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Picosecond melting of peptide nanotubes using
an infrared laser: a nonequilibrium simulation
study†
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Self-assembled functional peptide biomaterials are emerging with a

wide range of envisioned applications in the field of nanotechnology.

Currently, methods and tools have been developed to control and mani-

pulate as well as to explore new properties of self-assembled structures.

However, considerably fewer studies are being devoted to developing

efficient methods to degrade or recycle such extremely stable bio-

materials. With this in mind, here we suggest a theoretical framework,

inspired by the recent developed mid-infrared free-electron laser pulse

technology, to dissociate peptide nanotubes. Adopting a diphenylalanine

channel as a prototypical example, we find that the primary step in the

dissociation process occurs due to the strong resonance between the

carboxylate bond vibrations of the diphenylalanine peptides and the

tuned laser frequencies. The effects of laser irradiation are determined by

a balance between tube formation and dissociation. Our work shows a

proof of concept and should provide a motivation for future experi-

mental developments with the final aim to open a new and efficient way

to cleave or to recycle bio-inspired materials.

Introduction

A number of proteins and peptides have been found to aggregate
into insoluble amyloid fibrils. In their basic structure, fibrils are
predominantly composed of cross-b-sheets and stabilized by a
hydrogen bond (HB) network.1,2 Such natural biopolymer aggregates
often exhibit unusual material properties, such as a pull strength

comparable to that of steel, mechanical shear stiffness similar to
that of silk, as well as extreme persistence length and mechanical
rigidity.3,4 Therefore, amyloid fibrils have been recently exploited
for the generation of novel biological materials.5

An extensively studied short, self-assembling peptide is diphenyl-
alanine NH3

+–Phe–Phe–COO� (FF), a fragment of the Alzheimer’s
b-amyloid peptide. Görbitz first showed that this dipeptide can form
channel structures through X-ray crystallographic analysis.6 Later, it
has been shown that FF can also self-assemble into highly ordered
nanotubes/microtubes,5,7,8 micro-crystals,9 vertically aligned nano-
wires10 and nanoforests,11 depending on the concentration. Among
these structures, the FF nanotubes are of special interest due to their
unique physical, chemical and mechanical properties. For example,
the FF nanotubes possess a high Young’s modulus of E19 GPa, a
strong stiffness of 160 N m�1,12 and are stable under extreme
conditions, including boiling water, organic solvents such as ethanol,
acetone and various acidic conditions.13,14 The robust nature of FF
nanotubes makes them extremely practical in many applications. For
example, FF nanotubes have been deposited on the surface of screen-
printed graphite and gold electrodes to improve their sensitivity for
biosensing.15 The internal hole of the FF nanotubes was used as a
template for forming silver nanowires.5 For excellent reviews of the
properties and applications of FF nanotubes, readers are referred to
recent publications.16–23 While most of current research focuses on
the fabrication and applications of FF nanotubes, fewer studies have
been carried out to address an obvious concern: how to efficiently
dissociate such extremely robust materials without causing much
damage to the surrounding environment? This concern should be
important if one wants to translate the peptide-based nanofabrica-
tion technology into real-world applications where the degradation
and recycling of materials might be necessary. Just one intuitive
example is how to remove the template without causing much
damage to the silver nanowires in the experiment using the FF
nanotube as a template to grow silver nanowires?5 Obviously, the use
of acidic conditions or high temperatures14 is not promising because
the surrounding medium is easily affected.

Recently, a new laser technology has been developed and
applied to the amyloid-based materials.24–30 In particular, Kawasaki
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and coworkers have developed a mid-infrared free-electron laser
(FEL) having specific oscillation characteristics of a picosecond
pulse structure, a tunable wavelength within infrared frequencies
and a high photon density. Tuning the laser frequency to that of the
amide I bands, they were able to dissociate amyloid-like fibrils of
lysozyme into their native forms,27 convert insulin fibrils into
soluble monomers28 and dissociate a fibril of a short peptide from
the human thyroid hormone.29,30 Inspired by this type of experi-
ments, here we show, as a proof of concept, that the FF nanotubes
can be degraded by FEL whose frequency is tuned to the vibrational
frequency of the carboxylate groups of the FF peptides. With this in
mind, we first construct a model FF channel, then characterize the
equilibrium structure by carrying out a long all-atom molecular
dynamics (MD) simulation in explicit water, and finally, subject the
equilibrium structures to nonequilibrium MD (NEMD) simulations
where laser pulses are applied within 500 ps resulting in the
dissociation of the tube.

