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1D alignment of proteins and other nanoparticles by using
reversible covalent bonds on cyclic peptide nanotubes
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Self-assembling cyclic peptide nanotubes are supramolecular structures whose diameter and external surface properties are
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precisely controlled. In this communication we describe a general strategy to align different molecules on top of the

nanotube surface by using cyclic peptides bearing chemoreversible reactive groups. D,L-a-cyclic peptides endowed with a
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hydrazide moiety were condensed with a pyrenecarboxyaldehyde to facilitate the nanotube formation and deposition on

flat unfunctionalized surfaces. The hydrazide moieties can be liberated without affecting the tubular structure and then used

to align on top of the nanotube other molecules bearing aldehyde functions. Additionally, the attachment of specific ligands

allowed the supramolecular alignhment of corresponding receptors, such as mannosyl aldehyde and concavaline-A, driven

by the nanotube structure through complemetary protein-ligand interaction.

Introduction

Protein-based supramolecular assembling into periodic
structures with different morphologies still represents a major
challenge nowadays.! Besides a characteristically high
structural durability that facilitates their recycling, the peptide
linkages ensure an adequate environmental biodegradability.
Rectilinear assembling of proteins represents fundamental
structure to provide linear multivalent templates for 1D
directional functions.? In general, this strategy requires crystal
engineering to design specific structural modifications that
facilitate protein assembly. One step further is the protein 1D-
directed alignment on surfaces with a decisive precision for the
development of chips, sensors, or the exploration of quantum
physics at the nanoscale. Carbon nanotubes and DNA origamis
have been used as templates for protein immobilization, but
they still lack controlled mass fabrication and must be designed
for each specific protein.3

Peptide nanotubes represent a very attractive alternative for
this purpose.* They can be created from different type of
peptides, allowing to tune the nanotube external properties
and the interaction with different surfaces and proteins. Among
the variety of nanotubes those made of cyclic peptides (self-
assembling cyclic peptide nanotubes, SCPNs) of alternating
chirality (D,L-a-CP) represent one of the most promising
materials because of the precise control of nanotube diameter
and external surface properties (Fig. 1).5 These structures have
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Figure 1. Cyclic peptide nanotubes previous strategies and precedents por
deposition of different materials and this work approach.

unique properties as the precise control of nanotube diameter
or the simple tuning of assembly properties. In the last years,
several new contributions have shown the potential to impart
novel features and functions of these materials based on the
simplicity to exchange the residues used in the cyclic peptides
(CPs) to tune SCPN surface properties. The incorporation of
different type and number of polymer chains has been used to
prepare advanced materials and biomedical applications.67.8
Stimuli responsive nanotubes have also been described to
mimic relevant biological functions such as cytoskeleton
properties and so on.? Additionally, the rearrangement from
one-dimensional self-assembly to bilayers able to form large
nanosheets in the mesoscale driven by a specific sequence
design have also been approached very recently.10 In addition,
the chemical transformations of some residues side chains have
expanded their potential applications.1l In this sense, the
incorporation of naphtalenediamide on Lys side chains has been
used to redox-triggered the formation with highly delocalized
electronic states.l12 Alternatively, the used of Lys rich CPs in
which was modified with a
guanidiniocarbonylpyrrole moiety have been used for in cell

one residue
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delivery of DNA.12 Recently, click chemistry transformations
have been used to incorporate not only polymers, but also alkyl
chains to provide antimicrobial activity based on their
membrane disrupting properties.13

In the last years, we have used a pyrene moiety attached to CPs,
not only as a molecular probe to follow the assembling process,
but also to supramolecularly interact with other molecules,
such as single wall carbon nanotubes or small silver clusters in
the fabrication of new hybrid materials (Fig. 1).14 A similar
strategy was used to generate a hierarchical process from CPs
to fibers by the interdigitation of the aryl moieties. 11615 |n this
way, gel-like materials whose structure resemble those of cell-
like cytoskeleton were prepared. Therefore, SCPNs have been
used to direct and align the deposition of different materials on
surfaces.14 Unfortunately, they require aromatic “paddles” that
can only interact with other aromatic or hydrophobic moieties
in a non-specific manner, restricting their general application as
templates for molecular alignment.

