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We report a novel method for morphological and 

microenvironmental stabilization of single-walled bilayer 

nanotubes, which involves construction of a polymer 

backbone between the monolayers by intercalating a 

monomer, followed by in situ polymerization. 10 

 One-dimensional nano-fabrication is becoming a key 
technology in various fields, including material science, 
electronics and biotechnology.1 Organic nanotubes constructed by 
self-assembly of low-molecular-weight compounds are now 
particularly well staged to revolutionize nanoarchitectonics, 15 

because of their highly tunable chemical functionality and 
supramolecular functionality. However, despite these advantages 
over alternatives such as inorganic nanotubes,2 their application is 
currently limited in industrial use. The primary reason is their 
lower stability, because their morphogenesis and functionality are 20 

based on non-covalent molecular assembling. Therefore, some 
approaches have been proposed to enhance their stability. For 
lipid bilayer membrane systems such as lipid liposomes, the first 
approach to stabilization (Fig. 1a) was direct polymerization of 
the lipids through introduction of a polymerizable group.3 This 25 

method has been applied to drug delivery4 and separation5 
systems. This approach is able to enhance morphological stability, 
but causes complete loss of certain essential properties of lipid 
bilayer membranes, such as lateral diffusion of lipids and phase 
transition behaviour between gel and liquid crystalline states. The 30 

second-generation approach to stabilization (Fig. 1b) was 
developed to resolve these problems.6 By covering the ionic 
surfaces of lipid membranes with polymeric counter-ions, 
membrane stability and functionality can be considerably 
improved while polyionic complexation provides complex 35 

heterogeneity. This approach has been successfully applied to 
sensor systems.7 
 Here, we introduce a novel and facile approach as a third 
generation enhancement of lipid membrane stability, particularly 
for nanotubular aggregates. This approach (Fig. 1c) involves 40 

construction of a polymer backbone between the monolayers by 
intercalating monomers such as styrene or divinylbenzene, 
followed by in situ polymerization. It has been previously 
reported that the polymer thin films were prepared by template 
polymerization using bilayer membranes with various 45 

morphologies such as lamellar,8 vesicles,9 disks10 and rods11. 
These reports mainly focused on the creation of polymer thin 
film-based nanostructures. In this paper, we demonstrate to 
stabilize chiroptical properties and morphologies of lipid bilayer 
membrane-based nanotubes by polymer backbone.  50 

 Certain chiral amphiphilic derivatives such as peptide-,12 
sugar-,13 and cholesterol-containing derivatives14 can form bilayer 

 
Fig. 1   Schematic illustration of lipid bilayer membranes stabilized by (a) 
direct polymerization of lipids, (b) covering with polymeric counter ions 55 

on ionic surfaces and (c) insertion of a polymer backbone between layers. 

membrane-based nanofibrillar aggregates, including tubular 
structures. For this study, we focused on L-glutamide-derived 
lipids as a peptide-based derivative (Fig. S1), in which a 
functional hydrophilic group and double long chain alkyl groups 60 

as hydrophobic moieties are introduced by amide bonding into L-
glutamic acid, because of their versatile tunability for chemical 
design and aggregate morphology.15 In this study, N-
pyridiniopropanoyl-L-glutamide lipid with didodecyl groups (g12-
Py+)†16 was selected for creating nanotubular aggregates. g12-Py

+ 65 

was well dispersed in water by ultrasonication to produce clear to 
slightly turbid solutions. DSC measurements of the solution 
indicate distinct phase transition behaviour (Fig. S2). A two-step 
phase transition was observed during the heating process with 
peak top temperatures of 30 °C (TC1) and 43 °C (TC2), which were 70 

assigned by two kinds of crystalline (highly-ordered) states. As 
supporting this, unusually large Cotton effects having negative 
and positive signals near the absorption band of carbonyl groups 
were observed at temperatures below TC1 ([θ]200 = -0.9×105 deg 
cm-1 dmol-1 at 10 °C) and between TC1 and TC2 ([θ]200 = 1.1×105 75 

deg cm-1 dmol-1 at 35 °C), respectively (Fig. S3). Furthermore, 
these large Cotton effects decreased markedly at temperatures 
above TC2 ([θ]200 = ~5.0×103 deg cm-1 dmol-1 at 50 °C). These 
results indicate that g12-Py

