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Self-organized nanotube materials and their
application in bioengineering
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Although a large number of studies on organic nanotubes have focused on the molecular design of building blocks and their
material function, there has been little research that has addressed the function of the nanochannels themselves, such as their
encapsulation ability. The dimensions of self-assembled organic nanotubes (S-ONTs) are well compatible with those of diverse
nanostructures, including proteins, organic, inorganic or metal nanoparticles, dendrimers, viruses and DNAs. S-ONTs can give
rise to a novel research field of mesoscale host-guest science and engineering. More interestingly, S-ONTs can accommodate
extremely small liquid volumes on the order of attoliters in their nanochannels. Focusing on the distinctive function and
structural characteristics of these nanochannels, herein we describe the recent progress in research on the unique properties of
nanochannels that can encapsulate, transport and release biomacromolecules as well as exert a confinement effect on water.
Polymer Journal (2014) 46, 831-858; doi:10.1038/pj.2014.72; published online 20 August 2014

INTRODUCTION

Bottom-up nanotechnology has entered a new decade toward the
multiscale self-assembly of materials from the molecular or nano-
structure level upwards, while advancing knowledge about biological
processes and biophysicochemical interactions.! In line with this
trend, research on supramolecular nanotube architectures®® with a
well-defined hollow cylindrical morphology and precisely controlled
dimensions has gradually shifted toward a new phase of functional
materials and biological or analytical applications. Representative
examples include the following nanotube-based structures and
applications: organic yarns,® fiber mats,!® nanofluidic devices,!!

networks,'>!3  one-dimensional (1D) magnetic nanomaterials,'#
charge carriers,!? encapsulation in  transmission  electron
microscopy,!®!7 emissive materials,'® antimicrobial materials,!®

asymmetric catalysts?® and transfection for short interfering RNA.?!
Rationally designed, simple amphiphilic molecules have been known
to self-assemble into tubular architectures consisting of monolayer or
bilayer membrane walls. In addition to the nanotubes self-assembled
from synthetic amphiphiles,”?>?* novel supramolecular nanotube
systems composed  of derivatives, 426
proteins,?”?® peptide derivatives and naphthalenediimide®' have
also recently attracted much interest. Although a large number of
studies on organic molecule-based nanotubes have thus focused on
material function and molecular design, there has been little research
dedicated to the function of these hollow cylinders themselves,
such as their encapsulation ability.®?” On the other hand, diverse
encapsulation techniques for nanometer-scale functional materials

hexabenzocoronene
29,30

and biomacromolecules, the so-called nanoencapsulation, have led to
a variety of industrial applications in medicine,*? cosmetic,>? energy,34
agriculture®*¢ and food sectors.’”3® Encapsulation products aiming
at not only the slow release of anticancer drugs, agrochemicals and
deodorant, but also reductions in hot and/or bitter flavors are
currently common and have become indispensable to human life
and health.

Self-assembled organic nanotubes and self-organized ones with
multiple components, including organic, inorganic and metal sub-
stances (abbreviated as S-ONTs for both nanotubes hereafter) can
yield specific, 1D hollow cylinders, the so-called nanochannels, with
inner diameters (i.d.) of 7-100nm.”® The dimensions of these
nanochannels are well compatible with those of diverse
nanostructures, including proteins, organic, inorganic, or metal
nanoparticles, dendrimers, viruses and DNAs (Figure 1). No single,
giant molecules synthesized to date can encapsulate proteins and
guest substances >10nm in size.3943 Therefore, discrete S-ONTs
with precisely controlled dimensions can serve as a unique
nanocapsule or nanochannel that can potentially function to
encapsulate, store, transport and release biopolymers and diverse
nanostructures. In contrast, nanospaces provided by conventional
host molecular systems, such as cyclodextrin (CDx),* spherical
metal-organic complexes,®® natural B-1,3-glucan polysaccharide
schizophyllan®>#¢ and metal-organic frameworks,*” are too small
to accommodate such biomolecules, except for small proteins
(3-4nm).*%* Targe host architectures such as S-ONTs are also
distinguishable from well-known mesoporous materials possessing
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a Conventional Host-Guest Chemistry
Mo0365(S04)as
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Figure 1 Size range of mesoscale host-guest science that differs from that of conventional host-guest chemistry. S-ONTs as well as spherical host
molecules can be classified as a discrete host substance, whereas MOF and mesoporous materials can be classified as continuous ones. The images of the
M1sLp4 and Mozeg(SO4)ag complexes are reproduced with permission from Fujita and colleagues,*3 copyright (2004) WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, and Muller et al.,*2 copyright (2002) WILEY-VCH Verlag GmbH, Weinheim, respectively. CDx, cyclodextrin; MOF, metal-organic framework;

S-ONTs, self-assembled organic nanotubes.

continuous nanochannels or nanocylinders measuring 2-50nm in
size.®? Thus, S-ONTs can lead to a novel research field of mesoscale
host-guest science and engineering (Figure 1). More interestingly,
S-ONTs can accommodate extremely small liquid volumes on the
order of attoliters in their hollow cylindrical structure.?? Such a small
liquid volume allows them to accommodate a very limited number of
molecules in the confined nanospace. In some cases, one could
determine the specific chemical and physical behavior and properties
of single molecules in this confined environment.’®52 Hence, S-ONTs
have the advantage of providing a 1D and confined liquid nanospace
under ambient conditions that cannot be produced by micro-
fabrication technology.

Focusing on the unique function and characteristics of the hollow
cylindrical space provided by S-ONTs, herein we describe the recent
progress in research on mainly bipolar wedge-shaped amphiphiles
that can self-assemble into nanotube architectures with different inner
and outer surfaces. The mass production of 1-glucosamide- and
glycylglycine-based S-ONTs, which is essential for scale-up, is also
discussed in terms of the characteristics of the structures’ identical
inner and outer functionalities. Thereafter, we review the specific
characteristics of S-ONTs that exhibit the capacity to encapsulate,
transport and release biomacromolecules as well as exert a confine-
ment effect on water. The potential applications of S-ONTs in
bioengineering are also discussed that include hydrogels, stimuli-
responsive nanomaterials, light-harvesting antennas, nanocarriers,
nanopipettes and catalysts.

S-ONTS WITH IDENTICAL INNER AND OUTER SURFACES

S-ONTs derived from well-known tube-forming amphiphiles possess
identical inner and outer surfaces covered with the same functional
groups because most of the self-assembled structures obtained via
chiral molecular self-assembly are based on solid bilayer membranes.”
On the other hand, o,m-bipolar wedge-shaped bolaamphiphiles
(unsymmetrical bolaamphiphiles) have a tendency to self-assemble
into tubular morphologies with different inner and outer surfaces via
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Figure 2 Various types of self-assembled organic nanotubes (S-ONTs) with
identical inner and outer surfaces that consist of solid bilayer membrane
walls. Functional groups of type A: —COOH, —OH or —NH, for inner and
outer surfaces; type B: —CHs; type C: —COO-M™* (metal (M)); type D:
2-naphthyl; and type E: —NH> involved in photoisomerization.

packing-directed self-assembly, as will be described later.$>* Figure 2
illustrates nanotubes with identical inner and outer surface function-
alities. We first describe the mass production of S-ONTs with identical
inner and outer surfaces and provide a discussion about templating to
create diverse 1D hybrid nanostructures.

Mass production of 1-glucosamide nanotubes

Regarding the practical use of self-assembled materials such as
S-ONTs, much attention has focused on the development of mass
production processes that are amenable to industrial scale-up and
enable the supply of high-quality materials with uniform geometrical
dimensions.>*>® We have already reported that the renewable
glycolipids 1 (Scheme 1), synthesized from glucose and cardanol
extracted from cashew nut shell liquid, self-assemble in water to yield
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Scheme 1 Molecular structures of glycolipids.

S-ONTs (type A in Figure 2).>” The thermal stability of the obtained
S-ONTs is, however, relatively low because of a low gel-liquid
crystalline phase transition temperature (Tg; 40°C in water). To
improve the thermal stability of these nanotubes, we independently
synthesized glycolipid 2 by replacing the phenoxy ring of 1b with an
amide group (Figure 3). As expected, the S-ONTs obtained from lipid
2 exhibit relatively higher thermal stability at temperatures of up to
71°C.58 We further designed the relatively lower-cost glycolipid 3 by
replacing cis-11-octadecenoic acid with cis-9-octadecenoic acid
(commonly known as oleic acid) that also yields nanotubes (type A
in Figure 2) that are stable at temperatures of up to 58 °C.%

However, it takes at least a few days to obtain only 0.1 g of S-ONTs
from a 1-1 aqueous solution of 3. We discovered that alcohol can be
used as a solvent to overcome the low solubility of 3 in water and low
yields of S-ONTS. Self-assembly in alcohol was observed to progress
rapidly, and the solubility of 3 in alcohol was also determined to be
very high. Using this new method, we were able to easily obtain
>100g of dry S-ONTs (type A in Figure 2) in 21
of solvent (Figure 3).°*%° These mass-produced nanotubes are
applicable, for example, as fluorescent nanotubes in which a variety
of fluorescent molecules are embedded within the bilayer membrane
walls of 3 (Figure 4).5!

Mass production of glycylglycine nanotubes

The hydrogen-bond network formed by amide groups plays a crucial
role in stabilizing the molecular orientation and arrangement of
S-ONTs.52%% Amphiphilic molecules containing amino acid residues
such as -glutamic acid have been frequently used since S-ONTs were
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Self-assembly in water: max 0.1 g/L

Self-assembly in methanol: approx. 100 g/L

Figure 3 Structural optimization of nanotube-forming amphiphiles to enable
the mass production of self-assembled organic nanotubes (S-ONTs). The
photograph on the right shows ~100g of nanotubes derived from 3 by self-
assembly in methanol. A full color version of this figure is available at
Polymer Journal online.

