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One of the main challenges in self-assembly is to emulate
biological systems and to design building blocks that have
stimulus-responsive properties for programmed self-organ-
ization. In the past few decades, various building blocks
arranged from b-sheet-forming peptides have been developed
for synthetic well-defined architectures having potential
applications in biomedicine, biomaterials, and optical and
electronic materials.[1–3] Peptides offer distinct features
including biocompatibility, highly ordered hydrogen bonds,
ease of decoration with functional elements, and high stability
of the b sheets.[4] In general, stimulus-responsive self-assem-
blies at the molecular level require a conformational change
that leads to different secondary interactions and further
molecular packing.[5] Considering the high stability of
b sheets,[4] we aim to balance their conformational change
and stability in stimulus-responsive self-assembly based on
building blocks containing b-sheet-forming peptides (here-
after termed peptide building blocks). Accordingly, such a
self-assembly is controlled at the b-sheet level[6] and morpho-
logical transformation is carried out on the basis of a
“structural continuity of the stable b sheets”. For example,
transitions between plate nanoribbons and nanotubes rely on
the capability of the twisting and unwinding of the plate
nanoribbons.[6a] Transition between nanotubes and vesicles
interrelates to the layered b sheets and the inner hollow
nature.[6b] In addition, photoresponsive transition from quad-
ruple helix to individual fibers is based on the fibril
structures.[6c]

As a proof of principle, we designed an amphiphilic
tripeptide–bipyridine conjugate 1 (Scheme 1). Two b-sheet-
forming Lys-Phe-Ala peptides[7] are covalently linked at the
5,5’-positions of a hydrophilic bipyridine unit.[8] The sequence
is designed as bipyridine–linker–Ala-Phe-Lys-Boc (Boc =

tert-butoxycarbonyl) to produce possible U-shaped b-sheet-
like structures in which the N-Cbz lysine (Cbz = benzyloxy-

carbonyl) side chains act as the hydrophobic U-shaped tails.
U-shaped molecules have recently been reported to form
vesicles.[9] The unprecedented cooperation between these
functions leads to a controllable self-assembly forming
vesicles and nanofibers. Surprisingly, external stimuli of
temperature and ultrasound can further switch a reversible
morphological transformation between vesicles and nano-
fibers.

From the structural point of view, nanofibers and vesicles
are distinctly different. Nanofibers are 1D nanostructures in
which molecules tightly pack along the direction of 1D
intermolecular interactions forming end-opened self-assem-
blies, whereas vesicles form a bilayer structure in which
amphiphilic molecules have a hollow and spherical morphol-
ogy, generally much larger than that of nanofibers. To the best
of our knowledge, there are no reports regarding the
morphological transition between these two structures
based on regulating self-assembly by using peptide building
blocks.

Compound 1 was successfully synthesized by coupling a
tripeptide sequence of Boc-{(N-Cbz)-Lys}-Phe-Ala-COOH
with 5,5’-dibromomethyl-2,2’-bipyridine in a yield of 70–80 %.
Analogues 2–4 were synthesized in a similar way. All
conjugates were fully characterized by 1H and 13C NMR
spectroscopy and mass spectrometry.

Although insoluble in water, 1 is soluble in tetrahydro-
furan (THF). Addition of water to a THF solution of 1, for
example, up to a concentration of 2.0 mgmL�1 in 1:1 THF/
water (v/v) led to the formation of vesicles (Figure 1a). The

Scheme 1. a) Chemical structures of 1–4. b) Hydrogen bonds and
b-sheet-like structures formed from 1. c, d) Proposed models for
molecular packing and conformations of 1 inside vesicles (U-shaped I)
and nanofibers (U-shaped II).
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hollow feature of the vesicles was clearly evidenced by
transmission electron microscopy (TEM; inset of Figure 1a).
The wall thickness was estimated to be about 5 nm, consistent
with a loose bilayer of the b-sheet-like structures in which 1
was proposed to adopt a conformation called U-shaped I
(Scheme 1c and d). In contrast, 2 and 3 without the lysine
residue did not form vesicles under similar conditions. In fact,
2 formed rigid 1D nanoplates and 3 self-assembled into
leaflike structures (Figures S1 and S2 in the Supporting
Information). Moreover, the observation of vesicles from 4
pointed towards the vital role of the lysine residue in the
formation of vesicles in our conjugates (Figure S3 in the
Supporting Information).

