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The optimisation of the design and preparation of supramolecular systems for targeted functions
requires a comprehensive understanding of the self-assembly energy landscape, including the full
spectrum of its pathway complexity. We propose here a general strategy to map this energy landscape,
involving the monitoring of the formation and evolution of structures generated during self-assembly.
As a demonstration of its utility, we applied this approach to a self-assembling cyclic peptide—polymer
conjugate system, where assembly is governed by the interplay between B-sheet hydrogen bonding and
secondary hydrophobic interactions. Using asymmetric flow field-flow fractionation (AF4), we gained key
thermodynamic insights into this system, showing that equilibrium is reached through the formation of
nanotubular assemblies stabilized by hydrogen bonding. Moreover, the complexity of the assembly
pathways was found to be directly influenced by both the molecular design and the preparation
protocol. These factors critically determine whether the system follows the thermodynamically favoured
H-bonding route or is diverted into a competing kinetic pathway dominated by the hydrophobic effect.

Received 11th August 2025, The latter leads to the formation of metastable disordered aggregates, which delay or obstruct the

Accepted 19th October 2025 emergence of well-defined nanotube structures due to the inherently slow disassembly dynamics of the
system. We show that clarifying this three-way relationship between pathway, molecular design, and
preparation method is a pivotal step towards regulating pathway selection and achieving precise control

over the final outcome of supramolecular self-assembly.
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barrier itself.”" If the barrier is sufficiently low, thermal
energy at room temperature may be enough to drive the con-

1. Introduction

The effective design of supramolecular materials is driven by
insights into the energy landscapes that govern self-assembly
processes under various conditions.'”® This approach relies on
identifying both the thermodynamic and kinetic states that
supramolecular structures can adopt during polymerisation.
Thermodynamically controlled assemblies correspond to the
global minimum on the free energy landscape and remain
stable over time without undergoing further reorganisation,
hence they are considered to be at equilibrium.’? In contrast,
kinetic assemblies occupy higher-energy local minima sepa-
rated from the global minimum by activation energy barriers
(E,).>™* These metastable states are inherently unstable and
can transition toward the equilibrium state by overcoming the
activation barrier, a process governed by the height of the
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version spontaneously, classifying the assemblies as meta-
stable."" However, when the barrier is too high, an external
stimulus is required to induce transformation; otherwise, the
system remains kinetically trapped for prolonged periods.’™?

The nature of this transformation provides key insights into
the pathway complexity of the energy landscape. For instance,
when a kinetic structure first dissociates into monomeric
building blocks before forming the thermodynamic product,
this indicates the presence of competitive pathways.®® Conver-
sely, a direct conversion into the equilibrium state—via reorga-
nisation or structural rearrangement—suggests a single
pathway. In either case, multiple intermediate kinetic species
may exist, enabling the classification of assembly pathways as
either serial or consecutive.®’

Understanding and leveraging this complexity has opened
new avenues for noncovalent synthesis.»**®® For example,
Stupp and co-workers demonstrated that the selective for-
mation or avoidance of equilibrium and non-equilibrium struc-
tures could be controlled in peptide amphiphile systems via
solvent processing.”® In a notable study, they identified two
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accessible energy landscapes depending on whether the sys-
tem’s ionic strength was above or below a critical threshold
(I.).® Under thermodynamic control, high ionic strength (I > I.)
favoured long B-sheet fibres, while low ionic strength (I < I.)
produced short, randomly coiled fibres. Interestingly, by adjust-
ing the solvent preparation conditions, they were able to alter
the energy landscape to introduce kinetic traps, resulting in
metastable short B-sheet fibres at high ionic strength and long
B-sheet fibres at low ionic strength. These kinetic states, while
non-equilibrium in nature, held functional significance: the
long f-sheet fibres enhanced cell adhesion and survival,
whereas the short fibres disrupted adhesion and induced cell
death. Another example of pathway complexity in supramole-
cular systems was provided by Takeuchi and coworkers.” They
showed that a kinetically formed product, accessed through a
competitive pathway, could modulate the polydispersity of a
thermodynamic product that grows via a cooperative mecha-
1314 gpecifically, the kinetic species functioned as a
reservoir of monomers, delaying spontaneous nucleation and
elongation. Instead, growth proceeded in a living fashion upon
addition of seeds, which incorporated monomers at their tips
in a controlled manner. Moreover, the growth rate of the
thermodynamic fibres was found to correlate linearly with the
seed-to-monomer ratio, enabling precise regulation of fibre
length.

