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Stimuli-Responsive Janus-type assemblies with a round-
bottom flask shape are prepared from amphiphilic helical 
peptides by the patchwork self-assembly technique. It can 
disassemble selectively at the neck or the round-bottom part 
of the Janus assemblies at low pH with heat treatment 
accompanied by the lateral diffusion of the peptides. 

Janus materials are currently extended to nano-order objects having 
more than two parts with distinct chemical and physical properties.1–

7 They have gained growing interest for both academic and industrial 
point of views,4,6,8–10 because the nano-order object can elicit highly 
efficient function due to the confinement of several kinds of 
functional chemical species into different parts of the Janus structure.  

One culmination of the Janus materials is a living cell. Cell 
membranes are phase-separated to concentrate specific proteins and 
lipids (rafts) for example to realize rational signal transduction 
through the cell membrane.11–16 On the other hand, the Janus-type 
molecular self-assemblies were also prepared by synthetic 
amphiphiles. One example is DNA-functionalized giant liposome by 
controlling a mixing ratio of lipid and cholesterol.17 The DNA 
components were condensed in a liquid-ordered (Lo) phase, which 
became adhesive to the Lo phase of different liposomes. The other is 
UV irradiation-induced disassembly of the nanotube part of the 
vesicle-capped nanotubes which were prepared from phospholipids 
and photochemically active amphiphilic molecules with two 
hydrophobic legs.18 These Janus-type molecular assemblies are 
attractive because of simple and easy preparation, a bottom-up 
process, and controllable dynamics (fluidity and fusion). 

We demonstrated previously a Janus-type molecular assembly 
prepared by phase separation of amphiphilic helical peptides in 
membrane, which is named “the patchwork self-assembly”.19 
Poly(sarcosine)-b-(L-Leu-Aib)6 (SLL) self-assembled into nanotubes 

but into vesicles when mixed with an equimolar amount of 
poly(sarcosine)-b-(D-Leu-Aib)6 (SDL). When SLL and SDL were 
mixed at a molar ratio of 2:8 or 8:2, the mixture generated a Janus-
type molecular assembly of a round-bottom flask-shaped 
morphology. The membrane was phase-separated into an equimolar 
mixture of SLL and SDL and the excessive helical component, 
which correspond to the round-bottom part and the neck part, 
respectively, of the Janus-type morphology. 

In the present study, a stimuli-responsive Janus-type assembly is 
studied. The characteristic point of the Janus assembly is coexistence 
of two or more distinct parts in the assembly. We therefore focused 
our attention here to introduce the stimuli-responsive molecule 
selectively into one of the parts. We have prepared the round-bottom 
flask-shaped assemblies with using SLL, SDL, and a pH-responsive 
peptide of SHLL, (poly(sarcosine))3-b-((L-His)2-(L-Leu-Aib)6) (Fig. 
1). Since SHLL contains a His dipeptide at the connection region of 
the hydrophilic block and the hydrophobic helical block, SHLL is 
found here to disassemble either one of the neck and the round-
bottom parts of the Janus-type assemblies at acidic condition with 
heat treatment when it is self-assembled into the part. The patchwork 
assembly technique enables preparations of the round-bottom flask-
shaped assemblies containing SHLL selectively either in the neck 
part or the round-bottom part. 
The stereocomplex formation between the right-handed and the left-
handed helices is the basis for the formation of the round-bottom 
flask-shaped assemblies with using SLL, SDL, and SHLL. The 
concavo-convex interaction between neighboring α-helical blocks 
decides precisely the size and shape of the molecular assemblies.19–23 
Further, the amphiphilic helical peptides are allowed to diffuse 
laterally in the assemblies at high temperatures.24 With heat 
treatment, the Janus-type assemblies have the thermodynamically 
phase-separated membranes. Taking these points into consideration,  
we have prepared three types of the round-bottom flask-shaped 
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Fig. 1. Schematic illustration and chemical structures of amphiphilic 
polypeptides, (Sar)25-b-(L-Leu-Aib)6 (SLL), (Sar)25-b-(D-Leu-Aib)6 (SDL) 
and ((Sar)26)3-b-((L-His)2-(L-Leu-Aib)6) (SHLL). 
 
assemblies, and their stimuli-responsive behaviors were examined. 