+ has different chirally stacked 
structures among their amide bonds below TC2. 80 

 The aggregate morphology of g12-Py
+ was observed by 

transmission electron microscopy. Figure 2a shows an example 
prepared by casting on a copper grid and drying at 15 °C. In this 
procedure, temperature control was very important to obtain 
morphologically stable aggregates, because the aggregate 85 

morphology was dependent on the above-mentioned phase 
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Fig. 2   TEM photographs of the g12-Py
+ aggregates (a, b and c) at 15 ˚C and the produced polymer: (a) without  monomer, (b) with styrene (100 wt% for 

g12-Py
+), (c) with polymerized styrene-DVB (65 wt% and 35 wt% for g12-Py

+), and (d) poly(styrene-DVB) after removal of g12-Py
+. [g12-Py

+] = 0.5 mM. 
All samples were stained with 1.0 wt% uranyl acetate.5 

transition temperature. The observed aggregates were mainly 
100–400 nm in length and 17–21 nm in outer diameter. The 
tubular form was a torus-shaped morphology (A in Fig. 2a) at the 
tube terminal end. In addition, the average thickness of the white 
section (B in Fig. 2a) was 6.0 nm (σ = 0.65) (Fig. S6a), 10 

approximately corresponding to the bi-molecular length of g12-
Py+. These results confirm that g12-Py

+ forms tubular aggregates 
based on a single-walled bilayer membrane structure at 15 °C. 
 Intercalation of a polymer backbone into the bilayers (Fig. 
1c) was achieved by proper selection of hydrophobic monomers 15 

and in situ polymerization. Styrene, divinylbenzene (DVB), and 
their mixtures are typically ideal for this purpose, while polar 
monomers are generally not suitable. As shown in Fig. 2b, 
addition of styrene to the g12-Py

+ solution produced no significant 
alteration to the aggregate morphology, although a slight increase 20 

in diameter was observed. The tubular form was observed up to 
the addition of at least 400 wt% of styrene to g12-Py

+. Thickness 
of bilayer membrane increased with increase the amount of 
styrene. When 100 wt% of styrene was added, the average 
thickness increased from 6.0 nm (σ = 0.65) to 7.0 nm (σ = 0.66) 25 

(Fig. S6).  
 The incorporated state of the styrene was determined by 
UV spectroscopy. Styrene has two peak tops (λmax) at 203 and 
247 nm associated with aliphatic and aromatic π−π* transitions, 
respectively, and their absorbance ratio A203/A247 is influenced by 30 

microenvironmental effects such as the dielectric constant of the 
solvent.10 Consistent with these properties, A203/A247 decreased 
from 2.03 to 1.31 in the presence of g12-Py

+ (Fig. S4), indicating 
that styrene was incorporated into a non-polar site.   
 DSC measurements provided further useful information. 35 

Addition of styrene to a g12-Py
+ solution caused distinct lowering 

of the peak top temperatures, without any significant change in 
the phase transition enthalpy (Figs. 3 and S5). When 100 wt% of 
styrene was added to the g12-Py

+ solution, TC2 lowered from 43 to 
31 °C. However, ∆H in TC2, which corresponded to the phase-40 

transition enthalpy of alkyl chains, did not show significant 
difference between with and without styrene. These results 
suggest that styrene is mainly located (intercalated) in specific 
sites between the molecular layers and therefore, adding styrene 
does not disturb the molecular ordering or nanotubular 45 

aggregation. TEM observations and UV spectra strongly support 
this idea. Similar conclusions have been estimated for monomer 
loading of vesicular and disk-like bilayer membrane systems 
using small-angle neutron scattering, small-angle X-ray scattering 
and dynamic light scattering studies.10,17 although no direct 50 

 
Fig. 3   Concentration dependencies of phase transition temperatures and 
enthalpy of the aqueous g12-Py

+ solutions on styrene: TC1 (solid circles), 
TC2 (open circles) and ∆H in TC2 (solid triangles).  [g12-Py