In this study, we investigate the energy landscape governing
the self-assembly of a polymer-conjugated a-alt(p,L)-cyclic pep-
tide system by monitoring time-resolved changes in the size
distribution of the resulting supramolecular assemblies using
asymmetric-flow field flow fractionation (AF,). Cyclic peptides
with alternating p- and r-configurations and an even number
of residues are well known to assemble into nanotubes via
hydrogen-bond-driven B-sheet stacking.'>™"” Using the method
of size distribution profiling, an approach which has been
shown to distinguish between unassembled unimers and aggre-
gated species to provide a clear view of assembly growth,'®2° we
showed that insights in the assembly mechanism of cyclic peptide
nanotubes (CPNTs) can be obtained through combined analysis of
molecular weight distributions and structural characterisation.”*
We also demonstrated the effects of conjugating amphiphilic
diblock copolymers—introducing a hydrophobic segment adjacent
to the peptide core—on assembly behaviour. The conjugates
showed no detectable unimers after 24 hours of equilibration, as
the hydrophobic domain shields peptide hydrogen bonds in
aqueous media and prevent competitive H-bonds formation with
water, thus strengthening the assembly.*"* Interestingly, at low
hydrophobic content, two distinct nanotube populations were
observed: single cyclic peptide polymeric nanotubes (SCPPNs),
formed by individual peptide stacking, and multi-nanotube stacks
(M-SCPPNs), resulting from terminal association of multiple
SCPPNs.?"** The latter were proposed to arise from enhanced
hydrogen bonding, possibly as a mechanism to reduce entropic
penalties associated with solvent exposure.

Here, we expand on these findings by systematically mapping
a theoretical energy landscape responsible for these assembly
behaviours. Through time-resolved weight distribution analysis
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obtained by AF,, we examine the formation sequence, inter-
conversion dynamics, and relative abundance of these supra-
molecular species. Additionally, we demonstrate how alternative
preparation protocols might introduce complexity into the assem-
bly pathway, thereby addressing important gaps in our under-
standing of the underlying self-assembly mechanisms.

2. Results & discussion
2.1 Conjugate design

In our previous work, we systematically investigated a series of
self-assembling cyclic peptides (CPs) conjugated with amphi-
philic diblock copolymers to examine how varying the hydro-
phobic blocks surrounding the peptide influenced the stability
of the resulting nanotubular structures.'® The study revealed
that the hydrophobicity introduced through molecular design
played a critical role in modulating the balance between B-sheet
hydrogen bonding among peptides and hydrophobic interac-
tions. For clarity, we refer to the hydrophobic content of the
polymers as low, medium, or high, relative to their hydrophilic
character. As discussed in our previous work, at low hydro-
phobic content, self-assembly was primarily driven by hydrogen
bonding, while the introduction of hydrophobic domains
enhanced this association. However, once the hydrophobicity
reached a medium level, the hydrophobic effect appeared to
compete with hydrogen bonding, thereby disrupting or signifi-
cantly hindering nanotube formation.'® In the present study,
we extend this investigation to explore the energy landscape of
a model conjugate system whose self-assembly is known to be
predominantly governed by B-sheet stacking.'® This conjugate
consists of an o-alt(p,v)-cyclic peptide functionalised with two
poly(butyl acrylate)-block-poly(dimethyl acrylamide) [p(BA)-b-
p(DMA)] arms at a 10: 90 mol% ratio. Details of the synthesis
and characterisation of these compounds has been reported
elsewhere.'®??

2.2 Experimental design

2.2.1 Preparation protocols. The currently established
method for generating nanotube assemblies of amphiphilic
CP-polymer conjugates in aqueous environments involves an
initial dissolution step in a highly hydrogen bond (H-bond)
competitive solvent, which serves to inhibit premature aggre-
gation.> This step, ranging from a few minutes to several hours,
is designed to ensure that the conjugates are fully molecularly
dissolved and exist predominantly in their smallest, ideally
unimeric, assembly state. Self-assembly is then triggered by the
gradual addition of an aqueous solution. Since most of these
H-bond-disrupting solvents are highly organic, only small quan-
tities are used, or they are later removed, to ensure compatibility
with potential biological applications.***** The exclusive for-
mation of nanotube structures via this approach has been
previously confirmed for amphiphilic conjugates with low
hydrophobic content.'®>

However, it has remained unclear whether this time-sensi-
tive pre-dissolution step is essential for successful nanotube

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation. As demonstrated by other studies, the timing
between the addition of solvents or additives can be a signifi-
cant parameter that dictates the self-assembly outcome. Not
only can this affect the activation or de-activation of non-
covalent interactions, but it can also determine the conditions
at which initial growth (nucleation) takes place and hence the
rate of growth.""*®