Therefore, SCPNs whose dimension and properties are easily
tuned can arise as very valuable tool for exploring their ability
to align different kind of materials at the nano scale. It is clear,
considering the mentioned precedents, that the use of a more
general (universal) recognition element would be very useful to
extend this approach to other nanostructures such as proteins.
Consequently, we envisage to develop a dynamic process in
which the pyrene moiety is only temporally used to stabilize and
induce nanotube formation (Scheme 1), but latter exchanged
for other recognition elements. For this purpose, the use of
covalent reversible bonds should allow to carry out this dynamic
process by eliminating the aromatic moiety to liberate the
reactive group that could be used to interact with different
molecular pendants.1® The initial peptide (with the attached
pyrene) should assemble and deposited on appropriate
surfaces such as mica.11b.15 A key aspect is the use of covalent
reversible bonds whose cleavage can be carried out under mild
conditions without affecting the nanotube structure.l’® The
resulting reactive ends would provide a new class of “molecular
touch fasteners (velcro)" for the direct deposition of a broad
diversity of suitable molecular counterparts. The precise tuning
of nanotube structure allows to place the nanotube recognition
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Scheme 1. General strategy for development of a universal tool for the deposition
of different type of macromolecules on top of peptide nanotubes.
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groups on the solvent exposed surface, by placing these reactive
ends at the opposite site of residue that direct SCPN deposition,
i.e., residues with the same chirality placed at position 1 and 5
of the CP. This organization should permit the ligand exchange
to attach other functions able to selectively interact with target
moieties.

Results and discussion
Design concepts

Based on the previously mentioned hypothesis, cyclic peptide
CP1 (Scheme 2) was designed following similar principles used
in our earlier work.11b.15 Glu and Lys residues were incorporated
to establish mutually attractive electrostatic interactions (ion-
pairing) along the tube. The hydrazide moiety, placed at the
opposite side of Arg, would be used as reactive end and
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Scheme 2. Synthetic scheme used for the preparation of cyclic peptides described
in this work in which the pyrene moiety was incorporated after the solid phase
synthesis of CP1 by hydrazone formation with pyrenecarboxyaldehyde to provide
CP2. The self-assembling process of this CP gave rise to supramolecular structure
SCPN2 while the direct assembling of CP1 did not provide the corresponding
nanotube (SCPN1).
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promotor of dynamic covalent bonds by condensation with
appropriate aldehydes. This would allow the attachment of the
pyrene moiety (self-assembling helper) and latter other ligands
bearing a carbonyl moiety for substrate recognition (Fig. 1). The
stacking of aromatic rings (m-m stacking) and salt bridges
formation together with electrostatic interactions with the
anionic surface of mica should align all the Arg side chains along
the nanotube, facilitating its deposition.

Synthetic studies and characterization

Cyclic peptide CP1 was prepared (Scheme 2 and S1) on solid
support by attaching the side chain of Glu to the polystyrene
resin (CTR, ChloroTrityl-Resin).1” The proposed method allows
not only the peptide cyclization prior to the cleavage but also
the sidechain functionalization to incorporate the hydrazide
moiety.1> The Glu and Lys were used to facilitate the nanotube
formation by favoring the antiparallel 3-sheet type interactions
between peptide rings.18 After completing the synthesis of the
linear octamer, the N- and C-terminal protecting groups, Fmoc
and allyl, respectively, were removed and then cyclized on the
solid support. After this, the methyltrityl protecting group (Mtt)
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of Lys side chain was removed by treatment with a mixture of
hexafluoroisopropanol and trifluoroethanol> and then glutaric
acid derivative 1 was coupled under standard conditions.
Finally, the peptide was cleaved from the resin and purified by
reverse phase HPLC. The condensation with 1-
pyrenecarboxyaldehyde was carried out by heating at 60 °C the
solution resulting of dissolving CP1 in acetic acid and then
added to a mixture of acetonitrile and water (3:2) containing the
pyrene moiety to afford the final cyclic peptide CP2 (see
supporting information).

