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SUMMARY

Cyclic peptides containing a -unsaturated amino acid are programmed 
to switch between monomeric form and self-assembled peptide
nanotube structures upon light irradiation. The process is triggered by 
the reversible E-Z isomerization of the unsaturated -amino acid that 
forces the peptide to swap from the folded (unassembled) to the flat 
conformation (assembled). The process is also tuned by the pH media, 
which provides a double check-point control in the molecular assembly 
of the peptide nanotubes. The light-driven assembly process can be 
triggered in confined environment and the resulting nanotubes allow 
the inter-vesicles communication providing droplets with self-
fusiogenic properties.
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INTRODUCTION
Photoassemblers are molecular units whose assembly properties are modulated by light-
induced conformational changes.1,2 Among others, azobenzene moieties represent one of 
the most powerful tools because of the significant structural changes between the two 
isomers (E or Z).3 Photo-switchable peptides have emerged as useful materials for various
applications ranging from new drugs to reversible components for supramolecular 
biomaterials.4,5 Most of these materials are related to changes in the secondary structure 
derived from the light-induced isomerization of a photoswitchable component. Recently,
some of us synthesized unsaturated -alanine derivative (3-aminoprop-2-enoic acid) to 
prepare peptide-based conformational switchers through the E to Z–isomerization of this 
derivative.6,7,8 While the cis-isomer adopts a loop-like structure, the extended conformation 
(trans-isomer) allows the generation of ribbons through the formation of -sheet type 
structures.
Self-assembling cyclic peptide nanotubes (SCPNs) are tubular-shaped structures formed by 
the controlled stacking of cyclic peptide (CP) components that adopt a planar-shaped 
conformation.9,10 The resulting hollow 1D materials have two different surfaces (inner and 
outer faces), making them very powerful nanobiomaterials.10 These supramolecular 
polymers are constructed by establishing hydrogen-bonding interactions between adjacent 
peptide backbones. The cooperative enthalpic contribution of each hydrogen-bonding
interaction is the driving force that impels the nanotube formation. In the last years, we and 
others have been able to tune the spatiotemporal control of SCPNs formation.11,12 Although 
the strong cooperativity in nanotube formation allows triggering the assembly under specific 
mild conditions, unfortunately, the reverse process (nanotube dissociation) is not so simple, 
usually requiring slightly more severe conditions. The use of polymeric chains attached to 
cyclic peptides, which reduce the dynamism of the molecular assembly,13 allowed the
implementation of milder conditions, but further studies are still needed to make this 
reversibility available for all types of SCPNs.14 In addition, fast and precise spatiotemporal 
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resolution to external stimuli is also pursued, especially in confined spaces such as living cells. 
Here, we present a novel kind of D,L- -cyclic peptide nanotubes that incorporate a -
unsaturated photosensitive amino acid whose assembly/disassembly can be induced 
light.15,16 The nanotube formation can be produced in confined spaces and the resulting 
vesicles showed fusiogenic properties forcing the water-in-oil droplets fusion under neutral 
conditions.17 
Very recently, we have shown that the incorporation of -residues on an alternating D,L-
cyclic peptide (D,L- -CP), the main kind of SCPNs,9,10 did not prevent the nanotube 
formation, although restricts its stacking exclusively to parallel-type -sheet structures.18 
Pristine D,L- -CPs can be stacked to form parallel or antiparallel structures because the NH 
and carbonyl of each residue are oriented in the same direction, providing planar 
conformations that have the same number of hydrogen bond donors and acceptors on each 
side of the cycle.19,20 However, the -residues in the extended conformation arrange these 
groups pointing in opposite directions and, consequently, can only form parallel -sheets-
based SCPNs.21 Therefore, because of the uneven distribution of the hydrogen bonding 
donors and acceptors at both faces of the flat ring-shaped structure, the hybrid peptides, as 
the one described here, can only stack in a parallel fashion. 
 