One major concern with omitting the pre-dissolution step is
the risk of premature intersubunit aggregation, a phenomenon
reported in early studies on cyclic peptides.>®*” This refers to
an uncontrolled aggregation process that occurs before ordered
self-assembly, typically driven by hydrophobic interactions
where unimers spontaneously cluster into disordered aggre-
gates to shield their hydrophobic blocks from water.'® Given
the slow kinetics of amphiphilic conjugate self-assembly, such
premature aggregation could significantly affect the final
assembly by reshaping the system’s energy landscape.'®*
Therefore, to investigate how preparation methods influence
assembly pathways, we also tested a modified version of the
standard protocol. In this adapted approach, the pre-
dissolution step was omitted, and the two solvent phases were
combined in rapid succession.

2.2.2 Kinetic measurements. The self-assembly energy
landscape of the conjugate system under each preparation
protocol was evaluated by tracking time-dependent changes
in its structural distribution. This distribution was charac-
terised by integrating prior structural knowledge with molecu-
lar weight measurements obtained using asymmetric-flow
field-flow fractionation (AF,). The gentle, non-invasive separa-
tion afforded by AF, makes it particularly well-suited for
analysing supramolecular assemblies. Moreover, by coupling
AF, with multi-angle light scattering (MALS) and refractive
index (RI) detectors, it is possible to determine the absolute
molecular weight distribution and relative abundance of self-
assembled structures.'®**3! Two sets of experiments were
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carried out over different timescales to capture the temporal
evolution of structural changes. In the first, sequential mea-
surements were taken, with each run lasting 47 minutes, the
full duration of the AF, separation protocol (refer to SI, Section
B.4), to identify the minimum time required to detect notable
changes. Based on the findings from this initial set, a second
experiment was performed with extended intervals between
measurements to further monitor the progression of structural
transformations over time.

2.3 Energy landscapes

2.3.1 Standard protocol. To investigate the energy landscape
following the standard preparation protocol, a 1 mg mL™" con-
jugate solution was prepared by pre-dissolving the conjugate for
one hour in 5% dimethyl sulfoxide (DMSO), a hydrogen bond-
disruptive solvent. Subsequently, 95% aqueous solvent was added
to the unimer solution a few minutes prior to AF, analysis.

A dominant unimodal peak (population A) was consistently
observed in the resulting fractograms for the length of the study
(Fig. 2a and Fig. Sla, b). This peak corresponds to the for-
mation of individual nanotubes, with Nz, ~ 23 £ 6, as
previously validated through polymer analogues, size estima-
tions, and small-angle neutron scattering (SANS) analysis
(Fig. Sle and Table 1).*! Over time, a second population
(B, Nagg ~ 52 + 6) gradually emerged, with a third population
(C, Nagg ~ 70 £ 6) appearing after around 12 hours (Fig. 2a).
AF,-based molecular weight calculations showed that popula-
tions B and C correspond to approximately double and triple
the size of population A, respectively, and are thus attributed to
vertical stacking of individual nanotubes, which is consistent
with previous findings."®** From this point onward, individual
nanotubes will be referred to as single cyclic peptide polymer
nanotubes (SCPPNs), while vertically stacked assemblies will be
termed multi-nanotube assemblies (M-SCPPNs).

Tablel Summary of the relative abundance (%); molecular weight limits and averages (UL, LL, M,,, M,,); and aggregation number (N,qo) of each detected

population following standard preparation

Kinetic timepoint® Peak Conc (mg mL ™) UL LL* M, My° Nags"

9 min A 0.853 3.611 x 10° 1.885 x 10° 2.658 x 10° 2.470 x 10° 16 « 23 — 31

4h A 0.827 3.823 x 10° 2.216 x 10° 2.947 x 10° 2.789 x 10° 19 « 25 — 33
B? — — — — — —

8h A 0.773 3.316 x 10° 1.857 x 10° 2.545 x 10° 2.387 x 10° 16 « 22 — 28
B 0.083 6.875 x 10° 5.161 x 10° 6.094 x 10° 5.127 x 10° 44 « 52 > 59

12 h A 0.768 3.437 x 10° 1.990 x 10° 2.589 x 10° 2.452 x 10° 17 « 22 - 29
B 0.078 6.259 x 10° 4.914 x 10° 5.605 x 10° 5.541 x 10° 42 « 48 > 53
C 0.012 8.786 x 10° 7.236 x 10° 8.166 x 10° 8.105 x 10° 62 « 70 — 75

