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Ultrasound, i.e. high frequency oscillating pressure waves,
is commonly used to overcome kinetic barriers associated
with dissolution, assembly and gelation. We demonstrate
that ultrasound energy may also be used to achieve
transient reorganization of supramolecular nanostructures,
which revert back to the original state when sound is
switched off. Aromatic peptide amphiphiles, Fmoc-FL and
–YL were used to study the transient acoustic response.
These systems showed temporary supramolecular
transitions that were sequence dependent. The changes
observed were due to an altered balance between Hbonding and π-stacking, giving rise in changes in chiral
organisation of peptide building blocks. Transient
reconfiguration was visualized by TEM and changes in
supramolecular interactions characterized by fluorescence,
FT-IR and CD. Remarkably, significant differences are
observed when compared to thermal heating, which shows
relates to the oscillating and directional characteristics of
ultrasound when delivering heat to a system.
Molecular self-assembly plays a key role in biological systems and
also provides a versatile approach for materials fabrication.1-3
Molecular self-assembly can be controlled using a variety of stimuli
including chemical4,5 and mechanical triggers.6,7 By definition, selfassembly systems operate in the direction that lowers their free
energy. Non-equilibrium, transient nanostructures, that only exist
away from thermodynamic equilibrium are increasingly of interest.
Such systems require energy input to maintain a certain assembled
state, which relaxes back to the un-assembled state when energy
supply is stopped.8-10 (Ultra-) sound, i.e. oscillating pressure waves
of varying frequency provides substantial and largely unexplored
opportunities to provide mechanical energy to direct transient
nanostructure formation.
The ability of pressure waves to help overcome energy barriers is
well known- e.g. to dissolve molecules or disperse particles by
disrupting (non-specific) intermolecular interactions. For example,
using low frequencies (manual shaking at approximately 2Hz) may
result in reversible sol-gel transitions.11 Audible sound frequencies
(<1,000 Hz) have been used to trigger anisotropy changes (fibre
alignment).12 Ultrasound (>20 kHz) may also be used to control selfassembly and gelation processes, resulting in dramatic changes in
nanoscale morphology and material properties.13-16 Recently,
reversible sol-gel transitions using sonication of supramolecular
metallopolymers was reported.17
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Peptides are versatile building blocks in molecular self-assembly18-21
with recent reports revealing that ultrasound energy may be used to
trigger supramolecular transitions, resulting from changes in
supramolecular interactions. Mostly these studies used organic
solvents,22-27 with some reports using aqueous media.28,29 Yokoi et
al. reported the dynamic re-assembly of a 16 amino-acid residue
peptide in water using sonication. They demonstrated that upon
sonication the peptide nanostructure broke up into smaller fragments
that recombine into nanofibers when sonication is switched off.30
Very recently, non-equilibrium dynamic simulations were used to
investigate the effect of ultrasonic cavitation on amyloid fibre
nucleation and disruption.31
Clearly, ultrasound may be used to influence nanostructure assembly
and dis-assembly mechanisms. In here, we investigate whether
sound waves may be used to trigger temporary supramolecular
reconfiguration,
and
consequently
change
nanostructure
morphology, which will dissipate when sound is switched off. We
use aromatic peptide amphiphiles as model systems.32,33 These
systems assemble as a result of a combination of aromatic stacking
interactions and H-bonding, the balance between these two
components has a dramatic impact on the nanoscale morphology
observed. H-bonding and aromatic stacking have different thermal
dependencies and therefore it seems reasonable that ultrasound- as a
directional means to supply heat- may influence their reorganization.
The objectives of this study are therefore (i) to demonstrate the
ability of ultrasound to achieve transient changes in materials
properties of aromatic peptide amphiphiles (schematically shown in
Scheme 1a); (ii) to investigate the relative impact on aromatic
stacking and H-bonding interactions, by studying two closely related
aromatic dipeptide amphiphiles with different electron densities; (iii)
to compare acoustic response with thermal heating in transient
supramolecular reorganisation.