RESULTS AND DISCUSSION  
Design and synthesis of cyclic peptides  
In this work, we introduced the 3-aminoprop-2-enoic acid (ΔβAla),7 a residue that can exist 
as either Z- or E-isomers (ΔZβAla or ΔEβAla, respectively), in nanotube forming CPs. Both 
forms can be interconverted by appropriate UV light-irradiation. The shorter wavelength 
(254 nm) is used to transform the trans-derivative to the cis-isomer, while irradiation with a 
longer wavelength light (290-320 nm) provides the thermodynamically more stable E-
isomer. We intend to use this process to change the conformational shape of the CPs from a 
folded conformation (monomeric component) to the flat ring-shaped conformation that is 
programmed to self-assemble and vice versa. Based on previous work in which the 
incorporation of one or two β-alanine to D,L-α-CPs provided a new kind of SCPNs 
constituted by parallel oriented stacks,18 now we decided to replace one of the β-Ala by the 
corresponding unsaturated residue. Therefore, cyclic peptide ECP1 (Fig. 1A) was designed 
based on the previously established designs. This peptide was prepared using Fmoc-
methodologies on solid phase synthesis using a Rink amide resin.22,23 For this purpose, the 
Glu residue was attached through its side chain using an α-allyl-protected glutamic acid 
derivative (1). The olefinic moiety of the unsaturated residue was masked as a furan 
cycloadduct of Fmoc-ΔZβAla-OH (2).6 Cycloadduct 2 was attached, as a racemic mixture, at 
the end of the peptide sequence. After this, the cyclization was carried out on solid support. 
To this end, the C-terminal allyl-protecting group was removed using typical π-allyl 
palladium chemistry, and then the N-terminal Fmoc group was eliminated using standard 
conditions (25% piperidine in DMF). The cyclization was carried out using PyAOP as a 
coupling regent. The reaction was followed by HPLC analysis of acidic cocktails resulting 
from cleavage of small portions of resin (2-3 mg). Full cyclization was achieved after 2 h of 
reaction time and then the pyrene moiety was incorporated on the Lys side chain by 
treatment with mild acidic conditions [HFIP/TFE/TIS/DCM (20:10:5:65)] followed by coupling 
of 1-pyreneacetic (3) using N-HATU as coupling agent.12 Peptide cleavage was carried out 
using standard conditions [TFA/DCM/H2O/TIS (90:5:2.5:2.5)]. Under these conditions, the 
resulting major product had a molecular weight two units higher than the expected. This 
compound was assigned to the cyclic peptide with the double bond of the cycloadduct 
moiety reduced. We attributed this problem to the strong reducing properties of the silane 
scavenger. Therefore, substitution of this reagent by thioanisole (MPS) [TFA/DCM/H2O/MPS 
(90:5:2.5:2.5)] provided, after HPLC purification, CP2 in an overall 18% yield. Heating an 
aqueous solution (H2O/ACN, 1:1) of this peptide for 24h at 80 ºC yielded the expected ZCP1 
(Fig. 1A). The chemical shift of amide proton of ΔZβAla at 11.28 ppm supports the proposed 
folded conformation of ZCP1, consistent with the previously reported behavior of peptides 
containing this residue due to the formation of a strong hydrogen bond with its carbonyl 
moiety.7 The sharp and fine resolution of most of the proton signals of this CP confirms that 
it is unaggregated (Fig. S1). 
 
Studies of cyclic peptide isomerization  



 
The E-isomer was obtained by irradiation (290-320 nm) of an aqueous solution 
of ZCP1 (400 μM) for 10 min (Fig. 1A). Under this conditions ECP1 was obtained 
as major product, in a 7 to 3 mixture with the starting peptide. Both isomers 
were separated by HPLC, and the new compound was characterized. The 
NMR signals at acidic conditions (pH<3.5, Fig. S2) confirm the up-field shift (9.79 
ppm) of the amide proton of ΔEβAla, suggesting that it is not anymore 
participating in the above-mentioned strong intramolecular hydrogen bond. 
The FTIR spectrum (Fig. S3) of a lyophilized sample after neutralization supports 
the formation of a parallel-like -sheet structure with a strong band at 1633 cm-

