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Inclusion of Cu nano-cluster 1D arrays inside
a C3-symmetric artificial oligopeptide via
co-assembly†

Ruiying Gong, Fei Li, Chunpeng Yang and Xiaobo Wan*

A peptide sequence N3-GVGV-OMe (G: glycine; V: valine) was

attached to a benzene 1,3,5-tricarboxamide (BTA) derivative via

“click chemistry” to afford a C3-symmetric artificial oligopeptide.

The key feature of this oligopeptide is that the binding sites (tri-

azole groups formed by click reaction) are located at the center,

while the three oligopeptide arms with a strong tendency to

assemble are located around it, which provides inner space to

accommodate nanoparticles via self-assembly. The inclusion of Cu

nanoclusters and the formation of one-dimensional (1D) arrays

inside the nanofibers of the C3-symmetric artificial oligopeptide

assembly were observed, which is quite different from the com-

monly observed nanoparticle growth on the surface of the pre-

assembled oligopeptide nanofibers via the coordination sites

located outside. Our finding provides an instructive concept for

the design of other stable organic–inorganic hybrid 1D arrays with

the inorganic nanoparticles inside.

The synthesis and assembly of one-dimensional (1D) metallic
nanoparticles assisted by bio-organic molecules are interesting
topics in nano science. In particular, protein or peptide
directed metallic nanoparticle assembly has attracted much
attention in the past few decades due to the versatility of the
peptide pool, the mild preparation conditions, the controllable
sizes and shapes of the resultant nano-structures, and the
specific functions resulting from the hybridization of metallic
and organic functionalities, which were summarized in recent
reviews.1–5 In many cases, the metallic nanoparticles are
immobilized on the surface of the assembled peptide nano-
fibers, via specific interactions such as ligand–metal complexa-
tion and electrostatic attraction. For instance, Matsui and co-
workers reported Cu nano-crystal growth on a bolaamphiphile
peptide nanotube, the surface of which is pre-modified with a

sequenced histidine-rich peptide.6 The interaction between
the histidine moiety and Cu provided the driving force for the
assembly. Pochan et al. reported 1D assembly of negatively
charged Au nanoparticles onto the surface of 17H6 nanofibrils
by neutralizing the positively-charged histidine moiety on the
peptide.7 This concept was widely used in the preparation of
other 1D metallic or inorganic nanoparticle assemblies.8–18 On
the other hand, the inclusion of metallic nanoparticles inside
proteins or peptides to form the 1D structure was realized
mainly through the capillary effects but was scarcely reported.
Reches and Gazit reported the in situ reduction of Ag+ ions
filled inside diphenylalanine (Di-Phe) nanotubes to form
Ag nanowires.19 The incorporation of Fe3O4 nanoparticles
inside a bolaamphiphile peptide at low concentration has also
been reported.9 Due to the non-specific nature of the capillary
effects, the nanowire/nanoparticle growth inside the tube may
coexist with the nanoparticle growth on the surface in the
presence of other interactions.20–22 The reports on inclusion of
metal nanoparticles through specific interactions inside the
peptides are rare. One recent example is to use electrostatic
attraction to immobilize AuCl4

− inside a peptide, which was
further reduced in situ to give Au nanoparticles inside to form
nanoribbons.23 Here we wish to report the simultaneous
inclusion of Cu nano-clusters inside a C3-symmetric artificial
oligopeptide assembly through ligand–metal complexation to
form 1D arrays. The key feature of these oligopeptides is that
the binding sites are located at the center, while the three
oligopeptide arms with a strong tendency to assemble are
located around it, which provides space to accommodate nano-
particles via self-assembly. This concept might be instructive
for the design of other stable novel 1D nanoparticle arrays.

The C3-symmetric artificial oligopeptide was constructed
from two components by click chemistry: one is an oligopep-
tide with a terminal azide group which has a strong tendency
to form a β-sheet, namely N3-GVGV-OMe,24 and the other one
is a benzene 1,3,5-tricarboxamide (BTA) derivative with a
terminal alkynyl group. BTA is a versatile building block for
self assembly25 and was used to form chiral nano-assemblies
for asymmetric catalysis recently.26 The growth of Au nano-
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particles on the surface of such assemblies was also
reported.27 The BTA–oligopeptide conjugate was first reported
by Matsuura et al. and the formation of nanofibers consisting
of β-sheets was observed.28 The click reaction between
N3-GVGV-OMe 1 and N,N′,N″-tris-propargyl benzene-1,3,5-tri-
carboxamide 2 proceeded smoothly to give the C3-symmetric
artificial oligopeptide 3 (BTA-C3-GVGVOMe) in excellent yield
and also installed three triazole groups between the BTA core
and the oligopeptide arms, as shown in Scheme 1. Details of
the synthesis and characterization are reported in the ESI.†
The analytical and spectroscopic data for oligopeptide 3 are
fully consistent with its molecular structure.