Construction of the FF channel

X-ray crystallographic analysis6 has shown that the wall of a FF
nanotube is formed by many small FF channels (FFCs), and

each individual FFC is circled by merely six FF peptides. In such an
arrangement, the termini NH3

+ and COO� of each peptide point
toward the center of the tube, and the two phenyl groups pointing
outward to the two phenyl groups of another FF of neighboring
channels [Fig. 1(A)]. Thus, the wall thickness of an FFC consists of
only two FFs. As a proof of concept, we limit ourselves to consider
only a single FFC in this work. To this end, we take a single FF
peptide, which is in the cis-state, from the crystal structure (CCDC
163340) and employ the 2D lattice wrapping system method recently
developed by Nussinov and coworkers31,32 to construct a FFC model.
Our FFC consists of twelve complete double-circles, each consisting
of twelve FF peptides [Fig. 1(B) and (C)] resulting in 144 FFs in total.
The diameter and length of the FFC after energy minimization
in vacuo using the Gromos43a1 force field33 are hDi = 2.56 nm and
hLi = 6.51 nm, respectively. The HB network that stabilizes the FFC
is formed between the termini (–NH3

+� � ��COO–) of consecutive
peptides in each circle (intra-circle HB), of adjacent peptides between
neighboring circles (inter-circle HB) and between the amide N and
carboxylate hydrogen motifs (–NH–� � ��COO–). The hydrophobic and
p-stacking interactions between side chains of FF peptides also
contribute to the stability of the channel. Details of the construction
and characterization of the FFC can be found in the ESI.†

Fig. 1 (A) Cross section of the crystal structure of FF nanotubes. The green circle indicates a FF channel (FFC) in which water molecules (red points) are
localized at the centre of the channel. (B) One complete circle of the constructed FFC consisting of an inner and an outer circle, each containing six FF
peptides. (C) The FFC constructed in 12 circles. (D) A selected equilibrium structure (left: side view, right: top view) after 290 ns of the conventional MD
simulation. (E) A selected structure after 0.5 ns of the NEMD laser-induced dissociation.
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Equilibrium structure

Next, we wish to obtain the equilibrium structure of the
constructed FFC. To this end, we solvate it inside a cubic box
with 20650 SPC waters34 (concentration of 300 mM) and carry
out a 290 ns MD simulation at a temperature of 315 K, using the
Gromos43a1 force field33 and the GROMACS simulation pack-
age. The details of the simulation can be found in the ESI.†

During the time evolution the FFC relaxes to less ordered
conformations, as indicated by fluctuations in the radius of gyration,
length and diameter [Fig. 2(A)–(C)], but the overall tubular structure
is maintained [Fig. 1(D)]. The FFC is still primarily stabilized by the
intra- and inter-circles (–NH3

+� � ��COO–) HBs, which do not show
any significant changes [Fig. 2D]. A closer inspection reveals that the
inner channel is much more stable as it is protected from the waters
by the outer channel. To understand the detailed interactions that
stabilize the FFC, we calculate the Coulomb and van der Waals
(vdW) interaction energies between side-chains and between termini.
As seen from Fig. 2(E) and (F) the vdW interaction between side-
chains, and Coulomb interaction between termini contribute signifi-
cantly to the stability of the intra- and inter-circle structures. This is
consistent with previous coarse-grained and all-atom simulations
which showed that the FF nanotubes are stabilized by a combination
of both aromatic stacking and inter-peptide head-to-tail hydrogen-
bonding.35–37 From this equilibrium trajectory, we select 100 inde-
pendent structures for subsequent NEMD simulations.

Laser-induced nonequilibrium
simulation

Next we wish to show that the stable equilibrium FFC can be
degraded under infrared picosecond laser irradiation. To this

end, we carried out NEMD simulations starting from 100 struc-
tures selected above. In the NEMD simulation, a time-dependent
electric field

EðtÞ ¼ E0 exp �
t� t0ð Þ2

2s2

" #
cos 2pco t� t0ð Þ½ �; (1)

was applied to mimic a laser micro-pulse. Here, E0 represents the
amplitude of the electric field, s is the pulse width, t is the time
after the pulse maximum t0, c is the speed of light and o is the
frequency. In a conventional MD simulation, the temperature of
the system is typically maintained by rescaling the velocities of
all atoms at every time step.38 In a laser-induced nonequilibrium
experiment, the photo-excitation results in a vibrationally hot
molecule, which is then cooled via transfer of the vibrational
energy to the surrounding solvent molecules.39 Thus, in our
NEMD simulations, only the waters are coupled to the heat bath
in order to maintain the temperature of 310 K with a coupling
constant of 0.1 ps. This technique has been developed in
previous photo-induced NEMD simulations of peptides39–44

and validated by comparing the cooling times with known
experimental results.39,42 This also mimics the experimental
conditions, in which water is added periodically to the suspen-
sion during the irradiation process29 in order to prevent exces-
sive evaporation. To ensure stability, a time step of 0.2 fs was
used, and data were collected every 0.1 ps.