1 and a shoulder at 1659 cm-1.18 In addition, the band at 3293 cm-1 (amide A) 
is highly indicative of a well-established network of hydrogen bonds.24 
The kinetic of this conversion was followed by HPLC (200 μM, Fig. 1B and 1C). 
After 10 min of irradiation, the mixture already reaches the steady state as a 
7:3 mixture of both isomers. This ratio is slightly smaller than the previously 
reported studies, suggesting that the internal hydrogen bond in the CP must 
stabilize the Z-isomer.7 The isomerization is independent of the pH of the media, 
as confirmed by the similar ratios and yields obtained at either acidic (pH 1.8), 
native (pH 5.1), neutral (pH 7.0) or basic conditions (pH 9.0), see Fig. S4. Under 
neutral and basic conditions, the peptide starts to precipitate during irradiation 
due, most likely, to pH-induced self-assembly, as denoted by the reduction of 
the sample signals with time.  
The isomerization of ECP1 (200 μM, Fig. 1D and 1E) into ZCP1 was also 
investigated but using a shorter wavelength (254 nm). The reaction was also 
studied at different pH and the isomerization rate was followed by HPLC 
analysis (Fig. S5). In all cases, after 2 min, the reactions have already reached 
the photo-stationary state consisting of an almost 1:1 mixture of both isomers. 
Once again, the isomerization occurs independently of the pH media, but 
observing, as before, a reduction of peptide signals on the HPLC traces due to 
their precipitation at neutral or basic conditions. 
To confirm the stability of the system to the photoisomerization, the CP was 
subjected to several isomerization cycles (Fig. S6) and irradiated for long 
periods of time (60 min, Fig. S7), in both cases no other products were found. 
Moreover, no isomerization to the thermodynamically more stable E-isomer or 
decomposition was observed when a solution of ZCP1 was heated at 80 ºC for 
72 h (200 μM, Fig. S8). The above-mentioned signal reduction at neutral/basic 
conditions was also evaluated. For this purpose, the reaction mixtures were 
lyophilized and subsequently re-dissolved and analyzed by HPLC, confirming 
the recovery of both peptides (Fig. S9), but also the appearance of a new 
oxidized derivative in less than a 10%. This suggests that the aforementioned 
signals reduction is mainly due to precipitation and not to the decomposition 
of the cyclic peptides as a consequence of the irradiations. In fact, 
ultracentrifugation of the pH 7 reaction mixture after irradiation using the 254 
nm wavelength showed the preferential accumulation of ECP1 (Fig. S10), the 
precursor of SCPNs, at the bottom of the sample, while the ratio of the other 
isomer is increased in the upper part of the sample. The accumulation of ECP1 
at the bottom fraction suggests that self-assembly and nanotube formation 
must be the main reason of peptide precipitation. 
 
Self-assembly properties and light-induced assembly/disassembly  
The self-assembling properties (Fig. 2) of both peptides were evaluated, 
starting with their fluorescence properties. The spectra of ECP1 in double-
distilled water (pH 3-5) showed the characteristic bands of monomeric pyrene 
moiety whose emission decreases upon basification (Fig. 2B). At pH 6, a new 
band around 475 nm, attributed to the pyrene excimer, started to raise.25 
Subsequent basification did not significantly change the ratio of monomer and 
excimer emission. Such behavior can be attributed to the stacking properties 
of the CP upon deprotonation of the imidazolium ring. At acidic pH, all the 
imidazole moieties are protonated, preventing the formation of the -sheet 
structure because of the repulsion of cationic substituents. Upon neutralization, 



