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Abstract
Several kinds of molecular assemblies are prepared from polypeptides and cyclic peptides at various levels of structural
regularities, which lead to the current proposal to categorize molecular assemblies into primary to quaternary structures. The
categorization places a focal point on phase separation in molecular assemblies because highly sophisticated molecular
assemblies have hierarchical organizations of molecules that accompany phase separation and the regular arrangement of
chromophores, as frequently observed in nature. Examples of the peptide-based molecular assemblies are thus explained in
accordance with the primary to quaternary structures with the aim of implementing nanomaterials in the coming era.

Introduction

Molecular assemblies in aqueous environments are ubiqui-
tous in the biological world and have been extensively
studied on the basis of different building blocks of lipids
[1, 2], proteins [3–5], nucleic acids [6], saccharides [7], and
synthetic molecules [8]. The shape control of molecular
assemblies is one of the major subjects pursued in this field,
and the morphologies (especially of copolymer assemblies)
are now well understood in terms of the volumetric ratios of
their different blocks of amphiphilic block polymers [9] as
well as the packing parameter derived from the cross-
sectional area of the hydrophilic core and the length of the
hydrophobic chain [10]. With increasing reports on mole-
cular assemblies, the categorization of molecular assemblies
is proposed, for example, according to assembly mechan-
isms [8] and structural features [11]. The former categor-
ization includes four kinds of mechanisms: (1)
polymerization-induced self-assembly [12], (2) control by
interactions with the surrounding medium [13], (3)
crystallization-driven self-assembly [14], and (4) multi-
compartment systems. The latter categorization relies on
hierarchical self-assemblies, where clusters are starting units
as the primary structure that grow into nanocapsules as the

secondary structure and finally into 2D or 3D self-
assemblies as the tertiary structure. In contrast to these
perspectives, a new categorization for primary to quaternary
structures of molecular assemblies are presented in this
review based on the phase separation or nonrandom dis-
tribution of components in molecular assemblies, which is
intended to provide a foundation to construct sophisticated
complex molecular assemblies that appear in nature. For
example, the raft model describes phase separation in cell
membranes due to the clustering of specific components,
which is a general observation and closely related to bio-
logical functions such as endocytosis and exocytosis
[15, 16]. In these cases, shape changes from planar to
vesicular membranes originate partly from phase separation
of the membrane components.

The primary to quaternary structures of molecular
assemblies proposed here are schematically drawn in Fig. 1.
The primary structure of molecular assemblies defines the
shape of molecular assemblies by a single morphology
under dimensional control. Morphologies may be round
micelles, cylindrical micelles, planar sheets, curved sheets
(including rolled sheets), tubes, polyhedral structures, or
vesicles, which are prepared under dimensional control
(Fig. 1a). The secondary structure depicts the shapes of
molecular assemblies through a combination of primary
structures. For example, a combination of tubes and vesicles
may generate a round-bottom flask shape with a continuous
but phase-separated membrane, where one part of the
molecular assembly takes a vesicular shape composed of
one or a set of components and the other part takes a tubular
shape (Fig. 1b). The tertiary structure is the molecular
assembly that apparently shows a single morphology but
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has characteristic structural features (Fig. 1c). Let us discuss
the vesicle shape as an example. From the perspective of the
primary structure, the vesicle is defined as a spherical
molecular assembly with an inner space separated from the
outside. When the vesicle has an outer surface that is dif-
ferent from the inner surface in terms of components, the
vesicle is classified as possessing a tertiary structure due to
the unsymmetric structural feature. The unsymmetric
membrane is a general feature of biological membranes,
where the components that face the outside differ from the
components that face the inside, irrespective of the sym-
metric planar sheet shape. In the case of biological mem-
branes, the inside and outside of membranes can be
differentiated during the preparation process, which enables
the directional insertion of proteins and lipids into mem-
branes, as exemplified by the Golgi apparatus [17]. Without
relying on such sequential procedures, molecular assem-
blies that show a tertiary structure in a thermodynamically
stable state are difficult to obtain but are challenging and are
a prerequisite for the construction of hierarchical molecular
assemblies. Another example of a tertiary structure are
molecular assemblies that display a regular distribution of
chromophores, which is a characteristic structural feature
that is directly relevant to functions. The tertiary structure
proposed here is therefore crucial and rationalizes the
categorization in light of the development of hierarchical
molecular assemblies with quaternary structures. The qua-
ternary structure represents a hierarchical organization of
molecular assemblies (Fig. 1d). The term “quaternary
structure”, for example, can be used to explain assemblies
of tubes or vesicles that align in a 3D space based on a
defined number of molecular assemblies and/or a defined
structural regularity that includes the orientation of tubes or
vesicles. Tubes come to possess orientation when they have
one open end that is different from the other open end on a
chemical basis, which allows for two types of hierarchical
associations in a parallel and antiparallel way. Therefore,
tube bundles should be described based on their quaternary
structure.

