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A secondary ammonium hydrochloride of the peptidic lipid, in which thgrolyl-L-prolyl-L-proline
fragment is coupled with an-glutamate derivative carrying two long alkyl chains, self-assembles in
water to form nanotube structures and acts as a template to transcribe them to silica nanotubes through
sol—gel reaction. When the peptidic lipids self-assemble in mixtures of ethanol and water, the resultant
self-assembled structures showed notable morphological changes from tubular structures with different
diameters to spherical ones. Using the obtained self-assembled structures as templates in different ethanol/
water mixtures, we carried out the sajel reaction of tetraethoxysilane (TEOS). The obtained silica
structures gave tubular structures with different diameters of 80, 50, and 30 nm and hollow spheres, just
corresponding to the morphological change in the self-assembled templates. We thus controlled the
diameters and dimensions of the silica nanotubes, which depend on the ethanol volume fractions. In
addition, we have also performed in situ control of silica tubular morphologies by the addition of ethanol
in a silica/lipid xerogel state, producing a unique tube-in-tube structure.

Introduction structures, we need to choose different organic templates for

o ] _ the sol-gel transcriptior?.6~° The control of the transcribed

For the last two decades, the fabrication of inorganic j,,qanic structures is, therefore, still difficult work. In fact,
structures using organic templates has been providing ..y researches demonstrated that on self-assembly, the

From|s_|ng ar:jo_l |mportar|1t mlethod; n mat;rlal;s smel_r?ce. fconcentrations and the pH, solvent, and temperature condi-
ntensive studies on molecular sel-assembly of a variety of 4, of amphiphiles allow for the control of their self-

amphiphiles have enabled one to produce different Structures., ccambled structurds 18 However, since the first report on

:;]Cfl.Ud'cT%. sphe_res, tUbgf’ and .Qelt'ﬁa! rltbbotns W'tth d\_/vell- the fabrication of inorganic structures by organic temghaté,
defined |mens!on§,7an ranscribe their SUCUres 10 diverse, o s arch has been focused on the exploitation of new organic
inorganic materiald.” Among different self-assembled mor-

. ; .. templates and the fabrication of new inorganic structures with
phologies, hollow cylinders and spheres have been receiving : :
. o . . . well-defined morphologies. There are only a few reports that
growing attention in the nature and materials science fields. o
. o . ; have addressed the use of the sensitivity of self-assembled
They not only have potential applications in electronics,

. . X . structures to the external environment for controlling the
optics, energy storage, and biology fields but also inspire us : : : 25
X . . o transcribed inorganic structurés:
with an interest in fundamental phenomena specific to a
confined nanospade!* However, to satisfy the requirement

for different morphologies or dimensions of inorganic (8) Schnur, J. MSciencel993 262, 1669.
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accelerating voltage for the observation is 15 kV. Negative staining
was performed with 2% (w/v) phosphotungstic acid. The pH of

aqueous dispersions was adjusted to 7.5 with sodium hydroxide.
A drop of the aqueous dispersion was placed on a copper grid and

Scheme 1
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The staining solution was dropped on the copper grid and allowed

1 to dry at room temperature for 2 min. The drop was then blotted
off with filter paper, and the samples were dried in desiccator at
Recently, we found that the peptidic lipid® 28 converts room temperature for 2 days.
its self-assembled structures, depending heavily on the
composition of a mixture of ethanol and water. Benefiting
from the interesting feature of the lipi we describe here ) ) o
the diameter and dimension control of the silica structures ~ S€lf-Assembly in Ethanol/Water Mixtures. The lipid 1
in different ethanol/water mixtures. Moreover, changing the (concentration: 1 mg/mL) was found to form well-defined

template morphology by in situ addition of ethanol in a silica/ tUbular structures with average outer diazrgeters of 80 nm
lipid xerogel enabled us to obtain tube-in-tube silica nano- through molecular self-assembly in water:® AFM mea-
tubes after calcination. surement proved that the lipid nanotube pocesses the very