Figure 4 (a) A scanning electron microscopy (SEM) image of self-assembled
organic nanotube (S-ONT) derived from 3 and (b) a fluorescent microscopic
image of the fluorescent S-ONTs derived from 3. (c) Fluorescent (1) S-ONT
containing rhodamine B that emits a red color, (2) S-ONT containing
rhodamine G6 that emits an orange color, (3) S-ONT containing fluoroscein
that emits a yellow color and (4) S-ONT containing pyrene that emits a blue
color.

first discovered.5#%> Recently, rationally designed linear peptides have
been observed to produce discrete S-ONTSs,%007 whereas nondiscrete
nanotube assemblies have been reported to form from cyclic peptides
since the 1990s.°%% Among the former, the dipeptide 4 (Scheme 2) is
a promising candidate for practical use owing to its low cost. The
dipeptide can easily produce S-ONTs by dilution of a 1,1,1,3,3,3-
hexafluoro-2-propanol solution with water® or by vapor deposition
methods.”” We have also reported that the Ni(II) ion complex of the
phenylalanine-derivative 5 produces S-ONTs with an i.d. <10nm.”!
The I1-7 interactions between side-chain phenyl groups is responsible
for the formation of tubular morphologies.

Oligoglycine residues are also favorable for producing tubular
morphologies.”>7* The hydrogen-bond networks of a glycylglycine
residue are not always simple because of the existence of polyglycine
II-type hydrogen-bond networks.” Simple peptide amphiphiles 6-(n)
consisting of glycylglycine and fatty acid produce S-ONTs (type A in
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Figure 2) through these polyglycine II-type hydrogen-bond networks.
The nanotubes can be instantly produced by adding dilute acetic acid
to aqueous solutions of 6-(n).”® Interestingly, when a hot alcoholic
solution of 6-(n) is rapidly dried by using a rotary evaporator below
the melting point in alcohol, dry nanotubes can be obtained as
residues.”® When solutions of 6-(n) in n-butanol are dried, S-ONTs
(type A in Figure 2) with carboxylic acid on their surfaces can be
obtained. In contrast, S-ONTs (type B in Figure 2) with alkyl chains
on their surfaces self-assemble in methanol or ethanol solutions
(Figure 5).”° Amino-group-terminated glycylglycine amphiphiles 7-
(n) consisting of glycylglycine and long-chain alkylamine produce
S-ONTs (type A in Figure 2) with amino groups on their surfaces.
These three different types of nanotubes with surfaces functionalized
with carbonyl, methyl or amino groups can be applied as adsorbents
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structures of the dipeptide 4

and peptide

owing to both their high specific surfaces and high accumulation of
functional groups.”®

Mass production of metal-complexed glycylglycine nanotubes

Densely populated arrangements of metal cations on a curved surface
or the outer surface of S-ONTs should lead to their potential
application as, for example, catalysts and sensors. However, no
reports have addressed direct metal complexation on the surfaces of
S-ONTs, with the exception of studies on the sparse arrangement of
metal cations using porphyrine derivatives.””’8 Simply mixing
aqueous solutions of a variety of monohead-type, oligoglycine-
containing peptide amphiphiles such as 6-(n) or 8 (Scheme 3) and
a variety of metal cations, including Mn>*, Fe**+, Co?*, Niz+,
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Scheme 3 Molecular structures of peptide amphiphiles and the additive 11.

Figure 5 (a) Remaining powder of dried self-assembled organic nanotubes (S-ONTs) in a 2-I round-bottom flask after evaporation of the solution of 6-(12) in
methanol (14 g in 11). (b) Showing 14 g of the dry S-ONTs in a 250-ml bottle. The obtained S-ONTs remain stable in air for a few years. (Reproduced with
permission from Kogiso et al.,”® copyright (2010) The Royal Society of Chemistry.) A full color version of this figure is available at Polymer Journal online.
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Figure 6 (a) A proposed structure of the Cu2* complex and a schematic illustration of the molecular packing within the Cu?+-complexed self-assembled
organic nanotube (S-ONT). (b) Appearance of cream-like dispersions of metal-complexed S-ONTs derived from 6-(13) (left, Zn2* complex; middle, Cu2+
complex; and right, Co?* complex). Scanning transmission electron microscopy (STEM) images of (¢) Zn2*-, (d) Cu?*- and (e) Co?*-complexed S-ONTs.

Cu?*, Zn?*, Ag™* and La’*, has enabled the production of unique
metal-complexed organic nanotubes (type C in Figure 2 and
Figure 6).”° Metal cations such as Mn?*, Fe’* and Cu’* in
octahedral coordination have proved to have a tendency to form
well-defined tubular structures with peptidic amphiphiles under mild
conditions. In a similar vein, P2 +-80 NiZ+-71 Cu2*- and Au’*-
complexed nanotubes®! have been recently produced from other
synthetic amphiphiles. It is particularly noteworthy that by mixing an
aqueous solution of a metal salt with an alcoholic dispersion of the
amphiphile 6-(11) or 6-(13), we were able to produce Zn>* -, Co*>* -,
Mgt -, In®*-, Gd&®*-, Cu>*- and Ni?*-complexed nanotubes in
yields of 80-240 g within a few hours using a 1-1 volume of solvents
(Figure 6 and Table 1).8? Interestingly, the calcination of the resultant
Cu?* - or Mn?* -complexed nanotubes led to the fabrication of CuO
or Mn,03 nanotubes.”

Table 1 Mixing conditions of a metal salt with the amphiphile 6-(13)
or 6-(11) and the diameters for the obtained metal-complexed
S-ONTs

Metal salt ~ Amphiphile Solvent Alkali Diameter (nm)?
Zn(OAc), 6-(13) MeOH:H,0=4:1 — 85+ 15
CoCly 6-(13) EtOH:H,0=4:1 — 85+ 10
MgCly 6-(13) MeOH:H,0=10:1 — 70+10
InCl3 6-(13) MeOH:H,0=10:1 — 90+25
GdCl3 6-(13) MeOH:H,0 =4:1 1 eq. NEt3 80+10
Cu(OAc), 6-(13) EtOH:H,0=1:4 1 eq. NEt3 100+20
NiCly 6-(11) EtOH:H,0=1:4 1 eq. NEt3 40+10

Abbreviations: EtOH, ethanol; MeOH, methanol; NEts, triethylamine; S-ONTs, self-assembled
organic nanotubes.
2Average outer diameters and their s.d.
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Creation of diverse 1D hybrid nanostructures
The controllable diameters as well as rationally functionalizable
surfaces of S-ONTs have rendered these nanostructures useful as an
excellent scaffold material for creating diverse 1D nanostructures. In
particular, the inner and outer surfaces of S-ONTs, which can
be covered with chemically reactive groups such as hydroxyl,
carboxyl and amino groups, play an important role in modulating
the nucleation, growth and deposition of inorganic substances.
Moreover, both the hollow cylinder and bilayer membrane wall of
S-ONTs allow for a confined reaction field suitable for templating.
Figure 7 schematically shows five representative types of templating
features that can be exhibited by S-ONTs by utilizing every potential
surface, site, field and space of the structures to produce unique
inorganic—organic hybrid materials.®*> Herein, we only describe
typical examples of 1D hybrid nanostructures fabricated by
templating S-ONTs with identical inner and outer surfaces. Further
details regarding other interesting nanostructures are discussed
elsewhere.®3

S-ONTs derived from the glycylglycine-based bolaamphiphiles
9-(n),’>7>8 which are partly immobilized by a ‘mineralizing
peptide), allow for the growth of a series of uniform and isotropic
metal nanocrystals on the nanotubes.’> Matsui and colleagues®
succeeded in controlling the size, shape,®” packing density, particle-
to-particle distance®® and phase structure of nanocrystals coated on
S-ONT surfaces (Figure 7, (1)).8%%° Although a large number of
studies have focused on the fabrication of novel inorganic structures
with different morphologies, it is still difficult to control the
dimensions of these structures, including their length and
thickness.”"*> The wall thickness for a transcribed silica nanotube
was reported to have been controlled to within a precision of 4 nm
(Figure 7, (2)).>* The very mild catalytic function of the secondary
ammonium hydrochloride of 10 as a terminal group allowed for the
control of the wall thickness depending on the amount of
tetraethoxysilane added. Furthermore, templating the peptidic

Figure 7 A schematic illustration of the diverse templating features of self-
assembled organic nanotubes (S-ONTs). (1) Functional nanotubes obtained
by utilizing inner and outer surfaces as a template, (2) multiple-layer hybrid
nanotubes obtained by utilizing inner and outer surfaces, (3) nanocomposite
nanotubes obtained by utilizing a membrane wall, (4) helical inorganic—
organic hybrid nanotubes obtained by reflecting the outer surface
morphology or molecular packing and (5) nanoparticle arrangement confined
in the hollow cylinder of S-ONTs. A full color version of this figure is
available at Polymer Journal online.
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S-ONT from 10 allowed us to fabricate transcribed tubular
structures with different outer diameters of 30, 50 and 80nm
through sol-gel reaction.®* The bilayer membrane wall of S-ONTs
obtained from the sodium salt of 6-(n) acts as a reaction matrix for
embedding cadmium sulfide (CdS) nanodots, resulting into the
formation of fluorescent nanotubes (Figure 7, (3)).”> The obtained
CdS-embedded nanotubes allow for the long-term visualization and
monitoring of their localization in biological systems. Furthermore,
by using a single-wall lipid bilayer membrane of S-ONTs as a
template, Thara and colleagues®® provided the first example of
tubular polymers prepared in this manner.

Unlike in the preceding templating mechanism, which utilizes the
helical markings of S-ONTs or typical helical structures of self-
assemblies in organogel systems,”’ 1% we succeeded in fabricating a
dense helical array of CdS that aligned side by side and one by one on
the surfaces of S-ONTs (Figure 7, (4)).1%" The incorporation of
aminophenyl-B-p-glucopyranoside 11 in the co-assembly with
mother lipid 2 allowed for the creation of active binding sites that
trace the chiral molecular packing of nanotubes. On the other hand,
much attention has been paid to spatially confined nanosynthesis of
inorganic materials inside microreactors such as micelles, liposomes
and polyeletrolyte capsules.!%? Initial attempts to use 1D hollow
cylinders of molecular assemblies began with a ship-in-bottle synthesis
scheme using tobacco mosaic virus'® or S-ONTs from 2 (Figure 7,
(5)).19* In particular, the alignment profile of gold nanodots in the
hollow cylinders of nanotubes with diameters of 30-50 nm from 2
proved to be strongly dependent on the balance between the size of
the nanodots and the i.d. of the encapsulating S-ONTs. Based on
the similar concept of templating, Gazit and colleagues'®
demonstrated the fabrication of metal-insulator-metal, trilayered,
coaxial nanocables.

