
2n, Inset 16, Sl Video SV2). In case with high salt ratio(1:1.7)+HA, the fiber network formed within minutes and were
concentrated in adjoining patchy domains (Sl Fig. S7b). We could not spot polycrystals as in previous low salt+HA case.
These fibers remained unchanged over three days unlike the system with lesser salt (S| Fig. S7a). Note: Coalescence is
characteristic of droplets after LLPS but we don’t see such fusion of particles here. Centrifuging the turbid solutions
resulted in solid sediments and clear supernatant instead of forming two liquid phases(SI Fig. $8).**> & It could be that
droplets solidify instantly at such high [FL] in line with previously observed solidification kinetics. **!
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Figure 3:(a) Rheological measurements tracking hydrogel (dis)assembly in different systems. (b) G’'max, corresponding G”, t-time for gel
formation, and t- time for gel dissolution for different systems. (c) 'H NMR kinetics experiments to track free monomer concentration over 24
hours for different systems. Set quantity of hydroquinone dissolved in D,O was used as external reference; completely solubilized FL (using NH3z)
at working concentration was used to measure 100% free monomer concentration. (d) Monomer concentration comparison over time for FL+ -HA
and -HA+low salt system. (e) pH profile over 3 days for different systems. Dotted lines show 60-90 min region crossing over at pH-6.2. (f) Zoomed

in pH profile of different closely overlapping systems with HA.

We then checked the mechanical response of these systems using rheology (Fig. 3a&3b, S| Fig. S11-S17). FL
hydrogels with NH3; and Salt(1:0.42)+NH3; were quickest to form (<6 min, t-time of gel initiation when G'=0.5G’nax).

Salt(1:0.42)+NH; reached G’max of ~9000 Pa, and NH3; hydrogel showed G’nax of ~3500 Pa. In both the cases the gel

strength reduced over time due to formation of crystals and fiber dissolution. Salt(1:1.7)+HA system also formed

relatively strong gel with G’max of ~3000 Pa and t-9 min. This gel showed very little depreciation in its mechanical
strength over 24 hours. The patchiness of fibrous self-assemblies could lead to ineffective holding of gel together
leading to the observed decrement (S| Fig. S6b). Salt(1:0.42)+NH3; system showed interesting transient gelation
behavior at 24°C reaching G'max- of ~80 Pa in around 70 minutes. This hydrogel took ~15 hours’ to disassemble (t;).
We then checked if temperature variations could impact the hydrogel (dis)assembly dynamics. At 20 °C, the t; reduced
to ~30 min with higher G'ax ~1000 Pa and taking 3 hours longer for dissolution. At 28 °C, no hydrogel formed (G'-

G”’<5Pa) which was similar to system with HA only. In both these cases the solidified droplets transformed into

polycrystals by skipping transient hydrogel formation. (Fig. 3a&3b, Sl Fig. S9, S| Video SV3, SV4, SV5).
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Next we performed *H NMR kinetic experiments to follow different self-assembly pathways (Fig. 3c, Sl Fig. $18-S24).
For simple FL in water and FL+low salt(1:0.42) system no free monomers were visible by NMR (hard to quantify). This
suggests that the droplets solidify instantly(<5 minutes) and the subsequent transition to fiber and sheets is directly from
them via N-CN (SI Fig. S18-S19). For NH3 case, the free monomers% was around 58% after 15 min. In presence of
salt, this dropped to ~42%. In next 24 hours, we observe major fluctuations in these two cases giving big error bars.
Stochastic crystallization of the soluble monomers can cause big differences in independent experiments. Crystallization
will reduce soluble monomers causing dissolution of fibers to re-equilibrate the monomer concentration leading to such
differences. Especially for NH; case, such saturated solution with high monomer concentration is likely to favor classical
nucleation. We also observe a gradual increase in free monomer from 58% to. 68% in 24 hours in case of NH3, whereas
NHs+salt remains in the 42-45% range. The dissolving fibers should become less capable of withholding the monomers
in assembled state. This would result in solution with higher monomer concentration than when hydrogel was intact in
return speeding up the crystallization process. After three days when crystallization is complete, the free monomer% for
NH; decreases significantly but not for NHz+salt (Sl Fig. S24b). Few small crystals also appear in Salt(1:0.42)+NH; case
but this doesn’t lead to hydrogel dissolution. Clearly, salt is able to reduce the repulsion in deprotonated FL allowing
higher contribution in self-assembly which also evident from the pH profiles (NHs;>salt+NH; after 5h). For
Salt(1:0.42)+HA, the free monomer% was around 30% in first 15 minutes. The latent NH; release by HA should
deprotonate and solubilize FL slowly and allow more protonated monomers to stay aggregated (HA, and NH3 systems
need ~60min., and ~2 min. respectively to reach 6.3.- Fig. 3e&3f). Eventually, the monomer concentration increases
from ~28% to ~38% in next 60-90 minutes. This coincides with hydrogel formation in this system. If we compare this
with FL+HA system with fewer fibers, we find overlapping pH profiles but 10% lesser free monomer% (Fig. 3d, Fig. 2i-2I,
Sl Fig. S9). Clearly, salt favors the formation of 1D fiber assemblies leading to hydrogel. This also hints that fibers are
composed of higher number of deprotonated FL molecules. Lastly, Salt(1:1.7)+HA showed quick drop in free monomer
concentration to below 10% within 15 minutes. Again, high salt concentration not only favors rapid 1D assembly but also
involves more deprotonated monomers in fiber formation. This is evident from the pH profile which remains much lower
than other systems involving HA (Fig. 3e&3f, Sl Fig. S7).
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Figure 4: Powder XRD patterns of FL self-assemblies at set stages in different assembly pathways (Initial solidified droplets, transient/metastable
hydrogel, kinetically trapped hydrogel and final crystals and polycrystals). Two major polymorphs are observed; depicted by circle- polymorph A,
and rectangles- polymorph B. Simulated powder XRD from single crystal data™ of Fmoc-L-Leu is shown at the top of each panel. (a) FL+NH3
system at 24°C, (b) FL+low salt+HA at 24°C, (c) FL+high salt+HA at 24°C, (d) FL+low salt+NH; at 24°C.Peaks marked with X are from HA+Salt
additives.