24 h A 0.698 2.589 x 10° 1.585 x 10° 2.065 x 10° 1.963 x 10° 14 « 18 — 22
B 0.105 5.007 x 10° 3.703 x 10° 4.321 x 10° 4.261 x 10° 32 « 37 - 43
C 0.031 8.911 x 10° 7.038 x 10° 7.731 x 10° 7.322 x 10° 60 « 66 — 76

48 h A 0.650 2.809 x 10° 1.659 x 10° 2.183 x 10° 2.081 x 10° 14 « 19 - 24
B 0.125 5.144 x 10° 3.921 x 10° 4.362 x 10° 4.309 x 10° 33 « 37 > 44
C 0.036 8.703 x 10° 6.759 x 10° 7.517 x 10° 6.838 x 10° 58 « 64 — 74

“ Indicates the time elapsed between sample preparation and analysis. ? Signal intensities were too low to perform calculations. ¢ g mol™'; M,, &
M,: weight- and number-average molecular weights; UL and LL: upper and lower molecular weight limits used as a measure of dispersity. The
limits denote where 75% of the peak distribution lies within +2 standard deviations (2¢) away from the mean (M,), see SI, Section B.7.** ¢ The Nagg
range of the assemblies within the specified peak, calculated from the M,, (mean), UL (right, +2¢) and LL (left, —20); formula = (M,, value) +

theoretical M,, of conjugate unimer (1.173 x 10%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of the investigated conjugate, CP-[p(BA)s-b-p(DMA)4sl,. The conjugate consists of an a-alt(p.L)-cyclic peptide with the
following amino acid sequence: (p-Leu-L-Trp-b-Leu-L-Lys-), and poly(butyl acrylate, BA)-b-poly(dimethyl acrylamide, DMA) arms.

These results indicate that the transition from unimers to
individual nanotubes occurs rapidly, beyond the temporal
resolution of our experimental setup (on the order of minutes).
This conclusion is supported by the absence of any detectable
unimer population at the beginning of the measurement series,
as well as the consistency in modality, dispersity, and average
size across the early distributions of the single nanotube
population (Fig. Sla, b and Table S1). Moreover, the self-
assembly process appears to follow a sequential pathway
through metastable intermediates, populations A and B, lead-
ing ultimately to the M-SCPPNs (Fig. 2b).°** This is evidenced
by the direct conversion of population A to B, followed by the
progressive transformation of B to C over time.

The equilibrium structures are hypothesised to be the
M-SCPPNs (population C), which, on average, comprise three
stacked SCPPNs. This interpretation is based on the stability of
these assemblies over extended periods with no further detect-
able reorganisation.”* However, as the relaxation of kineti-
cally trapped structures can span from minutes to several
months,® a more nuanced view suggests that the true equili-
brium state consists of M-SCPPNs with at least three stacked
individual nanotubes. Crucially, the inferred shape of the
energy landscape indicates a thermodynamic preference for
assembling into longer nanotube stacks, driven by enhanced
hydrogen bonding, and characteristic of a cooperative supra-
molecular system.

The slow accumulation of M-SCPPNs also provides insight
into the presence of significant activation barriers to their
formation (Table 1). These barriers likely arise from steric
repulsion between the polymer shells of adjacent SCPPNs,
which hinders stacking.”*>* While direct quantification of
these activation energies using Arrhenius analysis was not
possible due to the absence of a temperature-controlled
setup,®®>’ qualitative trends suggest that the activation barrier
for the transition from A to B (E,,) is lower than that for B to C
(Eaz)- This is inferred from the greater increase in population B
relative to population C between 12 and 48 hours, despite
concurrent transformation. Accordingly, the faster A — B
transition indicates a lower energy barrier, whereas the increas-
ing steric hindrance with elongating structures likely results
in higher activation barriers for further stacking steps.

9212 | Mater. Adv., 2025, 6, 9209-9219

These interpretations are consistent with prior observations:
at 24 hours, single nanotubes dominated (78%), while popula-
tions B (17%) and C (5%) remained comparatively minor."®

2.3.2 Comparison of assembling protocols. In order to gain
further insights on the assembling process, we investigated
how altering the preparation protocol influences the self-
assembly energy landscape. We compared our standard proto-
col with a method where the two solvents are added to the
conjugates in rapid succession. Although the final solvent
composition and the order of addition were consistent with
the standard protocol, the resulting AF, fractograms displayed
distinct differences (Fig. 3a). Notably, slight precipitation
occurred upon the addition of the aqueous phase, and the first
measurement revealed a broad, bimodal distribution. This
structural profile suggests the coexistence of SCPPNs and
disordered (D-) aggregates.