Upon ultrasound treatment (0.40 W cm�2 and 40 kHz) of
this vesicle solution for 10–30 min, an opaque gel formed.
Scanning electron microscopy (SEM) and TEM images of the
xerogels (Figure 1b and c) revealed formation of micrometer-
long fibril structures with sizes of 50–100 nm in width, which
suggests an ultrasound-induced morphological transition
from vesicles to nanofibers. No vesicles were observed,
which indicates complete conversion of the vesicles to
nanofibers. Interestingly, after the opaque gel was incubated
at 60 8C in a water bath for about an hour, the nanofibers were
fully transformed into vesicles and thus the gel was com-
pletely converted into the original transparent solution. This
morphological transition was reversible and repeatable with-
out any obvious fatigue effects, thus switching the macro-
scopic properties between transparent solution and opaque
gel. It should be pointed out that compounds 2–4 exhibited no
morphological changes upon heating and ultrasound treat-
ment.

Ultrasound treatment led to collapse of the vesicles and
subsequent formation of short nanoribbons, which further
twisted under direction of chirality of the peptide segments
and elongated into short nanofibers (Figure 2a, 0–5 min).
With the increase of treatment time, the short nanofibers
became longer, and this finally led to the formation of
nanofiber networks and consequential gelation (Figure 2a, 7–
10 min). Conversely, the reverse transition from nanofibers to
vesicles most likely resulted from a process of heat-induced
blooming of disklike microplates fused from the nanofiber
networks (Figure 2a, 10 min), accompanied by blooming of
vesicles from the open end of nanofibers (Figure 2a, 15–
50 min). The mother microplates split into daughter vesicles
with different sizes (Figure 2 a, 50 min).[1c] Because the nano-
fibers are insoluble, while the vesicles are soluble, the newly
formed vesicles and microplates can disengage from the

nanofiber networks and “dissolve” into the solution. This
“dissolving” process may further facilitate the transition from
nanofibers to vesicles.

What governs such a reversible transformation between
nanofibers and vesicles? What are the differences in the
conformations of the molecules inside the nanostructures,
which may be sensitive to heat and ultrasound treatment and
finally lead to the morphological change? To gain insight into
the structural information inside the nanofibers and vesicles, a
series of spectroscopic experiments was performed.

The X-ray diffraction (XRD) data (Figure 3a) clearly
reveal the formation of b-sheet-like structures. For the
nanofibers, a very intense signal at 2q = 19.08 gives a d spacing
of 4.7 �, which is related to the spacing between peptide
backbones.[10] In addition, several reflections were detected in
the 2q range of 5–128, which originate from the ordered
stacking periodicity of the b sheets (Scheme 1c). The d value
of 16.2 � corresponds to the intersheet spacing between the

Figure 1. SEM and TEM images of a) vesicles and b,c) nanofibers
obtained after ultrasound treatment of the transparent vesicle solution
for 10 min ([1] = 2.0 mg mL�1). Scale bars: 1 mm.

Figure 2. a) SEM observations of the conversion process from vesicles
into nanofibers. A homogeneous solution of the vesicles was subjected to
ultrasound for various periods. b) SEM observations of the conversion
process from nanofibers into vesicles. The opaque gel was incubated at
60 8C in a water bath for various periods ([1] = 2.0 mgmL�1). Scale bars:
1 mm.

Figure 3. a) XRD patterns, b) solid-state CP-MAS 13C NMR spectra,
c) FTIR spectra, and d) CD spectra of the as-synthesized nanofibers (black
lines) and vesicles (red lines; [1] = 2.0 mgmL�1). The assigning of the CP-
MAS 13C NMR spectra is provided in detail in the Supporting Information
(Figures S13 and S14).
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lysine side chains, and values of 10.2, 8.8, and 7.7 � are
assigned to the intersheet periodicity between the phenyl-
alanine side-chain packing at localized positions. Such an
ordered stacking finally led to the formation of tight bilayers
of the b-sheet-like structures in which 1 was considered to
take a U-shaped II conformation. With regard to the vesicles,
only one broad peak at 2q = 18.78 with a d spacing of 4.8 �
was detected, which had been assigned to the spacing between
peptide backbones.[10]