S-ONTS WITH DIFFERENT INNER AND OUTER SURFACES
The self-assembly of o,-bipolar wedge-shaped amphiphiles with two
headgroups of different size, the so-called unsymmetrical bolaamphi-
philes, is of vital interest in terms of the construction of unsymme-
trical S-ONTs with functionally and structurally distinct inner and
outer surfaces (Figure 8).1%° The utilization of such bolaamphiphiles
enables us to achieve the following objectives: (1) precise diameter
control of S-ONTs and (2) selective localization of rationally designed
functional groups on the inner or outer surfaces of S-ONTs. It should
also be noted that protein-based nanotubes, produced by using an
alternate layer-by-layer assembly of protein and oppositely charged
poly(amino acid) in a nanoporous polycarbonate membrane, yield
unsymmetrical nanotubes.?”197

Molecular design and diameter control

We designed novel unsymmetrical bolaamphiphiles 12-(n)
(Scheme 4), in which 1-B-N-glucosamide and carboxylic acid head-
groups were linked to an oligomethylene spacer.> In this case,
diameter control is exerted based on packing-directed self-assembly
(Figure 9a) driven by the size difference between the two headgroups
of 12-(n).”® When the unsymmetrical bolaamphiphiles pack in a
parallel manner within the resultant monolayer lipid membrane
(MLM), the size difference between the headgroups causes the
MLM to bend spontaneously, forming unsymmetrical S-ONTs (type
F in Figure 8). As a result, the obtained S-ONTs possess inner and
outer surfaces covered with the small and large headgroups, respec-
tively. The i.d. of the resultant nanotubes can be defined by the
following equation, where Ggy,) and djyr are the cross-sectional areas



Figure 8 Various types of self-assembled organic nanotubes (S-ONTs) with
different inner and outer surfaces that consist of solid monolayer lipid
membrane (MLM) walls. Functional groups of type F: —COOH or —NH,
(multilayer type) for inner and —OH for outer surfaces; type G: —COOH
or -NH, (monolayer type) for inner and —OH for outer surfaces; type H:
—NHj, + —NBD or —-NH, + —Alexa for inner and —OH for outer surfaces;
type I: —COOH for inner and —OH, —Arg and —PEG for outer surfaces;
type J: —NHo+ —Cbz or —NHy+ —tBoc for inner and —OH for outer
surfaces; type K: —NH, and DACH-Pt for inner and —OH for
outer surfaces; and type L: CDDP for inner and —OH for outer surfaces.
Alexa, a fluorescent labeling reagent Alexa Fluor 546; Arg, arginine;
Cbz, benzyloxycarbonyl; CDDP, cisplatin; DACH-Pt, dichloro(1,2-
diaminocyclohexane)platinum(ll); NBD, nitrobenzofurazan; PEG,
polyethylene glycol; t-Boc, tert-butyloxycarbonyl.
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Scheme 4 Molecular structures of unsymmetrical bolaamphiphiles.

of the small and large headgroups, respectively, and L is the molecular
length:62

Id.=2 asmallL/(alarge - asmall) (1)

The equation suggests that elongation of the spacer lengths increases L
and thereby enables us to precisely tune the i.d. of the resultant
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Figure 9 (a) A schematic illustration of packing-directed self-assembly of an
unsymmetrical bolaamphiphile. (b) Transmission electron microscopy (TEM)
image of self-assembled organic nanotube (S-ONT) derived from 12-(16),
and a schematic image of the molecular packing thereof. A full color
version of this figure is available at Polymer Journal online.

S-ONTs, only when the molecules pack in a parallel manner within
the MLM.

Indeed, the bolaamphiphiles 12-(n) with an even carbon number
(n=12, 14, 16, 18 and 20) were observed to self-assemble into S-ONTs
with an i.d. range of 14-29nm and microtubes with an i.d. of 60—
90 nm.®* Figure 9b shows the S-ONTs obtained from 12-(16) with an
i.d. of 15.8 nm. Transmission electron microscopy (TEM) performed to
evaluate the average diameter of the tubes revealed that the i.d. of the
S-ONTs from 12-(14) to 12-(20) increased from 17.1 to 22.2nm,
respectively, in steps of ~1.5nm/two carbons by lengthening the
spacers (Table 2). This finding contrasts with the finding that the wall
thickness of the same S-ONTs remained within the range of 6-7 nm
that corresponds to double or triple layers of MLM. These results
suggest that packing-directed self-assembly correctly explains the
formation of S-ONTs from 12-(n) and, thus, that the id. of the
unsymmetrical nanotubes can be controlled by elongation of the
spacers. As described above, one drawback of S-ONTs formed from
unsymmetrical bolaamphiphiles is the simultaneous formation of
microtubes ascribable to a mixture of polymorphs and polytypes.®>108
The formation of unsymmetrical S-ONTs requires parallel molecular
packing within the MLMs and head-to-tail stacking if they stack on top
of each other. Therefore, controlling the molecular packing within the
MLM as well as the stacking type is a key methodology for the selective
preparation and precise control of the i.d. of unsymmetrical S-ONTs.

Characterization of packing within MLM of S-ONTs

Detailed X-ray diffraction analysis revealed that the bolaamphiphiles
12-(n) pack in a parallel manner to form the MLMs and, thereby, the
resultant S-ONTs possess different inner and outer surfaces.®? As
shown in Figure 10, the MLM polymorph and polytype can be
identified by plotting the MLM thicknesses (d) of the S-ONTs (L)
and the obtained microtubes (M) estimated by X-ray diffraction and
those (A) of the galactose analogs of 12-(12) and 12-(14) within the
crystal lattice,'%® as well as the molecular length L (O) of 12-(n),
against the carbon number (1) of the oligomethylene chain. Each d
value of the nanotubes is estimated to be nearly same or slightly
smaller than L. In the same manner, the other possible packing
schemes can be characterized within the microtubes. Furthermore, the
8(CH,) scissoring band at 1463-1473cm ™! in the infrared
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Table 2 Headgroups of the inner and outer surfaces, inner diameters and wall thicknesses of unsymmetrical self-assembled organic

nanotubes (S-ONTs)

Amphiphile Inner surface Outer surface Inner diameter (nm) Wall thickness (nm) Reference
12-(n) —COOH 1-B-N-glucosamide 17-222 6-7 62
13a-(n) —NH, 1-B-N-glucosamide 68-100b:c 15¢, 8¢ 63,109,110
13a-(18) —NH, 1-B-N-glucosamide 80¢, 204 15¢, 84 109,111
15a-(3) —NH, 1-B-N-glucosamide 7-9 4 113
16a,16b —NH, 1-B-N-glucosamide 9-10 4 115
17a, 17b —COOH 1-B-N-glucosamide 7-8 4 116
18 —COOH 2-N-glucosamide 8-9 4 117
aTunable by n (n=14, 16, 18 and 20).
bTunable by n (n=12, 14, 16, 17, 18 and 20).
¢Self-assembly under pH 10.
dSelf-assembly under pH 6.
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Figure 10 (Left side) Plot of the monolayer lipid membrane (MLM) thickness (d) of various self-assemblies of 12-(n) as a function of spacer chain length (n).
Triangles at n=12 and 14 were plotted based on the galactose analog of 12-(12) and 12-(14), respectively, within a single crystal analysis.1%® (Right side: a,
b, ¢, and d) Estimated molecular packing within each molecular assembly. ‘H-T" indicates head-to-tail stacking and ‘H-H’ indicates head-to-head stacking as
indicated in the main text. (Reproduced with permission from Masuda and Shimizu,6? and partially modified, copyright (2004) American Chemical Society.)

spectroscopy can also discriminate between the parallel and antipar-
allel packing of the unsymmetrical bolaamphiphile 13a-(18) based on
the so-called ‘subcell structure, as discussed in detail elsewhere.l? The
scissoring band is known to alter its peak shape from a single to a split
one, depending on the change in the subcell structure from a triclinic
parallel (T);) to an orthorhombic perpendicular (O ) structure.
Similar to the molecular design of 12-(n), we designed a series of
amine-terminated analogs 13a-(n). Among them, the longer-chain
derivatives 13a-(18) and 13a-(20) were observed to selectively form
unsymmetrical S-ONTs (type F in Figure 8) with cationic inner
surfaces.'% The initial solid film of 13a-(18) or 13a-(20) evaporated
from N,N-dimethylformamide solution exhibited only desirable
parallel molecular packing and was able to form S-ONTs with i.d.
of 80-100nm (Figure 1la). However, the shorter-chain analogs
13a-(12), 13a-(14) and 13a-(16) only exhibited antiparallel packing
in the solid film and then exclusively self-assembled into nanotapes.
We further extended this method to prepare a starting hybrid film
consisting of 13a-(n) associated with the polymer template,
poly(thiopheneboronic acid) 14, via the formation of boronate ester
between the hydroxyl groups of 13a-(n) and boronic acid of
poly(thiopheneboronic acid) (Figure 11b).% In the film containing
0.5 equivalent of the boronic acid moiety of poly(thiopheneboronic
acid), the 13a-(n) molecules showed parallel molecular packing
within the film. Upon cooling from the hot aqueous dispersion, the
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Figure 11 A method for controlling parallel molecular packing within
monolayer lipid membrane (MLM) of self-assembled organic nanotubes
(S-ONTs). Control by (a) an initial solid film and (b) a polymer template.
The figure on the right shows a scanning transmission electron microscopy
(STEM) image of S-ONTs from 13a-(18). A full color version of this figure
is available at Polymer Journal online.

film exclusively formed unsymmetrical S-ONTs (type F in Figure 8)
through the dissociation of poly(thiopheneboronic acid) based on the
hydrolysis of the boronate ester in the film. Similar to the tendency



observed for 12-(n) as mentioned above, the i.d. of the obtained
S-ONTs increased with the increase in the chain length (Table 2).
Thus, both unsymmetrical bolaamphiphiles 12-(n) and 13a-(n)
allowed us to tune the i.d. of the resultant S-ONTS.

