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Molecular self-assembly, a general phenomenon in nature,
plays a pivotal role in biological functions.[1] Inspired by the
abundance of self-assembly processes in biological systems,
considerable effort has been devoted to the design and
synthesis of self-assembly-based nanostructures for their
various applications in chemistry, biology, and materials
science.[2, 3] Among a number of other designed nanostruc-
tures, nanotubes formed by self-assembled amphiphilic mol-
ecules have attracted much attention.[4] So far various
supramolecular nanotubes consisting of many identical
amphiphilic molecules as building blocks have been devel-
oped.[4] The traditional types of amphiphiles (surfactants),[3–5]

and also various superamphiphiles (e.g., amphiphilic block
copolymers)[2f, 5,6b,c] and recently giant biohybrid amphi-
philes,[6] have been found to exhibit interesting self-assembly
behaviors. In general, the practical methods for generating
nanotubes share a common feature: the amphiphilic mole-
cules are designed through covalent linking. Unlike these
traditional covalent synthesis pathways, the “supramolecular
amphiphile” concept has attracted intense scientific and
technological attention.[7]

In recent years, supramolecular amphiphiles formed
through noncovalent driving forces have been developed as
a new type of building block for future fabrication of
supramolecular architectures through multilevel self-assem-
bly.[6,7] Among them, host–guest interactions, such as those of
cyclodextrin (CD) systems, have proven to be important for
constructing supramolecular amphiphiles.[7d, 8, 9] The self-
assembly of host–guest superamphiphiles can provide oppor-
tunities not only for structural versatility but also for func-
tional modulation of nanomaterials,[7,8] because the easy

introduction of chemical moieties on host or guest molecules
would provide an important tool to functionalize the self-
assembled nanostructures. As examples, Zhang and co-work-
ers reported that reversible supramolecular assemblies of an
azobenzene-containing surfactant with a-CD can be rever-
sibly controlled by photostimuli.[7b] Recently, Kim�s group
reported a strategy for designing nanotubes, in which the
supramolecular recognition of CD and dendrons transforms
the self-assembled structures from the vesicle to the CD-
covered nanotube.[9] Up to now a few examples have been
reported of the use of conventional CDs as host molecules to
form supramolecular amphiphiles for fabricating nanostruc-
tures; however, giant nanotubes formed by directly self-
assembled supramolecular amphiphiles have not yet been
described.

Herein, we report a novel way to construct giant nano-
tubes triggered by direct self-assembly of CD-based host–
guest superamphiphiles. The spontaneously formed nano-
tubes were functionalized with the catalytic moieties of
glutathione peroxidase (GPx) by modifying the host molecule
CD. Furthermore, by manipulating the surface of the nano-
tubes with a molecular imprinting strategy, the main catalytic
components were fabricated on the scaffold of giant nano-
tubes. Thus, the artificial GPx center with high peroxidase
activity was loaded on these well-defined nanotubes. We
demonstrate that the strategy of CD-based self-assembly of
supramolecular amphiphiles has great potential for the
construction of functional nanomaterials and could become
a powerful tool to functionalize nanotubes.

The construction of biologically functional nanotubes may
open a pathway for the design of advanced materials and
devices, and the fabrication of nanotubes with enzymatic
function would have potential applications in biosensors and
biomedicine. Thus, we wondered whether we could directly
obtain nanotubes with enzymatic function by combining
artificial selenoenzyme design with CD-based self-assembly
of supramolecular amphiphiles in aqueous solution. This idea
is very challenging, since taking a nanotube as a scaffold to
construct the active sites of GPx has not yet been explored.

GPx is a well-known selenoenzyme that catalyzes the
reduction of harmful hydroperoxides by glutathione (GSH),
and plays an important role in the organism antioxidant
defense mechanism in protecting biomembranes and other
cellular components from oxidative damage.[10] In recent
years, there has been increasing interest in mimicking the
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functions of this important antioxidant enzyme, and consid-
erable efforts have been devoted to producing organosele-
nium/tellurium compounds that mimic the properties of
GPx.[11] To date, many artificial GPx models have been
designed by introducing a selenium/tellurium catalytic center
into existing or artificially generated substrate-binding scaf-
folds.[12]

b-CD, which has seven glucose units, can recognize the
adamantyl moiety well, and this typical host–guest pair has
been widely utilized to build up supramolecular materials and
devices[8a–e] as it can form stable 1:1 complexes in some polar
solvents, such as water and dimethylformamide (DMF).[8a–d]

Thus, we selected this typical host–guest pair to prepare
supramolecular amphiphiles (Figure 1). The supramolecular
complex 3 can be readily prepared by the direct mixing of the
guest molecule 1 and the host molecule b-CD (2) in the
cosolvent DMF. The formation of a stable host–guest complex
was driven by hydrophobic interaction between the adaman-
tyl moiety and the hydrophobic cavity of CD.