The A3B-type amphiphile with a His dipeptide between the 
hydrophilic A3 block and the hydrophobic B block, ((Sar)26)3-b-((L-
His)2-(L-Leu-Aib)6) (SHLL) (Fig. 1), formed small curved sheet 
assemblies upon injection into a Tris buffer at pH 7.4, but the small 
sheets grew into nanotube assemblies with 50 nm diameter and 100 
nm length upon heat treatment (90 °C, 60 min) (Fig. 2a). On the 
other hand, in our previous report, each of the AB-type amphiphilic 
polypeptides, (Sar)25-b-(L-Leu-Aib)6 (SLL) and (Sar)25-b-(D-Leu-
Aib)6 (SDL) (Fig. 1), formed large curved sheets in a Tris buffer, 
and the curved sheets stuck the opposite edges together to form 
nanotubes with an uniform size of 80 nm diameter and 200 nm 
length with heat treatment (90 °C, 10 min).20 In either case, the 
nanotube sizes were highly homogeneous. We currently consider 
that the sizes of the curved sheets should be determined by the 
shielding degree of the hydrophobic edges of the sheets by the 
hydrophilic block. When the hydrophobic edges are shielded, the 
growth of the molecular assemblies should be suppressed due to the 
limited contact of the edges. Since the bulky ((Sar)26)3 (A3) block of 

 
Fig. 2. TEM images of molecular assemblies composed of SHLL (a, b) and 
SHLL + SDL (c, d). The assemblies were prepared in a Tris buffer at pH 7.4 
(a, c), and the dispersions were adjusted at pH 5.0 with 0.1N HCl aq. and 
heated at 70 °C for 1 h (b, d).  

SHLL should be more effective to shield the hydrophobic edge than 
the (Sar)25 (A) block of SLL or SDL, and therefore the sheet size of 
SHLL became smaller than that of SLL or SDL. Further, the larger 
steric hindrance of the ((Sar)26)3 (A3) block of SHLL should favor 
the larger curvature of the molecular assemblies, resulting in smaller 
size of the molecular assemblies. 

The pKa value of the His residues in the SHLL assembly was 
found to be 5.8 by the pH titration analysis (Fig. S1, †ESI). When 
the SHLL nanotubes were prepared at pH 7.4 and the medium was 
acidified down to pH 5.0, the nanotube morphology was preserved 
despite of protonation on the His residues. However, with a further 
heat treatment at 70 °C for 1 h, the irregular tubes and curved sheets 
in addition to the nanotubes were observed in the TEM images (Fig. 
2b). It is therefore considered that the heat treatment in addition to 
protonation of the His residues are required for the morphology 
distortion. In order to induce the morphology changes, a heat 
treatment was required to overcome the activation energy. 

A mixture of SHLL and SDL in ethanol was injected in a Tris 
buffer at pH 7.4 and treated with heating at 90 °C for 1 h. With this 
molecular combination of the right-handed helix of SHLL and the 
left-handed helix of SDL, the vesicular morphology with ca. 120 nm 
diameter was identified by TEM observation (Fig. 2c and S2a, †ESI). 
The vesicle formation is in line with the previous report that a 
mixture of the right-handed helix of SLL and the left-handed helix 
of SDL formed vesicles with ca. 200 nm diameter.19,20 The vesicles 
were prepared from a mixture of SHLL and SDL at pH 7.4, and the 
medium was acidified down to pH 5.0. Upon heating at 70 °C for 1 h, 
the vesicles were disrupted into irregular sheets (Fig. 2d and S2b, 
†ESI). The heat treatment in addition to the acidification is also 
required for disruption of the vesicles. 

A mixture of SHLL nanotubes and planar sheets prepared from 
a mixture of SLL and SDL yielded a Janus-type assembly of a 
round-bottom flask-shaped assembly with heat treatment at 90 °C for 
1 h (Fig. 3a–d). This round-bottom flask-shaped assembly is in 
accordance with the previous report that a mixture of SLL and SDL 
at 2:8 or 8:2 molar ratio generated the same type of molecular 
assembly. One difference between the two round-bottom flask-
shaped assemblies is about the diameter of the neck part being 50 nm 
in the combination of SHLL, SLL, and SDL but 80 nm in the 
combination of SLL and SDL. This is because the membrane of the 
round-bottom flask-shaped assembly is phase-separated, and the 
neck part is constituted by the excessively mixed helix component, 
and the round-bottom part is constituted by an equal mixture of the 
right-handed and the left-handed helices. This explanation is 
confirmed by the observations that the neck part of 50 nm diameter 
and the round-bottom part of 200 nm diameter correspond to that of 
the SHLL nanotube and that of the SLL + SDL vesicle, respectively. 
We can therefore extend our concept of the patchwork assembly here 
by showing another Janus-type assembly. 19 