The assembling properties of CP2 were clearly established by
the fluorescence emission of the pyrene moiety. Vis-UV
fluorescence spectra of aqueous solutions of CP2 (Fig. S1)
showed the typical features of the pyrene excimer band at ~465
nm that confirmed the close proximity of aryl moieties that can
be related with the in solution assembling of this CP.1°
Interestingly, the excimer band is already observed at very low
peptide concentration (0.5 uM), supporting the existence of
nanotubes at quite low CP concentration. At 200 uM most of
the peptide is already assembled into the nanotubes SCPN2,
considering that most of the pyrene moieties are emitting as the
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Figure 2. Studies of nanotube deposition on mica surface. CP2 self-assembles into the tubular structure by the formation of hydrogen bonds between peptide backbone

functions, assisted by the pyrene stacking. The resulting nanotubes align Arg side chains facilitating the electrostatic interactions with anionic surface of mica (SCPN2UMica).

This arrangement leaves all the pyrene moieties disposed on top of the nanotube whose hydrolysis with O-benzylhydroxylamine, which followed by the UV emission of O-

benzyl oxime of pyrene-1-carbaldehyde (2) at different reaction times (a), in cyan 15 min, magenta 30 min, black 1 h, dark green 2h, blue 3 h and red 6 h, to liberate the

hydrazide function providing SCPN1UMica. b) AFM topography micrograph of SCPN2UMica (Grade V-l muscovite) from aqueous solutions 10 uM and (c) the corresponding

height profiles along the transects in different colors shown in (b). (d) Magnified, top, 3D topographic image and of single nanotube from (e) and, bottom, observed profile

along the tube longitudinal axis (red dotted line). (e) AFM topography micrograph of SCPN1UMica (Grade V-l muscovite) after hydrazone hydrolysis and (f) the corresponding

height profiles along the transects in different colors shown in (e).
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excimeric aggregate. This provides an association constant
larger than any other previously reported CPs.5210.13 This can be
related to the additional formation of two hydrogen bonds
between the glutaric acid spacers (see model in Scheme 2).
Nanotube visualization on mica surface was next evaluated. For
this purpose, solutions of CP2 (1-650uM) in a mixture of
ACN/H0 (3:2) were placed on a mica surface and removed after
1h. The resulting surface was copiously washed with Milli-Q
water and dried under nitrogen flow. AFM topographic imaging
(Fig. 2b-c and S2) showed tubular structures lying horizontally
on the surface with heights of 2.38+0.42 nm that matched with
the expected nanotube diameter. The length and number of
nanotubes clearly depend on CP concentration (Fig. S2). The
good ability of this CP to self-assemble was supported by the
observation of long SCPNs even at concentrations as low as 1
UM (Fig. S2E).

On surface SCPN functionalization (Scheme S2)

The next step was the optimization of the removal of the
pyrene moiety that must take place without disrupting the
deposited nanotubes. For this reason, we started searching for
in-solution mild conditions using non-aqueous media that could
be compatible with nanotube integrity. We found that the
treatment of a solution of CP2 with O-benzylhydroxylamine
(BHA), independently of using mixture of organic solvents,
transformed CP2 into CP1 in almost quantitative yield (Fig. 2).
Next, we embark on the liberation of hydrazide groups on the
deposited nanotubes. For this purpose, the mica plates
containing the deposited peptide nanotubes (SCPN2UMica)
were placed into a vial and immersed in a solution of BHA (100
mM) in different solvent mixtures. The micas were shaken for
6h and then analyzed by AFM. To do this, the micas were
previously washed with dichloromethane and water before the

