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Spatially Controlled Supramolecular Polymerization of Peptide

Nanotubes by Microfluidics

Alejandro Méndez-Ardoy,”® Alfonso Bayon-Fernandez,® Ziyi Yu,® Chris Abell,’! Juan R. Granja,"®

Javier Montenegro™®

Abstract: The recent advances in the supramolecular
polymerization of synthetic building blocks in aqueous conditions has
given rise to new artificial and biocompatible functional materials.
However, despite the importance of spatially resolved self-assembly
for natural and artificial molecular machines, the spatial control of
supramolecular polymerization with synthetic monomers has not
been experimentally established yet. Here, we describe a
microfluidic-regulated  tandem  process of  supramolecular
polymerization and droplet encapsulation to control the position of
self-assembled microfibrillar bundles of cyclic peptide nanotubes in
water droplets. This method allowed the precise preferential
localization of the fibres either at the interface or into the core of the
droplets. UV absorbance, circular dichroism and fluorescence
microscopy indicated that the microfluidic control of the stimuli
(changes in pH or ionic strength) can be employed to adjust the
packing degree and the spatial position of microfibrillar bundles of
cyclic peptide nanotubes. Additionally, this spatially organized
supramolecular polymerization of peptide nanotubes was applied in
the assembly of highly ordered two-dimensional droplet networks.

Introduction

Recent synthetic materials with applications in nanotechnology
and medicine are obtained by the non-covalent assembly of
biocompatible building blocks.! The current progress with the
supramolecular polymerization of artificial monomers in aqueous
environment has led to promising functional biomaterials and
devices. However, in Nature, precise spatiotemporal control of
supramolecular self-assembly is important for the modulation of
the conditions and the chemical environment of critical
biochemical processes.? For example, spatially localized
supramolecular polymerization is crucial for the transduction of
anisotropic mechanical forces?® such as in protein contractile
rings, which must be assembled in very specific locations to
ensure the correct cell membrane contractions.® A range of
simplified confinement synthetic models have been recently
designed to understand these polymerization processes and
their distribution between the core or the cortex of these artificial
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containers.52 Despite much has been advanced with natural
proteins, the confined self-assembly of artificial minimal systems
that can be engineered by rational design has been much less
explored.®ad

Bottom-up approaches towards synthetic mimics of natural
supramolecular = systems have recently exploited the
encapsulation of artificial peptides!” in protocell mimics,® such
as giant vesicles,® capsulesi*® or water-in-oil droplets.t4
However, despite the importance of the precise position of
intracellular supramolecular networks, the control over the
spatial adjustment of synthetic fibrillar networks has not been
experimentally achieved. The recent application of microfluidics
to encapsulate biomolecules (e.g. FtsZ, actin, tubulin) has
allowed the in vitro generation of useful and simple cellular
compartments to study biochemical processes and cellular
machinery.*?&<l Current microfluidic technologies allow the
preparation of water droplet microcontainers with precise shape,
size, volume, composition and internal concentration.t3
Furthermore, the adjustment of the mixing regimes by
microfluidics also allows the precise selection of the self-
assembly conditions and pathways in supramolecular
assemblies.*4

Supramolecular microfibores made of bundles of hollow
nanotubes can be obtained by one dimensional (1D) hierarchical
assembly of the suitable cyclic peptide monomers (CP).[41S]
These dynamic structures can be employed to mimic the
physical properties of more complex natural fibrillar networks
and function as storage or transport systems.tt6adl Here, we
report on the spatially controlled supramolecular polymerization
of cyclic peptide nanotubes by a microfluidic-triggered self-
assembly process within aqueous droplets. Spatially regulated
fibrillar assembly was achieved by the microfluidic control of the
chemical stimuli that triggers the polymerization (i.e. pH or ionic
strength). A detailed microscopic and spectroscopic
characterization was employed to study the self-assembly
process, which was precisely adjusted from the cortex interface
to the core of the water droplet. Additionally, the spatially
controlled supramolecular polymerization of cyclic peptides
nanotubes was applied in the two-dimensional (2D) assembly of
droplet networks by fibrillation-assisted packing of individual
droplet populations.
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Results and Discussion

