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ABSTRACT: Supramolecular assembly of proteins into irreversible fibrils is often associated with diseases where aberrant
phase transitions occur. Due to the complexity of biological systems and their surrounding environments, the mechanism
underlying phase separation-mediated supramolecular assembly is poorly understood, making the reversal of so-called irre-
versible fibrillization a significant challenge. Therefore, it is crucial to develop simple model systems that provide insights
into the mechanistic process of monomers to phase-separated droplets to ordered supramolecular assemblies. Such models
can help in investigating strategies to either reverse or modulate these states. Herein, we present a simple synthetic model
system composed of three components, including a benzene-1,3,5-tricarboxamide-based supramolecular monomer, a surfac-
tant, and water, to mimic the condensate pathway observed in biological systems. This highly dynamic system can undergo
“micelle-droplet-fiber” transition over time and space with a gradient field, regulated by competitive interactions. Im-
portantly, manipulating these competitive interactions through guest molecules, temperature changes, and co-solvent can
reverse the ordered fibers back into a disordered liquid or micellar state. Our model system provides new insights into the
critical balance between various interactions among the three components that determine the pathway and reversibility of
the process. Extending this ‘competitive-interactions’ approach from a simple model system to complex macromolecules, e.g.,

proteins, could open new avenues for biomedical applications, such as condensate-modifying therapeutics.

INTRODUCTION

Supramolecular assembly is fundamental to the formation
of many complex biological structures, for instance, protein
filaments, DNA, and membranes.! Its non-covalent nature
enables dynamic assemblies of divergent building blocks,
allowing for drastic conformational or functional changes in
response to slight alterations in chemical environment.2-5
Competitive interactions are critical in modulating the
chemical environment, thereby influencing the supramolec-
ular energy landscape and the resulting order in the struc-
tures.® Among these, the supramolecular assembly of pro-
teins into fibrils can be mediated by the process of liquid-
liquid phase separation (LLPS).”8 This process clusters
monomers into solute-rich droplets, thereby facilitating nu-
cleation and promoting the fiber formation.” This LLPS-
mediated fiber growth is displayed by natural building
blocks, such as intrinsically disordered proteins or pep-
tides.810-14 Recently, it has been observed that even small
synthetic molecules can form liquid droplets, either at equi-
librium or at metastable state enroute to supramolecular
polymerization.1>16 This suggests a general mechanism of
LLPS-mediated supramolecular polymerization, proving
the versatility of synthetic supramolecular building blocks
as mimics of natural systems.!” This emphasizes the role of
phase separation in driving supramolecular polymerization,
which is yet to be completely understood.

In the biological realm, the aberrant transition from liquid
droplets into ordered solid protein aggregates is

increasingly associated to the onset and progression of dis-
eases. 18-25 Novel mechanistic insights are gradually being
uncovered. For example, RNA concentration affects phase
separation-mediated fibrilization of RNA-binding proteins,
demonstrating that competitive interactions can regulate
the condensation pathway.2¢ However, the study of revers-
ing protein aggregation remains elusive.2’” Understanding
phase separation-mediated fibrilization should therefore be
expanded into a general concept using a simple supramo-
lecular model system. This model system will allow explo-
ration of strategies to intervene with the solid aggregates
and return to the liquid state, aiming to develop effective
treatments for protein condensate-related diseases.28

We hypothesize that it is possible to regulate the supramo-
lecular pathway between liquid droplets and fibril state
through competitive interactions due to their non-covalent
nature. To explore this hypothesis, we propose a model sys-
tem composed of highly dynamic small molecules that can
be easily manipulated and studied through microscopy and
spectroscopy. We selected the highly dynamic benzene-
1,3,5-tricarboxamide motif, functionalized with am-
phiphilic tails composed of dodecyl and tetraethylene glycol
(BTA-EG4, BTA in short hereafter, Figure 1), as it forms one-
dimensional fibers driven by n-n stacking and hydrogen
bonds, and is capable of reorganizing in response to stimuli
in water.29-3* We serendipitously observed that introducing
the surfactant cetrimonium bromide (CTAB) into BTA su-
pramolecular polymers can break down the long fibers and
lead to complete disassembly at optimized ratio and
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concentration. Interestingly, the supramolecular polymeri-
zation is reinstated through an intermediate liquid droplet
state upon dilution. 35 We hypothesize that this reversibility
originates from the competitive interactions among the
three components: BTA, surfactant, and water. Therefore, in
this study, we demonstrate the role of competitive interac-
tions in regulating condensate dynamics and fibril for-
mation with the BTA-surfactant model system in water (Fig-
ure 1).
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Figure 1. Schematic illustration of supramolecular “micelle-
droplet-fiber” transition of BTA-OTAB system upon regulation
of the competitive interactions.