Primary structure

Curved sheet

Amphiphilic block polypeptides have a sequence of poly
(sarcosine)-b-(Leu-Aib)n (the number average molecular
weight of approx. 25mer of poly(sarcosine) and n= 6) in
which the N and C-terminals are generally protected by
glycolic acid and methyl ester to make the polypeptides
nonionic, forming curved-sheet-shaped molecular assem-
blies with approx. 250 nm sides (Fig. 2a) [18]. The hydro-
phobic block takes an α-helical conformation, which drives
the association of polypeptides in water. On the basis of
AFM images of the sheet, the membrane thickness supports
the interdigitated structure [19], which is also supposed to
be stabilized by the antiparallel association of α-helices that
have a macrodipole. The interdigitated adjacent helices can
associate tightly by tilting slightly with each other to
accommodate isobutyl groups of Leu side chains at the
interface of two helices in a line (Fig. 3) [20]. The suc-
cessive tilting of helices is therefore the cause of the for-
mation of the curved sheets.

It is interesting to note that the sizes of the curved sheets
are well controlled to be approx. 250 nm in the case when
the poly(sarcosine) block is an approx. 25 mer. When the
poly(sarcosine) chain length was extended to a 60mer,
the sheet size decreased sharply to tiny squares with side
lengths of approx. 20 nm [21]. The sheets have four edges
that possibly expose hydrophobic faces composed of
hydrophobic helices to promote the further association of
other helical blocks. The long hydrophilic poly(sarcosine)
chains, however, can overhang the hydrophobic face to
prevent it from growing into larger assemblies. The
hydrophobic edges that are concealed by poly(sarcosine)
chains are therefore considered to rest in a dormant state,
which controls the growth process of the molecular
assemblies via association with new components, resulting
in a homogeneous size distribution as a whole (Fig. 4). The
size of sheets is thus controllable by adjusting the poly
(sarcosine) block length.

Rolled sheet

As described above, the hydrophilic poly(sarcosine) block
plays an essential role in the ability of the hydrophobic
edges of sheets to grow into larger assemblies. Taking this
point into the molecular design, the A2B-type amphiphilic
polypeptides, which have two hydrophilic poly(sarcosine)
blocks and one hydrophobic helix, are expected to suppress
the growth of molecular assemblies by effectively covering
the hydrophobic edge with two hydrophilic blocks and also
to inhibit a sticking process of the hydrophobic edges due to
steric hindrance. Figure 3 shows two types of hydrophobic

Fig. 1 a Primary [18], b secondary [30], c tertiary [34], and d qua-
ternary [47] structures of molecular assemblies in light of phase
separation
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edges: front and lateral edges. The curved sheet grows in the
lateral and longitudinal directions via association of
amphiphilic polypeptides with the front and lateral edges,
respectively. With two hydrophilic poly(sarcosine) chains,
the curved sheet has difficulty sticking to the front edges,
leading to formation of a rolled sheet shape. Indeed, (poly
(sarcosine))2-His-(L-Leu-Aib)6 forms molecular assemblies
with a rolled-sheet morphology after heat treatment at 90 °C
for 1 h (Fig. 2b) [22]. The process requires heat activation of
the edges to expose the hydrophobic face by uncovering
two poly(sarcosine) chains of (poly(sarcosine))2-His-(L-
Leu-Aib)6, where two poly(sarcosine) chains make the
polypeptide soluble in water. The layer spacing of the rolled
sheets was changeable from approx. 9 to approx. 19 nm as
the pH decreased from 7.4 to 5.0 due to electrostatic
repulsion caused by histidine protonation.

The A3B-type amphiphilic polypeptide of (poly(sarco-
sine))3-His2-(L-Leu-Aib)6 formed molecular assemblies with
a helical-ribbon morphology after heat treatment at 70 °C
for 6 h at pH 5.0 (Fig. 2c) and with a twisted-ribbon mor-
phology after heat treatment at 70 °C for 6 h at pH 3.0
(Fig. 2d) [23]. With three hydrophilic poly(sarcosine)
chains, the curved sheet has difficulty growing long-
itudinally via association of the amphiphilic polypeptides
with the lateral edge, resulting in the formation of a helical-
ribbon or twisted-ribbon shape instead of a rolled sheet
shape. The existence of different morphologies (helical and

twisted ribbons) is ascribable to the two histidine protona-
tions of 2+ at pH 3.0 and 1+ at pH 5.0 in which the helix
packing is looser at pH 3.0 than pH 5.0 to induce the
morphology transformation.

Planar sheet

Molecular assemblies with planar-sheet morphologies were
obtained from a mixture of poly(sarcosine)-b-(L-Leu-Aib)6
and poly(sarcosine)-b-(D-Leu-Aib)6 upon injection into
water (Fig. 2e) [24]. In contrast to the association of
homochiral helices with slightly tilted helix axes, the
association of heterochiral helices, right- and left-handed
helices, follows the parallel alignment of helices and leads
to formation of planar sheets (Fig. 5). The isobutyl groups
of the Leu side chains at the interface of two heterochiral
helices in the interdigitated structure can be accommodated
on a straight line upon stacking of one helix on the parallel
side of the other. It is noted that the self-assembly of left and
right-handed molecular screws is favored in general [25]
and that Leu-Aib base peptides belong to this class.

