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Templated Growth of Hybrid Structures at the Peptide–Peptide Interface
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Introduction

The controlled growth of hybrid superstructures follows the
considerable progress made on the study of molecular self-
assembly processes that are aided by various noncovalent in-
teractions. The design and growth of such hybrid structures
involves the complex interplay of both intermolecular and
molecule–substrate interactions that, in turn, exert substan-
tial influence and control over surface-templated growth.
Such hybrid structures not only afford a variety of supra-
molecular ensembles, but may also be tuned to mimic the
functions and properties of natural biomolecules.[1]

Peptides and proteins support the formation of supra-
molecular architectures by the participation of a variety of
noncovalent intermolecular interactions, such as backbone
hydrogen bonding, salt bridges, side-chain interactions, and
stereochemical predispositions.[2,3] For example, the interac-
tions that arise from the chemical diversity of amino acid
side chains are crucial for amyloid organization through side

chain–side chain and backbone–side chain interactions.[3c,e]

Thus, it is possible to use noncovalent interactions to con-
struct interesting architectures on pre-existing templates.
Herein, we describe the use of peptide vesicular platforms
for the templated growth of fibrillar structures to create
hybrid structures that retain the overall gross morphological
features of two discreet self-assembling systems.

Results and Discussion

Synthesis, sample preparation, and molecular structure :
Peptides A, B, and C (Figure 1) were prepared by using a
routine solution-phase method. Recently, we presented the
formation of homogeneous spherical vesicular structures
from a synthetic triskelion peptide conjugate (A ; Figure 1a),
in which three Trp–Trp dipeptides are arranged around a
tris(2-aminoethyl)amine (tren) scaffold.[4] This facile process,
in which the occurrence of spherical aggregates was ob-
served within the first 5 seconds of the incubation period,
was ascribed to stacking of the tryptophan indole rings,
which plays an intriguing role in the self-assembly process.
In another study, we demonstrated the propensity of conju-
gate B (Figure 1b) to form linear fibers in a time-dependent
fashion.[5] With these two model systems that have distinct
self-assembly patterns to hand, this study was designed to
explore whether rapidly forming vesicular structures would
support the surface-assisted growth of peptide fibers.
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Ultrastructural details by microscopic studies : A freshly pre-
pared solution of B (0.33 mm) in 60% methanol/water was
added to a solution of A (1 mm ; 37 8C) that had been pre-in-
cubated for 6 h, followed by incubation for up to 30 d. The
phased growth of peptide fibers arising from the vesicular
platform was followed by scanning electron microscopy
(SEM). Observation of three-day-old solutions indicated
that peptide fibers grow from the vesicular surfaces, and the
length of these fibers increased with prolonged incubation
(Figure 2a–d). After further incubation, growth and branch-
ing of new fibers from the surface was observed (Figure 2e
and f). As spherical vesicles form rapidly upon dissolution,
it was interesting to note that the preformed peptide surface
provided a platform for fiber growth.
To provide further proof for this surface-assisted phenom-

enon, we decided to investigate the growth of tubular struc-
tures of Phe–Phe dipeptide C from a spherical platform. Di-
peptide C (Figure 1c) forms robust tubular structures upon
incubation and its use in other nanobiotechnological appli-
cations has been described.[6] Once again, growth of nano-
tubular structures from the vesicular surface was observed
(Figure 3). We were able to capture snap-shots of the
phased growth of hybrid structures after 3, 10, and 30 d. In
the three-day-old solution (Figure 3a), the outgrowth of a

nascent fiber from the surface was observed, which suggests
that sequential growth, elongation, and consequently, dense
fibrillation from the vesicular surface occurred (Figure 3b–
d).
Environmental scanning electron microscopy (E-SEM)

was used to follow the growth of these hybrid structures
under moist conditions. Images obtained in this near-native
state further confirmed the occurrence of fibrous growth
from the vesicular platforms (Figure 4a), thereby suggesting
that these observations reflect true surface-assisted growth
rather than artifacts from drying. Transmission electron mi-
croscopy (TEM) images of seven-day-old samples revealed
that two or more vesicles were interconnected by fibers and
a micrograph of a 15-day-old sample displayed extensive
fibril formation from the vesicular surfaces and dense inter-
connections between multiple vesicles (Figure 4b–d).
These observations were reconfirmed with results from

atomic force microscopy (AFM) studies on seven-day-old
samples. The initial phase of fibrous growth from the vesicle

Figure 1. Molecular structures of a) triskelion peptide conjugate A,
b) PHGGG-Cap-PHGGG B (Cap=6-aminocaproic acid), and c) Phe–
Phe dipeptide C.