We used a purpose built ultrasonic setup (it should be noted that
most previous reports relied on commercial sonication baths or
probes that may not allow for regulation of frequency and
amplitude). In our system, an ultrasonic transducer provides highenergy frequencies (80 kHz) of precisely defined wavelength and
amplitude. As shown in Fig. S1 the acoustic pressure was measured
to be in a range of 0-120 KPa for 0-100mV amplitude values. In this
work, acoustic pressure of 120 kPa was used.
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Two aromatic dipeptide amphiphiles with different sequences
(fluorenyl-methoxycarbonyl-phenylalanine-leucine, Fmoc-FL and
the equivalent tyrosine derivative, Fmoc-YL, Scheme 1b) were used.
These are well suited for the current study because Fmoc-FL/–YL
are clearly similar in structure, but have different electron density on
the aromatic side chain residue (phenyl/phenol) giving rise to an
altered relative contribution of aromatic and hydrogen bonding type
interactions34, with the phenyl/phenol substitution giving rise to
more effective aromatic stacking. The resulting changes in
supramolecular interactions upon thermal heating were investigated
using temperature dependent 1H NMR Spectroscopy. NMR in the
aromatic region shows increase in the multiplicity for Fmoc-YL
upon thermal heating with peaks becoming sharper, indicating
increased disorder at 338K. By contrast, for Fmoc-FL the peaks
become broader upon increasing temperature, suggesting increased
order and stronger supramolecular interactions (Fig. S2). Thus,
aromatic stacking interactions increase upon heating for Fmoc-FL
resulting in retention of gel state, in line with previous observations
for other aromatic dipeptide amphiphiles, Fmoc-FG35 and FmocLG.36 By contrast, heating disrupts aromatic interactions for FmocYL, resulting in gel dissolution. These observations show that upon
altering the electron density of the aromatic side chain residue (in
this case, replacing phenyl by phenol in F and Y) the relative
contribution of aromatic and hydrogen bonding type interactions,
and therefore the thermal effects on molecular self-assembly can be
regulated.34 We concluded that the Fmoc-YL/FL systems provides a
suitable model system to investigate acoustic heating to control
peptide assembly.
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In order to acquire insights into the supramolecular transitions
induced by ultrasound we firstly used fluorescence spectroscopy,
focusing on the hydrophobic-stacking interactions among the
fluorenyl moieties.37-40 Specifically, for Fmoc-YL in the (presonication) gel state, two characteristic peaks were observed, a
narrow band at 331 nm corresponds to the monomeric state and a
broad red shifted band at 420-450 nm, corresponding to the
aggregated state.37 After exposure to ultrasound (five minutes) and
immediate transfer to the fluorimeter (<5 sec) a 7 nm blue shift is
observed for the main peak at 331 nm. This result demonstrates that
there is a disruption of the stacking interactions during sonication.
After 10 minutes in the absence of sonication, the emission intensity
at 331 nm reverts back to the initial value (Fig. S3a), suggesting
stacking interactions among the aromatics are reformed (Fig. 1a). In
the case of Fmoc-FL a peak appears at 348 nm, with a second peak
covering the region from 415-450 nm. After ultrasound exposure
during five minutes, a red shift is observed and a significant
quenching for the emission for the peak at 348 nm, providing an
indication that sound waves promote formation of extended stacking
interactions among the fluorenyl moieties, that can be interpreted as
a more ordered supramolecular structure. When the ultrasound was
switched off, the emission increased (Fig. S3c) back to the initial
level (Fig.1b). Fig.1c highlights the fluorescence response of the
main peak upon application of ultrasound, with Fmoc-YL showing
increased emission (unquenching), and Fmoc-FL showing enhanced
quenching. The effects are reversed as sound is switched off.

Scheme 1. (a) Energy diagram of supramolecular transitions (b) chemical
structures.

