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Abstract: Three kinds of amphiphilic polypeptides, X-poly(sarcosine)-b-(L-Leu-Aib), (X = adenine, thymine, gly-
colic acid), were synthesized and self-assembled in a tris buffer to take on nanotube morphology. The nanotubes
were joined together to extend the nanotube length with the addition of trifluoroethanol and heat treatment at
50 °C for 24 h. The length extension rate decreased in the order of adenine > glycolic acid > thymine depending
on the N-terminal chromophores. Adenine—-adenine interactions between the nanotubes were found to be more
prevalent upon joining the nanotubes than adenine-thymine interactions. Further, adenines on the nanotube
surface could chelate with Cu(i) to thermodynamically stabilize the nanotube membrane. AFM imaging in liquid
environment revealed that the membrane elasticity of the adenine nanotube was as high as ca. 1 MPa, which is
considered to be strengthened as a result of the adenine—adenine interactions.
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1. Introduction

A variety of organic nanotubes have
been constructed by various methods in-
cluding via self-assembly, which is further
categorized into four types according to the
preparation pathways.!! This classification
is based on the intermediate species during
the molecular assembling processes; mem-
brane-, nanoring-, stacking-, and supramo-
lecular stacking components, which grow
into the organic nanotubes. We have been
studying membrane-based self-assembly
of the organic nanotubes using amphi-
philic polypeptides of poly(sarcosine)-
b-(L- or D-Leu-Aib) (n = 6-8).21 For
example, poly(sarcosine)-b-(L-Leu-Aib)
self-assembled into curved sheets just af-
ter injection into water, which converted
to nanotubes upon heating at 90 °C.31 The
characteristic feature of the nanotube is the
well-defined dimensions of ca. 80 nm di-
ameter and ca. 250 nm length owing to the
controlled size of the curved sheets prior to
the formation of the nanotubes, which is a
rare case in organic nanotubes. In light of
the advantage of the well-defined dimen-
sions of the nanotube, we aim to assemble
the nanotubes into hierarchical structures
by using the nanotube as a starting block.

Nucleobases have been used for su-
pramolecular self-assembling by comple-
mentary pairing through hydrogen bonds.
For example, nucleobase pairs were used
for easy preparation of the supramolecu-
lar nucleoside phospholipids,! forma-
tion of cross-linking points in nanogels,!!

and functionalization of supramolecular
micelles.l] It is thus interesting to exam-
ine nanotubes with surfaces displaying
nucleobases. Surface-modified nanotubes
display two types of association modes;
side-by-side and edge-to-edge. The former
association is liable to make irregular ag-
gregates of nanotubes, because the asso-
ciation regions between nanotubes may be
variable from partial to full association and
are out of control. On the other hand, edge-
to-edge association will result in segregated
nanotube structures after joining dissimilar
nanotubes. The segregated nanotube has
never been reported with a linear organic
heterojunction by joining different semi-
conducting nanotube segments, however,
stepwise nanotubular coassembly has been
observed.[”! The segregated nanotube was
also obtained by using temperature-induced
phase separation,8 but a method of join-
ing two kinds of nanotubes showed limited
success, and still remains to be explored.
We therefore aim at extension of nanotube
length by joining nanotubes via open edges
with the help of base pairings. Our expec-
tation is that the unfavorable side-by-side
association between nanotubes for our hier-
archical structure will be suppressed by the
loss of the ability to form hydrogen bonds
between nanotubes due to the Hoogsteen-
Type self-base pairing in the same nano-
tube membrane,!!% when nucleobases are
densely expressed on the nanotube surface.
This suppressive effect of dense display of
nucleobases on surface may be ascribed to
a kind of molecular crowding effect.[1!]
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We chose adenine as a nucleobase to
modify the nanotube surface, because
adenine has a high potential for hydro-
gen-bond formation as exemplified by
the self-organized adenine ribbon.!!2]
Adenine was therefore connected to the
N-terminal of poly(sarcosine)-b-(L-Leu-
Aib), (AL12, Fig. 1). The complementary
nucleobase thymine was also connected
to the N-terminal to obtain TL12 (Fig. 1),
and glycolic acid was used to cap the N
terminal to afford a reference compound
(GL12, Fig. 1). The compositions of the
amphiphilic polypeptides are summa-
rized in Table 1, and the synthetic routes
are shown in Scheme 1 (syntheses, NMR,
and mass spectra in supporting informa-
tion (SI); Scheme S1, Figs. S1-S6, www.
Ingentaconnect.com, CHIMIA). In order
to construct the hierarchical structure by
joining the nanotubes, we have to solve the
following problems; 1) suppression of the
side-by-side association of nanotubes, 2)
re-activation of the open mouths of nano-
tubes which became inert for sticking after
nanotube preparation, and 3) suppression
of lateral diffusion of the components in
the nanotubular membrane to keep the two
kinds of nanotubes to be joined from be-
ing phase-separated. The last issue is re-
lated with construction of phase-separated
nanotubes along the long axis such as a
nanotubular coassembly having a hetero-
junction.[”! Further, successive joining of
nanotubes will provide a small long chan-
nel comprising different compartments
with individual inner wall surfaces, which
are attractive from a view point of ‘attoliter
chemistry’ as successive reaction fields.13]
On the other hand, physicochemical prop-
erties of adenine and thymine, which have
long been discussed,!'4! are expected to re-
veal new aspects when they are displayed
densely on molecular assembly surfaces.

