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Photoreversible formation of nanotubes in water from an
amphiphilic azobenzene derivative

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

An anionic azobenzene-appended derivative of L-ValylGlycine self-
assembles into nanotubes in water. Irradiation with 365 nm light
provokes trans-cis isomerization of the azobenzene unit and
subsequent tube disassembly. Thermal or photoinduced (457 nm
light) recovery of the trans isomer restores the nanotubes.

Responsive and adaptive organic molecular (nano)materials are
used, among other fascinating applications, as actuators and in
targeted drug release.’3 The use of light as a stimulus is
especially attractive because it provides spatial and temporal
control without direct contact. Thus, for example, controlled
delivery of bioactive molecules in a given microenvironment
with a good time and position resolution is of utmost interest
for biomedical applications.*>

Amphiphilic molecules are a preferred building block for
preparing functional molecular materials in aqueous
environments.® Particularly, photoresponsive amphiphiles
afford materials whose formation and function are light-
controlled.” Examples of units that can undergo light-induced
reversible changes in their structure and that have been
incorporated into amphiphiles include derivatives of
diarylethene,8 spiropyran® and, mostly, azobenzene.10.11

Azobenzenes show outstanding properties for their use as a
photoswitch, such as excellent reversibility and trans-cis
isomerization cycles endurance.1213 Photocontrollable self-
assembly has been mainly studied using molecules with
azobenzene moieties.* Examples include the formation or size
regulation of micelles,> vesicles,16719 organic nanoparticles,20.21
molecular hydrogels?2.23 and the reversible conversion between
nanotubes and nanoparticles.2* With a biomedical perspective,
azobenzene isomerization permits photocontrol of complex
biological systems,?>26 and an azobenzene-modified
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diphenylalanine derivative has been used for photocontrolled
targeted delivery of siRNA biomolecules.?”

Peptide-derived nanotubes have received much attention
focused on understanding their self-assembly mechanism and
exciting properties.?8-30 Aside from cyclic peptides,3! many of
the studies on peptide nanotubes are based on the self-
assembly of dipeptide derivatives. Remarkably, the
diphenylalanine motif is prone to self-assemble into tubular
structures, and many studies have been carried out in this
direction.3? Peptide nanotubes are studied in the context of
different applications in areas such as electronics, sensors, and
biomedical materials, among others.33 Noticeably, peptidic
nanostructures can be used for targeted drug delivery.3435

Here we report on the light-controlled reversible formation
of nanotubes from a derivative of L-ValGly with an appended
azobenzene moiety (SucValGlyAzo, Scheme 1). Up to our
knowledge, these results are unprecedented. In related work, a
diphenylalanine moiety with a pendant azo-group formed fibrils
that evolved to vesicles upon photoisomerization. 36 The
insertion of an azobenzene moiety in a decapeptide permitted
photoregulated fibrilization.3” A diglycine-based molecule
containing an azobenzene unit changed its aggregation upon
irradiation from nanoribbons to a hydrogel.38
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Scheme 1. Structure of SucValGlyAzo
photoisomerization and nanotube formation.

and pictorial representation of its
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SucValGlyAzo was prepared from L-ValGly by N-acylation
with succinic anhydride at the N-terminus and amide formation
with 4-aminoazobenzene at the C-terminus, using the
corresponding N-protection and C-activation strategies (see S|
for details). The introduction of a succinic acid moiety has been
explored several times in our previous work to produce
molecules that can aggregate in water to yield gels formed by
fibrillar networks3°-41 or nanoparticles.*?

SucValGlyAzo showed, as expected, a reversible trans-cis
photoisomerization. Fig. 1 shows that upon irradiation with UV
light, the absorption band at ca. 340 nm diminishes in parallel
with the increase of the band of the cis-isomer at ca. 440 nm.
The
tris(hydroxymethyl)aminomethane (Tris) buffer at pH 7.4,
where the predominant species of SucValGlyAzo is the
carboxylate (the pK, of the conjugated acid is 6.1). The
photoisomerization process was found to be fully reversible.
Several cycles of trans-cis interconversion could be performed
by alternative irradiation at 365 nm and 457 nm, without
significant alteration of the chromophore (Fig. 1). As usual for
the azobenzene unit, thermal energy also permits a progressive
cis-trans transformation, which is significantly slower for this
molecule. For example, the absorption spectrum of the cis
isomer is almost unchanged after 10 minutes of thermal
equilibration at 25 eC. It requires more than one hour to recover
the trans form (Fig. S1) fully. However, after irradiating the cis
isomer with visible light, the trans form is obtained
immediately. (Fig. S2).