BTA-C3-GVGVOMe showed good solubility in hot DMF/
MeOH, and gradually formed an organogel during storage.
The assembly of purified BTA-C3-GVGVOMe is conducted
through a colloidal self-assembly method. In a typical
experiment, oligopeptide 3 (0.01 g, 0.006 mmol) was dissolved
in DMF/MeOH (120 μL, 5 : 1 volume ratio) at 65 °C and then
incubated at 36 °C for about 30 days to form a stable gel. Scan-
ning electron microscopy (SEM) images show that the purified
artificial peptide assembles into nanofibers up to several
micrometers long with widths ranging from 20 to 100 nm
under low scanning voltage (3 kV) (Fig. S1†). The transmission
electron microscopy (TEM) images of the purified artificial
peptide 3 (Fig. 1a and S2†) also confirmed the formation of
these nanofibers.

Surprisingly, if BTA-C3-GVGVOMe was not thoroughly
purified (there were some residual catalysts (CuSO4·5H2O) and
ascorbic acid), the formation of aligned nanoparticles along
the axis of the nanofibers (Fig. 1b) was observed under the
same preparation conditions. Furthermore, different from
many previous reports, these nanoparticles seem to be located
inside the nanofibers, since the edge of the nanofibers is
smooth and no growth of the nano-particles on the edge was
observed (as indicated by the arrows in Fig. 1c). The difference

between the two types of alignments is the schematic denoted
in Fig. 1d. The size of the nanoparticles ranges from 5 to
10 nm. We reasoned that the nanoparticles should be Cu(0)
clusters, since Cu(II) could be reduced to Cu(0) in the presence
of ascorbic acid. Indeed, ascorbic acid is a mild reducing
reagent in the preparation of many metallic nano-materials
including Cu(0).29 High-resolution TEM image (the insert in
Fig. 1c, full image in Fig. S3†) clearly shows that the nano-
particles inside the artificial oligopeptide are crystalline, with
a d space around 0.18 nm, which corresponds to the (200)
plane of Cu(0). X-ray photoelectron spectroscopy (XPS) of the
xerogel showed two peaks at 954.7 eV and 932.6 eV, which also
correspond to Cu2p1/2 and Cu2p3/2 of Cu(0), respectively
(Fig. S4†).

The role of ascorbic acid in the formation of Cu(0) 1D
arrays inside the C3-symmetric oligopeptide 3 was confirmed
in a control experiment. If the purified oligopeptide 3 was
incubated just with CuSO4·5H2O under the same conditions
for gel formation, no Cu(0) nanoparticle formation was
observed. This is understandable since the oligopeptide itself
does not have the reductive center to reduce Cu(II). On the
other hand, when the purified oligopeptide 3 was incubated
with CuSO4·5H2O and ascorbic acid, the formation of the
Cu(0) 1D arrays inside the nanofibers was re-observed. Further-
more, the amount of Cu(0) incorporated into the oligopeptide
nanofibers could be modulated by changing the molar feeding
ratio of Cu(II) toward the oligopeptide. Three feeding ratios
(0.6 : 1; 1.2 : 1; 2.4 : 1) were set and the TEM images of the
obtained Cu(0)–oligopeptide nanofibers are listed in Fig. 2.

Fig. 1 TEM images of the assembly morphology of gel@BTA-C3-
GVGVOMe (a) and gel@BTA-C3-GVGVOMe & Cu (b). (c) Enlarged TEM
image of one-dimensional Cu nanocluster array. (d) Schematic diagram
of Cu nanoclusters aligned along the nanostructured gel fibers.

Scheme 1 Synthesis route of BTA-C3-GVGVOMe 3.
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When 0.6 equiv. of Cu(II) was incubated with oligopeptide in
the presence of ascorbic acid (Fig. 2a), the nanofibers with
Cu(0) nanoparticles inside are very similar to that obtained
from not well-purified oligopeptides. When the molar ratio of
Cu(II) was increased to 1.2 equiv. or higher, these nanofibers
tended to aggregate into larger but shorter bundles.