The interpretation that the heterochiral association of the
right- and left-handed helices is energetically more stable than
the homochiral association is supported by the observation
that the planar sheet was shown to be preparable by another
method that uses the fusion of heterochiral tubes. According
to the following section that explains the formation of

Fig. 2 Primary structures of
molecular assemblies. a Curved
sheet [18], b rolled sheet [22],
c helical ribbon [23], d twisted
ribbon [23], e planar sheet [24],
f tube [18], and g vesicle [24]
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molecular assemblies with tube morphologies, two kinds of
tubes were prepared from poly(sarcosine)-b-(L-Leu-Aib)6 and
poly(sarcosine)-b-(D-Leu-Aib)6 upon heat treatment and were
mixed together, followed by heat treatment at 50 °C for 7 h.
The tube morphology was converted to a planar sheet mor-
phology via fusion of the two kinds of tubes due to favorable
stereocomplex formation between the right- and left-handed
helices [24].

Tube (Fig. 1a)

When an ethanol solution of poly(sarcosine)-b-(L-Leu-Aib)6
was injected into water, molecular assemblies with curved
sheet morphologies were formed. The morphology

transformation from curved sheets into tubes occurred after
heating at 90 °C for 1 h (Fig. 2f) [18]. Notably, the diameters
and lengths of the tubes were approx. 70 nm and 200 nm,
respectively, which suggests that the transformation occurs by
sticking two opposite sides of the curved sheet together upon
heat treatment. The dimensions of the curved sheets were
relatively homogeneous, leading to a moderately homo-
geneous distribution of tube dimensions. Consequently, the
tube length was partly elongated to be double upon extension
of the heating period to 24 h through the process of sticking
two preformed tubes. The present two-step mechanism for
molecular assemblies with tube morphologies is in vivid
contrast to other tubes via a growing process of a successive
association of components [26].

Front Edge

Lateral Edge

Fig. 3 Schematic illustration of
the association mode of two
neighboring right-handed
helices in the interdigitated
monolayer. The rod and circle
respectively represent the helix
and the isobutyl groups [20]

Fig. 4 The hydrophobic edge of
molecular assemblies is shielded
from water by the overhanging
hydrophilic chain to remain in a
dormant state. The hydrophilic
chain that covers the
hydrophobic helix regulates the
growth process of the molecular
assembly
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Tube diameters and lengths were found to be changeable
by choosing combinations of heterochiral amphiphilic
polypeptides with different lengths of hydrophobic blocks
[27]. The two-component mixtures of poly(sarcosine)-b-(D-
Leu-Aib)6 with varying counter parts from poly(sarcosine)-
b-(L-Leu-Aib)7 to poly(sarcosine)-b-(L-Leu-Aib)8 and poly
(sarcosine)-b-(L-Leu-Aib)10 yielded peptide nanotubes of
varying dimensions with 200 nm diameters and 400 nm
lengths, 70 nm diameters and several micrometer lengths
(maximum 30 μm), and 70 nm diameters and 100–600 nm
lengths, respectively. These findings support the inter-
pretation that the heterochiral helices favorably associate
side-by-side with an interdigitated structure even though
the helix lengths differ between the heterochiral helices. The
tube formation mechanism is a two-step mechanism for the
combination of poly(sarcosine)-b-(D-Leu-Aib)6 with poly
(sarcosine)-b-(L-Leu-Aib)7, which generated intermediate
large sheets that result in the formation of tubes with a
relatively homogeneous length distribution. On the other
hand, the growth mechanism is applicable to combinations
of poly(sarcosine)-b-(D-Leu-Aib)6 with poly(sarcosine)-b-
(L-Leu-Aib)8 and poly(sarcosine)-b-(L-Leu-Aib)10. The
small or irregular sheets were formed transiently, which
associate at the open ends of tubes and result in a lack of
control of the tube lengths.

Vesicle

Vesicles can be prepared from various polypeptides of a
combination of poly(sarcosine)-b-(D-Leu-Aib)6 and poly(sar-
cosine)-b-(L-Leu-Aib)6 [24], poly(sarcosine)-b-(L-Leu-Aib)8
[28], poly(sarcosine)-b-(L-Leu-Aib)6-N-ethylcarbazole, poly
(sarcosine)-b-(D-Leu-Aib)6-naphthalimide, and poly(sarco-
sine)-b-(D-Leu-Aib)6-prophyrin [19]. Notably, vesicles