RESULTS AND DISCUSSION

Rational design. To explore the energy landscape of BTA-
surfactant system, we used octyltrimethylammonium bro-
mide (OTAB) as the surfactant. Due to the shorter alkyl
chain length of OTAB compared to CTAB, it exhibits weaker
hydrophobic interactions with BTA. This allows us to slow
down the dynamics of the system at millimolar (mM) con-
centration regimes, thereby expanding the operational win-
dow and fine-tuning the transitions. This tunability is criti-
cal for exploring the mechanistic aspects of supramolecular
phase transition and its regulation by competitive interac-
tions. BTA and Cyanine 5 labeled BTA (BTA-Cy5, Figure S1)
for fluorescence imaging were synthesized and character-
ized following previous reports.2%:36

Supramolecular “micelle-droplet-fiber” transition us-
ing a concentration gradient field. To create a concentra-
tion gradient of BTA-OTAB, we use a dual-inlet channel by
introducing [BTA]:[OTAB] solution (31:202 mM with 25 uM
BTA-Cy5, sample preparation method II) and milli-Q (MQ)
water from the two inlets separately (Figure 2A). We inves-
tigated the effect of this concentration gradient with confo-
cal laser scanning microscopy (CLSM). Initially, the BTA-
OTAB is a homogenous micellar solution with the Cs

aliphatic chain of OTAB inserted into BTA hydrophobic
pockets. Dilution of the micellar phase weakens BTA-OTAB
interactions, resulting in the partial release of OTAB from
BTA-OTAB micelles and promoting LLPS. At the interface of
the two solutions, supramolecular droplets were observed
(Figure 2A, Figure S2). Interestingly, these droplets ap-
peared in both spherical and non-spherical shapes, which
can be explained by the polymer phase diagram as pre-
dicted by Flory-Huggins theory (Figure S3).37-4° These drop-
lets can coalesce (Figure 2B), confirming their liquid prop-
erties. Near the water inlet, micrometer-long fibers were
present (Figure S2) as a result of the stacking of the newly
exposed BTA. We identified five different stages within
BTA-OTAB system: micelles (I), inverse droplets (II), non-
spherical droplets (III), droplets (IV) and fibers (V) (Figure
2A, Figure S3). The spherical droplets (II and IV) emerge
from nucleation and growth, while the non-spherical drop-
lets (III) either emerge from spinodal decomposition*! or
from growth of inverse droplets (II).#2 Cryogenic transmis-
sion electron microscopy (cryo-TEM, Sample preparation
method VI) showed a similar phase transition pattern with
a mixture of spherical droplets, non-spherical droplets, and
fibers at the interface layer (Figure 2E, Figure S4), and
densely packed fibers at the water layer (Figure S5).

Fluorescence recovery after photobleaching (FRAP) was
performed at different stages to evaluate the dynamics of
BTA-OTAB supramolecular structures (Figure 2C). All fluo-
rescent signals recovered within approximately 2 min,
which is faster in comparison to the recovery of BTA fibers
alone (15% recovery in 4 min, Figure S6), indicating that
OTAB significantly interferes with and weakens the BTA-
BTA interactions. The apparent diffusion coefficients
(Drrar) of each state, derived from the fitted recovery
curves, showed a consistent decrease from 6.5-10¢ m2/sec
for the micelles (I), to 3.4-10-6 m?/sec for the inverse drop-
lets (II), to 2.2-10¢ m2/sec for the non-spherical droplets
(I11), and eventually to 1.6-10-6 m2/sec for the droplets (IV)
(Figure 2D), indicating a slowdown in dynamics. This trend
can be attributed to an increase in inter-monomer and/or
inter-oligomer interactions, driven by the gradual release of
the OTAB and greater exposure of BTA hydrophobic pock-
ets. Fibers (V) are expected to have an even slower diffu-
sion, yet a relatively fast recovery with a Drrar of 2.8-10¢
m2/sec was observed, probably due to the presence of
OTAB in the BTA fiber networks (Figure S6).