Population (1) (Fig. 3a) is attributed to SCPPNSs, as indicated
by the retention time of the refractive index (RI) signal, which
aligns with the expected elution profile. This assignment is
further supported by overlaying the 9-minute fractograms from
both preparation protocols (Fig. S2a). In contrast, the presence
of precipitation and the broad peak width (indicative of
high polydispersity) point to the formation of disordered
aggregates.'® These D-aggregates are presumed to arise from
hydrophobically driven, unregulated associations of amphiphi-
lic unimers, characterised by inhomogeneous growth and sub-
stantial aggregation.'® Additionally, the light scattering signal
reveals a second population within the tail of the distribution,
consistent with the presence of large, poorly soluble aggregates,
as inferred from AF, elution principles and the noisy RI
baseline.”®*! These interpretations are corroborated by mole-
cular weight analyses (Table 2), which confirm the expected size
range for individual nanotubes at the peak and larger aggre-
gates in the distribution tail.

We hypothesise that a portion of the conjugates sample was
briefly solvated in pure DMSO, allowing those unimers to
assemble into nanotubes via hydrogen bonding upon aqueous
dilution. However, the remaining conjugates were exposed
directly to the aqueous phase without prior molecular dissolu-
tion, causing hydrophobic interactions to dominate, and pro-
moting uncontrolled aggregation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Time-resolved AF4,—MALS—-RI fractograms of the amphiphilic conjugate (CP-[p(BA)s-b-p(DMA)4sl2). The blue and red traces are the Rl and

MALS detector signals, respectively. The overlaid black traces (right y-axis) are the molecular weight values for each elution fraction, and the displayed
time points indicate the time elapsed between sample preparation and analysis. (b) Schematic illustration of the theorised self-assembly energy
landscape of the conjugate following standard preparation. The landscape is represented by a serial pathway with at least two metastable nanotube
structures (A and B) and a thermodynamically favoured nanotube structure (C) with the highest N,q5. NB: n = average number of associating single
nanotubes (SCPPNs) and Ea;—» are the activation barriers ascribed to stacking restrictions.

Remarkably, subsequent fractograms up to 48 hours showed
a progressive increase in the concentration of SCPPNs, coin-
ciding with a proportional decline in the D-aggregate popula-
tion (Fig. 3a and Table 2). This shift led to a narrowing of the
tailing distribution and the emergence of a unimodal, yet non-
discrete, profile dominated by single nanotubes. Comparison
of the dispersity values for the SCPPNs and tailing species at the
final timepoint suggests that the remaining tailing popula-
tion likely still consists of disordered aggregates rather than

© 2025 The Author(s). Published by the Royal Society of Chemistry

multi-nanotube assemblies. This conclusion is based on a
previously established trend showing that vertical stacking of
SCPPNs leads to a decrease in dispersity - i.e., M-SCPPNs exhibit
lower dispersity than their single-nanotube counterparts.'®

From these observations, several conclusions can be drawn.
Most importantly, the disordered aggregates appear to be
thermodynamically unstable and capable of dissociating into
unimers, which can subsequently reassemble into SCPPNs.
This is evidenced by the steady decline in D-aggregates and

Mater. Adv,, 2025, 6, 9209-9219 | 9213
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(a) Time-resolved AF4,—MALS-RI fractograms of the amphiphilic conjugate (CP-[p(BA)s-b-p(DMA)4sl5) following changes to the preparation

protocol. The blue and red traces are the Rl and MALS detector signals, respectively. (b) Schematic illustration of the proposed pathway complexity in the
self-assembly energy landscape. Shortening the timing between solvent addition introduced a competitive, kinetically controlled pathway that results in
the formation of metastable off-pathway intermediates (D-aggregates). These products act as a unimer trap which significantly retarded the formation of
the thermodynamically favourable nanotube assemblies (M-SCPPNs). NB: n = average number of associating single nanotubes (SCPPNs).

the concurrent increase in single nanotubes. To test this inter-
conversion hypothesis, a fresh conjugate solution was prepared
via the standard protocol, and after SCPPN formation was
confirmed, additional unimers were introduced. The resulting
fractogram showed a proportional (2-fold) increase in the
SCPPN population relative to the added unimers, thus validat-
ing the proposed mechanism (Fig. S2b and Table S2).

