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pH-Triggered Self-assembly and Hydrogelation of Cyclic Peptide
Nanotubes Confined in Water Micro-droplets
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The controlled one-dimensional supramolecular polymerization of synthetic building blocks in confined spaces constitutes

a key challenge to simplify the understanding of the fundamental physical principles behind the behavior of more complex
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encapsulated polymer networks. Cyclic peptide nanotubes constitute an optimal scaffold for the fabrication of hierarchical
one-dimensional self-assembled architectures. Herein we report the pH-controlled nanotube formation and fibrillation of

supramolecular cyclic peptides in confined aqueous droplets. The externally triggered self-assembly of these peptides gave
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rise to viscoelastic hydrogels in which the one-dimensional molecular arrangement was perfectly preserved from the

nano- to the micro-scale. The cyclic peptides building blocks were confined inside water microdroplets and the base-

triggered supramolecular polymerization was externally triggered and followed by confocal microscopy showing that the

confined fibrillation spanned and affected the shape of the droplet micro container.

Introduction

Hierarchical self-assembly of molecular entities and
hydrogelation in confined spaces are ubiquitous processes in
nature.! The progress of supramolecular chemistry has
developed a plethora of building blocks capable of assembling
into nanotubular structures.”™ The strong interest and the
importance of confining one-dimensional self-assembly
processes has triggered several pioneering strategies from
different research groups.m'22 These recent studies have
shown the importance of synthetic chemistry to provide
molecules that can give rise to precise
supramolecular architectures with improved properties. Along
these lines, the pH-triggered self—assembly23 of peptides and
polymers has been recently exploited for the preparation of
tubular folded ensembles™** and for the development of
cooperative supramolecular polymeric sensors.”> Therefore,
there is a strong and growing demand for simple and yet
functional materials that could mimic the hierarchical self-
assembly of more complex natural nano- and micro-fibers.
These artificial building blocks would provide a new set of
synthetic tools that could contribute to the understanding of

the physical properties of well-defined fibrillated networks
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inside confined spaces. Furthermore, the development of
stimuli-responsive synthetic tubular structures which can be
externally assembled in confined spherical micro-volumes,
may open up new possibilities for material sciences and
synthetic biology. In this regard, cyclic peptides of alternating
chirality constitute optimal scaffolds for the preparation of
nanotubes with controlled diameter, external decoration and
chemical properties.zs'27

Herein we report the design, synthesis and characterization of
droplet-confined cyclic peptides that polymerize into
nanotubes after the external addition of base. The cyclic
peptide, equipped with two imidazole moieties (His), showed a
cooperative deprotonation mechanism and a subsequent
organization into a hierarchical architecture. The resulting
microfibrillated hydrogel exhibited an elastic behaviour with a
perfect preservation of the one-dimensional arrangement
from the molecular level to the micro scale. The fibrillation
process was externally controlled within the confined spherical
the droplets. The synthetic
microtubules spanned the inner cavity of the water droplets,
which showed a distorted spherical shape as a result of the
confined fibrillation process. The methodology described here
provides new materials made of simple and robust cyclic
peptides that offer control over the diameter and the chemical
functions of the self-assembled architecture.

micro-volume of water

Cyclic peptide CP1 (Scheme 1) was prepared by Fmoc solid
phase peptide synthesis as illustrated in Scheme S1-S2 in the
supporting information.”® The alternating chirality of this
octapeptide predisposes the amide bonds perpendicular to the
peptide plane to ring stack by the formation of
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Scheme 1. a) Structure and self-assembly of CP1 in single peptide nanotubes. b) Single peptide nanotubes can further
aggregate for hierarchical micro-fibrillation by histidine hydrogen-bonded networks and pyrene m-stacking and hydrophobic

effects.