+] = 20 mM. 

evidence has been provided. On the other hand, addition of 4-55 

vinylpyridine, a more hydrophilic and polar monomer, resulted in 
disappearance of the lower peak related to inter-hydrogen 
bonding interactions. These results suggest that 4-vinylpyridine is 
likely located near the glutamide moiety as a more hydrophilic 
area. 60 

 To develop a polymer backbone in the nanotubes, a 
styrene-DVB mixture (65:35 w/w) was incorporated into the 
nanotubes, and then polymerization was carried out by phtoto-
initiated radical polymerization with Irgacure 369 (λmax = 321 
nm) at 10 °C under an ultrahigh-pressure mercury lamp with a 65 

UV cut filter.† The polymerization process was spectroscopically 
monitored by reduction in absorption at 247 nm assigned to the 
vinyl aromatic group. The original tubular morphology was 
completely maintained despite 99% consumption of the 
monomers after UV irradiation for 2 h (Fig. S7). The bilayer 70 

thickness and cavity diameter were 6–8 nm (Fig. S6) and 7–10 
nm (C and D in Fig. 2c), respectively. NMR spectroscopy of the 
product after 2 h irradiation showed that 99% of the styrene and 
DVB disappeared and were converted into polymers (defined at 
6.60 ppm). Evidence for polymer backbone development was 75 

also provided by characterization of the residue, from which g12-
Py+ was removed by solvents such as ethanol.† Washing 
produced worm-like nanofibrils with diameters of 20–30 nm  
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Fig. 4   TEM photographs of the g12-Py

+ aggregates at 40 ˚C: (a) without 
any additive and (b) with polymer backbone by poly(styrene-DVB). [g12-
Py+] = 0.5 mM. 

 5 

Fig. 5   Temperature dependences of [θ]279 indicating the highly-ordered 
chiral stacking states of the aqueous g12-Py

+ solutions: without any 
additive (black line), with styrene-DVB (blue broken line), with poly 
(styrene) backbone (green line), and with poly(styrene-DVB) backbone 
(red line). [g12-Py

+] = 0.5 mM, monomer/g12-Py
+ = 1(w/w). 10 

(Fig. 2d). In summary, we conclude that a polymer backbone was 
created within the nanotubes as illustrated in Fig. 1c. 
 Insertion of a polymer backbone into bilayer membrane-
based nanotubes had significant positive effects on thermal 
stability. First, morphological stability was improved. As noted 15 

above, tubular morphology is stably produced at temperatures 
below TC1, but becomes fragmented and helical at temperatures 
near TC2 (40 °C; Fig. 4a). However, after creating a polymer 
backbone, the tubular structure was maintained even at 40 °C 
(Fig. 4b). Supporting this result, the DSC thermogram was 20 

reversed by polymerization of the intercalated monomer; TC2 
appeared at 40 °C, but TC1 nearly disappeared (Fig. S8). Second, 
microenvironmental structures were stabilized. The g12-Py

+ 
aggregates showed large Cotton effects around the absorption 
bands for carbonyl and pyridinium groups (Fig. S3). These effects 25 

are due to chiral stacking phenomena forming secondary  
chirality; such specific chirality can only be observed at 
crystallinity temperatures.18 Fig. 5 shows the temperature 
dependence of the molecular ellipticity at 279 nm [θ]279, which is 
related to the absorption band of pyridinium groups. Loading of 30 

styrene into the g12-Py
+ aggregates reduced [θ]279, which would 

generally lead to disorder. However, polymerization of the 
intercalated styrene stabilized the chirally ordered structures.  
 In conclusion, we have developed a facile method for 
inserting a polymer backbone into lipid bilayer membrane-based 35 

nanotubes. Because the backbone does not covalently bond to 
lipid components, fundamental functions such as lipid mobility, 
molecular orientation, and unique chiroptical properties are 
maintained, while nanotubular morphology is also stabilized. We 
believe that this method is versatile for morphological and 40 

environmental stabilization of bilayer membrane-based 
aggregates. Further investigations with this method are in 
progress and the results will be published in elsewhere. 
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