Taken together, these results suggest that the altered pre-
paration method introduces a competing kinetic pathway in
the self-assembly energy landscape (Fig. 3b).>* This pathway,
dominated by the formation of transient D-aggregates, is
governed by hydrophobic interactions and likely represents
an entropically favoured route. In contrast, the system ulti-
mately favours formation of SCPPNs, indicating that their
assembly follows a thermodynamically controlled process.
Crucially, this preference implies that the conjugate’s self-
assembly in aqueous environments is not determined solely
by solvent solvation effects, contrary to previous assumptions."®

9214 | Mater. Adv, 2025, 6, 9209-9219

Finally, the continuous disassembly of disordered aggregates
throughout the experiment underscores the slow dynamics
characteristic of this system - specifically, the slow rates of
unimer dissociation and exchange.'®?* This slow kinetic beha-
viour explains why correction toward the thermodynamic path-
way occurs gradually and why the formation of multi-nanotube
equilibrium structures remains significantly delayed within the
timescale of measurement (vide supra).

2.3.3 Insight gained on the self-assembly behaviour.
In this section, we revisit our prior understanding of the self-
assembly behaviour of amphiphilic conjugates in light of the
experimentally derived energy landscapes, which underscore
the thermodynamic principles governing the assembly process.
As previously proposed, the association behaviour of amphiphilic
conjugates, and analogous systems, was interpreted as arising
from different modes of solvent entropy compensation.'® Here,
for the first time, we interpret the evolution of the distinct
nanostructures accessed through non-covalent interactions by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the relative abundance (%); molecular weight limits and averages (UL, LL, M,,, M,); and aggregation number (N,qg) of the

populations detected the following preparation by the comparison protocol

Kinetic timepoint® Peak Conc (mg mL™Y) UL’ LL’ M,° M,° Nagg
9 min 1 0.247 3.922 x 10° 1.946 x 10° 2.932 x 10° 2.683 x 10° 17 « 25 — 33
Tail” 0.293 1.576 x 10° 8.338 x 10° 1.180 x 10° 1.076 x 10° 92 « 101 — 134
4h 1 0.354 4.356 x 10° 2.179 x 10° 3.233 x 10° 2.988 x 10° 19 « 28 — 37
Tail” 0.268 1.408 x 10° 5.822 x 10° 9.704 x 10° 8.127 x 10° 50 « 83 — 120
8h 1 0.381 3.999 x 10° 2.053 x 10° 2.984 x 10° 2.773 x 10° 18 « 25 — 34
Tail® 0.244 1.144 x 10° 5.087 x 10° 8.037 x 10° 6.975 x 10° 43 « 69 — 98
12 h 1 0.406 3.944 x 10° 2.064 x 10° 2.966 x 10° 2.766 x 10° 18 « 25 — 34
Tail? 0.223 1.093 x 10° 5.324 x 10° 7.847 x 10° 7.018 x 10° 45 « 67 > 93
24 h 1 0.426 3.975 x 10° 2.033 x 10° 2.957 x 10° 2.749 x 10° 17 « 25 — 34
Tail” 0.213 1.061 x 10° 5.346 x 10° 7.823 x 10° 7.088 x 10° 46 «— 67 — 90
48 h 1 0.435 3.853 x 10° 2.038 x 10° 2.939 x 10° 2.743 x 10° 17 « 25 — 33
Tail® 0.205 1.011 x 10° 4.992 x 10° 7.349 x 10° 6.657 x 10° 43 « 63 — 86

“ Indicates the time elapsed between sample preparation and analysis. ” High molecular weight tail, including the population labelled 2.
¢ g mol™'; M,, & M,;: weight- and number-average molecular weights; UL and LL: upper and lower (respectively) molecular weight limits used as a
measure of dispersity. The limits denote where 75% of the peak distribution lies within 42 standard deviations (2¢) away from the mean (M,,), see
SI, Section B.7.*® ¢ The N, range of the assemblies within the specified peak, calculated from the M,, (mean), UL (right, +25) and LL (left, —20);
formula = (M,, value) - theoretical M, of conjugate unimer (1.173 x 10%).

framing the self-assembly process in terms of two fundamental
requirements: (1) entropy compensation and (2) the attainment
of thermodynamic equilibrium.’™*?