The differences in diffraction peak numbers and relative
intensities between these two sets of XRD data imply that the
side chains of amino acid residues in fibril structures are in a
more orderly and compact arrangement than those in the
vesicles (Scheme 1c). The tight and loose bilayers are further
supported by small-angle X-ray diffraction (SAXRD) data
(Figure S5 in the Supporting Information): The peak with d =

49.0 � is consistent with the loose bilayers of the b-sheet-like
structures in the vesicles and the peak at 2q = 3.18 is assigned
to the orderly bilayered packing of the b-sheet-like structures
in the nanofibers (Figure S6 in the Supporting Information).

Solid-state cross-polarization magic angle spinning (CP-
MAS) 13C NMR spectra confirm essentially the same patterns
for the dipeptide segment of the Boc-{(N-Cbz)-Lys}-Phe
sequence, which is bound by the backbone�s hydrogen bonds
inside both the nanofibers and vesicles (Figure 3b). The two
amide-carbonyl peaks overlapped at approximately 172 ppm,
which indicates that the dipeptide backbones adopt b-sheet-
like rather than helixlike structures for which the resonances
were expected at about 176 ppm.[11] The magnetic resonances
of a carbon atoms of the lysine and phenylalanine residues
occur respectively at 55.5 and 54.5 ppm for vesicles, and 55.8
and 54.4 ppm for nanofibers. Cbz and carbamate carbonyl
peaks were observed at about 157.3 and 156.5 ppm for
vesicles, and 157.7 and 156.7 ppm for nanofibers (Figures S13
and S14 in the Supporting Information), respectively.

These results suggest that the dipeptide segment adopts
similar conformations inside both nanostructures. The nature
of hydrogen bonding of the dipeptide segment is further
confirmed by FTIR spectrometry (Figure 3c). The NH bands
centered at 3309 cm�1 for nanofibers and 3306 cm�1 for
vesicles are typical of NH functions involved in hydrogen
bonding.[12] The amide I band at 1647 cm�1 for nanofibers but
1649 cm�1 for vesicles is also evidence for the b-sheet-like
conformations.[13] The C=O stretching band at 1695 cm�1 is
assigned to hydrogen-bonded carbamate and Cbz func-
tions.[12] Thus, the overall set of data suggests 1) the formation
of b-sheet-like structures in both nanostructures via intermo-
lecular hydrogen-bonding networks of the Boc-{(N-Cbz)}-
Lys-Phe segment (Scheme 1 b) and 2) the stability of the
b-sheet-like structures upon heat and ultrasound treatment.

Surprisingly, the CP-MAS 13C NMR spectra show that the
a carbon atoms of the alanine residues in both nanostructures
are split into two bands at approximately 48.0 and 50.6 ppm,
which arise from b-sheet and non-b-sheet forms, respec-
tively.[11] Integrals indicated that only around 50 % of the
alanine residues in the vesicles and up to about 90 % in the
nanofibers were engaged in the b-sheet-like structures. This
splitting reveals that up to 50% of the alanine residues inside
the vesicles adopt different conformations, whereas in the

nanofibers most of them select similar conformations. This
conformational change resulting from ultrasound treatment is
deeply related to the flexible nature of the linkers, as
observed in ultrasound-induced gelation.[14] The flexibility of
the linkers is further supported by FTIR spectra in which the
C=O stretching band occurs at 1742 cm�1 (Figure 3c), which is
attributed to unbound ester.[12, 13a]