Notably, under neutral conditions (pH 6), the amphiphile 13a-(18)
initially formed helical coiled intermediates that spontaneously rolled
up to form S-ONTs with an i.d. of 20 nm after several weeks.'!! On
the other hand, alkaline conditions (pH 10) caused 13a-(18) to form
S-ONTs with an i.d. of 80 nm via packing-directed self-assembly, as
mentioned above. At pH 6, partial protonation of the amino
headgroup of 13a-(18) enhanced the molecular tilt (41°) from that
(15°) of the original S-ONTs, leading to a switch in the tube

HO,C

i |
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formation mechanism from packing-directed self-assembly to chiral
self-assembly, as observed for many other nanotubes.!!

S-ONTs with single-nanometer inner diameters

To control the molecular packing scheme, which is indispensable
for the formation of unsymmetrical S-ONTs, we designed a novel
series of wedge-shaped bolaamphiphiles 15a-(n) (Scheme 5)
with 1-B-N-glucosamide and oligoglycine headgroups.'’*> Among
bolaamphiphiles, the triglycine residue was expected not only to
form polyglycine II-type hydrogen-bond networks,”> but also to
ensure parallel molecular packing within the MLM (Figure 12).
Indeed, 15a-(3) exclusively self-assembled to form S-ONTs (type G in

H
|
N

O [ |
”ﬂoﬁg@g‘\(\ﬂcwnf\)\w/\/”\[{\NJ\/N\[ﬁNW
H
(0]

H
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16b:n=18
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Scheme 5 Molecular structures of unsymmetrical bolaamphiphiles.

>

i
Q-U!é‘ k Dﬂ S,
il == Jrﬁr@ .

z
! L
[

Figure 12 Another method for controlling parallel molecular packing within the monolayer lipid membrane (MLM) of self-assembled organic nanotubes (S-
ONTs) that depends on polyglycine Il-type hydrogen-bond networks. This three-dimensional (3D) hydrogen-bond network directs molecular packing to occur

in a parallel manner to form unsymmetrical S-ONTs. The right figure shows transmission electron microscopy (TEM) image of S-ONTs from 16a.
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Figure 8) with an i.d. of 7-9nm. The oligoglycine headgroups were
observed to localize on the inner surface of the obtained S-ONTs. In
addition, the nanotubes consisted of a single MLM with a thickness of
3—4nm that corresponded to the molecular length of 15a-(3)
(Table 2). In a similar manner, the bolaamphiphiles with an amino
headgroup, 16a and 16b,''%!"> as well as those with a carboxyl
headgroup, 17a and 17b16 and 18,7 were also able to form S-ONTs
(type G in Figure 8) with amino and carboxyl headgroups on the
inner surfaces of the resultant S-ONTS, respectively (Table 2). Lack of
the characteristic CH deformation and skeletal vibration in infrared
bands at ~ 1420 and 1026 cm !, respectively, confirmed that short-
ening the number of oligoglycine residues from n=3 to n=1 and 2
altered the self-assembled morphology to form helical nanofibers
because of the lack of formation of polyglycine II-type hydrogen-bond
networks.!!3

The bolaamphiphile 18, which features a 2-N-glucosamide moiety
as a headgroup, was able to be easily obtained via three synthetic
processes,'!” whereas the synthesis of other 1-N-glucosamide- and
oligoglycine-based bolaamphiphiles, including 15a-(n), 16a, 16b, 17a
and 17b, required at least seven steps using 2,3,4,6-tetra-O-acetyl-1-
bromo-a-p-glucose as a starting material.®>!!®  Furthermore,
purification of 18 by chromatography was unnecessary for the
synthesis because a reprecipitation process was sufficiently effective
in purifying all of the intermediates. As a result, the synthesis of
>10g of 18 can be completed within a day. This amphiphile can also
form metallodrug-coordinated S-ONTs upon the addition of
cisplatin, which is described later.117

Functionalization methods of S-ONTs
The selective functionalization of the inner and outer surfaces of

i.d.) by utilizing the amine-reactive fluorescent donor 4-fluoro-7-
nitrobenzofurazan in an aqueous phase.'!! After the reaction, the
resultant S-ONTs (type H in Figure 8) became fluorescent, indicating
the functionalization of the inner surface because 13b-(18) remark-
ably fluoresced.!!! Further attempts using succinimidyl ester reactant
also provided Alexa Fluoro 546 (Molecular Probes, Life Technologies
Japan, Tokyo, Japan) (abbreviated to Alexa)-functionalized S-ONTs
(type H in Figure 8) with different i.d. (10, 20 and 80 nm) from 13a-
(18) and 16a (Table 3).119

On the other hand, the characteristics of prefunctionalization are
such that functional groups are conjugated in advance with tube-
forming amphiphiles or with their analogous molecules. Coassembly
using a mixture of the functionalized amphiphiles and tube-forming
mother amphiphiles allows us to functionalize the outer surfaces of
S-ONTs (type I in Figure 8) from 12-(18) to load gene drugs
(Table 4).18 The inner surfaces of other unsymmetrical S-ONTs from
15a-(3) (8 nm i.d.), 16a (10 nm i.d.) and 17b (7nm i.d.) can also be
modified with hydrophobic functionalities such as Alexa (type H in
Figure 8), benzyloxycarbonyl (Cbz) (type J in Figure 8) or tert-butyl
(t-Boc) groups (type J in Figure 8).'2° Compared with that afforded
by the postmodification methodology, the degree of functionalization
is controllable over a wide range by tuning the initial mixing ratio of
amphiphiles (Table 4). Of particular interest is the capability of
precisely controlling the hydrophobicity of the structures’ hollow
cylinders. We successfully applied the aforementioned S-ONTs as
drug nanocapsules''® as well as artificial chaperones.'?’ Multiple

Table 3 Functionalization of unsymmetrical S-ONTs via
postmaodification

S-ONTs is a prerequisite for the application of the nanotubes in Inner Inner
bioengineering. Unsymmetrical S-ONTs should be most suitable for diameter  functional Functionalization
this purpose because they possess distinctive and tunable inner and  Amphiphile  (nm) group  Reactants yield (mol%)?  Reference
outer surfaces. In this context, functionalization methods can be ™,
classified into two categories, postmodification and prefunctionaliza- 13a2-(18) g0 NBD NBD'.F. ) 10 1o
tion (nearly equivalent to coassembly). Recent approaches to the 132-(18) 80 Alexa  Succinimidy! 6.6
functionalization of S-ONTs, including noncovalent functionalization ester. o
. . o . . g 13a-(18) 20 Alexa  Succinimidyl 5.6 119
methods, were summarized in detail in a previous review.® Tables 3 A
and 4 summarize typical examples of functionalization methods for ester - 119
K . . R . . 16a 10 Alexa Succinimidyl 18
unsymmetrical S-ONTs via postmodification and prefunctionaliza- ester
tion, respectively.
: : : Abbreviations: Alexa, Alexa Fluor 546; NBD, nitrobenzofurazan; NBD-F, 4-fluoro-7-
The first attempt at the _pOStmOdlﬁcatlon of unsymrnetrlcal nitrobenzofurazan; S-ONTs, self-assembled organic nanotubes.
S-ONTs was demonstrated using S-ONTs from 13a-(18) (80nm  2Values are based on mother lipids.
Table 4 Functionalization details of unsymmetrical S-ONTs via prefunctionalization (coassembly)
Inner diameter Functionalized amphiphile (functional group®
Mother amphiphile (nm) for inner or outer surface) Mixing ratio (mol%)? Method, solvent system Reference
12-(18) 20 27 (Arg for outer) 33 Evap,? i-PrOH/H,0 118
28 (PEG for outer) + 27 (Arg for outer) 5, 32 Evap, i-PrOH/H,0
15a-(3) 8 15b-(3) (Alexa for inner) 9 pH 6.5 -8.5, H,0 150
16a 10 21 (Alexa for inner) 8 pH 557, H,0 120
22 (Cbz for inner) 9 pH 5-7, H,0
23 (t-Boc for inner) 9 pH 5—7, H,0
16b 8 19 (COOH for inner) 50 H/C¢, H,0 115
19 (COOH for inner) +20-(16) (glucose for outer) 33, 33 H/C¢, MeOH-H,0
17b 7 26 (Cbz for inner) 45 H/C¢, DMSO 116

Abbreviations: Alexa, Alexa Fluor 546; Arg, arginine; Cbz, benzyloxycarbonyl; DMSO, dimethyl sulfoxide; Evap, evaporation; H/C, heating/cooling; i-PrOH, 2-propanol; MeOH, methanol; PEG,

polyethylene glycol; S-ONTs, self-assembled organic nanotubes; t-Boc, tert-butyloxycarbonyl.
@Values are based on mother lipids.

bEvaporation of solvents.

“Heating and cooling of the amphiphile dispersions in a solvent.
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Scheme 6 Molecular structures of the metallodrug ligand 19, glycolipids 20-(n), and unsymmetrical bolaamphiphiles.
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Figure 13 Functionalization of the inner surfaces of self-assembled organic nanotubes (S-ONTs) (inner diameter (i.d.) 9 nm) with 19, 16b and 20-(16) via
coassembly process with the help of the incorporation of 20-(16). (Reproduced with permission from Kameta et al.,11® copyright (2013) The Royal Society

of Chemistry.)

hydrogen-bond networks between triglycine residues enabled us to
modify the inner surface of S-ONTs (8 nm i.d.) via the coassembly of
16b and the metallodrug ligand 19 (Scheme 6), although the only
common structure between 16b and 19 is a triglycine residue.'!> The
incorporation of 20-(16), which eliminates void spaces in molecular
packing, stabilized the functionalized S-ONTs (type K in Figure 8)
obtained from 16b (8 nm inner diameter), and the measured T
reverted to a value above 115 °C (Figure 13).