 
the formation of hydrogen bonds between peptide backbones facilitates 
nanotube formation. In concentration-dependent experiments carried out at 
neutral pH, the band at 475 nm increased with rising CP concentration, 
confirming the supramolecular nature of excimer formation (Fig. S11A). Such 
behavior was not observed for the Z-isomer, whose emission properties did not 
change with the pH (Fig. S11B and S11C). Concentration-depending 
experiments in the presence of a -sheet reporter were also carried out to 
further confirm that these differences resulted from the distinctive assembling 
properties of the CPs. To this end, Thioflavin T (ThT), a well-known dye that 
fluoresces upon binding to -sheet structures, was selected.26 The experiments 
were carried out at neutral conditions (10 mM HEPES pH 7.0, λex = 440 nm). 
Addition of increasing amounts of ECP1 (1-200 μM) to a solution of ThT (20 μM) 
gave rise to an evident growth of dye emission that confirms the interaction of 
the dye with cyclic peptide assemblies (Fig. 2C). From these experiments we 
could estimate a critical aggregation concentration (cac) around 22 μM using 
the ThT emission at pH 7.0 (Fig. 2D). Similar cac was obtained at basic pH (9.0, 
Fig. S12); while at acidic pH (<4.5) the characteristic emission band of ThT did 
not change. This finding confirms the importance of imidazole 
protonation/deprotonation in the formation of SCPNs. Under neutral or basic 
conditions, SCPN formation should bring together the -sheet reporter (ThT) 
and the pyrene moieties, consequently fluorescence resonance energy 
transfer (FRET) between both dyes (pyrene as a donor and ThT as acceptor) 
should confirm the spatial proximity between SCPNs and dye.11 As expected, 
the FRET effect was only observed for experiments carried out in neutral-
alkaline media, which indicated the relation of ThT emission with peptides 
assembled (Fig. S13). Similar experiments with the Z-isomer (ZCP1) did not show 
significant changes in dye emission, confirming the incapability of this isomer 
to form -sheet structures (Fig. S14).  
To further understand the self-assembly properties of both peptides, circular 
dichroism (CD) studies were also performed to evaluate the different pH 
conditions for both isomers (Fig. 2E and S15). No CD signals corresponding to 
the pyrene moiety (353 nm) were detected at native pH (4.4) for both peptides 
at a similar concentration (350 μM), being this the only similarity between them. 
Basification of the solution of ZCP1 did not induce any change in its CD spectra 
(Fig. S15). On the contrary, as the pH increases for ECP1, a strong CD signal was 
observed for the Pyr band,12,27 showing a strong negative band at a pH higher 
than 5.7. Such an effect suggests chirality transfer from the peptide backbone 
to the pyrene unit with the formation of long-range-ordered supramolecular 
assemblies. These changes take place under similar conditions to the 
fluorescence studies, suggesting that the CD signal and ThT emission must be 
related to the CP assembly. Concentration-depending experiments showed 
the characteristic increase that confirms that the transfer of chirality must be 
related to the self-assembling process.  
Once the spectroscopic fingerprints highlighting the different assembly 
properties in solution of both isomers of CP1 were confirmed, electron 
microscopy studies were carried out to visualize the structural changes related 
to the supramolecular properties of these CPs. Scanning transmission electron 
microscopy (STEM) micrographs confirmed the presence of long linear 
structures, few μm long, that can be related to single or bundles of nanotubes 
of ECP1 (200 μM, Fig. 2F and S16) over a wide range of pH conditions (pH 5-9). 
This outcome confirms the ability of this isomer to stack forming nanotubes 