As control experiments, replacing MQ water with a 16 or 31
mM OTAB solution resulted in transient phase separation,
while higher OTAB concentrations (47, 101 or 202 mM)
showed neither phase separation nor fibers, but only a ho-
mogenous micellar solution (Figures S7, S8). This suggests
that competitive interactions among the three compo-
nents—BTA, surfactant, and water—modulate the order of
the system through “micelle-droplet-fiber” transition.
Therefore, in the following study, we investigate the molec-
ular interaction in more detail.
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Figure 2. Supramolecular “micelle-droplet-fiber” transition using a concentration gradient field in BTA-OTAB system. (A)
CLSM image through a dual-inlet channel of a concentration gradient from [BTA]:[OTAB] (31:202 mM with 25 uM BTA-Cy5) to MQ
water which induces supramolecular “micelle-droplet-fiber” transition at the interface, scale bar = 20 um. Below, a schematic over-
view is given to compare the shape of the droplets with the processes of nucleation & growth ,and spinodal decomposition. (B) CLSM
images of droplet coalescence over time, indicated with a dashed circle, scale bar = 10 um. (C) CLSM images of the various supramo-
lecular structures before and after fluorescent bleaching at different stages (I-V) of BTA-OTAB system, scale bar = 10 um. (D) Expo-
nential fitting of FRAP curves of stages (I-IV) with corresponding Drrar. (E) Cryo-TEM image of BTA-OTAB turbid solution (Sample
preparation method VI), showing a phase separation pattern with a mixture of spherical droplets, non-spherical droplets, and 1D

fibers, scale bar = 200 nm.

Supramolecular “micelle-droplet-fiber” transition over
time upon dilution. The time evolution of BTA-OTAB mor-
phologies upon dilution was initially observed by CLSM,
where the droplets faded and converted into a fiber net-
work within approximately 15 min at 22 °C (Figure 3A),
whereas the droplets maintained their shape more than 1 h
at 37 °C. Atlower temperature, fiber formation is more ther-
modynamically favored. Whilst at higher temperature, the
monomers are more dynamic, hindering supramolecular
polymerization, which results in the prolonged stability of
the droplets.*3 This allows us to manipulate the landscapes
of the transition with temperature in the latter study. Nev-
ertheless, capturing the droplets exclusively is challenging,
as they start to convert into fibers upon mixing. We attempt
to understand these intermediate states, which are proba-
bly a mixture of droplets and short fibers. To gain a deeper
mechanistic insight into this “micelle-droplet-fiber” transi-
tion, we employed a combination of proton and diffusion-
ordered nuclear magnetic resonance spectroscopies (*H
and DOSY NMR), Ultraviolet-visible (UV-Vis) and Nile red
fluorescence spectroscopies, together with cryo-TEM (Fig-
ures 3, S9-520).

For all NMR measurements, an external standard, 3-(trime-
thylsilyl)propionic-2,2,3,3-ds acid sodium salt (TPS), in a ca-
pillary NMR tube, was employed to ensure proper align-
ment (chemical shift = 0.0 ppm, Figures $9-12), and to serve
as an indicator for the amount of portable OTAB. As de-
picted in Figure 3B, 'H NMR spectrum of initial micellar
state ([BTA]:[OTAB] = 31:202 mM, sample preparation
method I) showed sharp and well-split peaks for both BTA
(signals in blue boxes) and OTAB. Upon a two-fold dilution,
the micellar solution immediately became visually turbid,
indicating phase separation and the formation of droplets
corresponding to stages II-1V (Figure S13). The NMR peaks
corresponding to OTAB remained sharp and well-resolved.
The peaks associated with BTA showed slight broadening
and a decrease in integrals, with the most significant reduc-
tion from the aliphatic chain (Table S1), suggesting that the
hydrophobic interactions of the Ciz-linker initially drive
phase separation. After vigorous mixing and a 24 h incuba-
tion, the BTA peaks disappeared due to the slow diffusion of
the large BTA fibers, as corroborated by cryo-TEM (Figure
S14). The OTAB integral dropped by approximately 10%,
indicating that these 10% OTAB molecules were associated
with the BTA fibers.
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Figure 3. Temporal control of dilution-induced supramolecular transition. (A) CLSM images of the transition from su-
pramolecular droplets into a fiber network over 15 min at 22 °C, scale bar = 20 um. (B) Stacked 'H NMR spectra of
[BTA]:[OTAB] micelles (31:202 mM), supramolecular droplets (16:101 mM) and fibers (16:101 mM) in D20 with their corre-
sponding Dposy. (C) UV spectra of different concentrations of [BTA]:[OTAB], yet with a fixed ratio (sample preparation method
III). The absorption of OTAB is subtracted from all measurements. (D) Time-dependent fluorescence emission of Nile red in
freshly prepared [BTA]:[OTAB] (16:101 mM, sample preparation method II).