For the ultrasound experiments, 20 mmol of Fmoc-YL was dissolved
in 1 ml sodium phosphate buffer (100 mM) pH 8 and heated up to
363K for two minutes until fully dissolved. The sample was then left
to cool to room temperature for 20 minutes. A translucent gel was
obtained as evidenced by vial inversion. The Fmoc-dipeptide was
then exposed to ultrasound during five minutes. Gradually, the gel
converted to a solution and when the ultrasound was switched off,
the gel reformed after 10 minutes. We noticed that during
ultrasonication the temperature of water in the glass beaker rose to
320K, which is considerably below the melting temperature of the
gel (338K), as discussed in more detail below. For Fmoc-FL 20
mmol was dissolved in 1 ml sodium phosphate buffer (100 mM) pH
6. An opaque gel phase material was observed after 10 minutes in
this pH value, while a viscous suspension was observed at pH 8. In
this case, ultrasound exposure during five minutes did not reveal
observable macroscopic difference as the Fmoc-dipeptide was
maintained in the gel phase. Therefore, macroscopically the effect of
ultrasound is qualitatively comparable to that of heating for both
peptides.
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Fig. 1 (a), (b) Fluorescence emission spectra (excitation at 280 nm) of 20 mM
Fmoc-YL in phosphate buffer pH 8 and 20 mM of Fmoc-FL in phosphate
buffer pH 6 before, after 5 minutes ultrasound exposure and when the sound
is switched off. (c) Plot of the fluorescence intensity of on/off ultrasound
experiments (323-331 nm for Fmoc-YL) and (348-360 nm for Fmoc-FL).
Green symbols indicate values immediately after sound exposure. (d) Plot of
fluorescence intensity for Fmoc-YL and Fmoc-FL respectively upon thermal
heating from 298-350K. Green symbol represent the temperature observed
upon sonication, for comparison. (e), (f) FT-IR of the Fmoc-YL in D2O pH 8
and Fmoc-FL in phosphate buffer pH 6 before, after 5 minutes ultrasound
exposure and when the sound is switched off.
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Naturally, exposure to ultrasound energy results in heating of an
exposed sample. To establish whether the observed effects can also
be obtained by thermal heating, we compared the results with those
obtained by thermal heating to the same temperature. Short exposure
times of five minutes gave rise to heating of the sample from 298 to
320K. While ultrasound induced a significant emission enhancement
for the main peak at 331 nm, temperature dependent fluorescence
experiments revealed quenching at the same temperature (320K) and
no blue-shifted structure was observed for Fmoc-YL. Temperature
dependent fluorescence experiments for Fmoc-FL revealed that the
emission at 348 nm also decreased but to a smaller extent (Fig. 1d).
Clearly, the observed effects on supramolecular structures for
ultrasound are different from those achieved using thermal heating.
Next, we investigated ultrasound-induced changes in hydrogen
bonding type interactions via the amide groups of the backbone.
Analysis by Fourier transform infrared (FT-IR) in D2O of 20 mM of
Fmoc-YL pH 8 prior to ultrasonication, revealed two characteristic
peaks in the amide I region. The peak at 1624 cm-1 shows formation
of H-bonded type interactions via amide while 1682 cm-1
corresponds to the stacked carbamate.41 After ultrasound exposure
during five minutes, both of the peaks transiently showed a reduction
in intensity, indicating that ultrasound energy disrupts the H-bonds.
When the ultrasound was switched off, there is reappearance of the
hydrogen bonding and the intensity of the β-sheet like peak was
close to the initial values (Fig. 1e). FT-IR spectra of 20 mM of
Fmoc-FL in D2O pH 6 prior to sonication revealed 3 characteristic
peaks. Peaks at 1624 cm-1 and 1682 cm-1 as previously observed for
Fmoc-YL, but also one peak at 1648 cm-1 suggesting that there is
also substantial unstructured peptide in these structures. Notably,
sound irradiation for five minutes showed a minor reduction in
intensity (Fig. 1f) suggesting that ultrasound reduced the H-bonding
intensity for both systems.
