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ABSTRACT: Self-assembled nanoarchitectures based on bio-
logical molecules are attractive because of the simplicity and
versatility of the building blocks. However, size control is still a
challenge. This control is only possible when a given system is
deeply understood. Such is the case with the lanreotide acetate,
an octapeptide salt that spontaneously forms monodisperse
nanotubes when dissolved into pure water. Following a
structural approach, we have in the past demonstrated the
possibility to tune the diameter of these nanotubes while
keeping a strict monodispersity, either by chemical mod-
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ification of one precise amino acid on the peptide sequence or by changing the size of the counterions. On the basis of these
previous studies, we replaced monovalent counterions by divalent ones to vary the number of walls. Indeed, in the present work,
we show that lanreotide associated with a divalent counterion forms double-walled nanotubes while keeping the average diameter
constant. However, the strict monodispersity of the number of walls was unexpected. We propose that the divalent counterions
create an adhesion force that can drive the wall packing. This adhesion force is counterbalanced by a mechanical one that is
related to the stiffness of the peptide wall. By taking into account these two opposite forces, we have built a general model that
fully explains why the lanreotide nanotubes formed with divalent counterions possess two walls and not more.

B INTRODUCTION

Over the past decade, organic molecules of biological origin,
such as lipids,1 DNA,” or peptides,3 have been used as versatile
and simple building blocks to design self-assembling nano-
architectures such as fibers,* tapes,5 ribbons,> ™’ spheres,g’9 or
tubes.'0™1* Among these nanoarchitectures, discrete, homoge-
neous, and hollow cylinders with inner diameters ranging from
10 to 1000 nm will have beneficial uses in the emergin% fields of
bionanotechnology and related nanotechnologies.] 7 Indeed,
such nanotubes (NTs) can be useful for designing gene carriers,
submicrometer channels for capillary electrophoresis, or
continuous nanoreactors for example.ls’w

However, in this field, the challenge still resides in gaining
control over the NTs dimensions, i.e., length, diameter, and
wall thickness. This control can only be achieved by a deep
knowledge of the mechanism of assembly and of the nature of
the interactions driving the process.

In this respect, lipids are probably the most effective building
blocks for making structures at a scale ranging from nanometers
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to micrometers. For example, in the case of lipids that form
hollow NTs, a lot of effort has been done to understand the
molecular self-organization process with the aim to control the
formation of nanoscale materials.’’ Moreover, whereas the
length of a lipid NT is essentially controlled by kinetics, its
radius of curvature and its wall thickness are essentially defined
by the structure and the chirality of the molecule and by the
packing thereof."%”3

In the peptide field, the comprehension in respect of size and
shape control is increasing. Aggeli et al’ succeeded in
predicting morphologies (i.e., twisted tapes, ribbons, or fibrils)
as a function of chiral monomeric rods torsion that itself
depends on concentration. They furthermore demonstrated
that the twisting pitch is directly related to the thickness of the
assembly. Another example comes from the lanreotide N'Ts.”!
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Figure 1. (A) Developed molecular structure of the lanreotide peptide. (B) From left to right: cartoon of a single-wall lanreotide nanotube with the
calculated electronic density. The red areas correspond to the positively rich regions (lysine residues and Ny,) and the blue areas to the uncharged
regions (aliphatic residues). Zoom of a small region of the nanotube wall and 2 unit cells of the lanreotide packing in the nanotube wall. Note that
the two layers are different and that they have been vertically splitted for better readability. The red dots highlight the cationic charges in agreement

with the nanotube cartoon.

Lanreotide is indeed a very adaptive and versatile peptide since
we have already demonstrated that chemical modifications on
the peptide sequence allowed generating a library of 17
peptides forming NTs of monodisperse diameters ranging from
10 to 36 nm.*> More recently, we have unveiled the structural
role of the counterions in the NT's formation and that they, as a
consequence, could be used to tune the NTs diameter.”
However, although a diversity of strategies has already been put
in place to gain control over length or diameter of peptide NT's
in general,® there is still a long way to reach the rationalization
and control that has been achieved in the realm of lipids
assembly."****° In particular, with such lipid systems, the wall
thickness of NTs is controlled by molecular parameters and
especially by chirality. Interestingly, in most of the cases, the
multilayered lipid NTs are rather monodisperse in terms of
number of layers, ie., either 2,6 3,21 5 or 7 layers12 have
been observed.