specially under neutral or slightly basic conditions. These self-assembly 
conditions, which resemble those of physiological media, offer a glimpse of 
possible applications for the development of new therapeutic tools. As 
expected, the length and thickness of these linear supramolecular structures 
are correlated with CP concentration; longer and thicker fibers were detected 
at higher concentrations. Nanotube dissociation can be accomplished by 
acidification (pH 2.0) without affecting peptide structure. The assembly and 
disassembly process can be induced by changing the pH for several cycles 
without affecting the peptide stability (Fig. S17). In contrast, none of the 



 
solutions of ZCP1 showed these types of structures; instead, amorphous 
aggregates were found (Fig. 2G and S18). 
The SCPN diameter was assessed by AFM. Fig. 2H and S19 show the 
micrographs obtained after drop casting a 200 μM solution of ECP1 on mica. 
The images show the presence of polydisperse nanotubes in length that are 
randomly oriented on the mica surface. The height of individual nanotubes 
was on the order of 2.95 ± 0.32 nm, which corresponds to the expected for this 
type of SCPNs. As expected, no tubular structures were found for ZCP1. 
Next, we employed Epifluorescence Microscopy to study the self-assembly 
process at the micrometer scale. Analysis of samples containing ECP1 (350 μM, 
10 mM HEPES at pH 7.0, Fig. 2I) showed the hierarchical architecture preserved 
from the nanotubes to tens of micrometers long fibers. On the other hand, no 
clear fibrillar structures were observed in samples of ZCP1 with emissions at 
shorter wavelengths all over the solution. 
To determine whether light-induced isomerization is capable of triggering 
nanotube disassembly, we performed further irradiation studies on already 
assembled CPs at neutral pH (Fig. 3). For this purpose, a solution of ECP1 (200 
μM) in HEPES (10 mM, pH 7.0) was irradiated at 254 nm and aliquots of reaction 
(400 μL) were taken every minute. These aliquots were mixed with a ThT (40 μM) 
solution under the same conditions (400 μL, 10 mM HEPES, pH 7.0), and the 
resulting samples (100 μM of CP1 and 20 μM of ThT) were analyzed by 
fluorescence (Fig. 3D). At the initial conditions above the cac most of the ECP1 
should be assembled forming SCPNs and, therefore, the interaction of ThT with 
the -sheet structure of SCPN should give rise its characteristic emission. 
However, if amino acid isomerization induces CP folding, the ThT emission 
should change over time. Indeed, immediately after the first irradiation period, 
the characteristic band derived from the presence of the -sheet structure 
starts to shrink. In addition, irradiated samples were taken every 2 min, 
deposited on carbon-coated grids and evaluated by STEM (Fig. 3E and S20A). 
Clearly, after 6 min, the STEM micrographs showed amorphous material 
together with few short persistence SCPNs. These outcomes confirm that 
isomerization of amino acid double bond can occur in the tubular structure, 
inducing SCPNs disassembly. Likewise, ZCP1 isomerization under similar 
conditions (200 μM, HEPES 10 mM, pH 7.0) was also investigated (290-320 nm) 
and analyzed by fluorescence spectroscopy in a similar manner. In this case, 
the characteristic emission (494 nm) derived from CP planarization and 
nanotube formation was growing up (Fig. 3C). Moreover, nanotube formation 
after two minutes of irradiation was corroborated by STEM analysis (Fig. S20B). 
These experiments confirm that either assembly or disassembly of SCPNs can 
be triggered by light-induced isomerization of one single residue in a CP 
forming nanotubes. No restrictions on the olefin isomerization were found even 
if the CP is already assembled. 
 