Resonance between carboxylate bond
vibrations and laser field

In FEL experimental studies, a macro-pulse consists of a train
of micro-pulses of 2 ps duration separated by a time interval of
350 ps, and the energy of the laser pulse is in the range of
6–8 mJ.27–30 To mimic this experimental condition, we set the
pulse width of our laser at s = 2 ps, t0 = 10 ps and the strength
E0 = 5 V nm�1 so that the FFC dissociates within a reasonable
timescale. To obtain the optimal frequency, we carry out 20 sets
of NEMD simulations (each lasting 50 ps) using single laser
pulse with o varying from 1620 to 1680 cm�1 with a step of
2 cm�1. The electric field, [eqn (1)], is shown in Fig. 3(A). To
illustrate the system response to the field, we show in Fig. 3 the
system total energy, the fluctuations of the CQO amide I and
the carboxylate COO� bonds, the total number of inter-circle
(–NH3

+� � ��COO–) HBs and the tube radius of gyration. As seen,
the FFC exhibits a strong resonance with the field at o =
1648 cm�1, which represents the peak of the carboxylate bond
vibrations of the FFC [Fig. 3(B) and Fig. S2, ESI†], as indicated
by large changes in the total energy and the COO� bond lengths
[Fig. 3(C) and (D)]. The FFC tends to be degraded as shown by
the decrease of the HB number from the equilibrium value of
180 to 110 HBs, and the radius of gyration increase from 23 Å to
55 Å [Fig. 3(E) and (F)]. Given the fact that the (–NH3

+� � ��COO–)
HBs are the main contributions to the FFC stabilization, the
resonance of the COO� bond vibrations and the dissociation
of the FFC at the same frequency indicate that the laser
excites primarily the COO� bonds of the FFC, and that these

Fig. 2 Time evolution of the FFC radius of gyration (A), length (B) and
diameter (C). In (D) the time evolution of the (–NH3

+� � ��COO–) intra-(black)
and inter-circle (orange) HBs. In (E) the distribution of the intra-circle
interaction energies. Shown are results of the Coulomb energy between
side-chains (black), termini (green), and van der Waals energy between side-
chains (red), termini (orange). (F) is the same as (E) but for inter-circle energies.
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are enough to dissociate the FFC. The CQO amide bonds are also
in resonance with the field but at a higher frequency o = 1660 cm�1

[Fig. 3(B) and (D)]. They do not contribute much to the dissociation
process because these bonds are less involved in the HB network
that stabilizes the FFC.6 In the following, we use the laser frequency
of o = 1648 cm�1 to investigate the dissociation mechanism.

Laser-induced FFC dissociation
process

Under irradiation of a single micro-pulse the FFC is destabilized
but the tubular structure is largely maintained, thus we use
multiple pulses as done in experiments of fibril dissociation.27–30

To this end, starting from 100 selected equilibrium MD con-
formations, we carry out NEMD simulations, each lasting 500 ps.
During this time, 10 micro-pulses of s = 2 ps duration separated
by a time interval of 20 ps are applied to the system. We should
note that this time interval is quite short, and difficult to
generate in real experiments. Nevertheless, given the large
system-size of the FFC and as our main aim is to provide a
proof of concept, this toy laser model allows us to dissociate the
FFC within reasonable simulation timescale without loss of the
general conclusions. As seen from Fig. 4(A), under the irradiation
of the first pulse the system absorbs energy after 2 ps and the
energy increases from the equilibrium value to its maximal value
at around 10 ps, which represents the peak of the laser pulse
[Fig. 3(A)]. After 15 ps the pulse vanishes, the system cools down
and the system energy reaches its equilibrium value at around
50 ps. During the excitation the carboxylate COO� bonds are
excited and their bond lengths fluctuate at around the equili-
brium value of 1.25 Å with the maximal amplitude of E0.05 Å
[Fig. 4(B)]. As a consequence, intra- and inter-circle HBs formed
in the equilibrium structures are excited, broken and reduced