thin wall consisting of only a single bilay&f. When
examining the self-assembly dfin ethanol/water mixtures,
we found that the ethanol composition sensitively affects the
Materials and General Measurements.The peptidic lipid 1 resulting self-assembled morphologies. We, therefore, carried
consisting of trit-proline and glutamic acid dialkyl amide was  out the self-assembly dfin the mixture of ethanol and water
synthesized in a manner that is similar to the method described (volume fractions of ethanol: 2.0, 9.0, 23.1, 33.3, and 50.0%;
previouslyz®~st Self-assembly of the lipid was carried out by Tgple 1). STEM measurements for stained samples of the
dispersingl (1 mg) in Milli-Q water or ethanol/water mixtures (1 o\t assemblies revealed that the ethanol volume fractions
mL) at 50°C by ultrasonication for 30 min. X-ray diffraction (XRD) of 2.0, 9.0, and 23.1% result in nanotube formation (Figure
was measured with a Rigaku diffractometer (Type 4037) using 1 C f I o f the STEM i I i
gradedd-space elliptical side-by-side multilayer optics, monochro- )- Carefu compar_lson ot the Images aflows us 1o
conclude that the diameters of the self-assembled nanotubes

mated Cu K radiation (40 kV, 30 mA), and imaging plate (R- ;
Axis, IV). For FT—IR measurement, a Jasco 600 (resolution 4¢m  decreased from 80 to 50 and 25 nm for the volume fractions

was used. Circular dichroism was measured using a Jasco J-80®f 2.0, 9.0, and 23.1%, respectively. The resultant self-
spectropolarimeter operating between 210 and 300 nm 4C20  assembled structures, when using the volume fraction of

Sol-Gel ProcessSelf-assembled structures frdmvere utilized 33.3%, became soft, fibrous structures. The diameter of the
as organic templates in aqueous dispersion or ethanol/water mixturediber is about 25 nm,, similar to that of the nanotubes
(1 mg/mL, 100uL), to which 20uL tetraethoxysilane (TEOS) was  obtained using the 23.1% ethanol volume fraction. When
added at room temperature. The pH values of the self-assembledthe ethanol volume fraction increased to more than 50.0%,
dispersions are 56. The obtained fluid reaction mixture was  spherical self-assembled structures became dominant instead
allowed to stand for 7 days, leading gradually to solidification of ¢ t,pbular or fibrous structures.
the aqueous dispersion. In another procedure, a 20% volume fraction . .
of ethanol (20/4FL)) was mixed with the solidified silicallipid gel . _'Ve also studied the effect of using methanol or propanol
(100uL) after the sot-gel reaction in the aqueous dispersion for 3 instead of ethanol on' the self-assembled morphologids Qf

In methanol/water mixtures, the tubular morphology main-

days. The mixture was then further reacted for 3 days at room """ ’ ]
temperature. The obtained gels were then placed into lyophilization tains 60 nm diameters for the methanol volume fractions of

Results and Discussion

Experimental Section

apparatus (freeze-dryer Eyela FDU-1200) and drieg&i°C under
a vacuum of 2 Pa for 2448 h.

STEM and SEM Measurements. Field emission scanning

9—50%. On the other hand, the lipidwas easily dissolved
even in propanol/water mixtures with very small volume
fractions of propanol €5%). This feature made it difficult

electron microscopy (FE-SEM) measurements were taken on ato study the effect of propanol on self-assembled morphol-
Hitachi S-4800. For scanning transmission electron microscopy ogies. Thus, only a variety of volume fractions of ethanol
(STEM) measurements, a drop of the self-assembly suspension waproved to cause such a remarkable change in the self-
placed on a carbon-coated copper grid (200 mesh) and driedassembled structures df Since the first report on the
overnight at room temperature under low pressuresl(lPa). The formation of lipid nanotubes by self-assembly in 1984,
formation mechanisms have been studied under different
conditions3>%° Although most of the studies have been based
on phospholipid derivatives, they reported that molecular
structures of the headgroups are critical for changing the
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Table 1. Self-Assembled Structures of the Lipid 1 in the Ethanol/Water Mixtures of Different Compositions and the Resultant Transcribed
Silica Structures

