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rse polymorphic structures from
a small dynamic molecular network controlled by
the environment†

Boris Bartolec, Armin Kiani, Meagan A. Beatty, Meniz Altay, Guillermo Monreal
Santiago and Sijbren Otto *

The complex interplay between systems and their environment plays an important role in processes ranging

from self-assembly to evolution. Polymorphism, where, from the same ingredients different products can

be formed, is likely to be an important enabler for evolutionary adaptation. Environmental pressures may

induce polymorphic behaviour, where different pressures result in different structural organisation. Here

we show that by combining covalent and non-covalent bond formation three distinct polymorphs can

emerge from the same small dynamic molecular network: vesicular aggregates, self-replicating fibres

and nanoribbons, depending on the nature of the solvent environment. Additionally, a particular set of

conditions allows the transient co-existence of both vesicles and fibres.
Introduction

Considering the various chemical conditions that prevailed on
Earth at the time life originated, the potential role of environ-
mental parameters in both the origin and evolution of life is
signicant, but also poorly understood.1 Under sudden envi-
ronmental changes, populations adapt to new conditions or
risk extinction.2 This adaption can occur by means of various
processes including that of polymorphism.3–4

In biology, polymorphism refers to the emergence of
multiple specic morphologies from a discrete species as
a result of altering the environment.3 Even within a single cell,
many biomacromolecules such as proteins,4 carbohydrates5 and
lipids6 are able to assemble into different types of supramo-
lecular polymorphs, while maintaining the chemical structures
of the assembling molecules.7 This phenomenon suggests
a subtle interplay of different self-assembly pathways that can
be inuenced by changes in non-covalent interactions between
molecules. For example, changing pH or ionic strength can lead
to different forms in tubular polymers of the tobacco mosaic
virus capsid protein.8

Recently, a number of pioneering studies have shown poly-
morphism in supramolecular structures.9 Numerous examples
have been reported of single building blocks systems that form
diverse polymorphs by changes in the environment such as co-
solvent, temperature and concentration.10 For example, Meijer
and co-workers reported a family of carboxylic acid
itute, University of Groningen, Nijenborgh
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–14304
functionalized water-soluble benzene-1,3,5-tricarboxamides
(BTAs) that self-assemble in water into either bres,
membranes, or hollow nanotubes depending on slight changes
in the temperature.11 In another study, the same group reported
three different polymorphs from a tetraamide-substituted
biphenyl derivative that emerge from different concentrations
of water.12

Whereas the role of the environment on supramolecular
polymorphism has been widely studied, the effects of the
environment on the emergence of various polymorphs
combined with molecular structure transformation remains
relatively rare. Allowing for the interplay between molecular
structure and self-assembly adds a level of plasticity that should
enhance the access to diverse polymorphs. It is perhaps not
surprising that many key processes in biology rely on such
interplay (e.g. enzyme catalysis, nucleic acid replication).

Dynamic combinatorial chemistry13 is a powerful tool for
exploring the role of the environment in the emergence of
polymorphs and structural adaption as it allows to amalgamate
covalent and non-covalent interactions in a way that allows both
processes to inuence each other. Dynamic combinatorial
libraries (DCLs) are formed from building blocks that react with
one another forming reversible covalent bonds. The library
members interconvert through exchange of building blocks and
the library composition can be inuenced by the addition of
a template or through stabilization of inter/intramolecular
interactions between library members. There are many exam-
ples of vesicles, micelles and self-replicating brous structures
that have emerged from DCLs.14

We now show that DCLs made from a single building block
in aqueous solution give rise to the spontaneous emergence of
various morphologies such as vesicular compartments, self-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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replicator bres or both simultaneously. Which type of struc-
tures form is critically dependent on the environment and
controlled by the nature of the organic co-solvent.
Results and discussion

We previously reported the formation of diverse membranous
supramolecular structures in DCLs made from the amphiphilic
building block 1.15 Upon air oxidation of 1 the dithiol motifs
react with one another to form a library of macrocycles of
various sizes linked by disulde bonds. Upon changing the
temperature and agitation, vesicles, nanosheets and sponge-
like structures emerged. The fact that this system is sensitive
to small perturbations prompted us to explore different envi-
ronmental conditions by modifying the solvent composition.
Co-solvents are well established as agents that break hydro-
phobic interactions16 and/or swell and uidise the membrane
core of vesicles.17 These effects rely heavily on the intercalation
capabilities of solvent molecules within the assemblies. We
envisaged that, using solvent mixtures to prepare DCLs, we
would be able to further expand the range of morphologies of
the self-assembled structures that can be accessed.