2. Association of Nanotubes

The reference compound GL12 was re-
ported to self-assemble into curved sheets
just after injection in water, which then
converted to nanotubes upon heating at
90 °C for 10 min.B! The nanotubes were
dispersed well in water without any ten-
dency of aggregation. With hydrophilic

Table 1. Compositions of GL12, TL12 and AL12
N-terminal
GL12 glycolic acid
TL12 thymine-1-acetic acid
AL12 adenin-9-yl-acetic acid

DP : the number-average degree of polymerization

DP_ of poly(sarcosine) block

Fig. 1. Molecular
structures of am-
phiphilic block
polypeptides having
different groups at the
N-terminals.
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poly(sarcosine) chains covering densely
the nanotube surfaces, non-specific asso-
ciation of nanotubes was avoided.

2.1 Nanotubes Having Adenine and
Thymine

An aliquot of AL12 in ethanol was in-
jected into a 10 mM tris buffer (pH 7.4)
containing 150 mM NaCl at 4 °C followed
by heat treatment at 90 °C for 1 h. TEM
observations revealed formation of ALI12
nanotubes having lengths much longer
than the ca. 250 nm long GL12 nanotubes,
accompanied by bundles and aggrega-
tions of the nanotubes (Fig. 2A). These
aggregates should be formed by interac-
tions between nanotubes. Adenine on the
nanotube surface is therefore effective to
associate nanotubes via both edge-to-edge
and side-by-side. Since GL12 did not show
any tendency of nanotube aggregation, the
AL12 nanotube aggregation is ascribable
to adenines on the nanotube surface, which
should promote association via hydrogen
bonding, hydrophobic interaction, and m—7n
interaction. We therefore diluted AL12 by
mixing with GL12. Accordingly, a mixture
of AL12 and GL12 (1/1 mol/mol) afforded
homogeneous and well-dispersed nano-
tubes with an average length of ca. 250 nm
upon a heat treatment at 70 °C for 3 h after
injection in a tris buffer (A50, Fig. 2B, C).
In the TEM images, some nanotubes con-
tacted with each other, but these contacts
were as a result of the concentration effect
of the solution on the TEM grid, and were
not due to secondary interactions between
nanotubes.

An aliquot of TL12 in ethanol was sim-
ilarly injected into a tris buffer. With heat
treatment at 90 °C for 1 h, well-dispersed

nanotubes were obtained in this case but
with a wide distribution of the nanotube
lengths up to over 1 um length (Fig. 3A).
The wide distribution became narrower
upon mixing in GL12 at a molar ratio of
1/1 and with a heat treatment at 90 °C for
1 h (T50, Fig. 3B, C). Thymine on the
nanotube surface therefore only causes
the nanotubes to associate edge-to-edge.
Taken together, adenine and thymine on
the nanotube surfaces are effective for
promoting association of the nanotubes
but to different extents. Adenine seems to
possess a tendency to promote molecular
association more than thymine, and nano-
tube elongation through edge-to-edge as-
sociation occurs under more moderate
conditions than the side-by-side associa-
tion.