We then checked for powder XRD patterns to compare molecular packing in the different self-assemblies (Fig. 4, S25-
S28, Table S1). For NH; driven system, the final crystals of FL(L) were suitable to be resolved by single crystal XRD.
However, the crystal structure of this molecule is already reported.™ We back simulated the powder XRD pattern of
pure crystal phase and used it to compare crystallinity and polymorphism of other self-assemblies (S| Fig. S32). In all
the cases, the initial turbid phase composed of solidified droplets showed patterns with broad peaks and noisy baseline
characteristic of amorphous less ordered packing.”® This is even more evident when patterns for initial phase are
compared with the forthcoming stages (Transient/Final/Kinetically trapped states) (Fig. 4). The later stages in general
show better resolved peaks alluding toward more ordered packing. For NH3 system, initial solid droplets and transient
gel phases showed different polymorph (rectangles- polymorph B) than the final single crystal phase (circles- polymorph
A) (Fig. 4a, Table S1). For Salt(1:0.42)+HA, initial solid droplets poorly diffract pattern similar to polymorph B (Fig. 4b).
However, during the transient hydrogel phase two polymorphs can be recognized (A+B). polymorph A and polymorph B
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can be assigned to hydrogel fibers and polycrystals, respectively. Eventually the metastable polymorph B disappears,
and the final pattern for polycrystals perfectly matches for Polymorph A. The peaks although sharp are much broader at
base which could be due to several crystals present in one structure (polycrystals).?® Polycrystals from HA, and from
28°C high salt(1:1.7)+HA systems corresponded to polymorph A (S| Fig. $28). In the two kinetically trapped systems,
polymorph B characteristic of 1D fiber assembly is dominant, some amount of polymorph A can also be detected (Fig.
4c-4d). But unlike the systems with metastable hydrogels, here polymorph A is unable to clean up polymorph B even
after 30 days. This is more evident in the case with high salt(1:1.7)+HA where in fact polymorph A disappears overtime
(Fig. 4c). Together with microscopy, pH, and NMR studies this could mean that polymorph B fibers have higher
contributions from deprotonated FL when compared to thermodynamically stable polymorph A crystals.

In summary, we show how complex pathways can lead to differences in molecular packing via non-classical or classical
nucleation to form distinct self-assemblies with different macroscopic properties. The different (dis)assembly pathways
and kinetics of FL are based on combined effect of pH with important contributions from other chemical and thermal
components. Kinetics of pH change, and salt concentrations directly impact hydrogelation kinetics and stability giving
distinct polymorph than the thermodynamic one. We see that salts in optimum pH range promote 1D fiber networks by
incorporating more deprotonated molecules. This leads to kinetically trapped or transient hydrogels with distinct lifetime
and mechanical strength. Absence of salt favors the system to reach equilibrium faster forming thermodynamic
assemblies. Similarly, by temperature perturbations we can favor thermodynamic assemblies and preclude metastable
ones or vice-versa. Therefore, by introducing complex self-assembly pathways we show complete control over evolution
of metastable, kinetic and thermodynamic self-assemblies. This can potentially be translated to other similar biomimetic
systems for tailored applications.
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