measurements were carried out in
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Fig. 1. Left: UV-Vis spectra of SucValGlyAzo as a function of time upon 365 nm UV light
irradiation Right: Absorbance changes at 340 nm observed during five cycles of
consecutive irradiation for 30 seconds with 365 nm UV light and 457 nm visible light.
[SucValGlyAzo] = 1.7 mM, 0.1 M Tris buffer, pH 7.4, 25 °C.

The aggregation of SucValGlyAzo was monitored by
dynamic light scattering (DLS). The plot of the intensity of
scattered light vs. concentration of the azo derivative reveals a
scattering onset at ca. 0.6 mM, ascribable to the critical
aggregation concentration (Fig. 2). The analysis of the size
distribution obtained by DLS is also shown in Fig. 2. A broad
distribution was obtained with an intensity averaged apparent
diameter (Di) of 334 £ 49 nm and a polydispersity index (Pdl) of
0.50 £ 0.09. Filtration through a 0.45 pum mesh nylon filter to
remove large particles afforded a monomodal symmetrical size
distribution, with Di = 107.0 + 1.0 nm and Pdl = 0.203 + 0.012.
The nanometric objects showed reasonable temporal stability,
being the size distribution very similar after storage for 16 h of
the sample at 42C (Fig. S3). It has to be noted that DLS results
are commonly presented as a particle diameter distribution,
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obtained from the Stokes-Einstein equation assuming spherical
particles.*®* However, for rods or cylindrical objects, as those
described below, the analysis is much more complex.#* For this
reason, the plot in Fig. 2 shows the distribution of diffusion
coefficients and the apparent diameter, namely, that obtained
assuming spherical particles.

Given the anionic nature of SucValGlyAzo at neutral pH
values, it was expected that its aggregation could be influenced
by the concentration and nature of the cations present in the
medium. For this reason, a comparison of dispersing media was
made by DLS in 0.1 M Tris, phosphate (PB) and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffers
(Fig. S4). Significant differences were found. The sample in PB
shows a broad bimodal distribution of sizes (D; ca. 400 and 2000
nm). For the case of HEPES buffer, also a bimodal distribution of
smaller objects is obtained (D ca. 40 and 200 nm). These results
differ from the monomodal size distribution previously
obtained for the aggregation of SucValGlyAzo in Tris (Fig. 2).
Seemingly, the different characteristics of the cations present in
the buffers affect the aggregation according to these
preliminary assays, but further studies would be required taking
into account variables such a pH or ionic strength. It is worth
noting that PB contains mainly the spherical and relatively small
cation sodium, which presumably promotes larger aggregated
species. HEPES buffer preparation requires neutralization with
sodium hydroxide, affording sodium and ammonium species as
cations. However, Tris buffer contains exclusively organic
ammonium-type cations. This behavior is directly related to the
Hofmeister (lyotropic) series, where the sodium cation presents
a significantly higher aggregation-promoting effect than
ammonium derivatives.*®
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Fig. 2. Left: Variation of the intensity of scattered light with the concentration of
SucValGlyAzo determined by DLS. Right: Diffusion coefficient and apparent diameter
particle distribution determined by DLS for a 1.7 mM sample of SucValGlyAzo before
(dashed line) and after (solid line) filtration through a 0.45 pm mesh filter. All the
measurements were carried out in 0.1 M Tris buffer, pH 7.4, 25 C.

Electron microscopy revealed that the objects detected by
DLS correspond to nanotubes. The images in Fig. 3 correspond
to a sample treated with a 0.45 um mesh nylon filter, but similar
nanotubes were observed for unfiltered samples (Fig. S5).
Transmission electron microscopy (TEM) images show the
extensive formation of nanotubes with a monodisperse
diameter distribution of 23 nm and a wall thickness of 9 nm (Fig.
3A-C). Cryo-TEM showed the formation of nanotubes that
coexist with twisted tapes (Fig. 3D). It could be argued that
SucValGlyAzo forms an amphiphilic bilayer that originates a
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tape that twists into nanotubes, as reported in related
systems.29,46-48