We subsequently assessed the translational diffusion coef-
ficients (Dposy) of the assemblies using DOSY NMR (Figures
3B, S15-518). Due to the fast exchange and high dynamic,
two interesting phenomena were observed: i) The Dposy of
BTA and OTAB were always in two distinct populations
throughout the dilution and evolution processes; ii) The
Dposy of both BTA and OTAB were no single values, but fell
within narrow regimes. Specifically, the Dposy of OTAB in-
creased as it transitioned from the micellar state to the su-
pramolecular droplets and eventually to the fiber state. This
faster diffusion is attributed to OTAB being gradually ex-
pelled from BTA hydrophobic pockets, which weakens the
BTA-OTAB interaction. In contrast, the Dposy of BTA de-
creased upon dilution, reflecting the slower diffusion of the
forming droplets/short fibers, driven by enhanced BTA-
BTA interaction. In the final micrometer-long fiber state, the
BTA signal became nondetectable.

The UV spectra at decreasing concentrations of
[BTA]:[OTAB] with a constant ratio showed a red shift in the
absorption, from a characteristic micellar state
([BTA]:[OTAB] = 31:202 mM) with a maximum absorption
(Amax) around 204 nm, to a BTA double-helix fiber state
([BTA]:[OTAB] = 16:101 mM) with maxima of 211 and 227
nm (sample preparation method III; Figures 3C, $19).4* Nile
red fluorescence spectroscopy further demonstrated a
blue-shift of emission Amax from 623 nm to 613 nm,

indicating that Nile red is experiencing a more hydrophobic
environment over time (sample preparation method II; Fig-
ure 3D, Figure S20).1¢ These two techniques confirm the
transition to fibers, upon dilution and its elongation over
time.

Reversibility of fiber-to-droplet and droplet-to-micelle
using competitive interactions. With the understanding
of the competitive interactions to regulate the supramolec-
ular “micelle-droplet-fiber” transition, we subsequently in-
vestigate different strategies based on these competitive in-
teractions as a general concept to modulate the supramo-
lecular landscapes of these transitions.

Reversible fiber to droplet transition. We recently ob-
served that BTA fiber itself started depolymerizing at 60 °C,
and initiated droplet formation above 80 °C, owing to the
dehydration of the tetraethylene glycol.l6 Remarkably, in-
troducing [0TAB] =101 mM in the BTA system ([BTA] = 16
mM) significantly decreases the onset temperature of de-
polymerization to 30 °C and fiber-to-droplet transition to
45 °C, as indicated by the scattering effect at 300 nm (sam-
ple preparation method V; Figures 4A, S21). This was also
confirmed with CLSM that the fiber network started to con-
vert to droplets at 40 °C, and a complete transition to drop-
lets was displayed at 50 °C (sample preparation method V;
Figure 4B). The decreased phase separation temperature
from 80 °C to 40 °C can be attributed to the weakened BTA-
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BTA interactions where OTAB disturbs the one-dimen-
sional ordered arrangement of the BTA-core. Thereof, the
fibers are broken down into short-fibers, meanwhile expo-
sure of the hydrophobic pockets serves as a driving force for
the formation of droplets. To further confirm the fiber-to-
droplet transition, temperature-dependent fluorescence
emission spectra were recorded with Nile red, that embed-
ded in a mixture of BTA-OTARB fiber state (sample prepara-
tion method V; Figure 4C, S22). Depolymerization and drop-
let formation were verified by a red-shift of the emission
Amax from 608 to 623 nm, while Amax of Nile red in water as a
control showed a minor blue-shift of 2 nm (Figure S22E).
Remarkably, the fiber-to-droplet transition is not unidirec-
tional, but it can be reversed multiple times by changing the
temperature by just 7 °C (sample preparation method V; Fig-
ure 4D). At 40 °C the fiber state dominates, while at 47 °C
droplets form the major proportion. In contrast to previ-
ously reported systems, the competitive interactions en-
coded in the dynamic nature of the BTA-OTAB system

allows for a highly responsive fiber-droplet dynamic equi-
librium.