transcribed silica structures

volume fraction of ethanol (%) self-assembled template structures morphology diameter (nm) temgth (
2.0 tubes tubes 8& 5 5-10
9.0 tubes tubes 58 5 5-10
23.1 tubes tubes 385 15-20
333 fibers; spheres tubes; spheres +43B; 200-1000 15-20
50.0 spheres spheres 200000
66.7 spheres 20661000

diameter of tubular structures. The pH and ionic strength of
the solution will affect the ionic environment of the head-
groups and lead to change in tubular structdfé$3®
Previous studies on the addition effect of alcohols on the

change in chiral molecular packing of the bilayer membranes.
The addition of ethanol molecules may disorder the structure
of hydrogen-bonded water associated with the headgroups
of the lipid 1, resulting into the thinner tubular morphologies.

self-assembled morphology of phosphonate lipid nanotubesThe addition of a large amount of ethanal50%) will make

demonstrated that alcohols with different chain length can
change the wall thickness and length of the tubular
structure$®4? However, the effect induces not only simple
changes in the lipid solubility or physical properties of the
mixed solvent, but also preferential partitioning of alcohols
onto the lipid bilayer interface.

We measured the X-ray diffraction (XRD) spectra for the
structures ofl self-assembled in different ethanol/water

mixtures (Figure 2). The nanotube self-assembled in pure - -

water is composed of a single bilayer and shows no reflection
peaks in XRD. However, the addition of ethanol will direct

the self-assembled structures to take a several-lipid-bilayeryg
system, resulting in the appearance of a reflection peak in

the XRD patterns. When self-assembled in the mixture of
ethanol/water (2/98, v/v), the tubular structure with 80 nm
diameters showed two reflections ascribable te 4.3 nm.

This value is almost compatible with the bilayer distance

(4.5 nm) of the lipid nanotube obtained in water, which was |

already supported by the AFM measuren®ntherefore,
small volume fractions €2.0%) of ethanol influence no

remarkable changes in the bilayer structures. When increasing”

the volume fraction of ethanol to 9.0%, we found that the

the ordered structures df with chiral molecular packing

|

a
2

200 nm

= 200 nm

-. Al - 2 . .
Figure 1. STEM images for the self-assembled structurekiofa mixture
of ethanol and water (ethanol volume fraction: (a) 2.0, (b) 9.0, (c) 23.1,

d-spacing decreased to 3.7 nm. The fiber and sphereand (d) 50.0%). Some black dots seen in the STEM images are due to the

adsorption of the staining agent on the surface of a copper grid. We were
unable to remove all these purities, even by thoroughly washing the stained

2,17 nm
a
4.3 nm
.7 nm
b/.\

structures gave reflection peaks ascribabld to 3.77 nm
in the XRD patterns.

We also measured the circular dichroism (CD) for the
structures self-assembled in ethanol/water mixtures with
changing the volume fraction of ethanol (Figure 3). FE-SEM
measurement for the tubular structureslafelf-assembled
in water sometimes showed left-handed helical markings on
their surfaces driven by chiral twisting of lipid bilayers. In
fact, the CD spectra of the nanotubes in ethanol/water
mixtures gave a negative cotton band around 229 nm,
suggesting the chiral molecular self-assenfi§tys14 With
the increase in the volume fraction of ethanol, the CD
intensities at = 229 nm drastically decrease, meaning the

(36) Chappell, J. S.; Yager, BRhem. Phys. Lipid4991 58, 253.

(37) Rudolph, A. S.; Testoff, M. A.; Shashidar, Biochim. Biophys. Acta
1992 1127, 186.

(38) Markowitz, M. A.; Schnur, J. M.; Singh, AZhem. Phys. Lipid$992
62, 193.

(39) Chappell, J. S.; Yager, Biophys. J.1991, 60, 952.

(40) Rowe, E. SBiochemistryl983 22, 3299.

(41) Veiro, J. A.; Rowe, E. SBiophys. J.1987 51, A162.