One of the aims of the present work is to control the wall
thickness of peptide NTs using the well-studied lanreotide
model system. Lanreotide is a dicationic octapeptide (sequence:
H-D-2-Nal'-cyclo(Cys*Tyr*-p-Trp*-Lys*-Val®-Cys’)-Thr®-NH,
and full structure in Figure 1A), usually manipulated as an
acetate salt with a stoichiometric ratio of two acetates for one
peptide. When dissolved in pure water above a critical assembly
concentration (CAC) of about 15 mM, it spontaneously self-
assembles into monodisperse N'Ts (Figure 2A).>' Previous
studies have unraveled their structure’’ and assembly
mechanism.”® In short, a lanreotide NT is built up with dimers
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Figure 2. Negatively stained transmission electron micrographs of (A)
lanreotide nanotubes with a monovalent counterion (acetate) and (B)
lanreotide nanotubes with a divalent counterion (sulfate). Scale bars =
200 nm. Radial profiles of the gray level averaged along a nanotube for
(C) lanreotide acetate and (D) lanreotide sulfate.
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that spontaneously form in solution by segregation of aliphatic
and aromatic residues. Above the CAC, the dimers self-
assemble into a 2D crystal maintained by both lateral chain
interactions and hydrogen bonds forming antiparallel S-sheets
(Figure 1B). This crystalline peptide bilayer spontaneously
bends and constitutes the NT wall, whose diameter is set by
this original curvature.? Interestingly, in this system, the
electrostatic is purely repulsive, counterbalancing the attractive
forces such as 7-stacking, H-bonds, or hydrophobic effects. The
balance between repulsive electrostatics and attractive forces is
the key factor that controls the monodispersity of the NTs
diameter.”® In particular, we have shown that 90% of the
counterions are strongly adsorbed on the NTs wall and even
contribute to their structure.*®

Considering the strong interaction between the self-
assembled peptides and their counterions, we tested whether
we could control the adhesion between different peptide
bilayers and therefore govern the overall NT wall thickness by
using divalent counterions. For this purpose, we replaced the
acetates by dianions (with a dianion—peptide ratio of 2:1 or
1:1) such as sulfate, D-, L-, and meso-tartrate: the peptide is
successively neutralized to remove the acetates, washed, freeze-
dried, and then resolubilized in the proper amount of tartric
acid (see Materials and Methods).

We have experimentally observed the formation of double-
walled NTs, thus increasing the overall NT wall thickness by a
factor of 2 compared to that of single-walled lanreotide NTs
formed with monovalent counterions. Moreover, we have built
a model that explains that the strictly fixed number of walls
possessed by such NTs results from the trade-off between the
stiffness of the walls and the adhesion force between them.

B MATERIALS AND METHODS

Lanreotide octapeptide was obtained from Ipsen Pharma (Barcelona,
Spain) as an acetate salt powder. Acetate counterions were exchanged
following the procedure exposed in refs 23 and 27: the powder—
insoluble at this pH—was washed for 15 min at 4 °C with a 58 mM
NaOH solution. The volume was calculated ad hoc so that the
hydroxide ions neutralize all the peptide charges with only 10% excess.
After several rinses with deionized water followed by centrifugation at
4 °C for 5 min at 2500g and removal of the supernatants, the pellet
was freeze-dried. The dry powder containing the neutral form of the
peptide could then be solubilized in an acidic solution containing
enough charges of the desired counterion to reprotonate the peptide.
We have displayed the results obtained with a 2:1 counterions—
peptide ratio, but similar results are obtained with a 1:1 ratio (see
Figure S2), although solubilization is less straightforward. After
addition of deionized water to dilute the peptide solution below 1%
w/w, the solution was once more freeze-dried. The obtained powder
could then be dissolved in deionized water to the desired
concentration.