2.2 Nanotube Stability at 50 °C for
24 h

A50, T50, or GL12 nanotubes (G100)
were prepared by heat treatments of
70 °C for 3 h, 90 °C for 1 h, and 90 °C
for 10 min, respectively, followed by ex-
amination of nanotube stability at 50 °C
for 24 h. A50, T50, or GL12 nanotubes
(G100) showed very similar histograms
of nanotube lengths before and after heat
treatment at 50 °C for 24 h (Fig. 4A, B,
C). The open mouths of the nanotubes are
therefore inert for self-sticking at 50 °C.
Unexpectedly, a mixture of A50 and T50
also remained unchanged on the nanotube
length histogram after heat treatment at
50 °C for 24 h (Fig. 4D). The adenine and
thymine moieties displayed on the surfac-
es of the nanotubes, which were prepared
with heating at 70 °C and 90 °C, respec-
tively, therefore lost association ability

0 100 200 300 400 500 600
Length (nm}

Fig. 2. TEM images of AL12 (A) and a mixture of AL12 and GL12 at a molar ratio of 1/1 mol/mol
(A50) (B). Bars = 2 um (A) and 200 nm (B). The histogram of the nanotube length of A50 (C).

(A)

0 100 200 300 400 500 60O
Length (nmj)

Fig. 3. TEM images of TL12 nanotubes (A) and a mixture of TL12 and GL12 at a molar ratio of 1/1
mol/mol (T50) (B). Bars = 500nm (A) and 200 nm (B). The histogram of the nanotube lengths of

T50 (O).

through complementary hydrogen-bond
formation between adenine and thymine
moieties. It is considered that the adenine
and thymine moieties should be stabi-
lized by respective self-association on the
nanotube surfaces, which makes it impos-
sible to associate the adenine moieties of
one nanotube with the thymine moieties
of the other nanotube.

2.3 Nanotube Elongation with Help
of Trifluoroethanol

The AS50, T50, and G100 nanotubes
were incubated at 50 °C for 24 h in the
presence of trifluoroethanol of varying
concentrations 1%, 3%, and 5%. All the
nanotubes in the presence of 5% trifluo-
roethanol extended the nanotube length
by nearly ten-times with a wider length
distribution than the initial state (Fig. 5).
The extension rate in the presence of 3%
TFE is dependent on the chemical species
at the N-terminal groups of the hydrophilic
poly(sarcosine) blocks as the elongation
effect of trifluoroethanol was the largest
on A50 (Fig. 5SA) and the smallest on T50
(Fig. 5B) in the order of adenine > glycol
acid > thymine.

Nanotube elongation in the presence
of 3% trifluoroethanol was further stud-
ied by varying the mixing ratios of T50
and G100 in A50 (Fig. 6) to examine the
additive effects of T50 and G100 on the
nanotube elongation of A50. The nano-
tubes extended the lengths in the presence
of 20% or 50% G100 similarly to 100%
AS50 (Fig. 6A, B, C), but the length exten-
sion became moderate by the excess ad-
dition of 80% G100 (Fig. 6A, D). On the
other hand, the length extension of A50
was severely suppressed by the presence
of 20% T50 (Fig. 6A, B) and more (Fig.
6A, C, D). These results also support the
interpretation that the ability to induce
the nanotube elongation decreases in the
order of adenine > glycol acid > thymine
at the N terminal. Trifluoroethanol is well
known as a good solvent for the hydropho-
bic block of (L-Leu-Aib), to maintain he-
lical structures. It is therefore considered
that trifluoroethanol infiltrates the hydro-
phobic core of the nanotube membrane to
loosen the ordered state of the nanotube
membrane into an amorphous adhesive
state especially at the edge of the nano-
tube, which should allow the nanotubes
to stick together. In other words, trifluo-
roethanol can re-activate the open mouths
of the nanotubes for nanotube sticking.
An additional effect of adenine on nano-
tube elongation owing to the favorable
self-association property can explain the
strong ability of A50 for nanotube elon-
gation. On the other hand, thymine seems
to have a suppressive effect on nanotube
elongation triggered by the addition of tri-
fluoroethanol.
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Fig. 4. TEM images with negative staining (left) of G100 (A), A50 (B), T50 (C), and a mixture of A50 and T50 (D) after incubation at 50 °C for 24 h.
Bars = 250 nm. Histograms of the nanotube lengths are before and after incubation at 50 °C for 24 h (A, B, C). Histograms of A50, T50 and a mixture
of A50 and T50 after incubation at 50 °C for 24 h (D).
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2.4 The Effect of AMP or TMP
Addition on Nanotube Elongation