The medium of the round-bottom flask assembly was acidified 
from 7.4 to 4.7 and heated at 70 °C for 1 h. All the round-bottom 
flask-shaped assemblies were disrupted to leave vesicles with 200 
nm diameter and worm-like sheets (Fig. 3e and S3a, †ESI). The 
morphology transformation can be explainable as the neck part was 
composed of SHLL and disrupted due to protonation of two His 
residues and the heat treatment. The round-bottom part was 
composed of SLL and SDL and was transformed into vesicular 
morphology with the heat treatment. A separate experiment showed 
that the SLL + SDL vesicle was found to be stable at pH 5 with the 
heat treatment (Fig. S4, †ESI). The worm-like sheets should be the 
disrupted part of SHLL mixed with a small portion of SLL and SDL. 
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Fig. 3. Schematic illustration of stimuli-responsive patchwork assemblies 
with the stimuli-responsive neck part (a). TEM images of the SHLL 
nanotube (b), the SLL + SDL vesicle (c), and the round-bottom flask-shaped 
assembly (d) in pH 7.4 buffer, and the morphology change after adjusting at 
pH 4.7 with heat treatment at 70 °C for 1 h (e). Schematic illustration of 
stimuli-responsive patchwork assemblies with the stimuli-responsive 
round-bottom part (f). TEM images of the SDL nanotube (g), the SHLL + 
SDL vesicle (h), and the round-bottom flask-shaped assembly (i) in pH 7.4 
buffer, and the morphology change after adjusting at pH 5.0 with heat 
treatment at 70 °C for 1 h (j). 

Another type of the round-bottom flask-shaped assembly was 
constructed by a mixture of the SDL nanotubes and the SHLL + 
SDL planar sheets with heat treatment at 90 °C for 1 h (Fig. 3f–i). 
The diameters of the neck part and the round-bottom part were 80 
nm and 120 nm, respectively, which shapes and sizes were 
consistent with those of the SDL nanotube and the SHLL + SDL 
vesicle. The patchwork assembly is also successful with the 
combination of SHLL and the excess amount of SDL. 

When the pH of the medium was decreased down to 5.0 and 
heated at 70 °C for 1 h, all the round-bottom flask-shaped assemblies 
were disrupted to leave nanotubes with 80 nm diameter and 180 nm 
length and irregular small sheets (Fig. 3j and S3b, †ESI). Similarly 
to the previous explanation for the disruption of the round-bottom 
flask-shaped assembly of SHLL, SLL, and SDL, the round-bottom 
part composed of SHLL and SDL should be disrupted due to the 
protonation of SHLL and the heat treatment, and the neck part of 
SDL was left behind. 

In summary, two kinds of the round-bottom flask-shaped 
assemblies were prepared. In one case of the combination of the 
SHLL nanotube and the SLL + SDL vesicle, the neck part of the 
Janus-type assembly can be selectively disrupted to leave the 
vesicles. In the other case of the combination of the SDL nanotube 
and the SHLL + SDL vesicle, the other round-bottom part of the 
Janus-type assembly was selectively disrupted. The patchwork 
assembly is made of the phase-separated membrane, and one part of 

 
Fig. 4. The SLL nanotube (a) and the round-bottom flask-shaped assembly 
prepared from the SLL nanotube and the SHLL + SDL planar sheets in pH 
7.4 buffer (b). The morphology change after adjusting at pH 5.0 with heat 
treatment at 70 °C for 1 h (c). 
 
the Janus-type assembly can be selectively disrupted by localizing 
the pH-responsive SHLL into those parts. It should be stressed the 
importance of forming a thermodynamically stable structure of the 
phase-separated membrane in the Janus-type assembly with heating 
at 90 °C for 1 h. In these round-bottom flask-shaped assemblies, the 
peptide membranes were phase-separated into the stereocomplex 
part of the mixture of the right-handed and the left-handed helices 
and the other. The thermodynamically stable structure can be 
obtained only when the lateral diffusions of the amphiphilic helical 
peptides are allowed in the membrane. In order to confirm the lateral 
diffusion we examined the following round-bottom flask-shaped 
assembly. All vesicles, nanotubes and round-bottom flask-shaped 
assembly kept their morphologies even after further heating at 90 °C 
for 3 h or cooling at 4 °C for at least 1week. 