When the supramolecular complex was dissolved in
aqueous solution, compound 3 itself, as a primary building
block, self-assembled into an aggregate because of its
amphiphilic nature. Typically, the amphiphile (100 mL) was
slowly injected into deionized water (0.9–9.9 mL) under
sonication, and opalescence appeared immediately, which
indicated the formation of aggregates as a result of packing-
directed self-assembly. Stable assemblies could be prepared
by changing the concentrations of the amphiphiles in water
over quite broad ranges.[13]

Most interestingly, this supramolecular amphiphile forms
unusual giant nanotubes. The optical microscopy image in
Figure 2a reveals nearly monodispersed tubelike aggregates
with a length of 20 mm. Scanning electron microscopy (SEM)

analysis (Figure 2b) shows that a tubelike aggregate is
obtained with a very large diameter (about 500 nm). The
transmission electron microscopy (TEM) image in Figure 2c
shows a strong contrast between the center and the periphery,
which is typical for tube structures; the outer and inner
diameters of these tubes are large at 510 and 430 nm,
respectively,[13] and the wall thickness is about 40 nm. From
calculations after energy optimization, we deduce that the
wall of the giant nanotubes is made up of about ten bilayers of
the amphiphiles;[13] a possible arrangement of the supra-
molecular amphiphile is suggested in Figure 1 C. The bilayer
structure of the nanotubes was further demonstrated by X-ray
diffraction (XRD; Figure 3). The thickness of the bilayer was
calculated to be 4.2 nm.

The optical microscopy, SEM, and TEM images also
demonstrate that the nano-
tubes can maintain their
shapes when they are dried
on solid surfaces. To further
probe the structural details
of the nanotube, an amino
acid, l-tryptophan, with
green fluorescence emission
was used to modify b-CD;
the self-assembly of l-tryp-
tophan-modified b-CD (l-
Trp-b-CD, 2a) with 1 yields
similarily sized nanotubes.
Fluorescence microscopy
revealed that the Trp moi-
eties emitted green fluores-
cence in the periphery of the
nanotube and demonstrated
that host–guest inclusion oc-
curred between CD and
adamantanyl groups (Fig-
ure S5a in the Supporting
Information). The morphol-
ogy of the nanotubes was
further identified by confo-
cal laser scanning microsco-

Figure 2. a,b, c) Optical microscopy (light source: white), SEM, and
TEM images, respectively, of the aggregates formed by self-assembly of
supramolecular amphiphile 3. d) SEM image of the aggregate formed
by self-assembly of 1 and 2b.

Figure 1. Structures of A) guest (1) and D) host molecules b-CD (2), l-tryptophan-modified b-CD (l-Trp-b-CD,
2a), 6-b-CD-SeO3H (2bSe) or 6-b-CD-TeO3H (2bTe), 6-guanidino-b-CD (2c), and glutathione-modified seleno-
CD (6-b-CD-Se-SG, 2d), and B) supramolecular amphiphile 3. C) Graphitic nanotube and possible self-
assembled multilayers.
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py. As shown in Figure S5b (Supporting Information), the
periphery of the aggregates, except the center, has clear green
fluorescence emission, which further confirms the hollow
nanotube structure.

To test whether this strategy is versatile for fabricating
nanotubes with enzymatic function, various host molecules
with functional groups related to GPx catalysis, containing b-
CD-linked catalytic selenium or tellurium moieties (2b) or
guanidine-functionalized b-CD (2c; Figure 1), were designed
by introducing them into the C6 position of b-CD.[13] After the
host molecules were changed to these functionally modified
CDs or a combination thereof, the same self-assembly
procedures were carried out for these supramolecular amphi-
philes. Nanotubes with similar morphology and size to those
mentioned above were obtained (Figure 2 d and Figure S5 in
the Supporting Information). Thus, we have demonstrated
that this strategy is a feasible way to fabricate the active site of
GPx on the nanotube surface.

In the active site of GPx,[10] a catalytic moiety (selenocys-
teine) is located in a specific GSH binding site, and the
substrate GSH is stabilized by two arginine (Arg57, Arg103)
and other residues (Figure 4a). Being similar to the native
GPx, CD-based selenonic acid (6-CD-SeO3H, 2bSe) or
telluronic acid (6-CD-TeO3H, 2bTe) were designed to imitate
the selenocysteine function, and were used in the self-
assembly process (Figure 4).