Assembling behavior in confined spaces  
In the last years, microfluidic technology has become an effective method for 
analyzing molecular behavior, among other applications.28,29 In general, 
microfluidics gives a more controlled environment than bulk, especially when 
aggregate visualization is required. Therefore, this technology allows for easy 
evaluation of the behavior of fibrillar and hydrogel-like supramolecular systems 
in confined spaces, especially for assessing their potential application as 
synthetic mimetics of cell cytoskeleton.30  
Therefore, to further understand the process, we decided to evaluate the 
implications of externally induced isomerization to trigger the supramolecular 
polymerization in confined spaces using this technique.11,12 Additionally, we 
could also evaluate the combination of the changes in pH or ionic strength 
with light input on the assembly process. We hypothesized that assembly 
changes could be monitored by following the different luminescence outputs 
of the pyrene monomer emission depending on the assembly state of the CPs. 
The microfluidic device shown in Fig. 4A was employed to control the tandem 



 
assembly and droplet confinement of CP1. First, we induced peptide assembly 
in junction J1 by merging the streams of ICP, containing a slightly acidic solution 
of CP1 (1.0 mM, pH ~3.0), and IT, which contains a second solution responsible 
for inducing the corresponding changes in media conditions. These changes, 
such as neutralization or increase of ionic strength, should trigger the assembly 
process. Next, droplets formation was immediately achieved in the J2 junction 
by flow focusing the aqueous stream with the oil stream (HFE 7500 3M Novec 
and 0.5 % v/v Pico-Surf as surfactant, Ioil).31 This setup was employed to adjust 
the flow rates and the different stimuli. 
Initial studies were carried out by merging the neutral buffered solution (20 mM 
HEPES pH 7.0, IT) in J1 with the aqueous solution of ZCP1 (1.0 mM, ICP). As 
expected, the fluorescence microscopy analysis of the resulting droplets 
showed the typical self-quenched blue fluorescence emission characteristic of 
highly concentrated monomeric pyrene moieties that belongs to dispersed 
CPs (Fig. 4B). For the other isomer (ECP1), the acidic aqueous solution (pH 3.0) 
also provided droplets with the typical quenched emission of monomeric 
species (Fig. S21). On the other hand, under neutral conditions, obtained by 
mixing the neutral buffered solution (20 mM HEPES, IT) in J1 with the aqueous 
solution of ECP1 (1.0 mM, ICP), brighter blue-fluorescent droplets were obtained 
(Fig. 4C and S22) with fibril-like structures preferentially located in contact with 
the periphery of the droplets (Fig. S23). To our surprise, under these conditions 
the droplets had different sizes. Such behavior could be related with the 
presence of the SCPNs at the interface and not to the preparation method.32 
Considering the possible fusion of vesicles induced by the nanotube at the 
micelle interface, we carried out additional experiments to further understand 
this process. Therefore, the formation and storing of the vesicles were followed 
at the microscope (Fig. 4D, video S1). Initially, all the droplets, after leaving the 
microfluidic tubing, had the same diameter. However, after resting for a few 
seconds, the fusion of neighboring vesicles starts to take place all over the 
media, confirming the fusiogenic properties dictated by the nanotubes.33 To 
understand these fusion properties, droplets containing either of the two 
isomers of CP1 were mixed to evaluate the invasive (parasitic) or self-invasive 
(narcissistic) properties of the resulting vesicles (Fig. 5A-C and S24). To follow 
the merging process, colored vesicles containing ZCP1 (1 mM, ICP) were 
prepared by merging ICP with an aqueous HEPES solution (20 mM, pH 7.0, IT) 
containing 5-TAMRA (40 μM). Then, ECP1 droplets were collected over the ZCP1 
droplets with 5-TAMRA in a 1:1 ratio. Droplets containing opposite isomers 
showed no tendency to fuse with each other, whereas vesicles that contain 
ECP1 maintained their self-fusiogenic properties. Therefore, it appears that this 
merging function requires the establishment of an intercommunication 
between the assembled nanotubes that are deposited at both interfaces of 
the neighboring droplets to dictate their fusion. To further understand the 
mechanism of nanotube-induced droplet fusion, a new peptide with an alkyl 
chain of six carbons (ECP4/ ZCP4, Fig. 1) was prepared to evaluate the role of 
the pyrene moiety in this process. This peptide showed reduced self-assembly 
properties (Fig. S25) compared to ECP1, forming nanotubes at higher 
concentrations, along with a lower propensity to form fibers as indicated by 
STEM images (Fig. S25C-D). Peptide ECP4 did not showed fusiogenic properties 
(Fig. S26), despite the microfluidic experiments were carried out at higher 
concentration (1.5 mM, ICP). This suggest that the π,π-stacking of pyrene 
moieties not only plays a relevant role in the hierarchical formation of the 
supramolecular fibers, but also in eliciting droplet fusion. Most likely, under 
neutral conditions, nanotube assembly in the droplet might induce the 
formation of a hydrophobic surface that would interact with the droplet 
interface, exposing the pyrene moieties exposed towards the oil media. The 
contact of two neighboring droplets interfaces might induce, in the case of 
ECP1, the aggregation of the pyrene moieties, guided by the π,π-
stacking,11,12,18 resulting in vesicle fusion (Fig. 5E). 
The SCPNs formation was also evaluated by increasing the ionic strength of the 
media (Fig. S27).11 Therefore, a CaCl2 (1.0 M, IT) solution was merged in J1 with 



 
the acidic solution of ECP1 on ICP. Under these conditions, vesicles with fiber-like 
structures were also observed, confirming that self-assembly can also be 
triggered by modulation of the ionic strength of the media (Fig. S28). In this 
case, the supramolecular fibers seem to be distributed throughout the water 
droplet internal volume, as already reported with a different peptide,11 and 
the resulting droplets presented reduced fusiogenic properties, most likely due 
to the different properties of the resulting nanotubes.  
Finally, the light-induced assembly on the droplet was also assessed. To this end, 
vesicles containing ZCP1 (1.0 mM, ICP) were prepared by merging ICP with the 
HEPES solution (20 mM, pH 7.0, IT) at J1. The resulting droplets were stored and 
analyzed by fluorescence microscopy. The vesicles showed the typical 
quenched blue fluorescence emission previously mentioned. These vesicles 
were irradiated using a 290-320 nm lamp for 5 min (Fig. 5D and S29). After 2 min, 
clear emissions with fibrillar shape structures were observed at the droplet, 
confirming the isomerization-triggered assembly of the CP in the confined 
environment. The resulting vesicles were lysed by adding a TFA aqueous 
solution (0.1% v/v) and sonicated for 30 sec. The supernatant of the resulting 
aqueous solution was analyzed by HPLC showing similar photostationary state 
with a 7:3 ratio between ECP1:ZCP1 as found in solution. 
 