The adenine moieties displayed on the
nanotube surface promoted elongation
with the addition of trifluoroethanol. The
effect of adenine monophosphate (AMP)
addition was examined on nanotube elon-
gation of T50 (Fig. 7A). The histograms
of the nanotube lengths clearly indicate
the additive effect of AMP on T50 elonga-
tion in the presence of 3% trifluoroetha-
nol, which is similar to the additive ef-
fect of A50 (Fig. 7B). On the other hand,
thymine monophosphate (TMP) did not
show a suppressive effect on A50 elonga-
tion in the presence of 3% trifluoroetha-
nol (Fig. 7C), which is in contrast with
the suppressive effect of T50 (Fig. 7D).
The suppressive effect of the thymine
moieties on the nanotube elongation is
therefore interpreted as a consequence of
multivalent interactions of the thymine
moieties densely displayed on the nano-
tube surface.
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3. Adenine Nanotubes

The nanotubes displaying adenine on
the surface were able to elongate nanotube
length owing specifically to the self-asso-
ciation property of adenine. Adenine—ade-
nine interactions have long been discussed
in terms of dispersion force, photo-excita-
tion, and charge transfer, efc.[151 A50 is an
attractive system to examine adenine—ad-
enine interactions from a different point
of view from the dense display on two-di-
mensional membranes. The characteristic
features of A50 were therefore analyzed in
depth.

3.1 Copper(i)-Adenine Coordination

The purine ligand of adenine was re-
ported to build dinuclear complexes with
Cu(w).l'%l An aliquot of AL12, GL12, and
CuBr, in ethanol was injected into a tris
buffer followed by heat treatment at 70 °C
for 3 h to afford copper-chelated nanotubes
(Cu-A50). AS0 was separately prepared
and mixed with Cu-A50. A mixture of
A50 and Cu-A50 was observed by TEM
without staining (Fig. 8A, Fig. S7 in SI).
Indeed, there are two types of nanotubes
of dilute and dense colors, which are as-
signable respectively to AS0 and Cu-AS50.
The Cu-AS50 nanotube was imaged by the
dense color over the whole surface of the
nanotube, suggesting that the adenine moi-
eties should be homogeneously distributed
over the membranes comprising AL12 and
GL12, and the chelation of two adenines
with a Cu(1r) also occurred homogeneous-
ly. Histograms of the nanotube lengths
showed that the average length became
longer with Cu(1r) chelation (Fig. 8B). The
nanotube membranes are therefore consid-
ered to be thermodynamically stabilized
by the chelation.

The mixture was incubated at 50 °C for
3 h and 24 h in the presence of 3% trifluo-
roethanol. The histograms of the nanotube
lengths revealed the length extension with
time (Fig. 8B). The TEM image after 3 h
incubation showed some nanotubes with
dilute and dense colors, which are ascrib-
able to the elongated nanotubes just after
joining A50 with Cu-A50. With further
incubation for 24 h, the nanotube images
became monotone in the color, suggesting
that the components of A50 and Cu-A50
mixed together in the nanotubular mem-
brane by lateral diffusion and/or exchange
processes of Cu(1r) from one site to the oth-
er (Fig. 8A). We currently speculate that
the latter process is more plausible because
the lateral diffusion of the components is
considered to be less active at 50 °C.