CHARACTERISTICS OF HOLLOW CYLINDRICAL NANOSPACE
Encapsulation of biomacromolecules

The diameters of the cylindrical hollow spaces of a variety of S-ONTs
are consistent with the dimensions of a variety of biomacromolecules,
viruses and nanoparticles in the range of 1-100 nm.””®2? Interestingly,
we have also demonstrated that the physical properties of confined
water in the hollow cylinder of S-ONTs derived from cardanyl
glucosides 1 are very similar to those of intracellular water.!?b122

These findings strongly suggest that S-ONTs can encapsulate, store
and stabilize a variety of useful biomacromolecules within their
cylindrical interiors. Ferritin is an intracellular protein consisting
of 24 protein subunits whose function is to store iron and release
it in a controlled manner.!?> The inner cavity of apoferritin also
provides an ideal, spatially restricted cavity for accommodating
Fe, Cr, Co, In oxides or Ni hydroxide nanoparticles. However,
no effective templates for the 1D confinement of ferritin and
apoferritin composites have been reported.'** Similar to the
encapsulation of gold nanoparticles'” and iron oxide,?> we
demonstrated for the first time the encapsulation of ferritin in
lyophilized S-ONTs derived from 2 by capillary force.'® To
encapsulate such a protein molecule more selectively and efficiently,
we prepared tailor-made 1D templates with well-defined dimensions
and surface functionalities because biomacromolecules, including
proteins, DNAs and polysaccharides, exhibit definite dimensions,
morphologies and surface charges.
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Figure 14 Transmission electron microscopy (TEM) images of self-assembled organic nanotubes (S-ONTs) showing encapsulation and nonencapsulation
abilities for ferritin and DPS (DNA-binding protein from starved cells). (a) S-ONT (80-nm inner diameter (i.d.)) derived from 13a-(18) encapsulating ferritin,
(b) S-ONT (80-nm i.d.) derived from 13a-(18) showing no encapsulation ability for DPS, (c) S-ONT (25-nm i.d.) derived from 13a-(18) encapsulating
ferritin and (d) S-ONT (25-nm i.d.) derived from 13a-(18) showing no encapsulation ability for DPS. DPS is located only on the outside of the nanotubes.
(e) Carboxylate S-ONT derived from 12-(18) encapsulating DPS and (f) carboxylate S-ONT derived from 12-(18) showing no encapsulation ability for
ferritin. Ferritin is located only on the outside of the nanotube. (Reproduced with permission from Kameta et al.,!1! copyright (2007) American Chemical

Society.) A full color version of this figure is available at Polymer Journal online.

To date, we have demonstrated the formation of S-ONTs from a
variety of glycolipids.”® The diameters and charges of the inner
surfaces of S-ONTs derived from 13a-(18) or 12-(18) were shown to
dramatically affect the structures’ encapsulation behavior toward
DNAs and spherical proteins.!!! By controlling the pH conditions of
aqueous dispersions, negative or positive charges can be imparted
partly onto the inner surfaces of carboxylic nanotubes derived from
12-(18) or amino nanotubes derived from 13a-(18), respectively.
Utilizing these nanotubes, we investigated the encapsulation ability
of each nanotube toward two different types of biomacromolecules:
ferritin with a negative charge and DPS (DNA-binding protein from
starved cells) with a positive charge. Figure 14 shows representative
TEM images of each nanotube after encapsulation measurement.!!!
Cationic nanotubes with an i.d. of 80 nm encapsulated negative ferritin
effectively but were unable to capture the positively charged DPS in
their interiors. The same tendency was observed for cationic nanotubes
with an i.d. of 20nm. On the other hand, anionic nanotubes with an
i.d. of 20nm encapsulated the positively charged DPS effectively but
were unable to capture the negatively charged ferritin.

Interestingly, a fluorescence resonance energy transfer (FRET)
experiment also demonstrated that S-ONTs derived from 13a-(18)
with an i.d. of 80 nm were able to encapsulate a double-stranded DNA
(166 kbp) measuring 56 pm long labeled with YOYO-1.!!! The external
addition of the fluorescent acceptor DABCYL to DNA-encapsulated
nanotubes of 13a-(18) induced time-dependent quenching from
YOYO-1 to DABCYL (Figure 15). This observation was made only
for the case in which YOYO-1-labeled DNA was certainly encapsulated
in a confined state in the hollow cylinder of the nanotubes. On the
other hand, cationic nanotubes with an 1.d. of 20 nm derived from 12-
(18) were shown to be unable to encapsulate the same DNA.

Diffusion of proteins
To directly confirm that S-ONTs with an id. of several tens
of nanometers actually function as nanochannels for

Polymer Journal

biomacromolecules, it is convincing not only to visualize the
transport feature of biomacromolecules in the nanochannels, but
also to evaluate the diffusion constants of the biomacromolecules.
Figure 16a shows a fluorescence micrograph of a discrete S-ONT
derived from 13a-(18) that was partly modified with 4-fluoro-7-
nitrobenzofurazan as previously described.!!! This image shows the
fluorescence emitted by nitrobenzofurazan covalently linked to the
inner surfaces of the nanotubes. Figures 16b and ¢ show time-lapse
fluorescence optical micrographs obtained when QSY7 (a fluorescent
acceptor dye)-immobilized ferritin was added to the nanotube
solution."!! Both open ends of the nanotube started to quench
because of the FRET mechanism, and then, the locus of quenching
gradually moved to the central part of the nanotube and was
completed within 3.5s (Figure 16d). Similar results were obtained
for QSY7-immobilized gold nanoparticles measuring 1.4 nm wide on
average. In this case, quenching was completed within 0.84 s, much
shorter than the amount of time required for ferritin.!!!

To obtain a better understanding through systematic and quanti-
tative studies of the diffusion behavior of a guest protein in organic
hydrophilic nanochannels of S-ONTs, we examined the transportation
and diffusion of green fluorescent protein (GFP) in nanochannels
with three different i.d. (10, 20 and 80nm).!b14119 The covalent
immobilization of Alexa on the inner surface of S-ONTs derived from
13a-(18) or 16a allowed for the excellent visualization of the
transportation profile of GFP in the nanochannels based on the
FRET system. Table 5 summarizes the diffusion constants (D)
obtained for three different guest molecules (GFP, ferritin and latex
beads)1%127 in various nanotube channels that were evaluated under
various conditions. The D value of ferritin in the nanochannels
(0.7 x 10~ m?s~1) was observed to be one-fifth that in bulk water
(34x 10" ""m?s~ 1), The D values obtained for GFP markedly
decreased as the i.d. of the nanotubes decreased. The smaller D
values were because of the electrostatic interaction between the inner
surfaces and guest molecules, the restricted geometry of the hollow
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Figure 15 Time-lapse fluorescence microscopic images obtained upon the addition of DABCYL for the YOYO-1-incorporated DNA (a—f) in a self-assembled

organic nanotube (S-ONT) derived from 13a-(18) and (g-i) in a bulk aqueous solution. The times elapsed are (a)

0, (b) 0.05, (c) 0.10, (d) 0.20, (e) 0.30,

(f) 0.40, (g) 0, (h) 0.05 and (i) 0.10s. (Reproduced with permission from Shimizu,22 copyright (2008) Wiley Periodicals.)

cylinders and the relative increase in viscosity in the nanochannels.'!?

Small guest molecules are transported more rapidly than larger ones.
Our experimental results regarding the diffusion behavior of the guest
proteins are well compatible with the finding that the pore diffusion
of dye molecules in silica gels is greatly reduced as the pore size
decreases from 30 to 15, 6 and 3 nm.!28-13!

Properties of confined water

Water confined in restricted geometries of nanostructures such as
mesoporous silica,'3 carbon nanotubes!?> and nanopillars'3* often
exhibits different and sometimes unanticipated chemical and physical
features compared with those of bulk water.13>136 Indeed, diverse
spectroscopic  techniques and computer simulations'®” have
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Figure 16 Time-lapse fluorescence microscopic images of the nitrobenzofurazan (NBD)-modified self-assembled organic nanotube (S-ONT) derived from

13a-(18) upon the addition of QSY7-immobilized ferritin. The times elapsed are (a) O, (b) 1

Shimizu,22 copyright (2008) Wiley Periodicals.)

Table 5 Diffusion constants (D) of various guest substances in the
S-ONT channels and the bulk

Nanochannel
Inner diameter D

Amphiphile (nm) Guest (size, nm) (10~ m?s~1) Reference

Bulk GFP (3-4) 12.0 119
13a-(18) 80 GFP (3-4) 2.6
13a-(18) 20 GFP (3-4) 0.14
16a 10 GFP (3-4) 0.036

Bulk QSY7-ferritin (15) 3.4 11
13a-(18) 80 QSY7-ferritin (15) 0.7

Bulk Latex beads (30) 2.0 127
Soybean 100 Latex beads (30) 0.9

lecithin

Abbreviations: GFP, green fluorescence protein; QSY7, a fluorescent acceptor dye; S-ONTs,
self-assembled organic nanotubes.

demonstrated the distinctive properties of confined water in specific

confined structures such as micelles and microemulsions,'?®
nanometer films'*® and nanoporous silica.’*? Kitamori and
colleagues'®® confirmed that aqueous solutions in a nanometer-

sized channel exhibit lower dielectric constants (polarity) and
higher viscosities. Thus, the hydrophilic inner surfaces of S-ONT
nanochannels should provide a favorable environment for
biomacromolecules as guest substances that differs greatly from the
interior environment of well-known carbon nanotubes.'*!

Polymer Journal

0, (c) 2.0 and (d) 3.5s. (Reproduced with permission from

We examined the local properties and the environment of water
confined in the hollow cylinder of S-ONTs consisting of 1 by time-
resolved fluorescence spectroscopy and attenuated total reflectance
infrared measurements.’”!?2  The dimensions of the S-ONT
nanochannels were characterized by i.d. of 10-15nm and lengths of
10-100 pm. The variety of chemical and physical properties observed
for this S-ONT material demonstrated the material’s uniqueness.'4>-145
Fluorescence spectra of 8-anilinonaphtahalene-1-sulfonate in water
inside the S-ONT nanochannels strongly suggested that the local
solvent polarity (ET(30)) of the confined water was 50 kcal mol 1,
20% lower than that in bulk water (Figure 17). Moreover, attenuated
total reflectance infrared measurements supported a much more
developed hydrogen-bond network of water in the nanochannels than
that in bulk water.!?? The properties of confined water in a rationally
fitted hollow cylinder of S-ONT derived from 15a-(3) or 16a are also
assumed to affect the transportation and release behavior of GFP.!"® A
theoretical and experimental model of the effect of confinement on a
polar solvent in a hydrophobic cylindrical pore indicated the existence
of long-range hydrophobic effects in cylinders with diameters of up to
several pm.'4®147 Using nuclear magnetic resonance spectroscopy,
Kitamori and colleagues!*® also reported that the spin-lattice
relaxation rate ('H 1/T;) values for confined water molecules
strongly depend on the size of the space (R). Indeed, the physical
properties of confined water should depend on the spatial dimensions
of the confining nanochannels.

