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Peptide amphiphiles with well-organized secondary structure are an important family of molecules that
are known to assemble into a variety of nanostructures. In this work, we present three
guanidiniocarbonylpyrrole (GCP) containing peptide amphiphiles, which show versatile morphology
and secondary structure changes as a result of different chain lengths and in different concentration
regimes. The random coil conformation, a-helix, and p-sheet are obtained for peptide 1, peptide 2, and
peptide 3, respectively under neutral aqueous conditions. Furthermore, all peptide amphiphiles can
aggregate to form nanoparticles at low concentrations. However, at high concentrations, peptide 1 self-
assembles into left-handed twisted helical fibers, while longer bamboo-like morphology can be observed
exclusively for peptide 2. For peptide 3, freshly prepared samples show uniform spherical morphology,
whereas an obvious morphological transition from original nanoparticles to disordered fibers was
realized after incubating for one week. These fascinating morphology changes were determined by the
combination of circular dichroism, dynamic light scattering, transmission electron microscopy, atomic
force microscopy, and theoretical calculations.
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Peptide amphiphiles are one of the most attractive building
blocks to create functional supramolecular materials for biomedi-
cal applications, e.g., for molecular imaging, disease diagnosis or
drug/gene delivery, due to their inherent biocompatibility and
biodegradability [1-4]. A variety of nanostructural assemblies
including fibers, micelles, and ribbons can be formed by peptide
amphiphiles and their biological functions have been extensively
exploited in recent decades [5,6]. In particular, a detailed
understanding of well-organized a-helix or p-sheet secondary
structures formed by peptide amphiphiles might provide a better
insight into the mechanism of protein folding, which is often
closely associated with many diseases [7,8]. For example, amyloid
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fibrils formed via a misfolding in g-sheet-type conformations are
related to Alzheimer’s disease, Parkinson’s disease, and other
neurodegenerative disorders [9,10]. Therefore, the rational design
of small peptides which adopt a well-defined and precisely
controlled secondary structure is highly significant.

Reversible non-covalent interactions, such as hydrogen bond-
ing, electrostatic interactions, steric effects, and 7r-7r stacking, play
an important role for the formation of secondary structures in
proteins and dynamic architectures [11-14]. Consequently, peptide
conjugates which contain artificial binding motifs with an
enhanced binding efficiency can promote the formation of highly
ordered and stable secondary structures. For example, the
guanidiniocarbonylpyrrole (GCP) group has proven to possess a
high binding affinity toward carboxylates and other oxoanions in
aqueous solutions [15]. The rigid and planar conformation of GCP
allows for hydrogen bond assisted ion pairing with carboxylates.
For this reason, GCP units have significantly stronger binding to
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Scheme 1. Schematic illustration of the formation of different secondary structures and morphologies by supramolecular self-assembly.

carboxylates than simple N-terminal cations as in natural amino
acids [16]. Moreover, the aromatic pyrrole unit in the GCP group
can provide additional -7 stacking interactions to facilitate the
self-assembly of peptide amphiphiles. Therefore, the GCP-motif is
an ideal candidate for fabricating interesting supramolecular
assemblies with well-defined secondary structures.

In our previous work [17], we have found that the GCP-
functionalized alanine tetramer (peptide 2, Scheme 1) adopts an
a-helix conformation and further self-assembles into different
superstructures depending on the overall concentrations under
neutral conditions. In most cases, the length and amphiphilicity of
the peptide skeleton have a remarkable effect on the secondary
structure and the morphology of the further self-assembled
nanostructures. Generally, peptides that are prone to form
p-sheets are around 16-20 amino acids long and often feature
alternating patterns of hydrophobic and polar amino acids. In
contrast, a-helices are preferentially formed by relatively short
amino acid sequences [18,19]. Thus, we envisaged the regulation of
the secondary structure through adjusting and controlling the
length of GCP-containing peptide chains and explored their ability
to self-assemble into well-defined supramolecular structures.

Herein, we report the design and synthesis of three GCP-
containing peptide amphiphiles with different backbone length,
and found that their secondary structures and morphologies can be
well regulated under neutral environment. As shown in Scheme 1,
peptide 1 adopted random coil conformation and further self-
assembled into left-handed twisted helical fibers at high
concentration. However, a-helix and g-sheet conformations were

obtained for peptide 2 and peptide 3, respectively. For peptide 2,
the a-helix conformation led to the formation of longer bamboo-
like nanostructures. But for peptide 3, an obvious aging effect could
be observed with morphological transition from nanoparticles to
disordered fibers after storing the freshly prepared samples for
one week.

Three GCP-containing peptide amphiphiles (peptides 1-3) with
different backbone length were obtained by conventional Fmoc
solid-phase peptide synthesis [20]. In brief, peptide 1 was
synthesized by coupling of the GCP group with an alanine dimer.
Instead of an alanine dimer, the corresponding alanine tetramer or
alanine hexamer were used for peptide 2 and peptide 3, to couple
with the GCP group (for details, see Supporting information).