self-assembling
and nanotube
deposition

SCPN1UMica

9.6 nm
~ 0.0 nm

AFM analysis. We found that the use of acetonitrile, DMSO or
DMF gave rise mainly to the disappearance of nanotubes from
the mica surface, while methanol, dichloromethane or water
provided micas in which most nanotubes remained intact. The
mica surfaces were in some areas dirty, having amorphous
materials attached on them, probably related with the
deposition of the O-benzyl oxime of pyrene-1-carbaldehyde (2,
Fig. 2), but also with some CPs that were removed from the
nanotube during the deprotection and washes steps or form the
adhesive used to attach the micas to the microscope holder.
Increasing the time or number of washes did not improve their
cleaning. With the aim of enhancing the cleanliness of the
surface, new solvent combinations were evaluated. We finally
find out that the use of 10% of DMSO in dichloromethane (100
mM of BHA, 1mL) and washes with the same solvent mixture
followed by thorough rinsing with Milli-Q water and subsequent
drying under nitrogen flow, provided cleaner micas with intact
nanotubes attached to the surface. The topographic images
confirmed the integrity of the tubular structures (Fig. 2e-f and
4s).

After optimizing the solvent mixture, we tuned other
parameters, such as time or repetition number, required to
release 2 resulting of the hydrazide liberation. The reaction was
followed by UV-Vis using the characteristic emission band of
pyrene moiety, see Fig. 2a regarding the reaction time and Fig.
S3 with respect to the number of mica immersions on the
benzylhydroxylamine solution. Although after 12h most of the
pyrene was already removed as denoted by the UV-Vis spectra
(Fig. 2a), for all the following studies we leaved the samples
immersed in the hydroxylamine solution for 24h. The micas
were then washed several times with a DCM/DMSO (9:1) and
analyzed by AFM, the heights (Fig. 2e-f and Fig. S4) were slightly
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Figure 3. Formation of SCPN1-G3.5UMica by condensation of the SCPN1UMica with poly(phosphorhydrazone) dendrimer (G3.5, for the full structure see Fig. S6).
AFM topography micrograph (Grade V-l muscovite) of this structure deposited over mica and on the right the corresponding height profile of the tube longitudinal axis (red dotted
line) in which the increase of heights (~4.5 nm) by the attachment of dendrimer can be observed. On the left 3D topographic image.
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Figure 4. Strategy for the concavaline A (ConA) deposition on top of peptide nanotubes. The nanotubes deposited on the mica surface (SCPN1UMica) having the free hydrazyde
after the benzylhydroxylamine treatment were treated with the mannosyl derivative 4 (SCPN1.4UMica). The resulting tubes having the saccharide moieties exposed on the

surface were then treated with a solution of ConA (20 uM) to deposit it on top of the peptide nanotubes (SCPN1.4UMica). AFM topography micrograph of this samples

(SCPN1.4UMica, on left and SCPN1.4-ConAUMica on the right) are shown with the corresponding magnified 3D topographic image of single nanotube of each sample. On the
bottom, the observed profiles along the tube longitudinal axis (red dotted line) in different colors heights for these samples are also shown and they match with the proposed

for these structures.

smaller (~2 nm) than those observed for the SCPN2UMica (Fig.
2b-c and S$3). Statistical analysis of nanotube length (see table
S1 in supporting information) after deprotection but also later
on other mica modifications showed that there is not a
significative change in nanotube length using these optimized
conditions. It is worth mentioning that the direct mica
deposition of pyrene-free CP (CP1) on the mica surface did not
provide the expected tubular structures (SCPN1UMica), instead
spherical nanoparticles with heights of 6.0 nm were obtained
(Fig. S5). These experiments confirmed the requirement of
pyrene moiety to facilitate the nanotube formation.