Release of proteins: Endo-sensing
The release behavior of a certain guest substance from a discrete
S-ONT is a vitally important issue to be clarified because there have
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Figure 17 Fluorescence spectra of ANS (a) in bulk water, (b) in a water
pool in reversed micelles  consisting  of  sodium bis-(2-
ethylhexyl)sulfosuccinate (AOT), (c) in water inside the hollow cylinder of a
self-assembled organic nanotube (S-ONT) derived from 1 and (d) in pure n-
heptane (reproduced with permission from Yui et al.,122 copyright (2005)
American Chemical Society). ANS, 8-anilinonaphtahalene-1-sulfonate. A full
color version of this figure is available at Polymer Journal online.

been no detailed quantitative or qualitative studies on this subject.®14°

To directly monitor the encapsulation and release behavior of
S-ONTs, we developed a novel co-assembly using both a mother
component and a second doped component carrying a relatively
larger functionality.!®® The three-dimensional (3D) hydrogen-bond
network of polyglycine II737>H13151 allows functionalities to be
exposed only to an internal environment, and not an external
one.’>® This hoop effect functions to complete the unsymmetrical
feature of S-ONTs and to stabilize the structures, even for coassembly
(Figure 12). We observed that the wedge-shaped amphiphile 15a-(3)
exclusively self-assembles into nanotubes with an i.d. of 7-9nm.!3
Coassembly of the mother compound 15a-(3) with the
Alexa-modified compound 15b-(3) yielded fluorescent nanotubes
that can be used to recognize and directly sense the encapsulation
and release phenomena of a guest protein such as GFP.'* We can
detect both GFP in an encapsulated state and that in a free state by
tracking the fluorescence intensity at 575 and 507 nm separately.
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Figure 18 The pH-sensitive release behavior of green fluorescence protein
(GFP) from an Alexa-immobilized nanotube consisting of 15a-(3) and
15b-(3). The fluorescence intensity of GFP was monitored at 510 nm while
the pH was varied from 6.8 to 8.5.

Thus, the release behavior of GFP was monitored based on
fluorescence spectroscopy.>® At pH 6.8, the spectra hardly changed,
indicating that the encapsulated GFP remained in the nanochannel
(Figure 18). When we increased the pH from 6.8 to 8.5, the
fluorescence intensity of GFP at 510nm increased, whereas the
fluorescence intensity of the Alexa moiety via FRET at 570 nm
decreased. The disappearance of the electrostatic interaction between
GFP and the inner surfaces of S-ONTs derived from 15a-(3) induced
the release of the encapsulated GFP. Consequently, we demonstrated,
for the first time, the characteristic, pH-dependent release behavior of
the protein from high-axial-ratio nanostructures.

We also investigated the release behavior of the fluorescent dye
5(6)-carboxy fluorescein (CE 0.7-0.9nm), oligoadenylic acid
(40-mer) labeled with fluorescent dye (d(A)s-FAM, 1.8 x 30 nm)
and GFP (3—4nm) from S-ONTs consisting of 15a-(3) with an i.d. of
7-9nm.">? Weak alkaline conditions (pH 8.5), under which the
terminal ammonium group is in a deprotonated state, accelerated the
slow release of each guest from both open ends. The decrease in
electrostatic interaction between the inner surface and the guest was
thus confirmed to result in the release of the guest. At temperatures
above the Ty (67 °C) of the resultant S-ONTS, the monolayer solid
membrane transformed into a fluid one.!® This feature should
promote the remarkably fast release of guests through membrane
walls. The temperature sensitivity of S-ONTs designed for the release
of CF proved to be superior to that of liposomes based on egg lecithin
(Figure 19).

APPLICATIONS IN BIOENGINEERING

Stabilization of proteins

The bio- and catalytic activities of proteins such as enzymes have
attracted much attention in the fields of life science and green
technology. However, the practical applications thereof are strongly
limited because proteins are generally unstable at high temperature, at
high concentrations of chemical reagents and under organic phase
conditions. Mesoporous inorganic materials often stabilize the
activities of proteins by encapsulation.! On the other hand,
S-ONTs are able to store proteins in their nanochannels that exhibit
controllable diameters and inner surfaces that can be functionalized
by electrostatic interaction, as previously described. Herein, we
describe the confinement effect of S-ONTs on the stabilization of
proteins. As shown in Figure 20a, circular dichroism spectroscopic
analyses revealed that GFP encapsulated by S-ONTs derived from 16a
(10nm i.d.) showed no thermal denaturation, whereas the thermal
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denaturation of GFP encapsulated by S-ONTs derived from 13a-(18)
(80 nm i.d.) was comparable to that of free GFP in a bulk solution.'!”
The id. of the S-ONTs channels also significantly affected the
chemical denaturation behavior of GFP encapsulated in the S-ONT
channels. Approximately 90% of the GFP encapsulated in S-ONTs
derived from 16a (10 nm i.d.) remained in the native state despite the
coexistence of sufficient urea to induce denaturation in the S-ONT
channels (Figure 20b). A S-ONT channel measuring 10 nm in width,
indicative of tightly restricted geometry, kinetically and thermodyna-
mically prevents the denaturation of GFP.

Similar to GFP, encapsulated myoglobin (Mb, oxygen-storage
hemoprotein) with dimensions of 3—4 nm in the channels of S-ONTs
derived from 16a also showed the ability to retain its oxygen-binding
activity at high concentrations of denaturants.!'* Spectroscopic
analyses of the autooxidation reaction from oxy-Mb to met-Mb in
the hollow cylinders revealed that the half-lifetime (t=14h) of the
encapsulated oxy-Mb was clearly longer than that of free oxy-Mb
(t=7.0h).""* We calculated the rate constants (ko) to be 0.1 and

a S-ONT b Egg-york Lecithin Liposome

25°C

70°C

Figure 19 Dispersed aqueous solutions containing (a) self-assembled
organic nanotube (S-ONT) derived from 15a-(3) or (b) liposomes, both of
which encapsulated 5(6)-carboxy fluorescein (CF) at 25 and 70°C. The
lower schematic illustration in (a) shows the relatively slow and fast release
of the encapsulated CF from the hollow cylinder of S-ONTs below (at 25 °C)
and above Ty (at 70°C), respectively.

0.05 in the bulk and in the S-ONT channels, respectively. The stable
activity of the encapsulated oxy-Mb must be associated with the
reduction in the nucleophilic attack of water molecules toward the
heme because the confined water in the S-ONT channels possesses
relatively higher viscosity, as described previously. These advantages
of the S-ONT channels in protein stabilization allowed us to develop
a new methodology for 2D and 3D TEM analyses of targeting
proteins.'®!” Moreover, the cylindrical shape of S-ONTs was observed
to improve TEM computed tomography analysis. Consequently, the
S-ONT-encapsulating method allowed for the high-resolution, 3D
imaging of proteins that were reconstructed from zero-loss images or
electron energy loss spectroscopy mapping images.

S-ONT hydrogels for refolding of proteins
Refolding control of proteins is a problem that must be solved for the
simple, low-cost and large-scale production of proteins. In living
systems, molecular chaperones such as GroEL-GroES assist in the
refolding process of many proteins, involving multiple processes of
binding, encapsulation and release of each protein.!>!> Artificial
molecular chaperones based on polysaccharide nanogels'® and
mesoporous inorganic materials such as zeolites'>” are also
attracting much attention. Both types of chaperones have the
advantage of possessing precisely controlled nanopores or
nanospaces that can selectively trap unfolded nascent proteins or
refolding intermediates. In this section, we discuss how S-ONTs can
serve as artificial chaperones for chemically denatured proteins.
S-ONTs play roles in the encapsulation of denatured proteins,
refolding assistance of the encapsulated proteins and the release/
recovery of the refolded proteins without the addition of specific
agents.120

We recently demonstrated that the bipolar wedge-shaped amphi-
phile 16a self-assembles into a well-defined tubular architecture (type
G in Figure 8) and further assembles into a hierarchically higher-
ordered soft nanotube hydrogel (Figure 21).!1* The formation of the
hydrogel occurs by pH control at room temperature. TEM
observation and Fourier transform infrared measurements revealed
that the nanotubes possess an i.d. of 8-10nm and thickness of 3 nm

B:in SONTwith 10 nmi.d. ®:in SSONT with 20 nmi.d. 4&:in S-ONT with 80 nmi.d.
X :in bulk solution
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Figure 20 (a) Thermal and (b) chemical stability of green fluorescence protein (GFP) encapsulated in the channel of self-assembled organic nanotubes
(S-ONTs) derived from 16a or 13a-(18) with different inner diameters, and free GFP in a bulk solution. Relative circular dichroism (CD) intensity was

monitored at 215nm.
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that is stabilized by the parallel molecular packing of 16a lined by a
polyglycine II-type hydrogen-bond network.”> A typical refolding
experiment was performed as follows for a denatured protein. A
certain amphiphile and denatured GFP were mixed in water (step 1 in
Figure 22). Neutralization of the aqueous solutions with sodium
hydroxide first produced a nanotube hydrogel (step 2). The obtained
hydrogel was washed with water to remove the GFP that was
not encapsulated in the hollow cylinder of the nanotubes (step 3).
In this manner, the first refolding step proceeded in the hollow
cylinders (step 4). During the following recovery procedure,
which was carried in buffer solution at pH 7.8, the second refolding
step occurred (step 5). The total refolding ratios were able to be
monitored by fluorescence spectroscopy via the FRET system
because the refolded GFP displays fluorescence whereas the denatured
GFP does not.'?°

We also examined how the hydrophobicity of the inner surface of
S-ONTs as well as the i.d. of the nanotubes affect the chaperone
ability. To this end, we compared the chaperone ability of three
different types of nanotube hydrogel, which were formed by the self-

Figure 21 A photograph of the nanotube hydrogel obtained from 16a
(left) and the corresponding scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images (middle). Each
self-assembled organic nanotube (S-ONT) was stabilized by the three-
dimensional (3D) hydrogen-bond network (right). A full color version of this
figure is available at Polymer Journal online.