prepared from a mixture of poly(sarcosine)-b-(L-Leu-Aib)6
and poly(sarcosine)-b-(D-Leu-Aib)6 were evaluated to have a
weight average diameter of 248 nm and a number average
diameter of 228 nm, demonstrating that the PDI was as low as
1.09. The two-step mechanism for vesicle formation is also
applicable to cases of a combination of poly(sarcosine)-b-(D-
Leu-Aib)6 and poly(sarcosine)-b-(L-Leu-Aib)6, poly(sarco-
sine)-b-(L-Leu-Aib)8, and poly(sarcosine)-b-(L-Leu-Aib)6-N-
ethylcarbazole, which form membranes with an interdigitated
monolayer. The last case showed the intermediate formation
of tubes between sheets and vesicles with lengthening of the
heating process at 90 °C, which is reasonably explained by
the increase in thermodynamic stability in the order of sheets
< tubes < vesicles due to the loss of unstable hydrophobic
edges in this order. A tube morphology is the most stable
shape for poly(sarcosine)-b-(L-Leu-Aib)6 to take due to the
tight association of helices. A tube morphology followed by a
vesicle morphology appeared upon heating in the case of
poly(sarcosine)-b-(L-Leu-Aib)6-N-ethylcarbazole because
N-ethylcarbazole at the C terminal moderately disturbs
the helix association to allow it to take a vesicle morphology.
The hydrophobic chromophores of naphthalimide and por-
phyrin at the C terminals of the hydrophobic helices are too
large for amphiphilic polypeptides to take a tube morphology.
The large chromophores even changed the membrane struc-
tures of poly(sarcosine)-b-(D-Leu-Aib)6-naphthalimide and
poly(sarcosine)-b-(D-Leu-Aib)6-prophyrin to take a bilayer
structure on the basis of membrane thickness because these
chromophores sterically impair the favorable association
property of the helices [19].

The two-step mechanism inspired a new preparative
method in which the dimensions of the molecular assembly
are controlled by the initial molecular assemblies. This idea
was examined via preparation of small vesicles for which

Fig. 5 Schematic illustration of
the association mode of two
neighboring right and left-
handed helices in the
interdigitated monolayer. The
rod and circle respectively
represent the helix and the
isobutyl groups
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the diameters were determined by the starting molecular
assembly of a tube with a 50 nm diameter. A tube with an
approx. 50 nm diameter was prepared from a mixture of
poly(sarcosine)-b-(L-Leu-Aib)8 and poly(sarcosine)-b-(D-
Leu-Aib)7, followed by the mixing of a nanosheet com-
posed of poly(sarcosine)-b-(D-Leu-Aib)8. With heat treat-
ment at 90 °C, vesicles of approx. 60 nm diameter were
generated via the fusion of nanosheets to open ends of
tubes, followed by transformation into vesicles at the open
end [29]. Vesicles were also attainable from a mixture of
poly(sarcosine)-b-(L-Leu-Aib)8, poly(sarcosine)-b-(D-Leu-
Aib)7, and poly(sarcosine)-b-(D-Leu-Aib)8, but with dia-
meters ranging from approx. 130 nm to approx. 200 nm
depending on the composition. Therefore, the tubes acted as
a structural template that regulated the sizes of vesicles near
the tube diameter upon the membrane fission process.

Secondary structure

Round-bottom-flask-type chimeric morphology
(Fig. 1b)

An AB-type chimeric morphology of a vesicle (A) and a
tube (B) belongs to the secondary structure. Tubes and
vesicles were respectively prepared from poly(sarcosine)-b-
(L-Leu-Aib)6 and an equimolar mixture of poly(sarcosine)-
b-(L-Leu-Aib)6 and poly(sarcosine)-b-(D-Leu-Aib)6. Inter-
estingly, a mixture of poly(sarcosine)-b-(L-Leu-Aib)6 and
poly(sarcosine)-b-(D-Leu-Aib)6 at a molar ratio of 2:8 or 8:2

provided molecular assemblies with a chimeric morphology
of tubes and vesicles, which is called a round-bottom-flask-
type morphology (Fig. 6a) [30]. A mixture of preformed
tubes and vesicles retained original morphologies upon heat
treatment and failed to generate the chimeric morphology. It
is therefore considered that the two-step mechanism is also
crucial for preparation of molecular assemblies with a chi-
meric morphology. Indeed, TEM observations revealed that
a mixture of poly(sarcosine)-b-(L-Leu-Aib)6 and poly(sar-
cosine)-b-(D-Leu-Aib)6 at a molar ratio of 2:8 or 8:2 self-
assembled into large planar sheets, which were transformed
into a round-bottom-flask-type morphology upon heat
treatment. The component amphiphilic polypeptides are
allowed to diffuse in the large sheets over 90 °C to induce
phase separation in the large sheets with one region of poly
(sarcosine)-b-(L-Leu-Aib)6 and poly(sarcosine)-b-(D-Leu-
Aib)6 in a stereocomplex state and the other region
including the remainder of the component. With further heat
treatment, the former region was forced to take a vesicular
morphology, and the latter region was forced to take a tube
morphology. As a result, a round-bottom-flask-type mor-
phology surrounded by one continuous membrane was
formed.