 
 
CONCLUSIONS 
We have shown how the ability to precisely control a switchable structure 
enables the robust design of novel tubular-shaped photo-assemblers. For this 
purpose, we have designed a new cyclic peptide containing an unsaturated 
ß-amino acid, whose irradiation with the appropriate wavelength allowed the 
isomerization of the aforementioned residue between the Z- and the E-forms. 
While the cis-isomer adopts a folded conformation driven by the strong 
intramolecular hydrogen bonding of the unsaturated residue that constrains its 
assembly properties, the trans-isomer adopts a planar conformation that 
facilitate the stacking and the formation of a tubular-shaped supramolecular 
polymer. Such assembly process occurs only at appropriate pH (5.6-9.5) due 
to the selective protonation/deprotonation of basic residues, allowing a dual 
checkpoint control over nanotube formation. The isomerization and the 
different properties of both isomers were proven by different techniques, such 
as NMR, fluorescence/CD spectroscopy, STEM or AFM. Finally, the spatial 
controlled polymerization of cyclic peptides to form microfibrillar bundles in 
confined aqueous droplets was addressed by a microfluidic regulated 
tandem process. This method not only allowed the visualization of 
supramolecular polymerization triggered by light and media, but also the 
precise preferential localization of fibers at the periphery or into the core of the 
droplets. The nanotubes generated under neutral conditions, those formed at 
the interface, exhibit fusiogenic properties inducing droplets merging. 
Nanotube formation only takes place under appropriate environmental 
conditions for the E-isomer cyclic peptide. This work fully demonstrates the 
control over the supramolecular polymerization of synthetic fibers in artificial 
minimal models. The fusiogenic properties of this photoassemblers might find 
applications in the development of novel delivery systems of therapeutic 
agents, such as proteins (antibodies or enzymes), for the treatment of various 
diseases. These systems should contain the non-stackable form of the CP at the 
vesicle interface to form the nanotubes upon light irradiation and trigger the 
vesicles fusion with target cells. 
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FIGURES AND LEGENDS 



 
Figure 1. Synthetic scheme and isomerization studies.  

(A) Illustration of the synthetic scheme used for the preparation of CPs (CP2/CP3, ZCP1/ECP1 
and ZCP4/ECP4). 
(B) Pilled chromatograms corresponding to the kinetic study at pH 5.1 of the isomerization 
of ZCP1 into ECP1 (200 μM) by irradiation with 290-320 nm wavelength. An aqueous solution 
of 4-aminobenzoic acid (ABA, 0.01 mg/mL) was added as an internal standard to quantify the 
peptide concentration. 
(C) Time-dependent conversion of ZCP1 into ECP1. 
(D) Pilled chromatograms corresponding to the kinetic study at pH 4.6 of the isomerization 
of ECP1 into ZCP1 (200 μM) by irradiation with 254 nm wavelength. An aqueous solution 
of 4-aminobenzoic acid (ABA, 0.01 mg/mL) was added as an internal standard to quantify the 
peptide concentration. 
(E) Time-dependent conversion of ECP1 into ZCP1. 
 
Figure 2. Characterization and nanotube forming properties of ECP1. 

(A) Model proposed for the self-assembly process. The amino acid side chains in the 
nanotube model are omitted for clarity. 
(B) Fluorescence emission of ECP1 (100 μM) in water ( ex = 340 nm) at different pH by 
adjusting the media by addition of small aliquots of NaOH (0.1 M). 
(C) Overlaid ThT (20 μM) fluorescence spectra of solutions of ECP1 in HEPES (10 mM, pH 7.0) 
at different concentrations ( ex = 440 nm). 
(D) Intensity ratio I494/I0 versus the concentration of ECP1. I0 is the fluorescence intensity at 
494 nm of ThT alone. Spectra were recorded at 20°C. The break point indicates a cac of 22 
μM. 
(E) CD spectra of ECP1 (350 μM) in water at different pH. The pH was adjusted by adding 
NaOH (0.1M). 
(F) STEM micrograph achieved by deposition from a solution of ECP1 (200 μM, 10 mM HEPES 
at pH 7.0) on Cu grids. Staining was obtained with 2 % w/v phosphotungstic acid (PTA). Scale 
bar 200 nm.  
(G) STEM micrograph achieved by deposition from a solution of ZCP1 (200 μM, 10 mM 
HEPES at pH 7.0) on Cu grids. Staining was obtained with 2 % w/v phosphotungstic acid 
(PTA). Scale bar 200 nm. 
(H) AFM micrograph of ECP1 (200 μM, 10 mM HEPES at pH 7.0) on mica. The height profiles 
(right) were achieved along the color lines (red, green and blue) shown in the image. 
(I) Representative epifluorescence image of SCPNs deposited on a standard glass 
microscopy slide from a solution of ECP1 (350 μM) in HEPES (10 mM, pH 7.0). Scale bar: 20 
μm. 
 