Because alanine has a strong preference to form helix-type
structures in aqueous solution, but it is also a weak g-sheet former,
we first investigated the conformation of these peptide amphi-
philes under neutral conditions (pH 7.0) by circular dichroism (CD)
spectroscopy. As shown in Fig. 1, a negative band at 195 nm and a
positive band at 225 nm appeared for peptide 1. This proved the
formation of random coil conformation [21], and the weak
negative peak at 295 nm corresponds to the absorption maximum
of the GCP unit. However, a completely different CD spectrum was
observed for peptide 2, in which the GCP chromophore gave rise to
a bisignate Cotton curve centered at its absorption maximum first
with a negative band at 299 nm, and then with a positive band at
279 nm. Moreover, with increasing concentration of peptide 2, the
CD intensities at both 279 and 299 nm also increased gradually
[17]. This phenomenon was only found in the case of peptide 2,
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Fig. 1. CD spectra of (a) peptide 1, (b) peptide 2, (c) peptide 3 at different concentrations at pH 7.0.
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Fig. 2. AFM (a-d) and TEM (e-h) images of peptide 1 at different concentrations at
pH 7.0, either freshly prepared or after incubation for one week.

which indicated a strong and unidirectional orientation between
interacting GCP units within a self-assembled aggregate of
peptide 2 [22]. In addition, two contiguous negative CD signals
at 222 and 206 nm indicated that peptide 2 adopts an a-helix
conformation, brought about by an ionic GCP-carboxylate interac-
tion and an additional 7r-7r interaction between the GCP units [23].
Interestingly, peptide 3 shows a different conformation compared
to peptide 1 and peptide 2. Due to the low solubility of peptide 3 in
water (pH 7.0), we selected a concentration of 0.5mmol/L as
maximum concentration to explore its secondary structure
(instead of 1.0 mmol/L, as used for peptides 2 and 3). The CD
spectrum of peptide 3 showed characteristic signals for a g-sheet
structure (an intense positive band at 198 nm and a negative band
at 218 nm) [24]. In summary, these CD results suggest that both
the interactions between the GCP units and the length of the
peptide backbone play a very important role for the formation of
the observed secondary structures.

Subsequently, transmission electron microscopy (TEM) and
atomic force microscopy (AFM) were employed to investigate the
further self-assembly process and the morphology of the resulting
higher-order nanostructures formed by these peptide amphiphiles
in water at pH 7.0. As shown in Figs. 2a and e, the formation of
nanoparticles with a diameter of 25 nm was observed for a freshly
prepared solution of peptide 1 at a concentration of 0.2 mmol/L by
AFM and TEM. Moreover, a small degree of further aggregation
could be observed after storing the solution for one week (Figs. 2¢
and g). However, as the concentration was increased to 1.0 mmol/L,
peptide 1 formed fiber-type structures with a length of
approximately 1.2 wm (Figs. 2b and f). Furthermore, the fibers
possessed an internal structure: As shown in Figs. 2d and h, left-
handed twisted helical fibers with a uniform pitch of 45 nm could
be clearly observed. The consistent pitch and helicity indicate
that the underlying intermolecular interactions are uniform
throughout the whole structure [22]. This phenomenon occurs
most likely due to the intrinsic chirality of the constituent L.-amino
acids, which is in line with the observations in other peptide-based
systems [17,25].

However, peptide 2 exhibited markedly different self-assembly
properties (Fig. 3). Though peptide 2 also assembled into small and
regular nanoparticles at low concentration (0.2 mmol/L, Figs. 3a
and e), increasing the concentration to 1.0 mmol/L led to the
formation of bamboo-like nano-assemblies. These are composed of
short, rod-like aggregates, which adhere tightly to each other and
stretch out to form longer fibers, thus resembling a bamboo-like
morphology both in AFM and TEM (Figs. 3b, d, f, h). In this case, we
did not find any evidence of morphological changes induced by an
aging effect after incubating the sample for one week.

For peptide 3, both TEM and AFM results indicated that solid
spherical structures with a diameter around 30 nm were formed at
low concentration (0.2 mmol/L, Figs. 4a and e). In contrast, no
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Fig. 3. AFM (a-d) and TEM (e-h) images of peptide 2 at different concentrations at
pH 7.0, either freshly prepared or after incubation for one week.
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Fig. 4. AFM (a-d) and TEM (e-h) images of peptide 3 at different concentrations at
pH 7.0, either freshly prepared or after incubation for one week.

obvious aging effect was found after an incubation time of one
week (Figs. 4c and g). Considering the poor solubility of peptide 3
at 1.0 mmol/L in water (pH 7.0), we selected a concentration of 0.5
mmol/L as high concentration to further explore its self-assembly
behavior. Such a freshly prepared sample also exhibited uniform
spherical morphology at 0.5 mmol/L. However, a striking aging
effect was observed after one week, leading to cross-linking
and fusion of the spherical particles into unordered fibrous
structures (Fig. 4).