Test-tube-type chimeric morphology

Another AB-type chimeric morphology is the test-tube-type
morphology. Tubes composed of poly(sarcosine)-b-(L-Leu-
Aib)6 and planar sheets composed of poly(sarcosine)-b-(L-
Leu-Aib)8 were mixed and heated at 90 °C for 1 h to

Fig. 6 Secondary structures of
molecular assemblies with a
round-bottom-flask-type
morphology (a) [30], a test-tube-
type morphology with two
different sizes (b) [31], and an
electric-bulb-type morphology
[31]
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generate molecular assemblies with a test-tube-type mor-
phology (Fig. 6) [31]. In this case, poly(sarcosine)-b-(L-Leu-
Aib)6 self-assembled into a tube morphology with an
approx. 70 nm diameter and poly(sarcosine)-b-(L-Leu-Aib)8
self-assembled into a vesicular morphology with an approx.
70 nm diameter, which joined together to generate a test-
tube-type morphology. The test-tube-type morphology was
able to be developed into a capsule-type morphology of an
ABA-type chimeric morphology upon increasing the
amount of planar sheets during incubation, where both open
ends of tubes were sealed by vesicular membranes [31].

The larger test-tube-type morphology was obtained by a
combination of tubes composed of a mixture of poly(sar-
cosine)-b-(L-Leu-Aib)7 and poly(sarcosine)-b-(D-Leu-Aib)6
and planar sheets composed of poly(sarcosine)-b-(L-Leu-
Aib)6 and poly(sarcosine)-b-(D-Leu-Aib)6 (Fig. 6b) [31].
The former tubes have approx. 200 nm diameters, and the
latter sheets generate vesicles of approx. 200 nm diameters.
The planar sheet sticks to the open end of the tube, followed
by a morphology transformation into a vesicular shape.
Therefore, the preparation method according to the two-step
mechanism is also effective at generating molecular
assemblies of test-tube-type morphologies.

Light-bulb-type chimeric morphology

An ABA’-type chimeric morphology was attained by seal-
ing the open end of a round-bottom-flask-type morphology
(Fig. 6c) [31]. Round-bottom flask assemblies were pre-
pared from a mixture of poly(sarcosine)-b-(L-Leu-Aib)6 and
poly(sarcosine)-b-(D-Leu-Aib)6 at a molar ratio of 2:8 and
were mixed with planar sheets composed of poly(sarco-
sine)-b-(L-Leu-Aib)8. Therefore, one open end of a tube
with an approx. 70 nm diameter was sealed with a part of a
vesicle membrane approx. 200 nm in diameter, and the
other open end was sealed with a part of a vesicle mem-
brane approx. 70 nm in diameter, to generate a light-bulb-
type chimeric morphology.

Tertiary structure

Unsymmetric vesicle

An equimolar mixture of poly(sarcosine)-b-(L-Leu-Aib)6
and poly(sarcosine)-b-(D-Leu-Aib)6 afforded vesicles, as
described previously. The interdigitated monolayer mem-
brane composed of the heterochiral components indicates
that one chiral component extends the hydrophilic block
outward and the other chiral component extends it inward.
The unsymmetric vesicular membranes are therefore
expected to be generated with the help of two kinds of
hydrophilic blocks of different sizes. The bulkier

hydrophilic blocks should be exposed to the outer surface to
relieve steric hindrance. Indeed, unsymmetrical vesicular
membranes were successfully prepared from a binary het-
erochiral mixture of the A3B-type ((poly(sarcosine))3-b-
(L-Leu-Aib)6) and AB-type (poly(sarcosine)-b-(D-Leu-
Aib)6) polypeptides (Fig. 7) [32]. When guest polypeptides
of the AB-type that had a disulfide group at the terminus of
the hydrophilic block were accommodated in the unsym-
metric vesicle, the disulfide group of (lipoic acid)-poly
(sarcosine)-b-(L-Leu-Aib)6 became located at the outside of
the vesicle, while that of (lipoic acid)-poly(sarcosine)-b-
(D-Leu-Aib)6 became located inside of the vesicle in accor-
dance with the chirality of the guest polypeptide. The for-
mation of the unsymmetric membrane was confirmed by the
selective adsorption of gold nanoparticles on the surfaces.
The chirality of the helix block of the guest polypeptides
therefore determines the outward or inward orientation of the
guest polypeptides in the unsymmetric membrane.

The unsymmetric vesicles were applied for near-infrared
fluorescence imaging of tumor tissues [33]. Indocyanine
green (ICG) was connected to the N terminal of poly(sar-
cosine)-b-(L- or D-Leu-Aib)6. When ICG-poly(sarcosine)-b-
(L-Leu-Aib)6 was incorporated into the unsymmetric vesicle
composed of (poly(sarcosine))3-b-(L-Leu-Aib)6 and poly
(sarcosine)-b-(D-Leu-Aib)6, ICG was exposed to the out-
side. On the other hand, ICG of ICG-poly(sarcosine)-b-
(D-Leu-Aib)6 was concealed in the vesicle. When these
vesicles were injected into tumor-bearing mice via the tail
vein, the latter vesicle was found to accumulate in the tumor
more than the former vesicle. Further, the degree of acti-
vation of the immune system was less than the
former vesicle. Even though the mixing rate of the ICG-
labeled polypeptide was as low as 2 mol%, its concealment
inside the vesicle facilitated positive results in tumor
imaging.