hydrogen-bonded antiparallel B-sheets (Scheme 1). In this
regard, the amino acid side chains are radially exposed along
the nanotube longitudinal axis.” The cyclic peptide sequence
included three pH sensitive residues (His and Lys) and one
alcoxyamine residue that was introduced to tune the peptide
hydrophobicity by oxime conjugation with aldehydes such as
pyrene—l—carbaldehyde.28’30'32 This amphiphilic architecture
was selected to give rise to self-assembled nanotubes that
could further interact by the formation of water assisted
histidine-histidine hydrogen bonds®, hydrophobic, r-it and/or
cation-m  interactions.”® cP1 presented self-assembling
properties as shown by the pH dependent emission of pyrene
excimer caused by the stacking of the aromatic fluorophore

(Fig. 1).

The neutralization of the aqueous media gave rise to the
deprotonation of the histidine side chains that triggered the
supramolecular events denoted by the quenching and the shift
of the fluorescence of the emission band towards the pyrene
excimer at 470 nm (Fig. 1a and Sl).zg’35 In the final nanotube
ensemble, at pH above 8, the Lys side chains could be
deprotonated to minimize the cationic electrostatic repulsions
(Scheme 1).* The formation of the putative antiparallel B-
sheets on the dried gel was confirmed by the infrared bands of
the amides | and Il at 1623 and 1538 cm™* respectively (Fig.
SZ).36 Fluorescence experiments in the presence of thioflavin T
(ThT)  further supported the antiparallel B-sheet
arrangement,37 as the alkalinization-triggered self-assembly of
CP1 lead to the expected increase of the emission of the
mechanosensitive fluorophore ThT (Fig. S3). Circular dichroism
titrations at different concentrations gave a rough estimation
of association constants of 4 x 10° M (at pH 8, Fig. s5).%8

titrations revealed that the hypsochromic shift of the pyrene
absorption bands at 350 and 290 nm are due to a potential
change in the aggregated state of the nanotubes (Fig. S4).23

Circular dichroism (CD) of aqueous solution of CP1 at pH 8

showed positive Cotton effects and a bisignate Cotton effect
for the m > n* transition of pyrene, which confirms the
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transfer of chirality from the peptide backbone to the
chromophore (Fig. 1b and S5). The plot of the CD maximum
(360 nm) against the pH (Fig. 1c) provided mean values of pKa
= 6.0 + 0.4 and a Hill coefficient of n = 3.3 £ 1.8 (Hill
equation).25 The observed sharp transition suggested the
requirement of monomer deprotonation and a cooperative

mechanism for the peptide self—assembly.25
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Figure 1. pH-triggered self-assembly of CP1 in water: a)
Fluorescence emission at different pH of CP1 (200 uM) in
water (Aex = 340 nm). Inset: normalized fluorescence
emission at maximum emission. b) CD spectra of CP1
(400 uM) in water at different pH. c) CD signal at 360 nm
against the pH. Inset shows the fitting to a Hill model. d)
2% w/w solution of CP1 in milliQ water before (left) and
after (right) addition of NaOH (0.1 M) to pH ~ 8-9.
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Addition of small aliquots of sodium hydroxide to acidic
solutions of CP1 (2% weight) triggered nanotube assembly and
gelation of the aqueous environment as shown by the vial
inversion test (Fig. 1d). Deposition of diluted hydrogel aliquots,
on top of mica surfaces, revealed the presence of networks of
nanotubes with heights of 2.5-3.0 nm, which matched with the
diameter of CP1 (Fig. 2a and Fig. S6-7). The persistence length
obtained by AFM analysis was around 5 pum, which is similar to
that of actin and intermediate filaments.*> Transmission
electron microscopy (STEM and TEM) micrographs confirmed
the presence of single peptide nanotubes (3 nm), bundles of
nanotubes (6-10 nm) and entangled peptide nanotubular
networks (Fig. 2b, Fig. S8). We next employed Laser Scanning
Confocal Microscopy (LSCM) to study the arrangement of the
peptide hydrogel at the micrometer scale (Fig. 2c). Analysis of
the planes close to the gel-glass interface showed that the
hierarchical architecture was preserved from the nanotubes to
fibers with contour lengths of tens of micrometers.”® The
elastic properties of the gel were obtained by measuring the
response of the material to a shear deformation (Fig. 2d).41’42
Strain tests showed a linear viscoelastic region below 10%
strain. Frequency sweeps at constant strains of 5% showed
that G' was about 3 times larger than G", revealing a gel with
elastic behaviour that can accumulate mechanical energy (Fig.
2d)."