We also studied the self-assembly process of these peptide
amphiphiles in solution by means of dynamic light scattering (DLS)
(Figs. S13-S15 in Supporting information), which correlated
well with the results of AFM and TEM. Additionally, both the
conformation of the peptide amphiphiles 1-3 and the subsequent
formation of higher-order aggregates were sensitive to
pH-changes. Upon adjusting the pH to 3.0, both the GCP and the
carboxylate units were protonated, leading to strong intermolecu-
lar charge repulsion. Hence, the characteristic CD signal of a-helix
or p-sheet structures disappeared and a negative band at 191 nm
was detected, which clearly demonstrated that the well-organized
a-helix and pg-sheet structures transformed into random-coil
structures (Fig. S16 in Supporting information). Also, the originally

Fig. 5. TEM images of (a) peptide 1 (1.0mmol/L), (b) peptide 2 (1.0 mmol/L), (c)
peptide 3 (0.5 mmol/L) at pH 3.0.
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Fig. 6. Molecular modeling of (a) a-helix structure formed by peptide 2, (b) s-sheet
structure formed by peptide 3 at pH 7.0.

observed self-assembled structures disappeared as shown in TEM
images (Fig. 5), probably caused by the missing secondary
structure of the amphiphiles in combination with the charge
repulsion. Yet, the readjustment of the pH from 3.0 to 7.0 results in
the reformation of the original self-assembled structures, demon-
strating a full reversibility of the process as expected.

Molecular mechanics calculations (MacroModel, OPLS 2005
force field) were utilized to further explore the underlying intra-
and intermolecular interactions that lead to the formation of
ordered secondary structures from peptide 2 and peptide 3. The
energy-minimized a-helix structure formed by peptide 2 showed
that the protonated GCP motif not only interacted with the
carboxylate group of another peptide, but also with the neighbor-
ing GCP-units (Fig. 6a). Thus, a zipper-like interstrand-stacking
arrangement of the GCP side chains was realized, which ultimately
leads to the formation of a stable a-helix. The average centroid-
centroid distance between the pyrrole rings is 3.8 A (Fig. 6a and
Fig. S17 in Supporting information), which is in line with aromatic
-7 interactions [26]. Moreover, such close packing and intimate
interactions are a possible cause for the bisignate CD signal as
described above. For the p-sheet conformation generated for
peptide 3, the energy-minimized structure revealed an antiparallel
alignment of the strands in g-sheets (Fig. 6b). Such antiparallel
orientation allows for the formation of well-aligned hydrogen
bonds, so that this superstructure is energetically more favored
than the corresponding parallel form [18,27]. In contrast to the
a-helix case, we found two different kinds of GCP-carboxylate
interactions: At the termini of the p-sheets, we observed
the expected tetradentate GCP-carboxylate interaction involving
the guanidinium-group and the pyrrole and amide NH-groups;
Within the g-sheet structure, however, only the guanidinium-unit
interacts with the neighboring carboxylate in a bidentate fashion.
In combination with the extensive hydrogen bonding interactions
between the peptide backbones, these interactions are the major
driving forces to stabilize the p-sheet structure. The length of the
p-sheet backbone formed by peptide 3 is about 18.0 A (Fig. 6b and
Fig. S18 in Supporting information). Notably, the higher hydro-
phobicity property of peptide 3 may also favor the formation of
p-sheets relative to peptide 1 or peptide 2 [18].

In summary, we developed a series of GCP-containing peptide
amphiphiles with different backbone length, which allowed for the

controlled formation of different secondary structures, leading to
highly diverse morphologies upon further self-assembly. The
random coil conformation, a-helix, and p-sheet of peptide 1,
peptide 2, and peptide 3, respectively, were clearly proven by CD
spectroscopy under neutral conditions. Furthermore, all these
peptide amphiphiles aggregated to nanoparticles at low concen-
trations. At higher concentrations, a left-handed twisted helical
fiber with uniform pitch appeared for peptide 1, while peptide 2
gave longer bamboo-like structures, as proven by AFM and TEM. In
contrast, incubation of a freshly prepared sample of peptide 3 for
one week led to a morphological transition from nanoparticles to
disordered fibers. This work provides a simple and useful guideline
for the precise control of secondary structures and the resulting
higher-order assemblies using peptide amphiphiles. Such a
supramolecular strategy is highly beneficial for our in-depth
understanding of the self-assembly processes in general.
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Supplementary material related to this article can be found, in the
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