from the initial values of E50 to E19 HBs for the former, and from
180 to E95 HBs for the latter within the first 15 ps [Fig. 4(C)]. This
leads to the destabilization of the FFC as indicated by the increases
of the diameters, length and radius of gyration [Fig. 4(D–F)].
However, as shown in Fig. 2(E) and (F), the van der Waals
interaction between side-chains also contributes significantly
to the stabilization of the FFC; therefore, at t Z 15 ps (laser is
turned off), this interaction forces the system to quickly refold
back to initial structure, as indicated by the increases of the
HBs as well as of the other structural quantities. This suggests
that there is a delicate balance between the tube formation and
dissociation. Understanding the factors that are responsible for
this balance might provide important insights into the self-
assembly mechanisms. After 50 ps, the laser is turned on again
and the second pulse excites the system one more time leading
to further destabilization. Although there is always a competition
between the reformation and dissociation processes, the latter
eventually wins resulting in complete dissociation after 500 ps
[Fig. 1(E)]. Note that because more termini (NH3

+� � ��COO–) HBs
are formed in the inner channel than in the outer one [Fig. 1(B)],
the inner channel absorbs more energy. This results in a large
change in its diameter, from 10 to 25 Å, while that of the outer
channel increases only from 35 to 40 Å [Fig. 4(D)].

Finally, to compare the laser-induced dissociation with that
induced by thermal effects we carried out an equilibrium simula-
tion at 500 K. At this temperature, in the classical approximation
each vibrational mode carries an energy of kBT E 1 kcal mol�1. As
seen from Fig. 4, the conformational changes take place slowly as
reflected by the overall slow decay in the number of HBs [Fig. 4(C)]
as well as in the other structural quantities [Fig. 4(D)–(F)]. We
should note that the reductions in the intra- and inter-circle HBs
are also observed at t r 2 ps, which is simply due to the relaxation
of the initial constructed structure. In contrast, the laser deposits

Fig. 3 (A) Time evolution of the electric field with o = 1648 cm�1, E0 =
5 V nm�1; (B) vibrational IR spectrum of the FFC equilibrium structure; (C)
laser-induced changes of the system energy; (D) fluctuations of CQO
amide I (orange) and COO� (black) bond lengths; (E) the number of inter-
circle HBs and (F) radius of gyration. Results are shown for the laser
amplitude E0 = 5 V nm�1 and different frequencies o.

Fig. 4 (A) Time evolution of the energy of the system; (B) fluctuation of
the carboxylate COO� bonds; (C) the number of the intra- (black, green)
and inter-circle (orange, red) Hbs; (D) the diameters of the inner (black,
green) and outer (orange, red) channel; (E) the length; (F) the radius of
gyration of the FFC. Shown are the results obtained from the NEMD
simulation using 10 micro-pulses with o = 1648 cm�1, E0 = 5 V nm�1

(black, orange), and the equilibrium simulation at T = 500 K (green, red).
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energy directly into the COO� bonds, and so the dissociation
takes place much faster, since it is these HBs that hold the
structure together. This confirms that the laser-induced FFC
dissociation process observed in our NEMD simulation is
localized, and is not due to just thermal effects.

Concluding remarks

We have presented comprehensive laser-induced NEMD simula-
tions, and have shown that by tuning the laser frequency precisely
to that of the carboxylate COO� bond stretching vibrational modes,
one is able to degrade a model FF channel. The simulation shows
that the dissociation is initiated by the laser-excitation of these
particular modes, and not by the infrared thermal effects. This
allows one to degrade peptide nanotubes precisely, without much
heating and damage to the surrounding environment. We find that
during the dissociation process there is always a balance between
the tube formation and dissociation. This reflects the high resistance
properties of peptide nanotubes. Understanding the factors that are
responsible for this balance may be important in the design of
peptide-based materials. Although the proposed method is demon-
strated for only one FF channel, it should also be applicable for a
class of self-assembled peptide structures with the same dissociation
mechanism. This is because most of these structures share the same
stability characteristics, which is attributed to the highly cooperative
nature of the HB network throughout the lattice.45 The CQO or
COO� bonds, which participate in that HB network, can be excited
due to strong resonance with the laser field, leading to the destabi-
lization of the HB network and subsequently dissociation of the
whole structures. Given the success of Kawasaki and coworkers in
the development and application of the mid-infrared FEL for the
dissociation of amyloid fibrils,27–30 we believe that this class of
experiments should also be feasible for the dissociation of self-
assembled peptide nanomaterials. The laser-induced dissociation
method may thus open up new opportunities for the efficient
cleavage and recycling of peptide-based nanomaterials.
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