The BTA:0TAB ratio effect in the fiber-droplet transition
was further investigated with variable temperature UV-Vis
spectroscopy. While [BTA] was fixed at 16 mM, [OTAB] was
gradually increased beyond 101 mM. The onset tempera-
ture of depolymerization decreased from approximately 35
°Cto 25 °C (sample preparation method IV; Figure 4E), while
the phase transition temperature increased from 50 °C to
60 °C for [OTAB] from 101 to 124 mM (sample preparation
method 1V; Figures 4F, S24). We hypothesize that above a
critical OTAB ratio, the hydrophobic BTA-BTA interactions
are completely overcome by addition of cationic charge of
OTAB. This repulsive interaction decreases the depolymer-
ization energy barrier. In addition, the droplets state is ma-
jorly driven by the dehydration of tetraethylene glycol, re-
sulting in a higher onset temperature of phase separation.
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Figure 4. Reversibility of fibers and droplets by tuning of competitive interactions. (A) Temperature-dependent UV spectrum
of [BTA]:[OTAB] 16:101 mM (sample preparation method V); (B) Temperature-dependent CLSM images at of [BTA]:[OTAB] 16:101
mM with 25 pM BTA-Cy5 (sample preparation method V); (C) Temperature-dependent fluorescence emission of [BTA]:[OTAB]
16:101 mM with 20 uM Nile red (sample preparation method V); (D) Absorbance at 300 nm during temperature cycles of
[BTA]:[OTAB] 16:101 mM with 20 uM Nile red (sample preparation method V); (E) Absorbance at 227 nm of several [BTA]:[OTAB]
ratios by varying the temperature from 20 to 45 °C (sample preparation method IV); (F) Phase separating temperature at several
[BTA]:[OTAB] ratios (sample preparation method IV); (G) UV spectrum of [BTA]:[OTAB] with varying OTAB concentration (sample
preparation method 1V); (H) CLSM images of BTA-OTAB droplets in a concentration gradient by a dual-inlet chamber system, before
and after addition of 202 mM OTAB, Scale bar = 20 um. Absorption of OTAB is subtracted from all UV measurements.

https://doi.org/10.26434/chemrxiv-2024-zscz6 ORCID: https://orcid.org/0000-0001-8207-756X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-zscz6
https://orcid.org/0000-0001-8207-756X
https://creativecommons.org/licenses/by-nc-nd/4.0/

Reversible droplets to micelles transition. At
[BTA]:[OTAB] = 16:202 mM, a complete micellar state was
reached, thereof no depolymerization or phase separation
was detected even up to 80 °C (sample preparation method
IV; Figures 4G, S23, S24E). This is depicted by the UV spectra
showing a characteristic micellar absorption at 204 nm. In-
terestingly, the micelle-to-droplet transition is reversible by
introducing additional OTAB. This is observed in CLSM im-
ages, where supramolecular droplets at the interface of
[BTA]:[OTAB] (31:202 mM) to H20 in the dual-inlet cham-
ber system converted to a homogenous micellar solution
upon addition OTAB solution in the water phase (sample
preparation method II; Figure 4H).

To generalize the role of competitive interactions in deter-
mining the supramolecular state., we evaluated solvent po-
larity using a methanol-water mixture. [BTA]:[OTAB]
(31:202 mM) and 5% or 8% methanol in water were in-
jected in either inlet of the channel (Figure S25). It was ob-
served that supramolecular droplet or fiber formation can
be inhibited by competitive interaction of 8% methanol. At
5% methanol still some traces of supramolecular droplets
were observed at the interface of the two solutions.

CONCLUSION

In this study, we demonstrate the role of competitive inter-
actions in determining the supramolecular landscape and
the extent of order in the system. Due to the dynamic and
non-covalent nature of BTA assemblies, the concentration
of competitive guest and temperature regulate the micelle,
droplet or polymer state, as well as their transition points.
Through this model system, we reiterate that balances be-
tween various interactions are crucial. At molecular level,
these are interactions between monomer, guest and sol-
vent, not only at the monomer core, but also at the tails. At
supramolecular level, these are the intermonomer and in-
ter-fiber interactions that influence the pathway of assem-
bly and disassembly. However, expanding this understand-
ing from simple synthetic molecules with limited possibili-
ties of intermolecular interactions to complex macromole-
cules such as proteins requires comprehensive studies us-
ing combined experimental and theoretical approaches.
This would provide us with a large database that can use ar-
tificial intelligence to predict the required competing guests
or key interprotein interactions that need to be targeted.
These key interprotein interactions need special attention
for mechanistic understanding and drug designing for con-
densate-modifying therapeutics. 446
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