Cyclic peptide (CP) monomers*®d were employed as building
blocks, as they can be precisely designed to trigger their one-
dimensional hierarchical polymerization*’2 from the nano!*6a to
the meso-scale.’l The CP depicted in Figure 1A (CP1) is
positively-charged at acidic pH (pH ~ 4) due to protonation of the
lysine and the histidines residues, which prevents CP1 assembly
due to electrostatic repulsions. Attenuation of the repulsive
forces by either deprotonation (alkalinization) or by counterion
shielding (ionic strength) would favour inter-monomer
interactions and yield the corresponding self-assembled cyclic
peptide nanotubes (SCPNs).8l In the tubular architecture
assembled from CP1, the hydrogen-bonded antiparallel -sheets
are stabilized by the hydrophobic and the -1 interactions of the
pyrene units (Figure 1A). However, due to the distance
mismatch between B-sheets and m-1r stacks, the intercalation of
pyrene moieties allows the one-dimensional hierarchical
arrangement of the corresponding micron sized tubular bundles
(Figure 1A, bottom).*Y] As previously reported, the pH control of
solutions of CP1 allowed peptide self-assembly assisted by
pyrene stacking as shown by the quenching and the
bathochromic shift of the fluorescence emission due to excimer
formation. [t 176

We hypothesized that ionic strength could also be employed to
trigger the self-assembly of CP1 by shielding electrostatic
repulsions by counterion scavenging. Typically, electrostatic
repulsions decrease by decreasing Debyes double layer
thickness, which is inversely proportional to the ionic strength.[°
Therefore, addition of electrolytes should allow the self-
assembly of protonated peptide nanotubes.”%2bl These  two
different trigger signals (pH and ionic strength) would thus lead
to different tubular networks with potential different interactions
with the environments of the water droplet (i.e. interface or
aqueous inner volume). To test this hypothesis, we first studied
the self-assembly of protonated CP1 in the bulk aqueous buffer
by adding a variety of different electrolytes such as CaCl,, NaCl
or Na;SO, (see Section S2 in Supporting Information). The
corresponding increase of the Cotton effect, assigned to the -
* transition of the pyrene moiety, confirmed that self-assembly
of CP1 could be triggered by ionic strength modulation (Figure
S1A). As expected, this process was more efficient for
multivalent anions (SO4*vs CI) than multivalent cations (Ca?* vs
Na*). The fluorescence quenching of the pyrene emission was
also observed, as it could be anticipated for the ionic shielding of
the cationic charge of the peptide monomers (Figure S1B).
Fluorescence microscopy confirmed that ionic strength triggered
the fibrillar assembly of CP1, which was dependent on the
concentration and the chemical nature of the added counterions
(Figure S2). The corresponding one-dimensional hierarchical
bundles of peptide nanotubes were also confirmed by
fluorescence and STEM electron microscopy (Figure S3).

After confirming the hierarchical and efficient self-assembly of
cyclic peptides by ionic strength modulation, we hypothesized
that the microfluidic-controlled tandem encapsulation and self-
assembly of cyclic peptides using different trigger signals (i.e.
pH or ionic strength) could be applicable to adjust the packing
degree, the chemical nature and the spatial positioning of the
resulting supramolecular peptide fibres. The microfluidic device
shown in Figure 1B was employed to control the tandem

assembly and droplet confinement of CP1 in the presence or
absence of different assembly triggers. We initiated peptide
nanotube assembly in junction J1 by merging the streams of Icp1,
containing a diluted aqueous CP1 solution (1 mM) and I,
containing the assembly-triggering solution (i.e., base or highly
concentrated saline solutions, Section S3).2Y  Droplet
encapsulation was immediately achieved in junction J2 by flow
focusing the aqueous stream with an oil stream composed of
HFE 7500 3M Novec and 0.5% v/v Pico-Surf™ as surfactant
(loi).? This set up was employed to adjust the flow rates at (I1)
and the different stimuli for the spatially controlled distribution of
the nanotubes within the aqueous droplets.
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Figure 1. Spatially controlled supramolecular fibrillation. A) Structure and
model of pH triggered self-assembly of cyclic peptide CP1.'Y Basic amino
acids are drawn in red. Pyrene moiety in blue. B) Microfluidic device for the in
situ fibrillation. Channels dimensions: 35 x 50 pm. CP1 in aqueous conditions
(2 mM, milliQ water, pH 3-4) was injected in inlet Icp1 (blue) at flow rates of
200-150 pL/h and assembled upon mixing with inlets I+ containing water, base
(NaOH 3.5 mM) or an electrolyte (e.g. CaCl2 1 M) in junction J1 (pink) at flow
rates of 100 pL/h. The aqueous stream converges with the oil phase (HFE
7500 3M Novec with 0.5% v/v Pico-Surf™ as surfactant, black) by loi inlet in J2
for droplet generation at flow rates of 500 pL/h. Droplets are collected in outlet.