We now show that simple alcohols and polar aprotic solvents
offer a simple way to change the composition of DCLs made
from building block 1 from membranous structures to bres,
nanoribbons, and vesicular aggregates and from a collection of
large macrocycles to the selective formation of smaller oligo-
mers (Scheme 1).

We rst explored the DCL made from building block 1 in the
presence of 1-propanol. Building block 1 (1.0 mM) was allowed
to oxidise in the presence of 10% 1-propanol in B2O3 buffer and
the library was monitored by UPLC over 45 days. Macrocycles 15
and 16 emerged together as the two dominant species in the
library. Interestingly, different replicate samples yielded
different ratios of 14/15/16, indicative of stochastic behaviour,
Scheme 1 Polymorphs emerging from a single building block
dynamic combinatorial library (DCL). Building block 1 is oxidised by air
to from a DCL of macrocycles that form various polymorphic struc-
tures depending on the co-solvent present. Scale bars = 200 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
similar to that observed previously with another building
block.18 For instance, in the example in Fig. 1a, 16 completely
dominates the library while in another sample, shown in
Fig. 1b, 15 transiently formed and then gave way to 14 and other
products. However, in most other samples either 16 or 15 were
the dominant species (Fig. S1†). These results contrast with the
library without co-solvent that forms a wide range of supra-
molecular structures within one library composed mainly of 14
and other large macrocycles.15

Analysis by TEM of samples dominated by 16 or 15 revealed
bres in both cases (Fig. 1c and d). By analogy with the previ-
ously observed stochastic systems,18 these results suggest that
under these environmental conditions the system is close to the
phase boundary between the different assemblies. At higher 1-
propanol content (15%) stochastic behaviour was not observed
and several repeats all gave 14 as the dominant macrocycle
(Fig. S2†). Table S1† gives an overview of the results obtained in
these and other solvent compositions.

The observation that bre formation in the presence of
cosolvent requires a minimum ring size is in line with previous
observations on peptide-based analogues of 1, where the
strength of the interactions between the individual building
blocks dictates the minimal ring size for bre formation.19

The structure of these bres resembles that of previously
reported peptide-based systems which were found to catalyse
their own formation, which classies them as self-replicators.14

In order to determine if our current ethylene oxide bres
behaved similarly, seeding experiments were conducted. The
addition of pre-formed 16 bre seed to a solution made from
building block 1 (80% oxidized) revealed a faster growth of 16
comparison to its growth without seed, indicative of self-
replication (Fig. S3†). A similar result was observed upon
seeding with pre-formed 15 (Fig. S4†). These results indicate
Fig. 1 Upon air oxidation of dithiol 1 (1.0 mM) in the presence of 10%
1-propanol in B2O3 buffer (50 mM, pH 8.0), 15 and 16 macrocycles
emerge and yield fibrous structures. The plasticity of the system is
exemplified by two representative replicates yielding two different
outcomes: (a) one replicate forms 16 as the main species while (b) the
second replicate yields 15, yet TEM analysis (negative staining) of both
samples, (c) and (d), respectively, show fibres as the main polymorph.

Chem. Sci., 2022, 13, 14300–14304 | 14301
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that 16 and 15 are self-replicators in this specic solvent
environment.