Peptide self-assembly experiments were next carried out in
water in oil droplets to investigate the externally induced
supramolecular polymerization in confined spaces (Fig. 3).
Water droplets containing CP1 at approximately pH 4 were
prepared by emulsification method.® Aqueous solution of CP1
added to heavy mineral oil containing egg yolk
phosphatidylcholine, the mixture was stirred until a white
emulsion was formed and the droplets were ready for
microscopy observation. The glass microscope slides were
fluorinated to prevent the collapse of the droplet on top of the
glass surface (see supporting info). Two strategies were
employed to study nanotube formation and fibrillation within
water microdroplets (Fig. 3, ii and iii). In the pre-formation
small volumes of CP1 aqueous solutions were diluted with
HEPES buffer (pH 8) and subsequently submitted to the
droplet formation (Fig. 3-ii). In the second strategy, in situ,
water droplets containing freshly prepared acidic suspensions
of CP1 were treated with propanamine, which is a base soluble
in both water and oil media (Fig. 3, iii).* Epifluorescence and
confocal microscopy images of the acidic droplets suspensions
showed uniform pyrene blue fluorescence, suggesting that
droplet-confined CP1 remains in the aqueous phase in a non-
aggregated state and homogeneously distributed (Fig. 3a-i).
However, pre-dilution of CP1 with HEPES (pH 8) and
subsequent droplet formation caused the bathochromic shift
of the droplet fluorescence and the formation of confined
fibril-like structures of several microns in length (Fig. 3-ii, Fig.
S10). This “green-shifted” emission correlates with the
observed excimer emission of pyrene (Fig. 1a). Acidic droplets
of CP1 were then employed to study the externally induced

was
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self-assembly in confined media (Fig. 3-iii, Fig. 4, Fig. 5).
Addition of propanamine to suspensions of these droplets
triggered peptide self-assembly and fiber formation. Confocal
microscopy images of the basified droplets (HEPES or
propanamine) showed the presence of micrometer sized 1D
fibril-like structures that transversally spanned the droplets
inner volume (Fig. 3). In situ experiments confirmed that
fibrillation occurred immediately after propanamine addition.

Confined peptide self-assembly was next carried out in the
presence of the hydrophilic fluorophore (rhodamine) to
confirm the integrity of the fibrillated droplets. The
micrographs confirmed the homogenous distribution of the
red dye in both acidic and fibrillated droplets (Fig. 4a-d). The
droplet fibrillation process triggered by propanamine was
confirmed to take place without droplet disruption (Fig. 4e-f).
In these experiments, droplets were observed in the
fluorescence microscope after the local addition of the base in
one side of the incubation chamber. Intriguingly, the
corresponding micrographs exhibited a pH gradient-
dependent, stimuli-responsive fibrillation process. Droplets in
close proximity to the local addition point showed the
corresponding “green shift” and fibrillation patterns. On the
other hand, droplets far from the addition zone remained
“blue” and with homogenously dispersed cyclic peptides (Fig.
4d).
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Figure 2. Peptide nanotubes at different length scales (nano
to micro). a) AFM micrographs of CP1 (1.8 mM, pH 8) on
mica substrates. The height profile was obtained along the
white line shown in the image. b) STEM micrographs on
formvar/carbon grids (180 uM, pH 8). c) Section of LSCM
images of gels after basification of CP1 (2% w/w) with
NaOH 0.1 M. Scale bars correspond to 400 nm (a), 100 nm
(b) and 20 pm (c). d) Rheology measurements for gels of
CP1 (2% w/w): strain test and frequency sweep at constant
strain of 5%.
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Confocal projections