To outline this hypothesis, we recall key thermodynamic
principles:

(1) A negative Gibbs free energy change (AG = AH — TAS) is
required to approach a system’s minimum energy. Thus, under
isothermal conditions, this necessitates a negative enthalpy
change (AH, e.g. bond formation) and a positive total entropy
change (ASt = ASsystem + ASsolvent);

(2) Changes in solvent entropy (ASsowent) must be offset by
opposing changes in system entropy (ASgyseem) Such that ASiea
increases, in accordance with the second law of thermo-
dynamics;

(3) The hydration of hydrophobic moieties imposes an
entropic penalty on the solvent due to the ordering of water
molecules. This penalty can be spontaneously compensated
when these hydrophobic domains are sequestered (ASgystem <«
ASSOlventT = AStobal T )'39741

Based on these principles, we hypothesise that the initiation
of self-assembly is driven by the need to offset the solvent
entropy penalty, and that the nature of this initial regime
significantly affects the system’s progression toward a global
energy minimum. Furthermore, as supported by the free energy
landscapes, we propose that thermodynamic equilibrium is
achieved through maximisation of hydrogen bonding among
conjugates, which most effectively lowers AG. This association
is driven by the negative enthalpy of hydrogen bond formation
and the positive entropy change by sequestering free hydro-
phobic unimers in solution.

We further postulate that solvent entropy loss can be com-
pensated through two distinct mechanisms, the formation of
disordered (D-) aggregates via the hydrophobic effect (a kinetically
controlled pathway) or the formation of nanotube structures via
hydrogen bonding (a thermodynamically controlled pathway).

In the latter case, hydrogen bonding does not directly satisfy
the solvent’s entropic requirement; rather, entropy compensation

© 2025 The Author(s). Published by the Royal Society of Chemistry

is a consequence of the ordered H-bond-driven assembly. Impor-
tantly, we suggest that the primary role of the hydrophobic
polymer region surrounding the peptide core (Fig. 1) is to shield
the core from water molecules that would otherwise compete for
hydrogen bonding. This shielding stabilises adjacent conjugate
subunit interactions by enhancing and preserving hydrogen
bonds.18,22,24,42,43

With respect to the pathway selected for entropy compensa-
tion, we propose that it is governed by the magnitude of the
entropic penalty incurred when the conjugate is transferred
into aqueous solution, ie., by the initial total entropy
(Stotal, initial = Ssystem + ASsolvent)~ ThiS, in turn, depends on the
solvent protocol and the overall hydrophobicity of the conjugate.
Systems with low hydrophobic content and well-solubilised unim-
ers have a smaller entropic cost than those with high hydrophobic
content and no pre-dissolution. In the latter, both ASgyenc and
ASgystem are more negative.*’

We therefore reason that higher entropic penalties favour
the kinetic pathway, as D-aggregate formation involves lower
activation barriers than the cooperative nucleation required for
SCPPN formation, which is energetically less accessible.'>'**4%
Furthermore, the hydrophobic effect is a favourable compensatory
mechanism, as it releases structured water without a significant
loss in system entropy, Le. ASgem for disordered aggregation is
less negative than that for highly ordered nanotube formation.

In conclusion, this study highlights the importance of
system dynamics in achieving thermodynamic equilibrium in
self-assembling conjugate systems. Our findings show that slow
dynamics are favourable for hydrogen bonding and progression
along the thermodynamic pathway, but unfavourable for
switching from the kinetic to thermodynamic regime. Funda-
mentally, the molecular design of the conjugate governs its
dynamics, influencing the dissociation and exchange rate of
unimers in aqueous environments.'®*>>* Specifically, a hydro-
phobic inner layer reduces unimer dissociation by shielding
the hydrogen-bonding core from solvent disruption.'®?*>*
Similarly, trapping of unimers within D-aggregates is promoted
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by high hydrophobicity, which favours unimer segregation over
dissociation.

Thus, when low entropic cost is paired with high unimer
exchange, the system favours nanotube formation and proceeds
along the thermodynamic pathway. In contrast, when high entro-
pic cost is coupled with restricted unimer mobility, the system
becomes kinetically trapped in D-aggregates, hindering nanotube
formation and delaying equilibrium. In both scenarios, increased
hydrophobicity is expected to further suppress system dynamics,
thereby amplifying these effects.

2.4 Size dependency on concentration (dilution stability)

The earlier investigation into the interconversion behaviour of
disordered (D-) aggregates suggested a potential relationship
between the size of single nanotubes and the concentration
of free unimers. Specifically, when additional unimers were
introduced into a solution already containing SCPPNs, a slight

Q
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Fig. 4 (a) Time-resolved AF,—MALS-RI fractograms of the amphiphilic

conjugate (CP-[p(BA)s-b-p(DMA)4s],) collected at a lower concentration
(0.5 mg mL™Y). The blue and red traces are the Rl and MALS detector
signals, respectively. The overlaid black traces (right y-axis) are the mole-
cular weight values for each elution fraction and the displayed timepoints
indicate the time elapsed between sample preparation and analysis. (b)
Fractogram comparison of the structural distribution following a 2-fold
dilution.
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broadening of the nanotube distribution was observed, indicat-
ing minor elongation of some assemblies (Fig. S2b). However,
subsequent size analysis revealed that this growth had minimal
effect on the overall average size and dispersity of the nanotube
population (Table S2). More notably, the principal consequence
of increasing the unimer concentration was a proportional rise
in the abundance of pre-existing nanotubes.