A direct condensation with a nano-sized aldehyde was then
carried out to evaluate the reactivity of the free hydrazides. For
this purpose we employed the poly(phosphorhydrazone)
dendrimer G3.5, which contains 24 carbonyl moieties at the
periphery (Fig. $6).2°2 This dendrimer, with an estimated
diameter of 2.5 nm, was nicely deposited on top of the
nanotube as can be inferred form the AFM topographic images
(Fig. 3 and S6). To do that, the mica with the nanotubes bearing
free hydrazide groups (SCPN1UMica) were treated with a
solution of G3.5 (10uM) in dichloromethane at room
temperature. After the corresponding washed with DCM, the
surface was evaluated by AFM, showing again long fibers, but
with heights of 5.75+0.49 nm (Fig. 3 and Fig. S6). These new

This journal is © The Royal Society of Chemistry 20xx

heights match quite well with the expected for this type of
structure (SCPN1-G.35UMica). Control experiments imaging
mica surfaces with nanotubes bearing the pyrene moiety
(SCPN2UMiica) or mica surfaces in the absence of nanotubes did
not provide similar results (Fig. S7A and S7D), confirming the
requirement of hydrazide groups in order to condensate with
the carbonyl groups of G3.5 to address the deposition and
alignment of the dendrimer guided by the nanotube.

Supramolecular functionalization of nanotubes for protein
deposition

The potential of protein alignment using the nanotubular
template was addressed by exploiting the supramolecular
interaction between the concanavalin A (ConA) lectin and its
natural a-mannosyl ligand.?%22 Therefore, the free hydrazide
nanotubes supported on mica surface (SCPN1UMica) were
functionalized with an aldehyde bearing the [B-mannosyl
moiety. The insolubility of 4 in organic solvents compatible with
nanotube structure force us to search for new condensation
conditions. Finally, we found that the treated of SCPN1UMica
with a solution of mannose-functionalized acetaldehyde (4, 5
KM)23 in H,0 for 6 h (Fig. 4), followed by washing with water,
provided nanotube structures that were again analyzed by AFM
(Fig. 4 and Fig. S8). The topography images confirmed the

J. Name., 2013, 00, 1-3 | 5



integrity of the nanotubes with heights (Fig. S8) and lengths
(table S1) similar to those of the original tubes SCPN2UMica
(2.58+0.29 nm and 1.6 um, respectively). In this case, the mica
surface presented certain impurities, probably due to the
successive manipulations and the use of agueous media for the
condensation reaction. Once the monosaccharide was attached
to the nanotube, the resulting mica was treated with ConA in
HEPES-buffered Krebs-Ringer solution (HKR). The topology
characterization was again carried out by AFM, showing
nanotubes with heights of 6.44+0.59 nm (Fig. 4 and Fig. S9-S10)
which were consistent with the expected size of a templated
assembly between the peptide nanotubes (2-2.5 nm) and the
ConA (4.0 nm).24 Similar treatment of pristine micas or micas
containing the peptide nanotubes with pyrene (SCPN2UMica)
or the free hydrazide groups (SCPN1UMica) with the ConA
solution did not give any substantial modification on the heights
of the nanotubes (Fig. S7). This confirmed the importance of the
a-mannosyl moiety attached to the nanotube for the ConA
specific recognition and one-dimensional templated deposition.

Conclusions

We have implemented dynamic covalent bond procedure for
1D templated deposition using cyclic peptide nanotubes. The
strategy is based on self-assembling peptide nanotubes bearing
covalent dynamic bonds such as hydrazones. This strategy
allowed protein controlled one dimensional deposition by using
specific ligands that can be incorporated after nanotube
installation through the reactive ends (hydrazide groups) bear
by each cyclic peptide. The nanotubes were selectively
deposited on the mica by the precise design of cyclic peptide
component whose assembling process align on the same side of
the nanotube specific functions. The incorporation of a pyrene
group at the hydrazide moiety of CP induces the assembling
process aligning all the guanidinium groups of Arg residues
along the tube and, consequently, this facilitates the interaction
with the mica surface. One can envision that this new modular
approach could easily be adapted with other residue types and
different surfaces. In addition, the use of dynamic covalent
bonds, such as the hydrazone allows the controlled alignment
of different functional groups at the nanoscale without affecting
the nanotube integrity. In this regard, the nanotubes described
here could also be used to align and deposit different proteins
and receptors guided by the attached ligand. These hybrid
biomaterials and this methodology could find applications in
novel culture cell techniques, in catalysis, molecular storage,
and drug delivery, among others.213.25
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