The catalytic activities of the nanotubes were first
evaluated in an assay system using 3-carboxy-4-nitroben-
zenethiol (TNB) as a GSH alternative.[13, 14] Obvious rate
enhancement for the reduction of cumene hydroperoxide was
observed in the case of selenium-containing functional nano-
tubes.[13] The nanotube catalyst with a tellurium center
showed an increasing velocity compared to the nanotube
with a selenium center. For enhancing the capacity of
substrate binding, we introduced guanidine groups on the
nanotubes as recognition sites by mixing guanidine-function-
alized b-CD (6-guanidino-CD, 2c) with CD-TeO3H (2bTe) in
a 1:1 molar ratio, which is similar to the recognition function
of arginine residues in the GPx catalytic center (Figure 4a).
Thus, the nanotube was endowed with both an active site and
a recognition site, and their combination further increased the
catalytic capacity.[13] Typical saturation kinetics of nanotube
catalysis proved that the nanotubes loaded with selenoen-
zyme catalytic centers behaved as real catalysts.[13]

In GPx catalysis, the tripeptide GSH acts as a natural
substrate;[10] when we used GSH as substrate, the catalytic
activities of the nanotubes were also evaluated in a GSH
reductase–reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) coupled assay system.[12d,f] The nanotube
with a selenium center (NT-CD-SeO3H, 2bSe) showed a GPx
activity of 3.6 U for the reduction of H2O2 by GSH (Table 1),
and the introduction of guanidine groups as recognition sites

Table 1: GPx activities of supramolecular nanotubes for the reduction of
H2O2 by GSH at pH 7.0 and 37 8C.[a]

Catalyst Substrate Specific activity [U]

ebselen[11c] GSH 0.99
NT (1, 2bSe)[b] GSH 3.6
NT (1, 2bSe, 2c)[b] GSH 54
IM-NT (1, 2d, 2c)[b] GSH 140

[a] The initial rate of reaction was corrected for spontaneous oxidation in
the absence of catalyst in phosphate-buffered saline (pH 7.0) at 37 8C.
One molecular catalytic center (selenium moiety) was defined as one
active site. All values are means of at least three repeats with an error of
less than 5%. [b] NT: nanotube.

Figure 3. XRD scan of the nanotubes.

Figure 4. Preparation of the GPx catalytic center on nanotubes by the
combination of molecular self-assembly and an imprinting strategy.
a) GPx active site with a GSH binding site;[10] b) complex of the
substrate GSH and guanidino-CD; c) fixing the conformation of the
complex on nanotubes by a self-assembly process; and d) the
designed active center of GPx with a specific binding site for GSH and
oriented catalytic site.
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on the nanotubes increased the GPx activity to 54 U. In a
catalytic cycle, substrate binding and the orientation of
catalytic groups are responsible for efficient catalysis.[15, 16a,17]

To generate a specific GSH binding site and to incorporate
and orient the catalytic moiety selenium into the binding site,
a molecular imprinting strategy was used to manipulate the
surface of the nanotubes. Molecular imprinting is regarded as
a promising strategy for generating selective sites, and has
been widely used for constructing artificial enzymes.[16]

As shown in Figure 4, the covalent conjugate of GSH and
seleno-CD (CD-Se-SG, 2d)[12c,13] was used as a template to
create a complementary binding site of GSH on a nanotube.
Recent studies have shown that the guanidinio group can
complex with carboxylate groups through stoichiometric
noncovalent interaction.[17] After pre-organization of the
GSH unit of 2d with the guanidine moieties of two 2c
molecules (Figure 4b), the conformation of the complex of
GSH and 6-guanidino-CD was fixed on the surface of the
nanotubes by a similar self-assembly process to that men-
tioned above. Thus, the catalytic selenium group is success-
fully oriented in the GSH binding site in proximity to the
reacting sulfhydryl moiety of GSH in the active site (Fig-
ure 4c,d), which is similar to the active site of natural GPx
(Figure 4a).[10] This conformation might facilitate intramo-
lecular catalysis. Experiments revealed that the imprinted
nanotubes showed a further increased activity of 140 U
(Table 1), which is approximately 2.6 times that for unim-
printed nanotubes. Compared with ebselen,[11] a well-known
GPx mimic, a remarkable enhancement of 140-fold was
observed.

In conclusion, we have developed a novel strategy for the
facile preparation of giant nanotubes based on self-assembly-
driven host–guest interaction between CD and guest mole-
cules, with the resulting superamphiphiles further self-assem-
bled into nanotubes. This approach is simple, economical, and
environmentally benign and might be applicable to the
synthesis of other functional nanomaterials. Meanwhile, the
nanotubes were functionalized through carrying selenium or
tellurium as the catalytic center of GPx, which made the
nanotubes an efficient peroxidase scaffold. The activity of
nanotube catalysts was enhanced, to some extent, when
specific substrate binding sites were introduced by a molec-
ular imprinting strategy. As a new kind of nanomaterial,
enzyme-based nanotubes demonstrate potential applications
in biosensors and biomedicine. This strategy can be used as a
platform for building more-complex biologically functional
nanomaterials and devices.
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