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Nanotubes are a subject of great interest because of their
novel properties and potential applications in a variety of
areas of nanoscience.[1, 2] In particular, for organic nanotubes,
the precise functionalization and interconnection of the
building blocks suggested that they could exhibit not only
unprecedented architectures but also valuable functions for
applications such as electronics and biomedicine.[1–11]

Even though various self-assembling building blocks for
nanotubes have been developed, a molecular recognition
motif has not been employed for controlling the self-
organization of building blocks into organic nanotubes.
Recently, we have reported that cyclodextrin(CD)-covered
dendron nanotubes (Den-CD-NTs) were obtained by a
hierarchical self-assembly process derived from the host–
guest complexation between CDs and the amide dendrons
that have a focal pyrene moiety (Scheme 1).[12] Upon
inclusion of the focal pyrene groups into the cavities of
CDs, the smaller rim of the CD is exposed to the surface of the
nanotube.

We reasoned that this type of hierarchical self-assembly
approach would provide a facile methodology for the
construction of diverse nanotube architectures through the
host-guest interaction between the dendrons and the C6-
modified CDs (Scheme 1). The tunability of the surface
functionalization would enable us to construct hybrids of the
nanotubes with metal nanoparticles. Furthermore, we also
reasoned that the fluorescence characteristics of the nanotube
in response to the change of the surface environment for the
application of the nanotube could act as a biosensory vehicle.

Herein, we report a systematic approach for the con-
struction of a series of functional nanotubes by the cooper-
ative self-assembly of dendrons and cyclodextrins that are
designed for facile control of the surface structure and specific
function. Various functional groups including biological
molecules such as biotin were introduced onto the tube
surface by utilizing C6-modified CDs in the self-assembly

process (Figure 1). In addition, nanotube–nanoparticle
hybrids were constructed by using electrostatic interactions
between the specific surface functionality of the tube and the
precursors of metal nanoparticles. We also demonstrate a
protein sensing capability of Den-CD-NTs by inducing
specific binding of proteins on the tube surface. This approach
shows that the Den-CD-NTs “toolkit” has a great potential
for the construction of functional nanomaterials.

Scheme 1. Chemical structures of a) an amide dendron with a focal
pyrene unit and b) functionalized cyclodextrins.

Figure 1. Nanotube “toolkit”. Schematic description of the self-assem-
bly process for the preparation of functional Den-CD-NTs.
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The focal pyrene group was introduced into the primary
building block, dendron 1, not only as the guest moiety for the
CD host but also as a fluorescent probe (Scheme 1).[12] As
shown in Figure 1, dendron 1 self-organizes into vesicles in
aqueous solution. Upon addition of CDs into the vesicular
solution, CD–pyrene complexation occurs through the inclu-
sion of the hydrophobic focal pyrene unit into the cavity of
the CD. This supramolecular recognition transforms the self-
assembled structures from the vesicle to the CD-covered
nanotubes.[12] In the CD-covered nanotubes, the functional
groups at the C6 position of CDs are exposed to the surface of
Den-CD-NTs (Figure 1). Therefore, the utilization of C6-
functionalized CDs in the self-assembly route to the nanotube
is an efficient methodology for the control of the surface
functionality of Den-CD-NTs. For this purpose, a functional
CD library (2–8) was prepared for use as various building
blocks for the supramolecular assembly (Scheme 1b; for
synthetic details and characterization data, see the Supporting
Information). As summarized in Figure 1, a diverse range of
functional Den-CD-NTs were constructed based on the
hierarchical self-assembly of dendron 1 with CDs 3–8 to
provide iodo, amine, carboxyl, and biotin units on the surface
of the tube. The functionalized nanotubes were readily
constructed by addition of the modified CDs into an aqueous
solution of the vesicle of dendron 1. This solution showed a
broad excimer emission of pyrene at 420–550 nm (Figure S1
in the Supporting Information). Upon addition of CDs, the
excimer emission intensity of the vesicular solution of 1 was
drastically reduced, and the emission of monomeric pyrene at
370–410 nm appeared because of inclusion of the pyrene
moiety into the cavity of CD (Figure S1 in the Supporting
Information), which induced a supramolecular transforma-
tion from the vesicles to nanotubes. The nanotubes were
characterized by using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM).