Phase-separated tube (Fig. 1c)

Two kinds of tubes were prepared from poly(sarcosine)-b-
(L-Leu-Aib)6 and poly(N-ethyl glycine)-b-(L-Leu-Aib)6.
These two kinds of tubes were shown to stick together after
heat treatment at 50 °C for 24 h in the presence of 5% tri-
fluoroethanol. The distribution of poly(sarcosine)-b-(L-Leu-
Aib)6 in the connected tube was evaluated by staining with
Au nanoparticles in the presence of (lipoic acid)-poly(sar-
cosine)-b-(L-Leu-Aib)6, which behaves similarly to poly
(sarcosine)-b-(L-Leu-Aib)6 in the tube. All components
were able to diffuse laterally in tube membranes at 50 °C in
the presence of 5% trifluoroethanol. After further incubation
at 90 °C for 1 h, however, temperature-induced phase
separation was observed in the tubes, which is ascribed to
the association of poly(N-ethyl glycine) in the tube over the
cloud point temperature of approx. 70 °C (Fig. 8) [34]. This
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kind of phase separation in tubes is driven by the thermal
response of hydrophilic poly(N-ethyl glycine), for which the
mechanism is categorized into the hydrophilic-region-
driven type.

There was another way to prepare tubes with
temperature-induced phase separation. A ternary mixture of
poly(sarcosine)-b-(L-Leu-Aib)6, poly(N-ethyl glycine)-b-
(L-Leu-Aib)6, and (lipoic acid)-poly(sarcosine)-b-(L-Leu-

Fig. 7 Tertiary structure of unsymmetric vesicles [32]. Left panel:
Lipoic acids extend outward because the chirality of the lipoic acid-
polypeptide is the same as the A3B-type host polypeptide. Right panel:
Lipoic acids are concealed inward because the chirality of the lipoic

acid-polypeptide is the same as the AB-type host polypeptide. The
addition of gold nanoparticles to the unsymmetric vesicles results in
labeling the unsymmetric vesicle in the left panel, but no labeling of
the vesicle in the right panel occurs
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Fig. 8 Tertiary structure of a phase-separated tube [34]. Left panel:
Two types of amphiphilic polypeptides, poly(sarcosine)-b-(L-Leu-
Aib)6 and poly(N-ethyl glycine)-b-(L-Leu-Aib)6, are miscible in the
membrane when the mixture is injected in water. Upon raising the

temperature over the cloud point of poly(N-ethyl glycine) displayed on
molecular assemblies, phase-separation in the membrane is induced in
the presence of trifluoroethanol
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Aib)6 was incubated at 50 °C for 24 h in the presence of 5%
trifluoroethanol, followed by further incubation at 90 °C for
1 h (Fig. 8). A Au nanoparticle adsorption assay revealed
that the ratio of the phase-separated tubes amounted to 40%
of the total tubes. Notably, the addition of trifluoroethanol
was a prerequisite for phase separation, which is necessary
for the components to diffuse laterally in membranes due to
loosening of the helix packing in the presence of a good
solvent, such as trifluoroethanol.

The possibility of obtaining phase-separated tubes just by
joining two kinds of tubes was explored [35]. Two kinds
of tubes were prepared from a mixture of poly(sarcosine)-b-
(L-Leu-Aib)6 and poly(sarcosine)-b-(L-Leu-Aib)6-ethylcarba-
zole (9/1 mol/mol) and a mixture of poly(sarcosine)-b-(D-Leu-
Aib)6 and poly(sarcosine)-b-(D-Leu-Aib)6-naphthalimide (9/1
mol/mol), and were mixed together at 15 °C. The phase
separation can be evaluated by measuring the average dis-
tance between two kinds of fluorophores using the Förster
resonance energy transfer method. There was a fraction of
extended tubes but no mixing of the chromophores. The
stereocomplex formation between the right- and left-handed
helices at the open ends of tubes is the driving force to join
two kinds of tubes, but the temperature should be kept as low
as 15 °C to suppress mixing of the components in the joined
membranes.

An attempt to join the two kinds of tubes was made
using a type of sticking agent [36]. Tubes were prepared
from adenine-poly(sarcosine)-b-(L-Leu-Aib)6 and were
chelated with Cu(II) ions. The Cu(II)-chelated tubes were
mixed with Cu(II)-free tubes, which were incubated at
50 °C. TEM images revealed the existence of phase-
separated tubes showing Cu(II)-chelated and Cu(II)-free
regions, but with time, the entire tube region was chelated
with Cu(II) ions. The phase-separated tubes transiently
appeared, probably because Cu(II) ions could be trans-
ferred from one site of adenine moieties to a neighboring
site with the help of dynamic movements of poly
(sarcosine) chains to ultimately be distributed on the
entire tube.