(42) Ratna, B. R.; Baraltosh, S.; Kahn, B.; Schnur, J. M.; Rudolph, A. S.
Chem. Phys. Lipid4992 63, 47.
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Figure 2. XRD patterns for the self-assembled (a and b) tubular, (c) fibrous,
and (d) spherical structures fralrin a mixture of ethanol and water (ethanol
volume fraction: (a) 2.0, (b) 9.0, (c) 23.1, and (d) 50.0%, respectively).
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reaction. On the other hand, the penetration of ethanol into
the lipid bilayer structure ol allows the catalytic activity

of the surface to decrease and change the distribution of
catalytic site. Eventually, the sebel reaction occurs inde-
pendently on the surface of the tubular template, resulting
in the formation of rough silica surfaces. When using the
lipid sphere template ofl in the ethanol/water mixtures
(ethanol volume fraction:>50.0%), we obtained a large
amount of silica hollow spheres corresponding to the
structures of the template (Figure 4e).

Figure 5 shows the FFIR spectra of the silica/lipid
nanostructures obtained in the ethanol/water mixtures with
different volume fractions of ethanol. The high-frequency
region (3006-3800 cnt') centered around 3500 crhis
ascribable to various free and hydrogen-bondedCstH
and H-O—H stretching vibrationé* 4> We found that the
increase in the volume fractions of ethanol allow the D
L : ; | stretching to shift from 3494 to 3471 ch These results

210 230 Wavi";’ngm (om) 270 290 indicated that in place of water, ethanol has weakened the
Figure 3. CD spectra for the self-assembled structure4 of a mixture hydrogen bonding with the silanol groups on Fhe surface.
ofgethanbl and Svater (ethanol volume fraction: (a) 2.0, (b) 9.0, (c) 23.1, The weak shoulder bands around 364U.émscr_lbable to
(d) 33.3, and (e) 50.0%). mutually hydrogen-bonded SD—H stretching shifted from

L ) 3625 to 3664 cmt. With an increase in the ethanol volume
destroy and completely lose their original morphologies. All' ¢, +tion (> 2.096), the silica structure tends to become looser
these findings suggest that ethanol affects the nature ofyp, form Jabile vicinal StO—H groups favorable to surface
hydration layers surrounding the bilayerslodnd then alters . itication, After the removal of water molecules by further
the spacing and packing of the lipid headgroups. The new goq0 rying and calcination, the obtained silica tubular struc-
appearance of the CD band around 240 nm indicates thattures may be suitable for effective physical adsorption or

nhe_w chwaLpack!nhg oceurs ag_d medlatesf_tt?e con_vr?rrs]mn from storage because of rough characteristics of the surfaces. Thus,
thinner tubes with a 25 nm diameter to fibers with the same \ o have been able to control the morphologies of the tran-

. ) e
diameter. Unlike phospholipidS, 2 the tubular structures  s.iheq silica structures and improve the surface properties.
of the peptidic lipidl induce the diameter and morphology Formation of Tube-in-Tube Structures. If we can make

changes, F’epe”f"”g on th_e ethanol volume fractions in use of morphological change of the self-assembled structures
agueous dispersion. Th_|§ gives a rare example of morpho-by addition of ethanol, we could also convert the hybrid
logical changes by addition of alcohols. silica/lipid nanostructures with the aid of ethanol. First, we

Self-AIssembIed Llplti Ir\]lar;otubes as TemplatesSﬁlf- | carried out conventional sebel transcription using the lipid
assembled structures of the ligidire so sensitive to ethanol - . b template in pure water. After 3 days, the aqueous

that they can give nanotubes with different diameters as well dispersion became a gel state due to the formation of silica
as fibers. This finding stimulated us to regulate the diameters o template surfaces, followed by drying. We then added
of transcribed silica nanotubgs by using the lipid nanot_ut_)e a 20% volume fraction of ethanol to the resulting xerogel
as a template. The_ STEM image showe.d that the lipid with stirring for 10 min. A further 3 days allowed the
nanotube template in the ethanol/water mixture (2/98 V) yesirycted gel state to regain a solidified one. We finally
produced silica nanotubes with 80 nm diameters (Figure 4b), lyophilized and calcined the hybrid sample

almost similar to those of the silica nanotubes obtained using * +ho SEM and STEM measurement fo.r the obtained

the lipid nanotube template self-assembled in pure Waterstructures revealed the existence of well-defined tube-in-tube