Initial experiments were performed by flowing pure water in the
assembly inlets (I7), which merged in J1 with acidic (pH ~ 4)
aqueous solution of CP1 (lcr1) and were encapsulated in
droplets (J2). Fluorescence microscopy analysis of these
droplets showed the typical blue fluorescence emission that
belongs to dispersed CPs and monomeric pyrene (Figure 2A,B).
As expected, the droplet fluorescence profile and the
corresponding confocal planes showed that the pyrene emission
was equally distributed along the droplet interior (Figure 2C and
Figure 2D). However, when an alkaline solution (NaOH 3.5 mM)
was injected in I, a red-shifted green fluorescent halo was
observed in the droplet periphery (Figure 2E-H). The
corresponding micrographs indicated a preferential adsorption of
the supramolecular peptide nanotubes and microfibres at the
perimeter of the water-droplet interface (Figure 2G-H) in
capsule-like structures.?®2b Similar results were observed in
fibrillation experiments using HEPES buffer (50 mM, pH = 8) as
to precisely control the pH increase (see Figure S5). Microfluidic
fibrillation experiments by direct base picoinjection (NaOHag), in
preformed droplets loaded with homogeneously dispersed CP1
(pH ~ 4), again showed the assembly of a fluorescent droplet
cortex, which was reminiscent of reconstituted actin® or DNAR4
cortical shells (Section S5, Figure S7, Video S1). These
picoinjection experiments unambiguously confirmed that the
spatial control of the supramolecular polymerization was caused
by the modulation of the chemical signal trigger. In contrast to
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the pH signal, when a solution of high ionic strength (CacCl,, 1 M)
was employed to trigger peptide assembly, the resulting fibrillar
networks were concentrated at the droplet core from where they
spanned the inner volume of the droplets (Figure 2I-L). As
shown in the corresponding fluorescent profile, a much lower
absorption at the droplet surface and a maximal fibre
concentration at the droplet core could be traced (Figure 2K,L).
Confocal planes further supported these observations (Figures
S8,9 and Video S2 and S3 for NaOH and CaCl, respectively)

To rationalize these results, the fluorescence emission, the UV-
Vis absorbance and the circular dichroism (CD) were measured
and compared in exactly the same conditions to those used in
the microscopy fibrillation experiments (Figure 3). The CD
indicated that the chirality of the assemblies was similar
independently of the chemical trigger (Figure 3A). However,
comparison of the fluorescence emission of the CP solutions
under acidic, alkaline and high ionic strength conditions showed
a stronger fluorescence quenching for the fibrillar assemblies at
alkaline pH (Figure 3B).! Additionally, normalized fluorescence
emission spectra, again indicated a higher excimer signal also
for the pH increase, which suggested a stronger packing of the
pyrene unitsi*”, as it would be expected for the assembly of the
deprotonated cyclic peptide monomers (Figure 3B).
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Figure 2. Self-assembly of CP1 in microfluidic generated droplets (water-in-oil) as function of composition of inlet It. Top, middle and bottom rows show the
results when It is water, NaOH (3.5 mM) and CaClz (1 M) respectively. Figures A, E and | are low magnification images with scale bars of 100 ym. Figures B, F
and J are high magnification images (scale = 50 um). C, G and K show profiles extracted from high magnification images (red lines in B, F and J). Figures D, H
and L show confocal 3D projections of the droplets (scale = 25 ym). Flow rates were: loi = 500 pL/h; lcp1 = 200-150 pL/h; I+ = 100 pL/h.