Figure 2. SEM images of the growth of fibers of B from the vesicle sur-
face after different periods of incubation. a,b) After 3 d, c,d) after 7 d,
and e,f) after 15 d.

Figure 3. SEM images of the growth of fibers of C from the vesicle sur-
face after different periods of incubation. a) After 3 d (arrowhead indi-
cates nascent growth of fibers), b) after 10 d, and c,d) after 30 d.
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surface culminated in extensive fibrillation after 30 d (Fig-
ure 5a and b). Rhodamine B stained peptide solution (de-
tected by fluorescence microscopy) also duplicated our ob-
servations (Figure 5c and d).

Fluorescence studies : Aromatic p–p stacking interactions
between histidine and phenylalanine side chains and the
indole ring of tryptophan have been reported,[7] and it is as-
sumed that these interactions are primarily responsible for
the templated growth of hybrid structures. In a preliminary
experiment, we found that the intrinsic tryptophan fluores-
cence of A decreased upon the incremental addition of B,
and also when the solution was incubated for seven days,
which suggested a change in the tryptophan indole environ-
ment (Figures 6 and 7). In another control experiment, nei-
ther the addition of indole to B nor the addition of imida-

zole to A resulted in the formation of hybrid structures, thus
implying the importance of peptide–peptide interactions
(see the Supporting Information). Interfacial hydrophobicity
and hydrophilicity have also been described as playing a
role in certain self-assembling peptides and the structures
they form.[8]

Similar morphological observations have been made with
an insulin–amyloid system, in which the growth of insulin
fibers on preformed synthetic amyloid plaques was used to
study the template-directed self-assembly process. It was
found that template-driven fibril formation occurred at a
highly accelerated rate, which resulted in thinner fibrils. This
effect was attributed to limited nucleation sites on the tem-
plate surface and lack of lateral twisting between fibrils.[9]

Figure 4. E-SEM and TEM images of the outgrowth of peptide B fibers
from the vesicle surface after different periods of incubation. a) After 7 d
(E-SEM), b) after 7 d (TEM), and c,d) after 15 d (TEM).

Figure 5. AFM micrographs after incubation for a) 7 and b) 30 d. Rhoda-
mine B stained fluorescence micrographs after incubation for c) 7 and d)
15 d.

Figure 6. A comparison of fluorescence spectra shows the concentration-
dependent quenching of the tryptophan fluorescence of A (1 mm) by the
addition of B (0.33–0.99 equiv). Further addition of B (1.20 equiv) did
not result in further quenching.

Figure 7. A comparison of fluorescence spectra shows the time-depen-
dent quenching of the tryptophan fluorescence of A (1 mm) by the addi-
tion of B (0.3 equiv). c : A. a : A+B, no incubation. g : A+B, 7 d
incubation.
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Proposed schematic for hybrid structures : It was proposed
that the formation of vesicular structures in A is dictated by
the tryptophan residues and tripodal tren scaffold.[4] MM+

calculations indicated that the tripodal scaffold imparts
slight curvature and the p-stacked indole moieties of this
conjugate interdigitate, which leads to the formation of
stable vesicular structures. Therefore, we reason that the his-
tidine imidazole and polymethylene linkers in B and the
phenyl side chains in C may further interdigitate with the ar-
omatic core of the vesicles to support the formation and
growth of hybrid structures. Figure 8 depicts a possible
mechanism for this process in which favorable interactions
between the tryptophan indole groups (ovals) and the
indole and phenyl groups (squares) of histidine and phenyl-
ACHTUNGTRENNUNGalanine, respectively, are proposed.