Figure 2 shows the representative TEM images of the
nanotubes prepared from the modified CDs (Figure S2 in the
Supporting Information). The diameters of the nanotubes
vary from 35 to 45 nm, depending on the modified CD used
for the nanotube formation. The wall thickness of the
nanotubes was approximately 10.5 nm. Considering the
dimension of the fully stretched structure of dendron 1
(53.5 �), the wall thickness of the nanotube must be
associated with the unilamellar bilayer of dendron 1 with
the focal pyrene moiety included in the cavity of the CD. The
AFM analysis also confirmed the wall thickness of the Den-
CD-NTs. When a solution of Den-biotin-C4-CD-NTs was
spread on a silicon wafer and dried in vacuo, AFM analysis
showed that Den-biotin-C4-CD-NTs had a flattened shape
(Figure 2 f and Figure S2 in the Supporting Information). The
height analyzed by AFM was approximately 19.7 nm, which is
consistent with the double of the thickness of the bilayer of
the dendron–CD complex observed in TEM experiments
(Figure S2 in the Supporting Information). The bundles of the
tubular structure were observed by SEM analysis (Figure S3
in the Supporting Information). The cylindrical geometry of
the nanotubes in water was investigated by using dynamic
light scattering (DLS). The autocorrelation functions

acquired from the aqueous solutions of the nanotubes were
analyzed by using the cumulants and CONTIN methods. The
slope of the angular dependence of the apparent diffusion
coefficient (Dapp) was 0.033, which is consistent with the
theoretical value predicted for cylindrical aggregates (0.03;
Figure S3 in the Supporting Information).[13] Further qualita-
tive support for the cylindrical shape was obtained from
Kratky analysis of the light scattering data. The Kratky plot
showed a linear angular dependence over the scattering light
intensity that would be expected for cylindrical objects
(Figure 2g).[13]

The C6 functionality of CDs influences the surface
characteristics of Den-CD-NTs because the outer and inner
surface of the nanotube is covered with CDs. We measured
the zeta potentials of different nanotubes, Den-per-NH2-CD-
NTs, Den-mono-NH2-CD-NTs, Den-COOH-CD-NTs, and b-
CD-covered nanotubes (Den-OH-CD-NTs) in order to
elucidate the surface charge of the nanotubes derived from
modified CDs with various C6 functional groups (Figure 2h).
The observed zeta potentials for Den-per-NH2-CD-NTs
(containing amino groups at all C6 positions of the CD) was
10.07 mV, while that of the Den-mono-NH2-CD-NTs (with
only one amino group on the CD) was 0.96 mV. Den-COOH-
CD-NTs (covered with carboxylic acids) showed a potential
of �14.36 mV, and the surface of Den-OH-CD-NTs gave a
zeta potential of �6.67 mV. These results clearly demonstrate
that our hierarchical self-assembly approach provides a facile
route to the functional nanotubes derived from dendrons and
the C6-modified CDs.

The tunability of the nanotube surface functional groups
should lead to an opportunity for the construction of nano-
structures for further applications.[1, 5, 14–17] We designed a
hybrid assembly of nanoparticles with the nanotube templates
that have the surface functional groups to accommodate

Figure 2. Functional CD-NTs. TEM images of a) Den-Iodo-CD-NTs,
b) Den-per-NH2-CD-NTs, c) Den-mono-NH2-CD-NTs, d) Den-COOH-
CD-NTs, and e) Den-biotin-C4-CD-NTs. f) AFM image of Den-biotin-
C4-CD-NTs. g) Kratky plot of Den-biotin-C4-CD-NTs in aqueous solu-
tion. h) Zeta potential values of Den-CD-NTs.
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metal nanoparticles. Two different design approaches were
employed. The first approach was the assembly of gold
nanoparticles (AuNPs) onto the surface of the Den-CD-NTs
template. This was achieved by the electrostatic interaction
between anionic AuNPs and Den-mono-NH2-CD-NTs which
has a cationic surface (Figure 3 a). Den-mono-NH2-CD-NTs
was incubated with AuNPs that were passivated with 3-
mercaptoacetic acid (AuNP-COOH, average diameter: (1.7�

0.3) nm; Figure S4 in the Supporting Information). The
binding of AuNP-COOH onto the surface of Den-mono-
NH2-CD-NTs led to a drastic quenching of the pyrene
emission (ca. 85 % fluorescence quenching efficiency)
because of photoinduced electron transfer from the pyrene
units to proximate AuNPs (Figure 3b).[18] The TEM image in
Figure 3c shows that the surface of Den-mono-NH2-CD-NTs
is well-covered with AuNP-COOH. In case of Den-per-NH2-
CD-NTs, derived from the self-assembly of CD 5 and dendron
1, the amino groups on the surface facilitated the binding of
AuNP-COOH on Den-per-NH2-CD-NTs. As expected, the
TEM image of the Au/Den-per-NH2-CD-NTs hybrid showed
that AuNP-COOH was densely coated on the tube surface,
and then the degree of the fluorescence quenching efficiency
of pyrene emission was approximately 94 % (Figure S4 in the
Supporting Information). In contrast, as a negative control,
TEM analysis showed that addition of AuNP-COOH into a
solution of Den-OH-CD-NTs did not result in the assembly of
AuNP-COOH on the surface of the Den-OH-CD-NTs, which
indicates that AuNP-COOH and Den-OH-CD-NTs do not
interact strongly. Consequently, no significant fluorescence
quenching was observed.

As a second approach to generate the hybrid of Den-CD-
NTs and metal nanoparticles, we attempted a direct growth of

metal nanoparticles on the surface of Den-CD-NTs (Fig-
ure 4a). The precursor of metal nanoparticles can be adsor-
bed on the surface of the Den-mono-NH2-CD-NTs template
by electrostatic interactions under appropriate conditions.

Subsequent reduction would result in formation of the
nanoparticles on the surface of Den-mono-NH2-CD-NTs.
The tubes with different surface functional groups exhibited
selective adsorption behavior towards metal nanoparticle
precursors, as described here for Au nanoparticles. The tubes
with a cationic surface, Den-mono-NH2-CD-NTs, can accom-
modate anionic metal precursors. For example, incubation of
Den-mono-NH2-CD-NTs (5.6 mgmL�1) in water with the
anionic [AuCl4]

� precursor (HAuCl4, 0.4 mm, 20 mL) followed
by gradual reduction (NaBH4, 0.6 mm, 20 mL) resulted in the
formation of Au nanoparticles on Den-mono-NH2-CD-NTs
(Au/Den-mono-NH2-CD-NTs). After reduction, the Au/Den-
mono-NH2-CD-NTs solution exhibited pale pink-red color.
The TEM images in Figure 4b show that Au/Den-mono-NH2-
CD-NTs are densely covered with Au particles, which was
further confirmed by energy-dispersive X-ray (EDX) analy-
sis, which indicated the presence of Au, C, N, and O in Au/
Den-mono-NH2-CD-NTs (Figure S5 in the Supporting Infor-
mation). The UV/Vis spectrum of a solution of Au/Den-
mono-NH2-CD-NTs shows a weak surface plasmonic band
around 580 nm derived from the Au nanoparticle (Figure S5
in the Supporting Information). However, no absorption was
observed around 580 nm from a solution of Den-mono-NH2-
CD-NTs, which does not contain Au particles. The dense

Figure 3. a) Orientation of metal nanoparticles on the surface of
fluorescent Den-CD-NTs. b) Fluorescence spectra of 1) vesicle of
dendron 1, 2) Den-mono-NH2-CD-NTs, and 3) AuNP-COOH/Den-
mono-NH2-CD-NTs. c) TEM image and enlarged TEM image (scale bar
of inset: 20 nm) of AuNP-COOH/Den-mono-NH2-CD-NTs.