(Figure 4a)._Depen_ding on the volume fr_actions (9.0, 23.1, structures with open ends (images a and b of Figure 6). About
and 33.3%) in a series of ethanol/water mixtures, the average,n s0os of the transcribed morphologies were observed to

diameters of the transcribed silica nanotube changed from,,, o the tube-in-tube structures on the basis of the edge

>0 to ?_’0 nm (Table 1 and Fig_u_re 4d). When ca_refully profiles along the nanotube images observed using SEM or
observing the surfaces of the silica nanotubes using STEM’STEM images. These types of morphologies have been
we realized that the addition of ethanol tends to make the btained by thé selgel reaction using the lipid nanotube

surface r°”9her as compar_eq W'th, the case in the absen_ce 0?emplates in aqueous dispersions or in different ethanol/water
ethanol. This morphology is just like a pearl-necklace-like

ilica fiber#3 During the so-el in the ethanol/ mixtures. Indeed, clear spaces with several nm between the
silica fiber:™ During the sot-gel process in the ethanoliwater .o nqeriped two-layer structures should exist when we use

mixtures, ethanol not only acts as a solvent but also lipid nanotubes as templatés'” However, we have never
influences the setgel reaction feature of TEOS. Ethanol ’

molecules participate in hydrogen bonding with silanol (44) Orgaz, F.; Rawson, H. Non-Cryst. Solid4986 82, 57.
groups, leading to the change in the kinetics of the-gel (45) Brinker, C. J.; Scherer, G. Wsol-Gel science: The Physics and

Chemistry of Sol-Gel Processingcademic Press: San Diego, 1990.
(46) Jung, J. H.; Kobayashi, H.; Masuda, M.; Shimizu, T.; Shinkai.S.
(43) van Bommel, K. J. C.; Shinkai, $angmuir2002 18, 4544. Am. Chem. So001 123 8785.

Molar Ellipticity (10° deg cm?/dmol)
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Figure 4. STEM images for the transcribed silica/lipid structures using a self-assembled structuiees G template in a mixture of ethanol and water
(ethanol volume fraction: (a) 0, (b) 2.0, (c) 23.1, (d) 33.3, and (e) 66.7%).
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Figure 5. Partial FTIR spectra of the transcribed silica/lipid structures using 'f" T :y > ryi . |
the self-assembled structure bés a template in a mixture of ethanol and e & ey, -
water (ethanol volume fraction: (a) 2.0, (b) 33.3, and (c) 50.0%). E 0 '
observed such nanospaces of the silica nanotubes when usin Tube e

3471

the lipid nanotube of as a template. The present sgel oo
reaction requires no solution catalysts such as HCI, NaOH,

or NHs*H,O. The reaction process depends on the mild Outer Tube Rough Surface
catalyst site on the template surfaces, and the resultant silice 300 nm ‘ 300 nm

layers are therefore extremely thin (only-8 nm thick).
These gentle silica layers on both sides of tubular templatesfiguretﬁ- t(a, c, agtd €) dSEEMde(\jntd (d e}ndt r? SElhélziC;E\/ageT of thfe tutbe-;nt-

: . . . ube structures obtaine y addition or ethano © volume Ttraction) to
turn out to ea'slly.deform and hold terther durlng calcination. silica/lipid hybrid xerogels. (b) Schematic illustration of the tube-in-tube
However, this time we were able to clearly observe the structures that can be seen in Figure 6a (blue arrows). The outer and inner
nanospace with ca. 18 nm between the two coaxial silica tubes are shown in blue and red lines, respectively.
nanotubes (Figure 64&). Notable reduction of the lipid i
nanotube diameters by addition of ethanol should be shrunken to a smaller tubular structure in the same manner
responsible for the production of the tube-in-tube structures. &S that mentioned above. The outer layer of the lipid bilayer