When the SLL nanotubes and the SHLL + SDL planar sheets 
were mixed and heated at 90 °C for 1 h, the round-bottom flask-
shaped assemblies were obtained. When the medium of pH was 
decreased down to 5.0 and heated at 70 °C for 1 h, all the round-
bottom flask-shaped assemblies were disrupted to leave, however, 
vesicles. The pH-responsive SHLL was supposed to be included 
originally in the round-bottom part, but vesicles were left behind 
(Fig. 4c and S3c, †ESI). SHLL therefore should have diffused out 
from the round-bottom part to the neck part.	
  	
  

The formation of the round-bottom flask-shaped assembly was 
studied in detail. When the SLL nanotube was mixed with the 
SHLL + SDL planar sheet and heated at 90 °C, the round-bottom 
flask-shaped assembly was immediately formed (Fig. 4a and 4b). 
The diameters of the neck part and the round-bottom part were about 
80 nm and 120 nm, respectively, suggesting the phase-separation of 
SLL in the neck part and a mixture of SHLL and SDL in the round-
bottom part. However, the dimensions changed with time of heat 
treatment. The diameter of the neck part decreased to 50 nm as the 
histogram shows (Fig. 5 and S5, †ESI). Notably, the transient 
morphology with the thick neck part to the thin one was captured by 
the TEM image (Fig. 5a). This is a strong evidence for the allowed 
lateral diffusion of SHLL in the phase-separated membrane at 90 °C. 
At the same time, SLL in the neck part should diffuse into the 
round-bottom part to form the stereocomplex with SDL there. As a 
result, the transient morphology is explainable that the mouth end of 
the neck part should be rich in SHLL to generate the 50 nm 
nanotube, and the interface end of the neck part with the round-
bottom part should be composed of SLL left behind to keep the 70–
80 nm nanotube. 

When a mixture of SHLL, SLL and SDL was injected into a 
buffer and heated at 90 °C for 1 h, a round-bottom flask-shaped 
assembly with the 50 nm neck part was observed. It is therefore 
concluded that the phase separation into the SHLL neck part and the 
SLL + SDL round-bottom part is the thermodynamically most stable 
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Fig. 5. The rearrangement of the component amphiphilic peptides in the 
round-bottom flask-shaped assembly prepared from the SLL nanotube and 
the SHLL + SDL sheets with heat treatment. TEM images (a, c) and 
histograms (b, d) of the round-bottom flask-shaped assemblies with heat 
treatment at 90 °C for 10 min (a, b) and 60 min (c, d). 
 
in the combination of SHLL, SLL and SDL. The round-bottom 
flask-shaped assembly with the SLL neck part and the SHLL + SDL 
round bottom part appeared transiently just after mixing the SLL 
nanotubes and the SHLL + SDL planar sheets. This transient 
morphology is therefore kinetically generated. With heating at 90 °C, 
the amphiphilic helical peptides could diffuse in the membrane to 
reach the thermodynamically stable phase-separated membrane. 

The helical molecules are found to be more tightly packed in the 
stereocomplex between the right-handed and the left-handed helices 
than in the pure isomer. The excess helix component should be 
squeezed out from the stereocomplex part to take the nanotube 
morphology as the neck part of the round-bottom flask-shaped 
assembly. The mixture of SHLL, SLL and SDL generated the SLL 
+ SDL round-bottom part. The SHLL + SDL round bottom part 
appeared transiently when the SHLL + SDL sheets were prepared in 
advance to mix with the SLL nanotubes. Further, SHLL diffused 
out from the SHLL + SDL round bottom part through the SLL neck 
part. It is therefore suggested that the membrane stability decreases 
in the order of SLL+SDL > SHLL + SDL > SLL > SHLL. We 
have examined here the hydrophobic helical blocks only of (L-Leu-
Aib)6 and (D-Leu-Aib)6. Other kinds of helical blocks will show 
different behaviors about the molecular packing, which will make 
the patchwork assembly more rich in variety. 

Conclusions 

The pH-sensitive molecule, SHLL, can be confined selectively 
into one part of the Janus-type assembly of the round-bottom 
flask-shaped assembly with a suitable combination of other 
amphiphilic helical peptides. The part containing SHLL can be 
selectively disrupted by acidification and heat treatment with 
leaving the other part of the Janus-type assembly behind. The 
Janus-type assembly is attained due to the phase separation in 
the membrane, and the component amphiphilic peptides can 
diffuse laterally to reach a thermodynamically stable phase-
separated membranes upon heating. These peptides associate 
together via helix-helix interaction similarly to the Leu-zipper 

motif to some extent. There are a lot of variations about the 
helix-helix interaction in nature, which can be applied to the 
patchwork assemblies to make them valuable peptide materials. 
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