Figure 4. a) Schematic description showing the preparation of nano-
tube–nanoparticle hybrids. b) Fluorescence spectra of Den-mono-NH2-
CD-NTs and Au/Den-mono-NH2-CD-NTs ([Den-mono-NH2-CD-
NT]= 5.6 mgmL�1). The inset shows TEM images of Au/Den-mono-
NH2-CD-NTs ([Den-mono-NH2-CD-NTs] = 5.6 mg mL�1, scale bars:
50 nm and 100 nm, respectively). c) Absorption spectra of Au/Den-
mono-NH2-CD-NTs ([Den-mono-NH2-CD-NTs] = 0.4 mgmL�1) in the
aqueous phase. The inset shows TEM images of Au/Den-mono-NH2-
CD-NTs ([Den-mono-NH2-CD-NTs] = 0.4 mg mL�1).
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coverage and aggregation of Au nanoparticles on the Den-
mono-NH2-CD-NTs surface result in a red shift and broad-
ening of the plasmon band associated with the Au nano-
particles.[19] The fluorescence spectra in Figure 4b show that
the pyrene emission from Den-mono-NH2-CD-NTs appeared
between 370–600 nm, which was quenched in Au/Den-mono-
NH2-CD-NTs with an efficiency of approximately 95%
because of the proximity of the pyrene units and the Au
nanoparticles (Figure 4a).[18,20] We found that the size of the
nanoparticles on the Den-mono-NH2-CD-NTs could be
controlled depending on the amount of the Au salt used in
the reaction. The TEM image in Figure 4c shows that Au/
Den-mono-NH2-CD-NTs ([Den-mono-NH2-CD-NT] =

0.4 mgmL�1) are covered with Au particles with an average
diameter of about 4 nm; the weak absorption band around
520 nm of Au/Den-mono-NH2-CD-NTs in Figure 4 c arises
from the surface plasmon absorption of the Au nanoparticles.
These results confirm the binding of Au nanoparticles on the
surface of Den-mono-NH2-CD-NTs. A control experiment
using Den-COOH-CD-NTs with HAuCl4 revealed that Au
nanoparticles were poorly adsorbed onto the nanotube that
does not have a cationic surface for anchoring the anionic
precursor (Figure S6 in the Supporting Information). This
result indicates that the nature of the surface functional group
is critical for the formation of specific metal nanoparticles on
Den-CD-NTs. In the case of the reduced solution of CD 4 and
HAuCl4, we observed extensive aggregation among Au
nanoparticles (Figure S6 in the Supporting Information).

The fluorescent nature of Den-CD-NTs with a tunable
surface functionality provides an opportunity for utilizing the
nanotubes as a biosensing platform when the surface func-
tional groups of the nanotubes are designed to interact
specifically with the analytes. The sensitive emission of the
pyrene units in the cavity of the CDs towards the change in
local environment would allow binding of the biomolecules
on the nanotubes to trigger a change in their fluorescence
emission. We prepared biotin-covered nanotubes (Den-
biotin-CD-NTs and Den-biotin-C4-CD-NTs) as biosensing
platforms for utilizing the specific binding of biotin with
receptor proteins such as streptavidin and avidin. The binding
of fluorescein-labeled streptavidin (SA-FITC) on the surface
of Den-biotin-CD-NTs and Den-biotin-C4-CD-NTs was
visualized by confocal laser scanning microscopy (CLSM)
after addition of SA-FITC into the solutions of Den-biotin-
CD-NTs or Den-biotin-C4-CD-NTs (Figure 5a and b). Net-
works of the fibrous structures, that is, bundles of the SA-
FITC bound nanotubes, were observed by CLSM. However,
no noticeable fibrous images were observed from the mixture
of SA-FITC with the OH-covered nanotube, Den-OH-CD-
NTs, by CLSM. Similarly, when the biotin binding sites of SA-
FITC were presaturated with biotin prior to mixing with Den-
biotin-CD-NTs, no fibrous structures were observed by
CLSM. These results indicate that the fibrous image of
Den-biotin-CD-NTs/SA-FITC and Den-biotin-C4-CD-NTs/
SA-FITC shown in Figure 5 a ,b was obtained as a result of
specific binding of SA-FITC to the biotin moiety on the
surface of Den-biotin-CD-NTs and Den-biotin-C4-CD-NTs.
In addition, when the streptavidin–AuNP conjugate (SA–
AuNP) was added to the Den-biotin-C4-CD-NTs solution,