Having established the relative importance of the aromatic
interactions (enhanced in Fmoc-FL, reduced in Fmoc-YL) and
hydrogen bonding (reduced in both) we used Circular Dichroism
spectroscopy (CD) to investigate the ultrasound effect on the chiral
organization of the supramolecular self-assembly. On self-assembly
of aromatic dipeptide amphiphiles, CD signals derive from the
supramolecular chirality, induced by the stacking of chromophores
rather than the molecular chirality of the chromophores
themselves.37 For Fmoc-YL, a negative signal was observed for the
Fmoc peak (303 nm). After ultrasound exposure for five minutes no
CD signal was observed as previously observed for micellar
aggregates.42 The chiral organization was restored when the
ultrasound was switched off (Fig. 2a). For Fmoc-FL initially a weak
negative peak was observed at 307 nm. After 5 minutes ultrasound
exposure a strong negative peak was noticed, indicating that
supramolecular chirality can be induced by ultrasound. The
temporary enhanced CD signal of the supramolecular organization
was reduced when the sound was switched off (Fig. 2b).
Temperature dependent CD experiments for both of the aromatic
dipeptide amphiphiles show that similar disruption or enhancement
of the chirality can be achieved thermally, but at significantly higher
temperatures (Fig. S4, S5).
The ultrasound induced transient supramolecular reconfiguration
was further investigated by TEM (Transmission Electron
Microscopy). As reported previously Fmoc-YL assembled into fibers
(Fig. 3a).37 Upon ultrasound exposure during five minutes the
fibrillar network was temporarily disrupted, showing the formation
of spherical aggregates of approximately 300 nm in size (Fig. 3b).
For the ultrasonic experiments three drops of the solution was drop
casted immediately onto the carbon-coated copper grid and allowed
This journal is © The Royal Society of Chemistry 2012
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to dry for few minutes at RT before imaging. When the ultrasound
was switched off, the Fmoc-YL reassembled into a fibrillar network
(Fig. 3c). A second ultrasonication cycle revealed the same transient
supramolecular reconfiguration (Fig. S6a-b). The results appear to be
in agreement with a reconfiguration schematically shown in Scheme
1: ultrasound exposure results in disruption of the H-bonded chiral
nanofiber structure to form achiral spherical aggregates.

Fig. 2 (a), (b) Circular dichroism spectra of 20 mM Fmoc-YL in phosphate
buffer pH 8 and 20 mM of Fmoc-FL in phosphate buffer pH 6 before, after 5
minutes ultrasound exposure and when the sound is switched off.

In the case of Fmoc-FL initially tapes were observed (Fig. 3d). After
5 minutes of ultrasound irradiation the Fmoc-dipeptide adopted
twisted fibrillar architecture (Fig. 3e). When the ultrasound was
switched off the initial organization state was reformed (Fig. 3f). The
same temporary supramolecular reconfiguration may be achieved by
a second ultrasonication cycle (Fig. S6c-d). In this case the
dominance of the directional aromatic stacking interactions retains a
fibre morphology, with the reduced H-bonding upon sonication
favouring a more twisted orientation.

Fig. 3 (a)-(c) TEM images of Fmoc-YL prior to, and following 5 minutes
ultrasound exposure and when the ultrasound is off and (d)-(h) TEM images
of Fmoc-FL prior to, and following five minutes ultrasound exposure and
when the ultrasound is off. Scale bar 200 nm.

Conclusions
In summary, we have demonstrated that in aqueous buffer solution
ultrasound energy may have a temporary effect on supramolecular
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self-assembly of aromatic dipeptide amphiphiles showing
supramolecular reconfiguration from tapes to coiled fibers (FmocFL) and straight fibers to spherical aggregates (Fmoc-YL)
respectively, reverting back to the initial organization state as the
sound is switched off. In the case of Fmoc-YL ultrasound energy
disrupts the fibrillar network, giving rise to the formation of
spherical aggregates, where the Fmoc-dipeptide adopted a less
ordered organized structure accompanied with a reduction of
fluorenyl order and H-bonding. For Fmoc-FL, sound waves enhance
the stacking interactions among the fluorophores, while having a less
effect on hydrogen bonding. The work shows that ultrasound energy
may be used to temporarily modulate the interplay between
hydrophobic/H-bonding interactions. These insights provide a step
towards a rational use of ultrasound to fuel transient, energy
dissipating supramolecular systems.
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