Conclusion

This study describes the formation of peptide–peptide hy-
brids by combining the morphological signature of a syn-
thetic triskelion derivative with two different peptide con-
structs. The ultrastructural features observed by microscopy
analysis convincingly suggest that triskelion vesicles tem-
plate the growth of hybrid structures, which have been well
characterized by using fluorescence measurements and sev-
eral microscopy techniques. It is also proposed that the for-
mation of these hybrids is perhaps a result of the interplay
of amide-hydrogen-bonding interactions within the hydro-
phobic environment created by the indole residues. We sur-
mise that observations concerning the surface-assisted
growth of peptide fibrils and tubular structures from vesicu-
lar templates may have ramifications for the design and de-
velopment of peptide-based hybrid materials with controlled
hierarchical structures. Such systems, with suitable noncova-
lent interactions, may also serve as materials for biosensor
development and diagnostic applications.[10]

Experimental Section

SEM analysis : Fresh and incubated (0–30 d) peptide solutions (20 mL,
0.33, 0.5, and 1 mm for B, C and A, respectively) in 60% methanol/water

were coated onto metal slides and then a gold coating was applied over
the samples. SEM measurements were performed by using an FEI
QUANTA 200 microscope equipped with a tungsten filament gun. Mi-
crographs were recorded at a working distance of 10.6 mm and at a mag-
nification of 40000J .

E-SEM analysis : The mixed peptide solutions were placed on a metal
stand and imaged by using an FEI QUANTA 200 microscope equipped
with a field emission gun operating at 20.0 kV in wet mode at a pressure
of 1.0 torr.

TEM analysis : An aliquot of incubated peptide solution (10 mL) was
placed on a 400-mesh copper grid. After a minute, excess fluid was re-
moved and the grid was stained with 2% uranyl acetate in water. Excess
staining solution was removed from the grid after two minutes. Samples
were viewed by using a JEOL 1200EX electron microscope operating at
80 kV.

AFM analysis : An aliquot of peptide solution (10 mL, incubation for 0–
30 d) in 60% methanol/water was transferred onto a freshly cleaved mica
surface and uniformly spread by using a spin-coater operating at 200–
500 rpm (PRS-4000). The sample-coated mica was dried for 30 min at
room temperature, then imaged by using an atomic force microscope
(Molecular Imaging, USA) operating in acoustic AC mode (AAC) with
the aid of a cantilever (NSC 12(c), MikroMasch). The force constant was
0.6 Nm�1 and the resonant frequency was 150 kHz. The images were re-
corded in air at room temperature, with a scan speed of 1.5–2.2 lines s�1.
Data were acquired by using PicoScan 5 software and data analysis was
performed with the aid of a visual scanning probe microscopy program.

Fluorescence microscopy: Dye-stained peptide structures were examined
by using a fluorescence microscope (Zeiss Axioskop 2 Plus) with an illu-
minator (Zeiss HBO 100) and a rhodamine filter (absorption 540 nm/
emission 625 nm). This filter-optimized visualization compared rhoda-
mine-treated vesicles (positive resolution) with untreated vesicles (nega-
tive resolution), which are virtually invisible in light of this wavelength.
Images were captured electronically by using Zeiss AxioVision (ver-
sion 3.1). Peptide A (1 mm) and rhodamine B (10 mm) were co-incubated
for 24 h in 60% methanol/water before B (0.33 mm) was added, and the
solution was then incubated for a further 7 d. This incubated solution
(20 mL) was loaded onto a glass slide, dried at room temperature and the
images were recorded.

Fluorescence spectroscopy: A freshly prepared solution of A (1 mm) in
60% methanol/water was used for the fluorescence measurements. Por-
tions of peptide B (0.33–1.20 equiv) in 60% methanol/water were added
and the intensity of the fluorescence was measured by using a Perkin–
Elmer fluorimeter with an excitation wavelength of 275 nm, an excitation
slit width of 8 nm, and an emission slit width of 10 nm. The pH of the so-
lution was unchanged before and after the addition of B.
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