Figure 3. Supramolecular polymerization of CP1 in confined spaces. a) Scheme of the procedure for the formation of fibers
within water-in-oil droplets: i) CP1 in water (1-2% w/w); ii) CP1 (1-2% w/w) in HEPES 30 mM at pH 8; iii) addition of
propanamine b) Epifluorescence images of droplets at low magnification. c) Epifluorescence images of individual droplets at
high magnification. d) Confocal microscopy projections of individual droplets. Scale bars are 20 um for b) 5 um for c) and 10
um for d).

Figure 4. a), b), c), d) Fibrillation in rhodamine-containing droplets. Merged channels (left), pyrene channel (middle) and
rhodamine channel (right). a) Pre-fibrillation triggered by dilution in HEPES buffer (pH ~ 8). b) Detail of the control
experiments of aqueous droplets at acidic pH (~ 4). c) Detail of a preformed fibrillated droplet by HEPES (pH ~ 8) dilution. d)
Detail of an in situ fibrillated droplet by addition of propanamine. e) Micropipette local addition of propanamine from the
top right corner of the micrograph-triggered the “green-shift” and the fibrillation process in a gradient dependent fashion. f)
Detail of droplets far from propanamine addition. g) Detail of droplets nearby the propanamine addition. Scale bars are 5 um
for b), c) and d) and 20 um for a) e), f) and g).
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Figure 5. Peptide fibrillation in water-in-oil emulsions of CP1 (2% w/w); a) before (left) and after (right) addition of
propanamine (1% v/v in oil). Yellow dotted line highlight loss of circularity in droplets containing nanotubes; b) Boxplot and
experimental points comparing circularity in both conditions determined by image analysis with Image J; c) Details of
droplets showing fibers of micrometre size. In all cases scale bar is 10 um.

As previously reported for other droplet-confined materials,*
the peptide-fibrillated droplets reported here exhibited a
distorted spherical shape with protrusions and heterogeneous
contours that could be observed after the supramolecular
polymerization (Fig. 3c and 4g). This distorted shape of the
fibrillated droplets was statistically confirmed by the boxplot
of the experimental points comparing the circularity of the
droplets in both conditions (Fig. 5).

In summary, we have introduced peptide nanotubes as
excellent scaffolds for the network fibrillation
spaces. The resulting architectures were reminiscent of more
complex  natural pH-modulated mechanotransduction
systems.** The high persistent length of nanotubes reported
here (~ 5 um) could be related with the subsequent strong
directionality of the supra-assembly that afforded microfibers
with contour lengths of tens of micro-meters.** This pH-
triggered self-assembly strategy afforded confined fibrillated

in confined
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networks that allowed tracking of the self-assembly process by
fluorescence microscopy. The confined fibrillation caused the
deformation of the droplet containers confirming that
confined supramolecular polymerization influences the
container shape. The development of simple and accessible
stimuli-responsive materials that can be confined and
hierarchically assembled in one-dimension, from the nano to
the micro scale, could allow a better physical understanding of
the mechanisms that underline well-defined more complex
composite tubular networks inside discrete environments. The
simple cyclic peptide materials reported here can be prepared
by straightforward synthetic procedures and they provide a
full control over the assembly process, tube diameter, external
decoration and the chemical properties of the resulting tubular
ensemble. Furthermore, the results reported here could lead
to potential applications for multivalent presentation of
biological motifs for tissue engineering as well as pH sensitive
biomaterials for controlled drug release. The robust
preservation of the one-dimensional self-assembly in confine
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spaces, from the nano- to the micro-scale, could also
contribute to the development of new materials for bottom up

approaches in synthetic biology.
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