the fluorescence was quenched because of the proximity of
the pyrene moieties to the AuNPs of SA-AuNP, which bind to
the biotin unit on the tube surface. These fluorescence
characteristics of the Den-CD-NTs together with well-
defined surface architecture suggest that Den-CD-NTs can
be utilized as a biosensor. To demonstrate the possibility of
Den-CD-NTs as a biosensory vehicle, an inhibition assay was
carried out between streptavidin, avidin, and biotin as a
proof-of-concept experiment.[21] The sensing system consists
of three components: 1) Den-CD-NTs as a sensory machine
with fluorescence probes and biotin ligands for sensing
proteins, 2) SA-AuNPs as a fluorescence quencher, and
3) avidin as a target protein (Figure 5c). As shown in
Figure 5d, upon addition of SA-AuNP into the Den-biotin-
C4-CD-NTs solution, the fluorescence of Den-biotin-C4-CD-
NTs was quenched because the SA-AuNPs became bound to
the biotin moiety on the surface of Den-biotin-C4-CD-NTs to
form the hybrid (SA-AuNPs/Den-biotin-C4-CD-NTs). The
fluorescence intensity of Den-biotin-C4-CD-NTs was
reduced by increasing the amount of SA-AuNP added to
the solution. A negative control experiment was carried out to
rule out the possibility of fluorescence quenching by non-
specific binding of SA-AuNPs on the nanotube or by unbound
SA-AuNP. The addition of SA-AuNPs, the binding sites of
which were presaturated with biotin, did not result in
fluorescence quenching. In addition, when avidin-saturated
Den-biotin-C4-CD-NTs was incubated with SA-AuNP, the
fluorescence of avidin-saturated Den-biotin-C4-CD-NTs was
not changed (Figure S7 in the Supporting Information). These
results indicate that the fluorescence behavior of Den-biotin-
C4-CD-NTs is due to the specific binding of SA-AuNP to the
biotin on the surface of Den-biotin-C4-CD-NTs rather than
nonspecific binding between the protein and the nanotube.

In the inhibition assay with Den-biotin-C4-CD-NTs, SA-
AuNP, and avidin, the fluorescence intensity of pyrene in

Figure 5. Detection of proteins using fluorescent Den-CD-NT tem-
plates. a) SA-FITC/Den-biotin-CD-NTs and b) SA-FITC/Den-biotin-C4-
CD-NTs (scale bar: 5 mm). c) Schematic representation of the inhib-
ition assay on Den-biotin-C4-CD-NTs. d) Fluorescence spectra of Den-
biotin-C4-CD-NTs and SA-Au NP/Den-biotin-C4-CD-NTs. e) It/I0 ratio of
SA-AuNP/Den-biotin-C4-CD-NTs as a function of avidin concentration.
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Den-biotin-C4-CD-NTs increased with increasing concentra-
tion of avidin, because SA-AuNP binds less strongly to biotin
than avidin; thus the concentration of SA-AuNPs bound on
Den-biotin-C4-CD-NTs decreases with increasing avidin
concentration. As shown in Figure 5e, the It/I0 ratio increased
with increasing avidin concentration (I0 denotes the fluores-
cence intensity of Den-biotin-C4-CD-NTs, and It is the
fluorescence intensity of SA-AuNP/Den-biotin-C4-CD-NTs
depending on the avidin concentration). The detection limit
for avidin was in the range of approximately 1 nm.

In summary, we have prepared a series of functional Den-
CD-NTs derived from self-assembly of dendritic building
blocks. The structure of Den-CD-NTs can be controlled in a
facile way by using the modified CDs in the supramolecular
transformation process from vesicle to nanotube. The surface
structure of Den-CD-NTs is tunable through the use of C6-
modified CDs because the tube surface is covered with CDs.
Furthermore, the Den-CD-NTs with functionally controllable
surfaces can be utilized as useful tools for the construction of
nanotube–nanoparticle hybrid assemblies, supramolecular
biological assemblies, and biomolecular sensors. The substan-
tial advantage of our supramolecular approach to functional
nanomaterials has been demonstrated by tunability of the
structure and function of Den-CD-NTs, which can thus
provide new insights in nanotechnology and supramolecular
chemistry.
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