The formation of Cu nanoparticle arrays inside the
oligopeptide fiber was further confirmed by SEM at elevated
voltage. In the low-voltage (3 kV) SEM technique, electrons
interact with the surface of the specimen, and the corres-
ponding images are more sensitive to the chemical and topo-
graphic form of the surface. In the conventional voltage region
(10 to 30 kV), the SEM images reflect more about the structure
of the bulk.30 Furthermore, due to the heavy-atom effects,
Cu should have a stronger signal in SEM than the peptides.
The comparison of the SEM images of organogel obtained
from BTA-C3-GVGVOMe and BTA-C3-GVGVOMe &Cu (obtained
at 2.4 equiv. Cu(II) feeding ratio) at different scanning voltages
is shown in Fig. 3. At 3 kV scanning voltage, both gels showed
similar SEM images (nanofibers with similar brightness,
Fig. 3a and c), indicating that the surfaces of both nanofibers
might be composed of similar elements. At 20 kV scanning
voltage, the image of the nanofiber of BTA-C3-GVGVOMe
(Fig. 3b) did not show much difference from that obtained at
3 kV voltage, inferring that the elements (C, N, O atoms from
the oligopeptides) in the bulk showed little difference from
those on the surfaces of the nanofibers. On the other hand,
the images of BTA-C3-GVGVOMe &Cu nanofibers obtained at
20 kV exhibit many dazzling nanofibers with enhanced
brightness (Fig. 3d and S5a–d†), which are assigned to the
Cu(0) arrays inside the oligopeptide nanofibers. Two enlarged
images of the dazzling nanofibers are shown in the inset of
Fig. 3d and S5d,† and the smooth edge of these nanofibers
further implied that no Cu nanoparticles were immobilized
on the surface.

The inclusion of Cu(0) nanoparticles inside the three-
armed peptides makes those nanoparticles stable for long-
term storage. Fig. S6† showed the image of the assembled
nano-fibers which have been stored on the shelf for 2 years.
No aggregation of these nanoparticles was observed.

Based on these results, the mechanism of self-assembly of
Cu(0)–oligopeptide nanofibers was proposed, and is shown in

Fig. 4. As stated earlier, the most important feature of BTA-C3-
GVGVOMe is that the triazole groups located inside act as the
coordination center and the oligopeptide with a strong ten-
dency for self-assembly at the periphery acts as the assembly
center. The complexation of the triazole group with Cu(II) has
been well documented,31 and therefore it is reasonable to pos-
tulate that the Cu(0) nanoparticles were formed either through
the formation of the Cu(II)-triazole complex during the incu-
bation period followed by the reduction by ascorbic acid, or
the reduction first then followed by coordination, or these two
processes occurring simultaneously. To prove this, a control
experiment was carried out to co-assemble the pre-synthesized
Cu nanocluster with the purified oligopeptide. Cu nanocluster
was prepared by mixing ascorbic acid and CuSO4·5H2O in a
solution of DMF/MeOH. A series of TEM images (Fig. S8a–f†)
showed these Cu nanoclusters exist either in individual form
or in aggregated form. We identified that the Cu nanoclusters
were composed of Cu(0) via high-resolution TEM (Fig. S9†).
A stable gel was prepared after the addition of the purified
BTA-C3-GVGVOMe into the pre-synthesized Cu clusters
followed by incubation in a solution of DMF/MeOH. The
formation of an ordered Cu nanoparticle array inside the oligo-

Fig. 2 TEM images of the assembly morphology of gel@BTA-C3-
GVGVOMe & Cu at different Cu : oligopeptide molar ratios. (a) 0.6 : 1; (b)
1.2 : 1, (c) 2.4 : 1. In each case, the molar content of the ascorbic acid is
twice as much as that of CuSO4·5H2O.

Fig. 3 SEM images of the assembly morphology of gel@BTA-C3-
GVGVOMe (a: at 3 kV scanning voltage) and (b: at 20 kV scanning
voltage). (c) and (d) are the SEM images of the assembly morphology of
gel@BTA-C3-GVGVOMe & Cu obtained at 2.4 equiv. of Cu(II) at 3 kV
scanning voltage and at 20 kV scanning voltage, respectively. (e) The
elemental map for Cu in the image (d). (f ) The energy dispersive
spectrometer (EDS) of Cu in the image (d).
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peptide fiber was observed in TEM images (Fig. S10a and b†).
This observation confirmed that the ordered Cu(0) nano-
particle arrays could be formed in advance before it was orga-
nized into 1-D arrays in the presence of the peptides.