The samples were characterized by transmission electron
microscopy at 80 kV (Philips CM12, Eindhoven), Fourier transform
infrared spectroscopy (Bruker IFS 66 spectrophotometer equipped
with a 45° N ZnSe attenuated total reflection attachment, Karlsruhe),
and small-angle X-ray scattering on the SWING beamline at SOLEIL
synchrotron facility (Saint Aubin, France).

B RESULTS

Above 5—10 mM in pure water, lanreotide solutions prepared
with sulfate or tartrate counterions either gelify or begin to
scatter light, both of which being signs of self-assembly. The
morphology of the objects deposited on copper grids and
negatively stained with uranyl acetate have been examined by
transmission electron microscopy (TEM). Observations are still
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consistent with the formation of NTs (Figure 2B). However,
they seem shorter than those observed with monovalent
counterions such as acetate (Figure 2A). In addition, the
staining pattern is clearly different: the inside of the NTs is
darker, and the clear, unstained walls appear to be slightly
thicker (Figure 2C,D). After a few days of aging, bundles of
these latter NTs are observed (Figure S4), which has never
been the case with NTs formed in presence of monovalent
counterions.

The peptide backbone conformation in the structure is
assessed by attenuated total reflectance—Fourier infrared
(ATR-FTIR) spectroscopy. In particular, the amide I region
(1600—1800 cm™) is indicative of the inter- and intramolecular
H-bonds (Figure 3A). The peak positions at 1618 and 1695
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Figure 3. (A) ATR-FTIR spectra of the amide I region: 1, lanreotide
acetate; 2, lanreotide-meso-tartrate; 3, lanreotide-p-tartrate; 4, lanreo-
tide-L-tartrate; S, sodium tartrate. (B) Small-angle X-ray scattering
patterns of lanreotide nanotubes: 1, lanreotide acetate; 2, lanreotide-
meso-tartrate; 3, lanreotide-D-tartrate; 4, lanreotide-L-tartrate; S,
lanreotide sulfate; 6, simulated fit for double-wall cylinders scattering.
The arrow indicates the peak due to the f-sheet structure. (C) Model
used for the fit of the SAXS intensity: convolution of the scattering of a
cylinder and of a doubling of structure.

cm™" are characteristic of antiparallel S-sheets, and the peaks

positioned at 1666 and 1641 cm™" are respectively attributed to
a turn and a random conformation.”® Such pattern is identical
whether we use monovalent or divalent counterions. The
original peptide packing is thus retained. The L-, meso-, or D-
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Figure 4. Sketch explaining the formation of double-wall NTs. (A) Transverse section of a double wall nanotube showing the geometrical
parameters Ry and e. (B) Detail of the double-wall (longitudinal section). Each peptide wall is represented by a blue-green bilayer; the red dots
represent the protonated amines (either lysine or N,,,) in the peptide wall. This sketch shows how the divalent counteranions could bridge two walls
together. The counterions pointing toward the outside could bridge two adjacent NTs and thus may explain the bundling observed.

conformations do not to have a significant structural effect on
the peptide conformation inside the walls of the NTs either.

Small-angle X-ray scattering (SAXS) experiments give further
insight into the structure of the NTs (Figure 3B). In all the
samples, the peak at ¢ = 0.35 A™' (19 A in direct space),
corresponding to 4 times the f-sheet interstrand distance (4.7
A) because of the specific molecular packing of lanreotide,*®
corroborates the FTIR band attributions. Single-wall NTs
scattering yields typical oscillations (trace 1) that can be fitted
by a normalized zero-order Bessel function J,*(qDo/2)/q* and
provides an accurate measurement of their diameter, e.g., for
lanreotide acetate NTs, D, =24.4 nm. In the case of the NTs
formed with divalent counterions, the oscillations are fewer and
a bump appears at 0.2 A™" (traces 2—5). In fact, the intensity of
the SAXS radial integration can be modeled by a zero-order
Bessel function convoluted by a cosine function (trace 6) as
follows:*’