Fig. 3. TEM (A-C) and cryo-TEM (D) images of the nanotubes formed by SucValGlyAzo
(1.7 mM, 0.1 M Tris buffer, pH 7.4; uranyl acetate was used as a staining agent for the
TEM images).
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shows an intense emission (Amax = 625 nm), indicating the
incorporation of the dye in hydrophobic regions of the
nanotubes (Fig. 5 and Fig. S8). Irradiation with UV light results
in fluorescence quenching and peak shift to 660 nm, indicating
the exposition of Nile Red to the aqueous solvent due to light-
promoted nanotube disaggregation. Then, irradiation with 457
nm light (30 seconds) provokes a notable fluorescence recovery
after 30 min. (Fig. 5).
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Fig. 4. DLS measurements of a SucValGlyAzo solution (1.7 mM, 0.1 M Tris buffer, pH 7.4)
Left: Scattering intensity distribution before (solid line) and after (dashed line) irradiation
with 365 nm light. Right: Temporal evolution of the scattering intensity distribution for
the UV-irradiated sample upon resting in the darkness at 25 C.

The light-controlled nanotube assembly/diassembly
processes were studied by DLS measurements (Fig. 4). After UV
irradiation, almost no scattering is measured by DLS, revealing
that the trans-cis isomerization results in nanotube
disassembly, with a residual number of aggregates. TEM images
(Fig. S6) show that most nanotubes have disappeared
compared to the images previous to irradiation shown in Fig. 3.
Noticeably, TEM also reveals that some blurred structures
reminiscent of the nanotubes are still present. The thermal
equilibration of the system shows that the intensity of scattered
light increases with time. Also, after 60 min the size distribution
shifts towards smaller apparent diameters. This behaviour can
be ascribed to the progressive growth of nanotubes, which in
the initial stages are smaller than the residual ones remaining
after UV irradiation. Finally, a monomodal size distribution like
the initial one, but broader, is achieved after two hours.

The UV-promoted nanotube disassembly can be rationalized
considering that trans-azobenzene is almost flat and has no
dipole moment, whereas the cis isomer presents an angular
geometry and a dipole moment.*? This dramatic change would
affect intermolecular interactions like aromatic stacking, which
are responsible for the self-assembly process.

It is interesting to note that the UV-vis spectra of the sample
before UV irradiation and immediately after visible irradiation
differ in the shape of the band assigned to the trans isomer at
ca. 340 nm (Fig. S7). Most likely, irradiation with visible
lighinitially affords free (non-aggregated) trans molecules
whose absorption spectrum is more symmetric and slightly red-
shifted compared to nanotubes.

The photoisomerization-controlled self-assembly process
can also be monitored using the fluorescent probe Nile Red
(NR). This dye shows a very weak fluorescence in water that is
dramatically boosted upon its incorporation into hydrophobic
environments.>® In the presence of SucValGlyAzo, Nile Red
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Summarizing, SucValGlyAzo shows photocontrolled
reversible self-assembly into nanotubes of monodisperse
diameter in aqueous media at physiological pH values. It should
be highlighted that SucValGlyAzo is a small, synthetically simple
molecule. This represents a considerable advantage for
envisaged practical applications. Additionally, the reported self-
assembly into nanotubes comes from a dipeptide that does not
contain a phenylalanine unit. Instead, it seems that the
azobenzene unit imparts the required hydrophobic and
presumably aromatic stacking interactions for the self-
assembly. The blue-shift and broadening observed in the
absorption spectrum of the aggregates would support such
interactions.

Overall, the reported photocontrolled nanotube formation in
water is unprecedented and could constitute a relevant tool for
developing smart systems with biomedical applications. For
example, UV light-mediated drug delivery can be applied to
organs that can be directly illuminated, such as the skin, or to
targets that can be reached by endoscopic techniques.5! Also,
this type of system could be used as an actuator to convert light
to mechanical work.52
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Fig. 5. Emission intensity (Aex = 520 nm) of a solution of SucValGlyAzo containing
Nile Red (10 pM). Solid line: initial sample; dotted line: after irradiation with 365
nm light for 30 seconds; dashed line: subsequent irradiation with 457 nm light for
30 seconds and then resting for 30 minutes. Left: Absolute emission intensity.
Right: Normalized emission intensity. [SucValGlyAzo] = 1.7 mM, 0.1 M Tris buffer,
pH 7.4, 25 2C).
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