Figure 3. Studies of light induced nanotube assembly/disassembly by CP 
interconversion (ECP1 ⇄⇄ ZCP1) at different conditions. 

(A) Illustration of the photo-modulated assembly/disassembly process of peptide nanotubes 
at different pH. The amino acid side chains in the nanotube model are omitted 
for clarity. 
(B) HPLC analysis of the irradiation (290-320 nm) of an aqueous solution of ZCP1 (200 μM) at 
pH 7.0 (HEPES, 10 mM) after different time intervals. After 2 minutes of irradiation (purple 
line), the formation of a new product (ECP1) is distinctly observable.  
(C) Fluorescence analysis (overlaid of ThT (20 μM) fluorescence emission band) of ZCP1 (100 
μM) irradiated with a 290-320 nm wavelength lamp at pH 7.0 (HEPES, 10 mM). 400 μL 
aliquots of CP at 200 μM were taken every minute, mixed with a 40 μM ThT 
solution (400 μL in 10 mM HEPES, pH 7.0) and then analyzed in the fluorimeter. 
(D) Fluorescence analysis (overlaid of ThT (20 μM) fluorescence emission band) of nanotube 
dissociation by irradiation a solution of ECP1 (100 μM) with a 254 nm wavelength lamp at pH 
7.0 (HEPES, 10 mM). 400 μL aliquots of CP at 200 μM were taken every minute, 
mixed with a 40 μM ThT solution (400 μL in 10 mM HEPES, pH 7.0) and then 
analyzed in the fluorimeter. 
(E) STEM micrographs achieved by deposition on Cu grids at different reaction time of 
solutions of ECP1 (25 μM) irradiated with a 254 nm wavelength lamp at pH 7.0 (HEPES, 10 
mM). Staining was obtained with 2 % w/v phosphotungstic acid (PTA). STEM micrographs 
were acquired at an extra high tension of 20kV. 



 
 
Figure 4. Stimuli mediated self-assembly of ECP1 in microfluidic generated 
droplets. 

(A) Microfluidic device for the in-situ nanotube formation. Channels dimensions: 35 x 50 μm. 
CPs (ZCP1 or ECP1) in aqueous media (1.0 mM, milliQ water, pH 2–3) were injected in inlet ICP 
(blue) at flow rate of 300 μL h-1 and assembled upon mixing at J1 with inlets IT (red) containing 
aqueous HEPES (20 mM, pH 7.0) or CaCl2 (1.0 M) at flow rate of 150 μL h-1. The aqueous 
stream converges in J2 with the oil phase at inlet Ioil (HFE 7500 3M Novec with 0.5 % v/v Pico-
Surf as surfactant, black) at flow rate of 500 mL h-1 for droplet generation. Droplets are 
collected in the outlet. In the figure, the collection of B or C droplets corresponds to 
independent experiments.  
(B) Microfluidic droplets (water-in-oil) of ZCP1 at pH 7.0. ICP is an aqueous solution of ZCP1 
(1.0 mM) and IT is HEPES (20 mM, pH 7.0). Scale bar: 100 μm. 
(C) Self-assembly of ECP1 into microfluidic-generated droplets (water-in-oil). An aqueous 
solution of ECP1 (1.0 mM) at ICP is mixed with the buffered HEPES solution (20 mM, pH 7.0, 
IT) at J1. Scale bar: 100 μm. 
(D) Microscope images at different times (0, 12, 24 and 36 s) of droplets prepared at neutral 
pH, showing the vesicles fusiogenic properties induced by SCPNs generated at the interface. 
Scale bar: 100 μm.  
Figure 5. Studies of fusiogenic properties of droplets induced by cyclic peptide 
nanotubes. 

(A) Brightfield, (B) epifluorescence pyrene emission and (C) epifluorescence 5-
TAMRA emission images of ECP1 droplets mixed with ZCP1 droplets with 5-
TAMRA in a 1:1 ratio. (D) Microfluidic droplets (water-in-oil) of ZCP1 at pH 7.0 
after 5 min irradiation with a 290-320 nm lamp in which bright fiber-like 
structures are observed. (E) Proposed model of droplet fusion based on the 
hierarchical process of SCPNs at the interfaces.  