To examine the generality of these findings, two additional
conjugate solutions were prepared at different concentrations
(0.5 and 1 mg mL ") using the standard protocol. The 0.5 mg mL "
solution was kinetically monitored to assess any changes in
assembly dynamics, while the 1 mg mL ™" solution was used to
evaluate the structural stability of the nanotubes upon dilution.
In the latter case, the solution was aged for 48 hours to allow for
the formation of both SCPPNs and M-SCPPNs prior to a 2-fold
dilution, after which the sample was re-analysed.

The kinetic AF, fractograms of the 0.5 mg mL™" solution
revealed no significant differences in assembly behaviour com-
pared to our previous results, with respect to both the rate of
self-assembly and the types of structures formed (Fig. 4a).
Similarly, the size and distribution characteristics of the assem-
blies remained consistent. For the diluted 1 mg mL ™" sample, the
results confirmed that the nanotube assemblies remained intact
after dilution, with the only observable change being a reduction
in measured concentration (Fig. 4b). This further supports
the notion of slow system dynamics, underscoring one of the
advantages of a thermodynamically governed assembly pathway.

Collectively, these results demonstrate that varying the unimer
concentration within the limits set in this study, whether by mass
or dilution, does not impact the size or structural integrity of the
resulting nanotube assemblies, but only their detectable abun-
dance. This confirms the structural robustness and dilution
stability of these nanotubes, two essential characteristics for their

potential application in biomedical contexts.'®*%>*

Conclusion

This study has established the possible self-assembly energy
landscape of a polymer-conjugated o-alt(p,L)-cyclic peptide system
and highlighted how both molecular design and preparation
protocols influence the complexity and shape of this landscape.
Our approach combined pre-existing structural insights with
time-resolved molecular weight distribution measurements to
monitor the formation and thermodynamic progression of the
self-assembled structures.

In summary, our findings demonstrate that the global
energy minimum is achieved through progressive hydrogen
bonding between conjugate subunits, resulting in the formation of
nanotubular assemblies. However, access to this thermodynamically
favoured state is highly dependent on the dominant non-covalent
interactions present at the onset of self-assembly. These initial
interactions are governed by the need to compensate for solvent
entropy loss incurred upon solvation of the conjugate’s hydrophobic
polymer segments. We propose that both the design of the conjugate
and the solvent preparation protocol significantly influence the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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magnitude of this entropy penalty, which in turn affects the balance
between hydrogen bonding and the hydrophobic effect.

Specifically, when the entropic cost is low, the system is able
to proceed along a thermodynamically controlled pathway
driven by hydrogen bonding. Conversely, a higher entropic
penalty favours a competing kinetic route governed by the
hydrophobic effect, leading to the formation of metastable,
disordered aggregates. Importantly, our results also show that
the dynamic behaviour of the system, determined by the con-
jugate’s molecular architecture, plays a critical role in reaching
thermodynamic equilibrium. Slow dynamics are beneficial for
stabilising hydrogen-bonded assemblies and guiding the system
toward the equilibrium state. However, they simultaneously
hinder the re-equilibration of off-pathway aggregates, thereby
impeding the system’s ability to transition from kinetic to
thermodynamic regimes.

These slow dynamics also contribute to the exceptional
morphological stability of the nanotube structures, making
them particularly well-suited for biomedical applications where
dilution stability and independence from concentration are
desirable properties.'®*->!

This work establishes the first comprehensive thermo-
dynamic framework for understanding the self-assembly of this
class of cyclic peptide-polymer conjugates and demonstrates
that AF, can be broadly adapted as a powerful analytical approach
for other supramolecular systems, as diverse as m-stacking
assemblies, peptide and protein nanofibers, block copolymer
micelles and vesicles, hybrid organic-inorganic materials,
and coordination-driven or hydrogen-bonded supramolecular
polymers. As a next step, we aim to experimentally quantify
key thermodynamic parameters (AS, AH, AG, and E,) for each
transition in the energy landscape. This will enable more
precise control over the self-assembly process and further
validate the theoretical concepts proposed in this study.
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