ISAXS(q) = InornJZ(qDO/z) cosz(qe/Z)/q4 (1)

where D, is the radius of the NTs and the convolution by a
cosine function is related to the doubling of the nanostructure
with a spacing ¢ (Figure 3C). In the case of L-tartrate, for
instance, we find that D, = 22 + 1 nm and ¢ = 2.7 nm, i.e,, an
internal diameter of 20.6 + 1 nm and an external diameter of
23.4 + 1 nm. Moreover, the lower number of oscillations (only
three to five vs more than a dozen) indicates that the double-
wall NTs are more polydisperse in diameter than single-wall
NTs. The fit of triple-wall NTs has also been tested and proven
to be ineffective (see Figure S1). The NTs formed with divalent
counterions thus possess two peptide walls.

Such double-wall NTs have been observed with both 1:1 and
2:1 counterion—peptide ratios (see Figure S2 for 1:1 ratio),
which proves that a single divalent counterion can neutralize
two peptide charges without impeding NT self-assembly.
Moreover, when tartrate anions are made to compete with
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acetate anions by adding increasing amount of sodium tartrate
to a lanreotide acetate solution (Figure S3), a transition from
single-wall NTs to double-wall NTs is detected as soon as the
tartrate anions represent 25% of the anions in solution.

The double walls are probably linked together by sharing
divalent counterions, as sketched in Figure 4B. This hypothesis
is consistent with the strong adsorption of the counterions on
the NT wall.>> Moreover, zeta-potential measurements (see
Table S1) indicate that the surface of the NTs is always
positive, regardless of the valence of the counterions. Thus,
there is no charge inversion, which eliminates the hypothesis of
an attractive, electrostatically driven multilamellar formation as
in the case of DNA—cationic liposomes complexes.>

Although our “linker hypothesis” provides a simple
explanation for the adhesion between the walls, it does not
explain why the number of walls is limited to two. Indeed, since
a peptide wall has two (positively) charged faces, we could have
expected to pile up more walls together. This means that
creating additional walls costs too much energy and that there
is a competition between the energy needed to bend the walls
and the energy earned thanks to the “adhesive counterions”.

To formalize the energy of the system, we propose that its
free energy (E) is the sum of an adhesion energy E,py between
adjacent walls and an elastic energy Eg; of the NT walls:

E=Epy + Eg )
For our purpose, these energies are normalized by surface unit
and expressed as a function of the number of walls n. The
normalized adhesion energy between adjacent walls E,py is
then the product of the adhesion energy per unit area A times
(n — 1) interfaces between two adjacent walls divided by the
total area of the interfaces (refer to the Supporting Information
for calculation details):

Eypy = —A(n — 1)/n (3)

dx.doi.org/10.1021/1a304862f | Langmuir 2013, 29, 2739-2745
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The normalized elastic energy Eg; of the NT walls is the sum of
the Hooke’s laws for each of the n walls divided by the total
area of the N'T walls (also refer to the Supporting Information):

Ep = k(n+ 1)(n — 1)é*/12 (4)

where k is the stiffness constant of the walls and e the spacing
between the walls (see Figure 4).

In the following, we use the ratio between the surface
adhesion energy and the stiffness constant, @ = A/k, as the
single parameter to explore the possible configurations. Free
energy plots as a function of \/ a are displayed in Figure SB for
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Figure S. (A) Free energy of the multiwalled NTs for a = A/k = S.
The free energy (magenta) is the sum of the elastic energy (green) and
of the adhesion energy (blue). In these conditions, a minimum is
obtained for n = 2 walls. (B) Simulated free energy calculated for n-
walled NTs as a function of \/ a with n = 1, 2, 3, and 4. The square
root is used to optimize readability of the graph. The crossings of the
energy plots define the limits of the stability domains of each
configuration. (C) Number of walls predicted by our model as a
function of the value of the parameter a = A/k.