Cyclic peptide nanotubes with a regular
chromophore alignment

Apart from molecular assemblies in water, where hydro-
phobic interaction is the driving force to associate mole-
cules, hydrogen bonds can effectively operate to associate
molecules in a directional way due to the structural limita-
tion of the location of the H-atom that is nearly on a line
between two groups of hydrogen donors and acceptors.
Using hydrogen bonds to associate molecules therefore
enables the preparation of molecular assemblies of tubes
[26, 37–39] and capsules [40]. Tubes prepared from cyclic
peptides upon stacking on top of one other have

been attracting much attention and are named cyclic
peptide nanotubes (cPNTs). With respect to external func-
tionalization of cPNTs by aligning chromophores in-line
along PNT surfaces, various molecular designs incorporat-
ing salt bridges [41, 42] and a long alkyl chain with dia-
cetylene [43] into component side chains are reported.
These cPNTs show regular alignments of side chains along
cPNT surfaces, which are categorized into molecular
assemblies of tertiary structures. cPNTs with tertiary
structures can also be prepared based on the sequence of
cyclic peptides. A combination of α-amino acids and
β-amino acids is one way to align the side chains of
α-amino acids in-line on cPNT surfaces (Fig. 9a) [44]. A
cyclic hexapeptide composed of L and D-α-amino acids and
four β-alanines was designed to self-assemble into cPNTs
by stacking on top of each other under the constraint of
maximizing the number of intermolecular hydrogen bonds
between cyclic peptides. Upon cPNT formation, the
respective side chains of L and D-α-amino acids came to be
aligned in-line along the cPNT surface. Another way to
construct cPNTs with a tertiary structure is to incorporate a
sequence of ethylenediamine-succinic acids into sequences
composed of β-amino acids (Fig. 9b) [45, 46]. The chro-
mophore attached at the side chain of the β-amino acid
component becomes located at a position slightly deviated
from the top of the other cyclic peptide. Consequently, the
chromophores are aligned in a helical way along the cPNT
surface.

Quaternary structure

Four-cPNT bundle (Fig. 1d)

cPNTs have a strong tendency to associate into bundles,
where the association numbers of cPNTs are generally out
of regulation to afford cPNT bundles of various thicknesses.
When cPNT bundles have a defined association number, the
bundles come to possess a higher regularity in the structure,
which is rationally designated as the quaternary structure. A
hydrophilic cyclic tetra-β-peptide with guanine at the side
chain was found to construct a four-peptide-nanotube bun-
dle with the formation of a guanine quadruplex (G-quartet)
(Fig. 10a) [47]. In the presence of K+ ions, the quad-
ruplication of four cyclic peptides occurred to form sheets,
which stack due to π-π interactions to grow into the quad-
ruple bundle of cPNTs. TEM observations revealed cPNT
bundles with uniform diameters of 7–8 nm.

cPNT bundle in a parallel dipole orientation

cPNTs prepared from cyclic β-peptides possess a macrodi-
pole moment along the long axis due to the perpendicular
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and directional orientation of amide bonds against the pla-
nar cyclic skeleton. cPNTs therefore take an antiparallel
dipole orientation in cPNT bundles. The addition of bis-
cyclic β-peptides to the cPNT formation process promotes a
parallel-dipole orientation in the cPNT bundles by stapling
adjacent cPNTs (Fig. 10b) [48]. As a consequence of the
remaining macrodipole, the cPNT bundles became suscep-
tible to the electric field to induce deformation, reflecting an
increase in the piezoelectric coefficient by stapling.

Dynamic transformation of secondary
structures

Vesicle fusion

The dynamics of molecular assemblies can reveal details of
the structural features of molecular assemblies. As descri-
bed before, a mixture of poly(sarcosine)-b-(L-Leu-Aib)6 and
poly(sarcosine)-b-(D-Leu-Aib)6 self-assembled into vesicles
after heating at 90 °C. This temperature is critical for vesicle
formation and is found to be the phase-transition tempera-
ture of the vesicle membrane. Vesicles fused together,
which was followed by fission back to their original sizes
above 90 °C [28]. The membrane fluidity is thus a

prerequisite but not enough for vesicle fusion because poly
(sarcosine)-b-(L-Leu-Aib)8 vesicles possessed fluidic mem-
branes but failed to fuse with each other. The high bending
energy stored in poly(sarcosine)-b-(L-Leu-Aib)6 and poly
(sarcosine)-b-(D-Leu-Aib)6 vesicular membranes is con-
sidered to be another factor for vesicle fusion. In the case of
vesicles composed of a mixture of poly(sarcosine)-b-(L-
Leu-Aib)6 and poly(sarcosine)-b-(D-Leu-Aib)6, the vesicles
can exchange components with the same kind of vesicles
and even with other polypeptide vesicles via fusion and
fission at 90 °C, even though there is no exchange at lower
temperatures.