The ultrasound-induced conformational changes of the
linkers may accompany different orientations of the bipyr-
idine group in both nanostructures, as confirmed by circular
dichroism (CD) experiments. Figure 3d shows that the CD
signals of the nanofibers are totally different from those of the
vesicles. Typical CD spectra of the nanofibers display two
broad negative bands in the aromatic range. The broad
negative band around 250 nm is attributed to a combination
of the n!p* transitions of bipyridine and p!p* transitions
of benzene groups.[15] The relatively strong CD signals around
295 (shoulder) and 306 nm originate from the characteristic
bipyridine p!p* transitions.[15a,b] In the vesicles, the bipyr-
idine p!p* transitions show a positive and negative Cotton
effect at 278 and 307 nm, respectively, with a zero crossover at
291 nm. This reveals a quite different orientation of the
bipyridine groups in the vesicles and nanofibers. Similarly, the
benzene functions in the range of 250–285 nm show a positive
Cotton effect in the vesicles, while in the nanofibers a
negative Cotton effect arises at this band,[15c,d] further
supporting the different packing of the peptide side chains
in both nanostructures. The different packing of the side
chains is consistent with the different positions of the aliphatic
carbon atoms of the side chains occurring in the range of 45–
10 ppm, for example, the b carbon atoms of the alanine (16.1
versus 18.2 ppm) and g carbon atoms of the lysine residues
(23.7 versus 25.9 ppm; Figures S13 and S14 in the Supporting
Information).

Considering the large difference in the CD signals
between both structures, variable-temperature CD spectros-
copy was conducted to gain deeper insight into the conforma-
tional variety of the aromatics during the reversible morpho-
logical transition. Figure 4a and b show the recorded CD
spectra during heating and cooling, respectively. Initial
heating from 25 to 45 8C resulted in a slight increase in CD
intensity, possibly as a result of the heat-induced dissolution
of the nanofibers. When the temperature was above 55 8C, an
obvious decrease of [q]307 occurred. The sample was then kept
at 60 8C for 40 min until no further changes in the CD spectra
were observed. At this point, a spectral trajectory totally
different from that of the nanofibers but similar to that of the
vesicles appeared, which indicated full transition from nano-
fibers to vesicles. With the decrease of temperature from 60 to
25 8C, the [q]307 value initially remained nearly constant and
then increased when the temperature was below 35 8C,
because of ordered packing of the molecules at lower
temperature.

As inferred from the spectral data, the b-sheet-like
structures formed from the terminal dipeptide segments are
stable enough upon external stimulus. However, the flexible
central linkers are free of hydrogen bonding, and thus possess
high mobility and capability of conformational changes when
subjected to heat and ultrasound. The intermolecular hydro-
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gen-bonding distance in the peptide segments is approxi-
mately 4.7 � and the directionality of the b-sheet-like hydro-
gen-bonding network that coincides with packing of the
flexible central linkers and hydrophilic bipyridine groups
yields a much longer distance between the bipyridine units
than the stable p···p stacking distance (ca. 3.4 �).[16] There-
fore, the bipyridine groups are mobile enough upon external
triggering.

We propose that the reversible transition between the
vesicles and nanofibers is related to a conformational variety
of the flexible central linkers and the bipyridine groups
adopting either loose or tight packing to accommodate
structural changes in b-sheet-like bilayers when triggered by
heat or ultrasound (Scheme 1c). Ultrasound treatment leads
to collapse of the vesicles and formation of dense bilayer
structures (Scheme 1c). This transformation is underpinned
by the ultrasound-induced rotation of the bipyridine groups
and a consequential conformational change of the flexible
linkers (Scheme 1 d). The directionality and the sticky nature
of peptide hydrogen bonds are the driving forces in the
dynamic self-assembly and elongation of the dense bilayers,
which lead to the formation of nanofibers. As a result of the
high stability of the bilayered b-sheet-like structures, the
ultrasound-induced conformational changes of unbound
flexible linkers and different orientations of the mobile
bipyridine groups can be fully recovered when heating the
nanofibers and this leads to the formation of vesicles.

In summary, we have reported a smooth and reversible
transition between nanofibers and vesicles from a control-
lable self-assembly of an amphiphilic tripeptide–bipyridine
conjugate. Such a morphological reversibility originates from
a balance between the conformational change of the flexible
central linkers and the stable b-sheet-like structures formed
between the terminal peptide segments together with the
mobile bipyridine units. Therefore, we have provided an
elegant case to demonstrate how a small conformational
change imparts morphological reversibility based on struc-
tural continuity of stable b sheets. This not only adds value in
the understanding of stimulus-responsive self-assembly and
morphological control from peptide building blocks, but also
will be integrated into the design concept toward new
artificial structures that mimic biological systems.
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