Interestingly, the inner tube possesses a very smootht€mplate will then separate from the deposited outermost
surface, whereas the outer one has a much rougher surfacdllica layer (Figure 7). On the other hand, immiscibility of
(Figure 6f). The inner nanotubes will be composed of a silica Water and TEOS will make the deposition of silica to the
nanotube tightly wrapped by lipid bilayers. After the addition Nner surfaces of the lipid nanotube more difficult as
of ethanol to the xerogel, the lipid template will have compared with that at the outer surface. This situation will

allow the extrusion of the inner silica layer with shrinking
(47) Jung, J. H.; Kobayashi, M.; van Bommel, K. J. C.; Shinkai, S.; Shimizu, of the lipid nanotube template. Ethanol not only makes the
T. Chem. Mater2002 14, 1445. nanotube diameter smaller but also the nanotube length
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20 vol% Ethanol F

Figure 7. A possible formation mechanism for the tube-in-tube silica/
lipid structure by addition of ethanol. For clarity, a single bilayer system is
drawn for the lipid nanotube.

Transmittance (a.u.)

longer. Therefore, the inner tube is likely to stretch out from
the outer one (Figure 64). The diameter of the outer silica
nanotube is about 75 nm. The inner nanotubes have a

diameter of 35 nm, similar to that of the silica nanotube using 1643
a lipid fiber self-assembled in an ethanol/water mixture (23.1/ 2000 1800 1600 1400
76.9 viv; Figure 6d). As mentioned above, we added no Wavenumber (cm™)

solution catalysts into the reaction system. This makes theFigure 8. Partial FF-IR spectra of (a) the silica/lipid structure obtained

reaction much slower than is the case when using catalysts.i” pure water and (b) the silica/lipid tube-in-tube structure obtained by

Thus, the amount of ethanol produced as a byproduct fromaddition of ethanol (20% volume fraction) to aqueous xerogel.

TEOS is considered to be too small to induce the morpho- . .

logical change of the lipid nanotube template. we were able to observe the transcribed silica structure and
We compared the FFIR spectra of the transcribed silica/ recqrd t_he structural change of the Iipiq nanotube. After

lipid nanotubes in the absence of ethanol and the tube-in-Calcination at 500°C to remove the lipid template, we

tube silica structure (Figure 8). The amide | bands appeared@ctually obtained a tube-in-tube silica structure.

at the same wavenumber (1643 @dinfor both nanotubes. .

The amide | band, mainly associated with=O stretching Conclusion

vibration, is directly related to the strength of the hydrogen We h q f the ch . t the linid

bonding. No change in the amide | vibration band indicated € bave m? € usr? ﬁ_ tde ¢ aractehr|s|t|c§ OI Le Iplb

that the strength of the hydrogen bond is kept constant even'anotu € template, which induces morp 1ological change by

after the addition of ethanol. However, the amide Il band the addition of ethanol to an aqueous dispersion, fof-sol

has shifted from 1565 to 1546 cf The amide Il band gel transcription of metal alkoxides. As a result, we were
mainly ascribable to the NH bending vibration, is confor,- able to control the diameter of the transcribed silica nanotubes

mation sensitivé®-50 The addition of ethanol into the xerogel from 80 to 30 nm, depending on the volume fraction of

has in situ affected the local hydrogen-bonding pattern ethanol. The addition of ethanol after the formation of

between the neighboring=€D and N-H groups of the lipid aqueous xerogels enabled us to obtain a unique tube-in-tube
1. Eventually, the arrangement of the lipid molecules and silica/lipid nanotube. These findings displayed the advantages

the morphology of the tubular template will change. Thus, of using lipid assemblies as templates to fabricate inorganic
nanostructures in terms of their easy synthesis, diverse
(48) Kalnin, N. N.: Baikalov, I. A.; Venyaminov, S. \Biopolymersi99q structures, and their flexibility to control the morphology of

30, 1273. inorganic structures.
(49) Venyaminov, S. Y.; Kalnin, N. NBiopolymers199Q 30, 1243.
(50) Venyaminov, S. Y.; Kalnin, N. NBiopolymers199Q 30, 1259. CM0625124