To further study the assembly process we employed Thioflavin T
(ThT), a fluorescent probe that enhances its fluorescence
emission in its planar state when trapped within B-sheets.?! In
these experiments, the self-assembly of CP1 would bring into
close contact the thioflavin probe and the pyrene of the peptide,
which should give rise to fluorescence resonance energy
transfer (FRET) between the pyrene donor and the ThT
exogenous acceptor.’ As shown in Figure 3C, the ThT
emission (FRET effect) was higher for peptide assembled upon
alkalinization, which indicated a more efficient and compact
nanotube packing of the peptides assembled under basic
conditions (Figure 3C). UV-vis spectra also showed a higher
decrease in the extinction coefficient of the pyrene in basic
conditions, which was again indicative of a stronger pyrene
association in the resulting more hydrophobic nanotubes (Figure
3D). These results were consistent with a better supramolecular
packing for the more hydrophobic deprotonated fibres obtained
by alkalinization, which would have a higher affinity for the
droplet oil-water interface. In contrast, fibres assembled under
high ionic strength were found to be less packed and to allow
higher electrostatic interactions between nanotubes. Therefore,
these more hydrophilic tubular bundles have a lower affinity for
the droplet interface and concentrate at the droplet core. These
series of experiments confirmed that the assembly pathway can
lead to different supramolecular polymers with particular
affinities for different environments in a single water droplet.

The experimental confirmation of the different assembly pathway
and chemical nature of microfluidic-triggered fibrillar networks,
prompted us to explore the potential spatial positioning of
supramolecular polymers by tuning the flow rate of the
corresponding trigger. In this case, modulation of the flow of
electrolyte (IT) would control the molar ratio between the anions
and the cationic peptide monomers and thus allow a different
degree of ionic shielding of the resulting supramolecular fibres.
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Figure 3. Spectroscopic characterization of CP1 self-assembly. In all cases
conditions by line colours: acidic (HCI pH ~ 4) in yellow, HEPES (50 mM, pH
8) in orange and CaClz (500 mM) in blue. A) Circular dichroism of CP1 (200
uM); B) Pyrene fluorescence emission. (Aex = 340 nm). Condition: pH (80%
quenching) and ionic strength (60 % quenching). C) FRET between pyrene
and ThT fluorophoresi*, [ThT] = 20 uM. Aex = 340 nm; D) UV absorbance
spectra to monitor self-assembly of CP1 (200 uM) in different conditions.

Therefore, cyclic peptide self-assembly was triggered by
controlling the flow of multivalent anions (i.e., SO4%) to adjust
ionic strength and electrostatic crosslinking[?® and thus adapt the
density of the peptide fibrillar network and its spatial position
inside the droplet container. Gratifyingly, the corresponding
micrographs confirmed the gradual and precise adjustment of
the fibres along the droplet container by regulating the flow rates
of the electrolyte injection (Figure 4A). An electrolyte shock
employing high flow rates of Na,SO4 of 150 pL/h led to a strong
ionic shielding of the peptide monomers and a crosslinking
degree of the protonated microtubular networks. As a
consequence, these hydrophilic fibrillar networks concentrated
at the core of the droplets (Figure 4A). However, the decrease
the electrolyte (SO42) flow rate (e.g., 20 pL/h) allowed the
gradual distribution of the supramolecular fibres throughout the
water droplet internal volume (Figure 4A right).9 Quantification
of the fluorescent area in droplet populations confirmed that the
higher the electrolyte flow rate, the less the fibrillated fluorescent
area per individual droplet (Figure 4B). Comparatively, changes
in flow rates using NaOH or CaCl, did not show such finely
tuned trends (Figure S10).
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Figure 4. A) Fluorescence micrographs showing network density in the self-
assembly of CP1 in W/O droplets. The peptide (1 mM) was assembled by co-
flowing it with Na.SO4 5 mM at different flow rates. Flow rates of loi and Icp1
were constant (500 pL h™t and 200 pL h'* respectively). Flow rates of It NazSOs
5 mM were varied from 150 to 20 yL/h. Insets denote the traced profile for a
representative droplet. Scale bars are 100 um. B) Percentage of fluorescence
area per droplet by image analysis. Average area with standard deviation for
the analysis of 20 random droplets. R.G.V. stands for relative gray value.