Partial disruption from secondary to primary
structure

The round-bottom-flask morphology of the secondary structure
was downgraded to a tube or vesicle morphology of the pri-
mary structure, where the tubular or vesicular region was
selectively disrupted by a pH change [49]. Three types of
round-bottom-flask-shaped molecular assemblies were pre-
pared from the combinations of (1) tubes of (poly(sarcosine))3-
(L-His)2-(L-Leu-Aib)6 and planar sheets of a mixture of poly
(sarcosine)-b-(L-Leu-Aib)6 and poly(sarcosine)-b-(D-Leu-Aib)6,
(2) tubes of poly(sarcosine)-b-(D-Leu-Aib)6 and planar sheets
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Fig. 9 Tertiary structures of nanotubes with surfaces that have regular
chromophore alignments. a A sequence of L-α-amino acid, D-α-amino

acid, and four β-alanines [44]. b A sequence of β-naththylalanine and
ethylenediamine-succinic acid [45]
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of a mixture of (poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 and
poly(sarcosine)-b-(D-Leu-Aib)6, and (3) tubes of poly(sarco-
sine)-b-(L-Leu-Aib)6 and planar sheets of a mixture of (poly
(sarcosine))3-(L-His)2-(L-Leu-Aib)6 and poly(sarcosine)-b-(D-
Leu-Aib)6, all of which formed the secondary structure of the
round-bottom-flask shape morphology upon heat treatment at
90 °C in pH 7.4 buffer [49]. The relations of the morphologies
with the components are simple to describe in that tubes are
formed from homochiral amphiphilic polypeptides and planar
sheets from the combinations of heterochiral amphiphilic
polypeptides. When tubes and planar sheets are mixed and
heated at 90 °C, two types of primary structures join together,
followed by transformation from the planar-sheet moiety to the
vesicular moiety, leading to the round-bottom-flask shape
morphology in accordance with the two-step mechanism. One
component of (poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 is used
here to determine its distribution in the secondary structure
because molecular assemblies of tubes and vesicles containing
(poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 are disrupted upon
heat treatment at 70 °C at pH 5.0 due to protonation of the His
dipeptide moiety. It is therefore indicated that the distribution
of (poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 in either the tube
region or the vesicular region in the round-bottom-flask shape
morphology is assignable whether the remaining molecular
assemblies after heat treatment at 70 °C at pH 5.0 are vesicles
or tubes. The round-bottom-flask molecular assemblies were
found to leave behind vesicles for (1), tubes for (2), and
vesicles for (3). Originally, (poly(sarcosine))3-(L-His)2-(L-Leu-
Aib)6 was present in the tubular region for (1), in the vesicular
region for (2), and in the vesicular region for (3). In the last
case, (poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 therefore

diffused from the vesicular region to the tubular region upon
heat treatment at 70 °C, rearranging the components in the
round-bottom-flask morphology in the presence of (poly(sar-
cosine))3-(L-His)2-(L-Leu-Aib)6 in the tubular region and a
mixture of poly(sarcosine)-b-(L-Leu-Aib)6 and poly(sarco-
sine)-b-(D-Leu-Aib)6 in the vesicular region. Taken together,
the membrane stability is estimated to decrease in the order of
poly(sarcosine)-b-(L-Leu-Aib)6 and poly(sarcosine)-b-(D-Leu-
Aib)6 > (poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6 and poly(sar-
cosine)-b-(D-Leu-Aib)6 > poly(sarcosine)-b-(L-Leu-Aib)6 >
(poly(sarcosine))3-(L-His)2-(L-Leu-Aib)6.

Perspectives

Primary to quaternary structures of molecular assemblies
are explained herein by citing the reported molecular
assemblies. Several specific molecular assemblies remain to
be reported from the author’s group after improvement of
yields. In other words, the reported molecular assemblies
were obtained with good yields. Peptides are therefore
excellent compounds from which to prepare molecular
assemblies at various levels, from primary to quaternary
structures. Currently, objective-oriented molecular assem-
blies have been studied in the biomaterial and nanomaterial
fields. For example, nanocarriers that can evade the immune
system have been successfully realized [21, 50]. Nanoma-
terials showing piezoelectricity have also been demon-
strated [44]. Specifically, in the latter field, the quaternary
structure of nanomaterials is crucial for eliciting the
requested performance. It is unique for peptides that the

Fig. 10 Quaternary structures of molecular assemblies. a Quadruple
bundle of cPNTs using a guanine-quartet motif [47]. b cPNT bundle in

a parallel dipole orientation obtained by stapling cPNTs with bis-cyclic
peptides [48]
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dense amide bonds can be arrayed regularly, for example,
either in parallel or antiparallel, with the use of cyclic
peptide nanotubes composed of β or α-amino acids, which
is in vivid contrast to polymethacrylamide or other com-
modity polymers that are extremely difficult to use to
achieve ordered structures. Further, chromophores attached
to cyclic peptide nanotubes can be aligned regularly in 3D
space, where structure is generally limited by chromophores
showing crystalline or liquid-crystalline (mesogenic) prop-
erties. It is therefore expected that molecular assemblies
composed of peptides have high potential in applications for
piezoelectric, pyroelectric, conductive, semiconductive, and
capacitive nanomaterials.

One interesting facet of peptide nanomaterials appears
when they are in contact with a metal substrate. For
example, cyclic peptide nanotubes prepared on a gold
substrate may change the structure by influencing the mirror
image dipole generated in gold [46]. The image dipole
effect extends over a few tens of nm from the gold surface.
Nanomaterials of molecular assemblies under structural
control from primary to quaternary structures will thus
provide new physical aspects in nanodimensions, which are
promising for widening the scope of nanomaterials.
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