3.2 AFM Observation of Nanotubes

A50, T50 and G100 were subjected to
liquid AFM observations using a silicon
substrate with surface modification by

3-aminopropyltriethoxysilane. An AFM
image in liquid environment of the elon-
gated nanotubes successfully observed
AS50 (Fig. 9A) with a height profile of ca.
70 nm (Fig. 9B). On the other hand, T50
and G100 were unsuccessfully imaged
under the same conditions (Fig. S8 in SI).
One reason for the failure to image TS50
and G100 is the weak interaction of the
nanotube surface with a silicon substrate
covered with a thin layer of 3-aminopro-
pyltriethoxysilane, resulting in no remain-
ing nanotubes on the substrate because
nanotubes on a substrate should be wiped
out during scanning the AFM tip. The

adsorption of A50 to a surface-modified
silicon substrate therefore just fits to the
AFM observation in light of nanotubes
staying on the surface during scanning of
the AFM tip, but the adsorption force is not
strong enough to open the nanotube struc-
ture. Sometimes we observed flat sheets in
the AFM images, which should be a result
of opening up of the nanotube structure,
because of strong interaction between the
nanotube and substrate.

The membrane elasticity of A50 was
evaluated by the nano-indentation method
using liquid AFM. The elastic modulus
value was found to be ca. 1 MPa (Fig. S9 in
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SI), which is lower than the vesicles com-
prising similar amphiphilic polypeptides
showing 4-12 MPa (Fig. 9C).l'7 However,
taking into a consideration the structural
difference between the closed inner space
of vesicles and the open space of nano-
tubes, the membrane elasticity measured
here will be intrinsically far smaller with
nanotubes than vesicles. A50 nanotube
membrane showing moderate membrane
elasticity therefore should be strengthened
by adenine self-association on the surface.

The plasticity indices of A50 were
nearly in the range from 0.3 to 0.6 (Fig.
9D, Fig. S9 D in SI), which are similar to
those of vesicles.l'”l A50 is therefore con-
sidered to be similarly durable to the vesi-
cles, which may be a striking aspect of A50
despite the fragile nanotube open structure.

4. Conclusions

Nucleobases are well known to act
as recognition units for nucleic acids. A
base pairing between adenine and thy-
mine via two hydrogen bonds is a typi-
cal example. However, there are various
other types of base pairings categorized
into the Hoogsteen type, the wobble type,
and widely observed non-Watson-Crick
type. The attractive interactions between
nucleobases arise from hydrogen bonding,
dispersion forces, hydrophobic interac-
tions, and m—7 stacking. These elements
depend on the surrounding environment to
occur, resulting in environment-dependent
base pairings. In the present case, adenine
and thymine were densely displayed on
nanotubes. When the adenine density was
ca. 1 adenine/2 nm? (nanotubes prepared
from 100% AL12), inter-nanotube side-
by-side and edge-to-edge interactions via
self-base pairing resulted in nanotube ag-
gregates. With dilution of adenine density
down to ca. 1 adenine/4.5 nm? (nanotubes
prepared from an equal mixture of AL12
and GL12), inter-nanotube edge-to-edge
interaction was the sole association effect
on joining nanotubes. This difference is
simply explained by easier crosslinking of
two adenines on the same nanotube mem-
brane after joining (edge-to-edge interac-
tion) than the different nanotube mem-
branes (side-by-side interaction). On the
other hand, thymines were ineffective for
inter-nanotube associations, even though
the counterpart of the thymine-display-
ing nanotube was the adenine-displaying
nanotube. It is therefore considered that the
complementary interaction between ad-
enine and thymine becomes insignificant
when they are displayed on molecular as-
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Fig. 9. (A) An AFM image in liquid environment of A50 after incubation at 50 °C for 24 h in the
presence of 3% trifluoroethanol. The medium is a tris buffer (0.01 M, pH 7.4) containing 0.1 M
NaCl. A silicon substrate with surface modification by 3-aminopropyltriethoxysilane was used.
(B) Height profiles of A50 nanotubes. (C) Elastic modulus distribution of A50 nanotube calculated
by the Hertzian contact model. (D) Histogram of plasticity index of A50 nanotube.

semblies in water. Interestingly, adenine—
adenine interaction is found to be the most
prevailing interaction in the case of the
adenine-displaying nanotubes.
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