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A novel metal-complexed organic nanotube (MONT)
having an inner diameter below 10 nm was readily prepared
from simple N-acyl-L-phenylalanine and nickel(II) ion.

Self-assembled organic nanotubes are attractive nanoarchi-
tectures1,2 since the hydrophilic hollow cylinders can act as
vessels for nanomaterials,3 templates for metal nanowires,4

nanochannels for nanofluidic devices,5 and carriers for drug
delivery.6 Both the rational functionalization of their surface
properties and the control of their inner diameters are achieved
by molecular design.1 Although these morphological character-
istics are important for effective and selective encapsulation of
target guest substances into the hollow cylinders, it is still
demanding to obtain organic nanotubes with desired surface
properties and inner diameters simultaneously.7,8

Recently, we reported metal-complexed organic nanotubes
(MONTs) using glycyl-glycine-containing peptide lipids.9,10

These nanotubes are instantly formed by mixing two solutions
of metal salt and the peptide lipid. The MONTs are expected to
be useful as catalysts, adsorbents, and templates for metal
organic hybrid nanotubes.11,12 However, the minimum inner
diameter of MONTs (30 nm) is larger than those of organic
nanotubes without metal ions (7 nm).13 Small inner diameters,
especially below 10 nm, are highly important, if considering
applications such as carriers and separation materials for
biological substrates like protein.7 Thus, the development of
MONTs with smaller diameters and control of surface proper-
ties from simple molecules is still challenging. In this paper, we
report a novel MONT with an inner diameter below 10 nm
using a simple designed lipid, N-octadecanoyl-L-phenylalanine
(1) (Scheme 1). The simple N-acyl-L-amino acid also has an
advantage of lower cost than dipeptides.

The lipid 1 was synthesized according to the literature.14

The lipid 1 (1mg, 2.3¯mol) was dispersed in aqueous NaOH
(2.3mM, 1mL) with sonication. Drying of this solution resulted
in sheet-like assemblies. Upon adding aqueous nickel(II)
chloride solution (1M, 2.3¯L), the lipid 1 self-assembled
into a nanofibrous structure with length of over 1¯m, as
shown in transmission-electron-microscopic (TEM) observation
(Figure 1A). The nanofibrous structures were found to be
nanotubes by high-magnification TEM observation (Figure 1B).
The nanotubes were distinguishable from the nanofiber due to
the penetration of a negative staining reagent, phosphotungstate,
into the hollow cylinder. These ONTs have inner and outer
diameters of 79 and 4060 nm, respectively.

A similar nanostructure was also observable by scanning
electron microscopy (SEM) without phosphotungstate, though it
was unclear due to weakness against the electron beam. Energy
dispersive X-ray (EDX) analysis of the nanotube showed peaks

at 7.47 and 8.26 keV, which are assignable to Ni (Figure 2). This
indicates that the ONTs are formed from the lipid 1 and Ni ion.

X-ray diffraction (XRD) of the dried nanotubes is not highly
resolved, but two diffractions around 2.58 and 5.16° are shown
in the small-angle region (Figure 3). d-Spacing values were
calculated to be 3.42 and 1.71 nm by Bragg’s law. This indicates
the tubular membranes are formed from 3.42 nm thick multi-
lamellar bilayers. Since the extended molecular length of 1 is
2.6 nm, the bilayers are an interdigitated-membrane structure of
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Scheme 1. N-Octadecanoyl-L-phenylalanine (1).
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Figure 1. (A) TEM image of the nanotubes formed from 1 and
Ni2+ ion and (B) its high-magnification image. Sample is
negatively stained with phosphotungstate. Red arrows indicate
an outer diameter and an inner diameter. Magnifications are (A)
©30 © 103 and (B) ©130 © 103, respectively.
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the lipids. It suggests that the 58 bilayers construct the
nanotube walls.

Figure 4 shows Fourier transform infrared (FT-IR) spectra
of the peptidelipid 1 and NiONT. The lipid 1 shows the amide
I and amide II bands at 1645 and 1550 cm¹1, indicating the
hydrogen-bond network formation between the amide groups.
On the contrary, FT-IR of NiONT showed a broad band
between 15001700 cm¹1. The amide I band was blue-shifted
upon addition of Ni2+ ion, since the hydrogen-bond network
became stronger by the addition of Ni2+ ions (Figure S1).15 FT-
IR analyses also evidenced that the carboxylate anion of the lipid
1 coordinates to Ni2+ ion. The lipid 1 shows an IR band
assignable to C=O stretching vibration at 1724 cm¹1. Upon
addition of NaOH and Ni2+ ion, a decrease in this band was
observed though it did not disappear completely. In addition, a
new band appeared below 1600 cm¹1 which is assignable to
COO¹ coordinating to Ni2+ ion (Figure S1).15 The amide I, II,
and this new bands are included in the broad band between
15001700 cm¹1. After the addition of Ni2+ ion, a broad band is
also observable between 31003600 cm¹1, indicating of the
existence of water or hydroxide ion. These two broad bands
closely resemble that of [Ni2+(aspartate¹)(OH¹)(H2O)].16 The
broad bands and the remaining of COOH band suggest the
existence of hydroxide ion in the NiONT. The result of FT-IR
analysis indicates that [Ni2+(1)(1¹)(OH¹)(H2O)] complex will

construct the NiONT. The elemental analysis of the dried
nanotube supports this type of metal complex, showing the
composition of one Ni2+ ion, two lipid molecules, and one
counter anion.

Figure 5 shows a schematic model of the MONT. Two
lipid molecules and one Ni2+ ion form a metal complex between
the bilayers. When the amide groups form hydrogen-bonds one-
dimensionally (blue arrows), side-chain phenyl groups (red
circles) exist perpendicularly to the direction of the hydrogen
bonds. In the membrane formation, these phenyl groups will
form side-by-side ³³ interaction. Unfortunately, ³³ inter-
action could not be confirmed by UVvis spectra since the light
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Figure 3. XRD of dried NiONT.

Figure 4. FT-IR spectra of peptidelipid 1 and NiONT.

Figure 5. A schematic model of the metal-complexed organic
nanotube and its interactions in the membrane.
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Figure 2. SEM image and EDX of NiONT.
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scattering is very strong in the nanotube dispersion. But we
observed that N-octadecanoyl-L-alanine did not form any tubular
morphology. It suggests ³³ interaction between L-phenyl-
alanine residues plays an indispensable role in the spontaneous
nanotube formation from the lipid 1. Some authors have reported
that the ³³ interaction is important for the tubular structure in
cases of phenylalanine-based organic nanotubes.17

Some peptide derivatives with large hydrophobic side
chains, like Phe, Tyr, Trp, Leu, and Val, are known to form
nanotubular structures.18 More than two amino acids have been
necessary for nanotube formation to date. In this study, lipid 1
with only one phenylalanine was able to form nanotubes. Both
metal complexation and hydrophobic interaction between alkyl
chains will make up for the lack of hydrophobic side chain. In
addition, the chirality of L-phenylalanine can induce a twisted
alignment between neighboring lipids in a right- or left-handed
manner. It can result in a spontaneous curvature in the
membranes.

In conclusion, we demonstrated a first MONT with an
inner diameter below 10 nm by using the simple N-acyl-L-amino
acid 1. Its inner hollow cylinder with a single nanometer size
and a Ni2+-coordinated surface appears promising for applica-
tions such as carriers and separating materials of biological
substrates like DNA and protein.
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