According to the plausible stacking model in Fig. 4, we
speculated that the oligopeptide could firstly be assembled by
lateral H-bonds and grow to form rings, at the same time Cu
clusters are formed during the formation of these rings due to
the complexation of triazole groups. Here, we elaborately
studied the evolution of Cu(0) 1D arrays inside the C3-sym-
metric oligopeptide 3 with the gelation time (the time taken by
the oligopeptide assembled by H-bonds to form a stable gel)
by controlling the gelation temperature (see Fig. S7†). The
experimental results disclosed that there is a strong depen-
dence of Cu(0) 1D arrays inside the C3-symmetric oligopeptide
3 on the gelation time. When the gelation time is very fast (2
days, Fig. S7a†), no Cu(0) 1D arrays could be found. With the
increase of the gelation time, more and more Cu(0) 1D arrays
could be seen (Fig. S7b–d†). This means that the formation of
Cu clusters must be in step with the formation of these rings,
or it is very difficult for the Cu clusters to move into the inside
cavity once the oligopeptides has assembled. Furthermore, the
oligopeptide could form long fibers by vertical H-bond assem-
bly and form a Cu cluster string (Fig. 4a). Finally the single
fibers bunch together to form larger bundles (Fig. 4b).

BTA-C3-GVGVOMe might assemble into rings via β-sheet
formation which provides the cavity to accommodate Cu(0)
nanoparticles. Fourier transform infrared spectroscopy (shown
in Fig. 5) gives some evidence for the formation of the β-sheet.
In contrast to the FTIR spectrum of BTA-C3-GVGVOMe &
Cu powder (Fig. 5a), the FTIR spectrum of the xerogel of
pure BTA-C3-GVGVOMe (Fig. 5b) showed an obvious peak at
1631 cm−1, which is evidence of β-sheet formation.
This indicates that the incubation of the artificial oligopeptide
is necessary to promote the formation of β-sheets.
Although not obvious, the FTIR spectrum of the xerogel of

BTA-C3-GVGVOMe & Cu (Fig. 5c) also showed a shoulder peak
at 1629 cm−1, which confirmed the formation of β-sheets in
this organic–inorganic hybrid. The difference of the intensity
of this characteristic peak might be due to the interference of
the nanoparticles in the β-sheet formation which changed the
ratio between β-sheets and other types of secondary structures
of the oligopeptide. Furthermore, the oligopeptide sidechain
stretching out from such rings might form H-bonding with
other hexagonal or octagonal rings to form more complex
nanostructures, and the stacking of such ring systems results
in the formation of nanofibers with Cu(0) nanoparticles
inside. The nanofibers further aggregate by forming
H-bonding with each other through the oligopeptide arms
stretching out from these nanofibers to pack into nanofiber
bundles, so the 1D Cu nanoparticle arrays also packed into the
bundles. Moreover, with the increase of Cu(0) content, the
nanoparticles may also interact with triazole groups stretching
out from the rings to form even larger bundles, which
accounts for the topology evolution of these nanofibers when
the amount of Cu(II) was increased.

In summary, we found that by introducing coordination
sites at the center of a C3-symmetric artificial oligopeptide,
Cu(0) nanoparticle 1D arrays formed inside the nanofibers
composed of such oligopeptides. Different from other peptide
templates with the coordination center outside which allows
the growth of inorganic nanoparticles outside the nano-assem-
bly, this result provides a novel concept to fabricate 1D
biomaterials with inorganic elements incorporated inside,
which might have potential applications such as surface-insu-
lated conducting nanowires. We believe that by tuning the
structure of the coordination center and the structure of the
self-assembly periphery, the incorporation of other metals and
inorganic nanoparticles into such biomaterials could be
realized. Although this assembly process occurs in the organic
solvent system, the extension to a more environment-friendly
aqueous system is also possible by structural modification.
Such work is currently underway in our laboratory.

Fig. 5 The amide I region of the FTIR spectra: (a) the powder of BTA-
C3-GVGVOMe & Cu, (b) xerogel of BTA-C3-GVGVOMe, (c) xerogel of
BTA-C3-GVGVOMe & Cu.

Fig. 4 Plausible stacking model for one-dimensional Cu nanocluster
arrays directed by the assembly from BTA-C3-GVGVOMe.
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