Upon increasing the concentration of 1-propanol (to 50%)
bres no longer formed, but instead vesicular aggregates were
obtained. Aer 1 month a sample made from building block 1
in the presence of 50% 1-propanol in B2O3 buffer yielded 14 as
the dominant species (similarly to samples without co-solvent)
(Fig. 2a). TEM micrographs revealed large vesicular aggregates
with distinct periodic deformities and an average size of 50–
100 nm (Fig. 2b and S5†). These unusual structures are very
similar to the negatively stained multilamellar liposomes
previously reported.20 Interested in the possible self-
reproduction of these vesicle-like structures, we conducted
similar seeding experiments as before. Pre-formed 14 solution
was added to a sample made from 1, however, no autocatalysis
in the formation of 14 was observed (Fig. S6†). We speculate that
1-propanol is likely to insert into the assemblies, increasing
their hydrophobic volume. In analogy with the packing
parameter21 analysis in surfactant chemistry, where increasing
the hydrophobic volume of a surfactant causes a transition from
(worm-like) micellar to bilayer aggregates, we suspect that such
increase in hydrophobic volume might cause a transition from
brous assemblies to vesicles. This transition is accompanied
by a reduction in ring size to yield tetramers, which might pack
better in the vesicular aggregates.

Using 1-butanol as a co-solvent at low concentrations yielded
results that were similar to those obtained with 1-propanol at
similar concentrations. Building block 1 (1.0 mM) was stirred
(1200 rpm) at room temperature in the presence of 10% 1-butanol
in B2O3 buffer (50 mM, pH 8.5) and the sample was monitored by
UPLC over the course of 40 days. Initially, 15 dominated the
library but aer two weeks 15 partially gave way to 16. Aer 40
days, both macrocycles co-existed (Fig. S7a†) and TEM micro-
graphs revealed the formation of brous structures (Fig. S7b†).

Also when using ethanol as the co-solvent the same macro-
cycles emerged, albeit more slowly. Aer 4 months, in a sample
made from building block 1 in the presence of 10% ethanol, 15
and 16 dominated the library together and TEM micrographs
again revealed bre-like structures (Fig. S8†).

The presence of THF induces a novel nanoribbon structure
not yet observed for this system. Building block 1 (1.0 mM) was
stirred at room temperature in the presence of 10% THF in B2O3

buffer (50 mM, pH 8) and aer 40 days 16 was the major species
Fig. 2 (a) Larger quantities of 1-propanol (50%) promote the formation
of 14 and (b) yields vesicular structures as evident from TEM analysis
(negative staining).

14302 | Chem. Sci., 2022, 13, 14300–14304
(Fig. 3a). However, unlike for the alcohols tested before, the TEM
micrographs of the THF-containing sample revealed twisted
nanoribbons (Fig. 3b). The formation of hexamer nanoribbons
occurred in a relatively narrow window of solvent composition as
DCLs at 30 and 50% THF were dominated by 14 (Table S1,
Fig. S9†). To determine if the ring size or the morphology could
be modied by mechanical agitation, two more samples were
prepared with 10% THF that were either shaken (1200 rpm) or
le non-agitated for 40 days. The shaken sample was dominated
by 16 (Fig. S10a†) and resembled the stirred sample while the
non-agitated sample contained mainly 13, 14 along with other
largermacrocycles (e.g. 15–17) and remained clear (Fig. S10b†). In
contrast to the agitated samples, visual inspection of the non-
agitated samples gave no indication for large-scale assembly
formation (although we cannot exclude the presence of small
aggregates). Seeding a fresh solution made from 1 with pre-
formed nanoribbons from the shaken sample signicantly
accelerated the growth of 16, in comparison to the non-seeded
sample (Fig. 3c), showing that also the nanoribbons form auto-
catalytically. Thus the hierarchical assembly of bres into
ribbons does not hamper autocatalysis, as was previously re-
ported for the formation of tubular superstructures.22 Attempts
to isolate individual macrocycles from the library for further
characterization failed due to rapid re-equilibration.