Figure 5. Schematic cartoons depicting the process of Novec oil evaporation and fluorescence microscopy images showing 2D
droplet networks after oil evaporation. Red lines in cartoons denote the effect of time lapse. A) and B) Induced droplet assembly in
homogenously dispersed CP1 droplets. C) and D) Induced droplet assembly in cortex-fibrillated droplets (NaOH 3.5 mM); E) and F)
Induced droplet assembly in core-fibrillated droplets (CaClz, 1 M). G) and H) Induced assembly in diluted droplet suspensions over a
higher boiling point oil Fluorinert-FC70 (HEPES 50 mM pH 8). A), C), E) and G) are schematic representation of the process, while B),
D), F) and H) are epifluorescence images. Scale bars are 100 pm (low magnification) and 50 um (high magnification).

Spatial control of supramolecular polymerization regulates
different communication processes in living systems such as
active uptake, multicellular assembly or cell to cell
communication.?s! Populations of artificial droplets have also
shown adaptive interactions or even ‘“tissue-like” self-
organization.?”1 Additionally, micro-printing technology has
recently allowed the patterning of tissue-like synthetic materials
with single droplet resolution.?®! Inspired by functional natural
fibrillar networks and the growing importance of droplet micro-
patterning, we decided to test if the positional control of the
supramolecular polymerization of cyclic peptides could be used
to tune assembly of droplet populations.?®! Therefore, the
fluorinated oil was carefully evaporated to promote the assembly
of water droplets where the polymerization of supramolecular
peptide fibres was induced at different positions (Figure 5).
Amorphous networks were observed for the assembly of
droplets loaded with dispersed cyclic peptides (pH ~ 4), which
suggested an uncontrolled aggregation of the droplet
suspensions mainly due to disordered surfactant interactions
(Figure 5A,B). In contrast, cortex-fibrillated droplets (Figure 2E-
H) showed the formation of a roughly assembled network with a
green-shifted thick peptide wall with irregular hexagonal and
pentagonal patterns. The high curvature topologies and the
bathochromic shift of the pyrene emission suggested a strong
droplet aggregation triggered by the bundling of the peptide
fibres located at the perimeter (Figure 5C,D). However, highly
regular hexagonal honeycomb patterns (Figure 5E,F) were
formed when the assembly was carried out from droplets
suspensions where the fibres were located at the internal core of

the droplets (Figure 2I-L). These highly regular networks
indicated a more controlled assembly process when the fibres
from the droplet core gradually coalesced at the network
interface (Figure 5E,F). Finally, anisotropic supramolecular
structures, reminiscent of natural fibrillar networks, could also be
detected when a droplet emulsion was allowed to dry over a
higher boiling point oil (Fluorinert™-FC70) (See Supporting
Information, Figure 5G,H). In this case, the synthetic tubular
networks were projected from the droplet core to its periphery
and randomly distributed for the smaller spherical droplets. In
contrast, anisotropic growth of the supramolecular polymers was
confirmed in the direction of the aqueous distribution pattern in
elongated droplets (Figure 5H).

Conclusions

In this work, we introduce the spatially-controlled polymerization
of supramolecular fibres in water droplets by the microfluidic
adjustment of the chemical signals that trigger the self-
assembling process. The microfluidic tuning of the chemical
nature or the flow rates of the polymerization triggers, allowed
the modulation of the tubular network structure and its precisely
adjusted spatial position in the different physicochemical
environments of a water droplet container (interface vs aqueous
core). This technology was applied in the generation of well-
ordered two-dimensional droplet networks by exploiting the
spatially adjusted self-assembly of CP nanotubular bundles. This



work demonstrates the control over the supramolecular
polymerization of synthetic fibres in artificial minimal models and
suggest the important role of the different chemical
environments for the distribution of natural fibrillar networks in
simple primitive protocells.
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