11 [5] Native
GFP
e—
. Buffer Soln.
1 —_—
Denatured GFP
(6 M-GdmCl)
pHS pH78

Figure 22 A schematic illustration of the refolding procedure of denatured
green fluorescence protein (GFP) in the self-assembled organic nanotube
(S-ONT) hydrogel. (1) Mixture of amphiphiles and denatured GFP in the
aqueous (ag.) solution at pH 5. (2) S-ONT hydrogel formation and
encapsulation of denatured GFP by pH control. (3) Washing to remove
noncapsulated GFP and reduce the concentration of guanidine
monohydrochloride (GdmCI). (4) Refolding of denatured GFP in the S-ONT
channel. (5) Release of refolded GFP to a recovery solution and refolding of
denatured GFP by pH control. A full color version of this figure is available
at Polymer Journal online.
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assembly of 16a, co-assembly of 16a and 22 and self-assembly of 13a-
(18), with that yielded by the dilution method in a bulk solution.'?°
The obtained total refolding ratios are summarized in Table 6. The
partial introduction of a hydrophobic moiety was observed to be
effective in increasing the total refolding ratio (84%) for carbonic
anhydrase. S-ONTs derived from 13a-(18) never exhibited a chaper-
one ability for either GFP or carbonic anhydrase (0%). However, a
relatively higher refolding ratio toward citrate synthase was obtained
by the larger S-ONTs (20 nm i.d.) derived from 13a-(18). All of the
results are compatible with the fact that the chaperone ability is
strongly dependent on partial hydrophobization and confinement
based on the rational fitting of the encapsulated protein in the interior
of the nanotubes.

Light stimulus-responsive S-ONTs

Morphological transformation of S-ONTs should strongly affect
the encapsulation and release behavior of guest substances.
Nanotube-to-nanosphere, nanotube-to-nanofiber and nanoring-to-
nanotube transitions have already been achieved by changes in
external parameters such as pH, salt concentration,!°8-160
ternperature,s’m‘163 dilution'®* and solvation.!6>-166 Complexation
or specific reactions of the components in S-ONTs with additives
such as metals,3"17 cholesterol,'%” poly(propylene glycol)!%® and
enzymes'®® also become triggers for inducing supramolecular
transformation. Light as an external stimulus is of great importance
in terms of remote and accurate control, quick switching and easy
focus. However, the morphological transformation of nanotubes
through light stimulation has rarely been reported. The amphiphile
24 (Scheme 7), which is composed of an azobenzene moiety as a
light-responsive unit and a glycine moiety as a hydrogen-bonding
unit, was observed to form S-ONTs (type E in Figure 2).17% The trans-
to-cis isomerization of the azobenzene unit through ultraviolet light
irradiation induced a morphological change from nanotubes to
cylindrical nanofibers (Figures 23a and b). The reverse cis-to-trans
isomerization through visible light irradiation caused no recovery of
the tubular morphology but transformation into helical nanotapes
(Figure 23c). As a result, ultraviolet light irradiation was observed to
promote the forced release of 40% of the guest CF molecules. Visible
light irradiation following ultraviolet light irradiation eventually
released all of the CF molecules in the cylindrical nanofibers.

The photothermal properties of Au nanoparticles are also useful for
the morphological transformation of S-ONTs composed of simple
amphiphiles having no photo-responsive moieties such as azoben-
zene. We succeeded in the site-selective hybridization of Au nano-
particles to one open end of unsymmetrical S-ONTs derived from 20-
(16), in which the inner and outer surfaces were covered with a
hydrophobic alkyl-chain tail and hydrophilic glucose headgroup,
respectively (Figure 24a).!”! Visible light irradiation induced
unfolding of the end, to which Au nanoparticles had been

Table 6 Refolding ratio of denatured proteins in the S-ONT hydrogel and the dilution method system

S-ONT GFP (3-4nm) CAB (3-4nm) CS (7.5x 6.0x 9.0nm)
Amphiphile Inner diameter (nm) Refolding | Refolding 1+ 11 Refolding | Refolding 1+ 11 Refolding | Refolding 1+ 11
16a 10 35% 49% 38% 53% 0% 17%
16a-+22 10 40% 85% 44% 84% — —
13a-(16) 20 0% 0% 0% 0% 30% 62%
Bulk 16% 14% 7%

Abbreviations: CAB, carbonic anhydrase; CS, citrate synthase; GFP, green fluorescent protein; S-ONTs, self-assembled organic nanotubes.
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O E hybridized (Figure 24b), resulting in the forced release of encapsulated
/@J\‘}/\/ NONH, fullerenes (C60) to a bulk solution. The initiation of the unfolding
N " o process can be ascribed to localized heating via the photothermal

24 effect supported by the hybridized Au nanoparticles.
Light-harvesting antenna

ok Dye moieties embedded within a S-ONT wall have been known to
HO % = show excellent light-harvesting, photocatalytic and electrical conduc-
tion abilities based on efficient energy and charge transfer.>4172-177
The amphiphilic monomer 25 was observed to self-assemble in
Scheme 7 Molecular structures of the tube-forming amphiphile 24 and the ~ organic solvents to selectively form S-ONTs (type D in Figure 2)
glycolipid derivative 25. stabilized by the stacking of three bilayer membranes.'”® The

25

a
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Figure 23 Schematic images of the morphological transformation of self-assembled organic nanotube (S-ONT) from 24 that results from photoisomerization
of the azobenzene unit within the solid bilayer membranes. Transmission electron microscopy (TEM) images of (a) nanotubes, (b) cylindrical nanofibers
formed by ultraviolet (UV) light irradiation of the nanotubes and (c) helical nanotapes formed by visible light irradiation of the cylindrical nanofibers.

Figure 24 (a) Transmission electron microscopy (TEM) image of self-assembled organic nanotube (S-ONT) derived from 20-(16) hybridized with Au
nanoparticles (AuNPs). Schematic illustration and image of the dispersed aqueous solution of the S-ONT encapsulating C60. (b) TEM image of one
unfolding end of the S-ONT. The black dots outside of the S-ONT (indicated by yellow arrows) represent detached AuNPs. Schematic illustration and image
of the dispersed aqueous solution of the unfolded S-ONT and the precipitated AuNPs.
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fluorescence quantum yield (@ =0.39) of the obtained S-ONTs was
comparable to that (®=0.33) of 25 as a monomer, although
aggregates of dye monomers generally exhibit lower ® because of
self-quenching based on strong interaction in the excited state.
Figure 25 shows the change in the fluorescence spectrum of S-ONTs
encapsulating anthracene that depends on the concentration
of the encapsulated anthracene (0—10mol%). The spectroscopic
changes at 350 and 400nm are attributed to energy transfer
from the naphthalene groups in the nanotube membrane wall to
the encapsulated anthracene. All of the results that we obtained from
the analyses of the fluorescence quantum yield are compatible with

Energy
transfer

Em. 400 nm

Anthracene
(mol%)

Fluorescence (a.u.)

1 | I v |
325 350 375 400 425 450 475 500

Wavelength (nm)

Figure 25 Fluorescence spectra of self-assembled organic nanotube
(S-ONTs) derived from 25, encapsulating anthracene (solid lines) and the
S-ONTs alone (dotted line). A schematic illustration of the energy transfer
from the naphthalene groups densely organized within the bilayer
membranes of the S-ONT walls to the encapsulated anthracene.
(Reproduced with permission from Kameta et al.,!’8 copyright (2011)
American Chemical Society.)
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the finding that the S-ONTs act as light-harvesting antennas.
The high energy transfer efficiency of 75% (gt = ®/®;,;;) obtained
originated from the confinement of anthracene in nanochannels with
an i.d. of 15nm.

Nanocarrier of anticancer drugs for drug delivery system
Attention in the biomedical community has also focused on the
release behavior of anticancer drugs and genes from the open ends of
S-ONT hollow cylinders with high axial ratios' 118179 a5 alternatives
to a variety of encapsulation materials for drug delivery systems,
such as nanofiber gels,156’18°’181 liposome and micelles,82-184
polyethylene glycol (PEG)!8L185186 and polymeric micelles.!87:188
The hollow cylindrical nanospace of S-ONTs should provide an
excellent nanocapsule for macromolecular and small-molecular-
weight drugs.'¥-1°!  Hydrophobic interaction,!¥>1%* electrostatic
interaction,! 16194195 chelate  formation''>''7  and  prodrug
conjugation!®® provide S-ONTs with functional surfaces that exhibit
high efficacy and selectivity. One of the most attractive advantages of
using S-ONTs as drug nanocarriers is the potential shape effect that
can be exploited, supported by the finding that high axial ratio
flexible filomicelles show much longer persistence in blood than do
spherical polymersomes.!”” S-ONTs derived from peptidic
amphiphile 6-(13) were first used as nanocapsules with high axial
ratios for doxorubicin hydrochloride.!®* It is important to note that
these anionic S-ONTs of 6-(13) should be useful for lung-targeting
drug delivery because intravenous injection of the S-ONTS resulted in
specific accumulation in the lungs of mice.!®> Biologically stable
S-ONTs (type G in Figure 8) derived from 17b were also applied in
this respect; these nanotubes exhibited an anionic inner surface and a
neutral outer surface.''® Furthermore, the amphiphile 26 (Scheme 8)
allowed for further introduction of the hydrophobic Cbz group into
the nanospace of S-ONTs to control the release of doxorubicin
hydrochloride via hydrophobic interaction (Figure 26). The release
experiment showed that the amount of doxorubicin hydrochloride
released at 48 h decreased remarkably from 60% to <10% when the
molar ratio of 17b/26 was increased to 6:5.