Methanol as the co-solvent promotes the co-existence of two
distinct polymorphs. Building block 1 (1.0 mM) rst formed 16
as the dominant species in the presence of 10% methanol in
B2O3 buffer. Aer 2 weeks, the library shied to form more 14 at
the expense of 16, to yield a state in which the two macrocycles
coexist (Fig. 4a). Cryo-TEM micrographs of the library at 2.5
months reveal both vesicles and bres co-existing (Fig. 4d).
Most vesicles were 50–100 nm in size, and exhibited a more
spherical morphology and smooth surface (Fig. S11†) than the
Fig. 3 (a) In the presence of 10% THF in B2O3 buffer (50 mM, pH 8.0),
16 emerges as the dominant species and (b) self-assembles into
nanoribbons observed using TEM (negative staining). (c) Seeding
experiments reveal that 16 is a self-replicator as it grows faster in the
presence of pre-formed 16 seed (red) than without seed (black).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UPLC chromatograms show that (a) slow oxidation of 1 in the
presence of methanol (10%) yields both 14 and 16. The corresponding
cryo-TEM micrograph (d) shows the co-existence of fibres (high-
lighted by white arrows) and vesicles. (b) Reduction of the library by the
addition of TCEP re-liberates 1 and (c) allows the system to re-equil-
ibrate to form exclusively 14. (e) Cryo-TEM micrograph showing the
presence of only vesicles after this treatment.
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vesicular aggregates observed in the samples containing 50%
1-propanol, which featured surfaces with periodic patterns
(Fig. S5†). Aer four months, 16 was completely consumed and
14 (along with smaller rings) became the dominant species. This
suggests that 16 produced a metastable phase while 14 assem-
bled into the thermodynamically more stable phase, in this
particular solvent environment.

To conrm this difference in stability, the sample was
partially reduced and allowed to re-oxidise, to promote thiol-
mediated disulde exchange. The addition of the reducing
agent, tris(2-carboxyethyl)phosphine (TCEP) to the mixture
containing 16, and 14 (Fig. 4a) did not reveal any differences in
stability or reactivity as all molecular species were reduced to
approximately the same extent (Fig. 4b). The partially reduced
library was le to exchange and oxidise, resulting in a shi in its
composition towards 14 aer two weeks (Fig. 4c), in agreement
with 16 being a metastable species while 14 prevails as the
thermodynamic product. Cryo-TEM micrographs of the library
containing 14 show the presence of only vesicular structures and
the absence of bres (Fig. 4e). These observations suggest that
the two molecular species (14 and 16) form two distinct supra-
molecular structures with 14 as the main species present in
vesicle membranes.

Conclusions

By modulating the environment of DCLs made from a single
building block through addition of various co-solvents, we were
able to produce four different polymorphic structures: bres,
nanoribbons, and two different vesiclemorphologies. Both bres
and nanoribbons were self-replicating supramolecular
© 2022 The Author(s). Published by the Royal Society of Chemistry
structures, and in one set of conditions both bres and vesicles
transiently co-existed. Such signicant differences in morphol-
ogies in a single building block system is important as each
structure could in principle impart a unique functionality. For
example, we have previously shown that self-replicating bres
derived from a DCL can catalyse catabolic reactions and bind to
co-factors that enhance their formation.23

Furthermore, compartments are crucial components in the
synthesis of life. They protect the system against parasitic
molecules and provide an environment for colocalizing and
concentrating substrates and allow for excretion of toxic by-
products.

Previously, we have shown the emergence and co-existence
of two different supramolecular structures (bres and fol-
damers) from a two-building block DCL, while in another
example another two-building block system yielded four unique
supramolecular structures.24 However, the ability to switch
between signicantly different polymorphs or creating both
simultaneously, from a single-building-block DCL, as described
herein, has not yet been reported.

The different polymorphs differ in the extent to which they
can form through autocatalysis. The bres and ribbons are
formed autocatalytically, while the vesicles are not. We attribute
this difference to the presence of catalytic sites at the ends of the
bres or ribbon. Previous work on peptide-based bres has
shown that the rate of replication is proportional to the bre
end concentration, where precursors were found to accumu-
late.25 Such catalytic sites are likely to be absent in the vesicles,
as these are closed structures.

The fact that replication and vesicle-type compartments can
form from the same building block and even transiently co-exist
is intriguing from the perspective of the emergence of life,
which requires replication and compartmentalisation.

From the observation that the switchover from one assembly
morphology to another is accompanied by a change in covalent
bonds (i.e., a change in the ring size of the macrocycles that
assemble) we conclude that the mutual interplay between
covalent bond formation and noncovalent interactions
promotes polymorphism, and, through that, adaptability.
Although the types of building blocks and conditions used in
this study are not all prebiotically plausible, this work demon-
strates the concept of structural adaption of synthetic systems
in a response to a change in environment; one of many condi-
tions needed for evolution. Thus, systems that allow for cova-
lent and non-covalent dynamics appear particularly promising
in the context of achieving evolutionary adaptations.
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