different values of n. For any given @, the most stable
configuration (i.e, number of walls) is the one that has the
lowest free energy Eapy + Eg;. The crossing of each line thus
defines the limits of the domain of stability of each
configuration. In the present experimental conditions, the
predominance of the double-wall NTs suggests that « is in the
3.2—15.7 range. The theoretical domains of stability of the n-
walled NTs as a function of « are also displayed in Figure 5C.
All these domains are very wide, and each n-walled
configuration is very stable and not sensitive to small
fluctuations. The only parameters that could be used to change
the number of walls are A, k, and e. Experimentally, the latter
two are intrinsic to the system, and although it could be
envisioned to modify the adhesion energy by using another
type of counterion, we cannot expect to change it over several
orders of magnitude. Indeed, to increase the number of walls
from n to n + 1, one must add an adhesion energy varying as

A= —kn(n+ 1)(2n + 1)e?/12 (5)

This model thus suggests that the number of walls is controlled
by the free energy of the system. Indeed, since this energy is the
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sum of a positive elastic contribution (destabilizing compo-
nent) and a negative adhesion energy (stabilizing component),
there is a minimum that sets the number of walls (see Figure
SA). This model can be likened to the one used to describe the
self-assembly of chiral rodlike units, in which the elastic energy
originates from the torsion inside fibrils.’

Finally, this well-defined tuning of the number of walls
explains why we rather observe bundles of double-walled NT's
instead of multiwalled NTs. Indeed, the adhesion between
adjacent NTs is certainly permitted by the same process of
sharing divalent counterions. Incidentally, if the peptide
concentration is increased up to 30% w/w, a higher number
of walls (“embedded NTs”) can be obtained with monovalent
counterions.”® In this case, the attraction between walls is
probably enhanced by the volume reduction as are the helical
tapes observed by Aggeli et al.®

Since we measured that the average radius R, of a double-
walled NT is 1-2 nm smaller than the radius of the lanreotide
acetate N'Ts, we also calculated in the framework of the present
model a contraction term A defined as the difference between
the average radius of a n-wall NT and the radius of an
equivalent single-wall NT (see details in Supporting Informa-
tion). This term was found to be —0.2 nm, a value negligible
compared to the specific counterion effect that we have
previously reported.”> The measured lowering of the NT
average diameter is thus most likely due to a lesser steric
hindrance of the counterion than to elastic contraction.

In conclusion, we have presented in this report a new way to
modulate the interaction between the walls of peptide NTs. We
showed that we could form double-wall peptide NTs by simply
replacing the monovalent counterions—or only a fraction
thereof—by divalent ones. The morphological control in other
multilayered supramolecular systems rather relies on mod-
ification of molecular structure,'® chirality,7’12 concentration,>'?
or solvent conditions.>"** We have also proposed a model
explaining that the competition between the adhesion energy
and the curvature limits the number of NT walls to two. A
comparable model had been proposed by Aggeli et al. to
explain the limited width of twisted fibrils.> Ours could be used
to describe other nanotubular systems such as metallosilicate
multiwalled NTs for which the origin of the adhesion is of a
very different nature (i, attraction of oppositely charged
walls) but whose wall number seems similarly limited.*® In the
end, combining these results to those of previous studies on
lanreotide,”” we have in our hands a nanotubular peptide
system whose both diameter and number of walls can be
controlled, which is a unique feature in the self-assembling
peptide domain. This unprecedented mastery could pave the
way toward adaptable and versatile applications.

B ASSOCIATED CONTENT
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Table of zeta-potential measurements, different fits for the
SAXS profiles, full characterization of 1:1 lanreotide tartrate
sample, SAXS profiles of acetate/tartrate competition experi-
ments, and detailed calculation for the model of multiwalled
NTs free energy. This material is available free of charge via the
Internet at http://pubs.acs.org.
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