Chelate formation is a useful method for the encapsulation
of platinum-based anticancer drugs into S-ONT nanocapsules. We
successfully fabricated cisplatin-coordinated S-ONTs (type L in
Figure 8) by substituting the carboxylate group of 18 for cisplatin
chloride, and the platinum (II) complex was selectively localized on
the inner surface (220mg cisplatin per g S-ONT) (Figure 27).!17

OI—(I) |I.| O 'I' (e}
HO
OH % H ols H
26

_H
\ i |
HQNJ\NMNNWN\I(\/\/\/\/\/\/\/\/\)J\OH
H

|
NH, H 0

27

(0]

H O
HQCQ(’\/OES/\/N\”/\/\/\/\/\/\/\/\/\)J\OH
0]
28

Scheme 8 Molecular structures of the unsymmetrical bolaamphiphile 26 and the functional amphiphiles 27 and 28.
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The cisplatin-coordinated S-ONTs demonstrated a remarkably
slow release of cisplatin through a ligand exchange reaction. The
aqueous  anticancer — metallo-drug  DACH-Pt  (dichloro(1,2-
diaminocyclohexane)platinum (II)) was also coordinated with the
ligand 19 that was embedded into nanotubes or nanotapes by the
coassembly of a mixture of 17a, 16b, 20-(14), 20-(16) and 19.'1°
The obtained nanotubes, which provided a sufficiently large
cylindrical nanospace to store the drug, was superior to a separately
produced nanotape consisting of the same constituents in the
slow release of DACH-Pt in biological media such as phosphorate-
buffered saline.

Encapsulation

OH

DOX

Release

Figure 26 Hydrophobized self-assembled organic nanotube (S-ONT) derived
from 17b and 26 that is able to control the release of doxorubicin
hydrochloride (DOX).

Nonviral gene transfer vector

The loading of genetic drugs on the inner and outer surfaces of
S-ONTs is similar to the strategy of using liposomal and nanoparticle
gene delivery vectors.!9” Hsieh et al.'® utilized a neutral cyclo-(p-Trp-
Tyr) peptide nanotube as a novel oral gene delivery carrier. Dipeptide
H-Phe-Phe-NH, - HCl was able to self-assemble into a cationic
S-ONT under physiological conditions.!®* Interestingly, the S-ONT/
DNA complex was demonstrated to be able to traverse cell
membranes and be absorbed effectively by cells upon spontaneous
conversion into vesicles. As already described, the coassembly of three
different functional amphiphiles, 12-(18), 27 and 28, allowed us to
selectively modify the outer surface of S-ONTs (type I in Figure 8)
(40nm in outer diameter) with cationic arginine groups and
hydrophilic PEG chains (Figure 28).''® The resultant PEGylated
cationic S-ONTs strongly formed a complex with DNA while
maintaining their tubular morphology and fine dispersibility.
S-ONTs longer than 1um strongly associated with cell surfaces,
whereas shorter S-ONTs measuring 400-800nm in length were
effectively internalized in the cytoplasm to deliver DNA into the
cytoplasm more effectively. Thus, the coassembly approach proved to
be a useful method for rational multifunctionalization of S-ONTs as a
novel nonspherical gene transfection vector.

Nanopipette

The controlled manipulation and delivery of a small volume of liquid
is of critical importance in directing the rapidly developing field of
nanofluidics research.!®>?% S-ONTs have been proved to function
as nanometer-scale containers or nanochannels that satisfy the
requirements for attoliter (1x 107'81) chemistry.?> The use of a
nanopipette, in which a single S-ONT is fixed to the end of a
microglass pipette, enables us to treat attoliter-order volumes of
liquid. This potential application of S-ONTS is superior to microglass
pipettes and pencil-shaped, pulled nanopipettes (Figure 29).201-205 the
3D micromanipulation allowed us to adhere a single S-ONT derived
from 2 with an i.d. of 50nm®®!22 to the interior of the tip of a
borosilicate micropipette with an i.d. of 1800nm.?% The interface
between the S-ONT and the microglass pipette was firmly sealed with
a photo-crosslinkable resin (Figure 29, left). When we increased the
applied DC voltage from 0 to 526V, we observed that the release of
the solution by electroosmotic force was initiated at 200-300V near
the end of the S-ONT nanopipette. The volume released was observed

Figure 27 Transformation of nanofiber morphologies (O h) into nanotube ones (after 48 h) upon chelate formation of cisplatin and the amphiphile 18. A full

color version of this figure is available at Polymer Journal online.
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Figure 28 Construction of PEGylated, cationic self-assembled organic nanotube (S-ONTs) obtained by the coassembly of 12-(18), 27 and 28. The figure on
the right shows a confocal micrograph that indicates the association of YOYO-1-labeled DNA with the outer S-ONT surface.
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Figure 29 Volume distribution that can be injected by three different types of pipettes (left: nanopipette in which a single self-assembled organic nanotube
(S-ONT) is fixed to the end of a microglass micropipette; middle: a pulled microglass pipette; and right: microsyringe). The internal liquid volume of a
single cell corresponds to ~1pl (10-12]). The image of a microglass pipette (middle) is reproduced with permission from Clarke et al.,2%% copyright
(2005) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. The image of the cell is reproduced by courtesy of Professor Isao Inoue of University of Tsukuba.

to be controllable, depending on the applied voltage. Although
several fabrication methodologies for producing nanopipettes have
been developed,?*4207298 solutions to problems concerning the
maintenance of complete hollowness, the fabrication time and
facility and appropriate stiffness are still awaited. S-ONTs composed
of solid membranes should be added to novel nanopipette devices as
an end effector.20°

Heterogeneous oxidation catalyst

Compared with organic and inorganic solid-supported catalysts,
catalysts supported on 1D nanostructures such as nanotubes and
nanofibers are recognized as promising ones because the morphology
of the structures simultaneously suppresses agglomeration and allows
for ease of separation from the reaction media. Nanostructure-based
catalysts produced by utilizing tubular?>?'1212 and  fiber
morphologies,213‘215 which can be self-assembled from small
molecules, have been recently invented. The S-ONTs reported
previously are known to catalyze Diels—Alder reactions®® and
hydrolysis.?! 212 Because some metal ions are known to exhibit
catalytic activity in organic oxidation reactions,?'®21° the metal-
complexed S-ONTs derived from 6-(11) and 6-(13) described in a
previous section should be applicable in the development of
heterogeneous catalysts (Figure 30). Using Ni- or Cu-coordinated
S-ONTs (Ni-S-ONTs or Cu-S-ONTs, resl;)ectively),zzo’221 we
investigated the catalytic oxidation of organic substrates and

209,210

observed that both the Ni-S-ONTs and Cu-S-ONTs catalyzed the
oxidation of all of the substrates. Selected results are summarized in
Figure 30.

The Ni-S-ONTs catalyzed the oxidation of the organic substrates by
H,0, at room temperature. On the other hand, the Cu-S-ONTs
catalyzed the oxidation of primary and secondary alcohols,
ao,B-unsaturated alcohol and aldehyde and olefin derivatives by both
H,0,; and t-butyl hydroperoxide in acetonitrile at 60 °C. Both the
Cu- and Ni-S-ONTs were stable under the applied reaction condi-
tions, and the tubular morphologies showed no changes after the
reactions. Because the catalytic activities of Ni and Cu heterogeneous
complexes toward the oxidation of organic molecules are generally
comparatble,zm‘219 the various catalytic activities observed for the
Ni- and Cu-S-ONTs should be based on the structural differences
between the different surfaces. Analyses of the inner and outer
diameters and wall thickness for each S-ONT suggest that all Ni
ions faced the reaction media and took part in the catalytic reaction
(Figure 31). On the other hand, ~10% of Cu ions were estimated to
have been located on the surface of the nanotubes.

CONCLUDING REMARKS

The technological demand for novel materials that can effectively
encapsulate and release middle- or high-molecular-weight biomole-
cules, such as viruses,22 proteins,223 enzym65224 and DNAs, has
recently been increasing. To date, CDx has been widely developed as
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Figure 30 Oxidation of a variety of organic substances catalyzed by Ni- and Cu-S-ONTs from 6-(11). S-ONTs, self-assembled organic nanotubes. A full color

version of this figure is available at Polymer Journal online.

a Ni-ONT (Single bilayer)

Ni-S-ONT (Single bilayer)

c Cu-ONT (7 ~ 8 bilayers)

Cu S-ONT (7~8 bllayers)

Figure 31 Schematic illustrations and scanning transmission electron microscopy (STEM) images of Ni-S-ONTs (a, b) and Cu-S-ONTs (c, d). S-ONTs,
self-assembled organic nanotubes. A full color version of this figure is available at Polymer Journal online.

an active host compound that can encapsulate hydrophobic aromatic
molecules into its spherical, hollow interior in aqueous environments.
However, because of the limited ring size of CDx (0.6-0.9 nm),
differentiated by a-, B- and y-CDx,?2>?2¢ CDx can only encapsulate
guest substances with dimensions smaller than 0.9 nm. There have
been rare examples of active host substances that can encapsulate
biomacromolecules measuring 10-100 nm.??>?2-231  S_ONTs are

Polymer Journal

characterized by their symmetric bilayer or unsymmetrical
monolayer walls based on solid membranes, providing two terminal
open ends.”® Furthermore, selective postchemical functionalization
of the inner®!1123223  and  outer surfaces, coassembly or
multiple assembly with second and third functionalized
components?>!16118:150.234 3llow for diverse, on-demand functional
organic nanotubes to be obtained. One can also easily attach



109,150,152
120,178

cationic or anionic charges®® as well as hydrophobic
moieties selectively onto the inner surfaces of these nanotube
structures. Rational molecular design has yielded homogeneous
hollow cylinders with precisely controlled i.d.6>!11:15%:152 Therefore,
these nanotubes have unique ability to encapsulate diverse guest
substances measuring 7-100 nm.% In particular, biomacromolecules
such as proteins and DNAs, which very few discrete materials can
encapsulate, should be favorable target guest substances.’>?” Other
important issues concerning the practical use of S-ONTs will be

the development of mass production strategies that offer
minimal  costs,>»?3>  further organized fixation on solid
substrates!>147087145,236-240 and organization in gel materials as soft

matter.!?>178 Elucidation of the mechanical and physicochemical
properties of a single S-ONT is also an emerging topics that is
gaining much interest.!145241-243 Fyrther progress in application-
oriented research on functional S-ONTs should greatly contribute to
ushering the next generation of bottom-up nanotechnology.
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