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Anionic glucophospholipids were recently reported as a new
amily of tubule-forming lipids. We report here investigations on
he structure of nanotubules made from a glucophospholipid with
mixed fluorocarbon–hydrocarbon hydrophobe, using freeze frac-

ure and cryo-transmission electron microscopy (TEM) and X-ray
nd neutron small angle scattering (SAXS, SANS). The hollow
nd regularly shaped tubules are very thin: they have an external
adius of 140 Å and an internal radius of 35 Å on the average.
heir 105 Å-thick wall appears to consist in three bilayers in which

he glucophospholipid molecules are probably in a tilted and/or
nterdigitated configuration. Upon heating these nanotubes con-
ert reversibly into vesicles; transformation is complete at
0°C. © 1999 Academic Press

Key Words: fluorinated amphiphiles; fluorosurfactants, gluco-
hospholipids; nanotubules; vesicles; nanostructures; self-assem-
ly; small angle neutron scattering; small angle X-ray scattering;
ransmission electron microscopy.

INTRODUCTION

Perfluorocarbons and other highly fluorinated compou
ave numerous applications including in the medical
here they are being investigated for oxygen delivery (b
ubstitutes), liquid ventilation, diagnosis, and drug deliv
1–3). Perfluoroalkylated amphiphiles (F-amphiphiles) hav
nique properties including very high surface activities, v

ow critical micelle concentrations (cmc) (4, 5), and enhan
endency to self-assemble into supramolecular aggregate
mong theF-amphiphiles that have recently been synthesi

hose with a polar head group of the phosphoglucoside-typ
usceptible of being recognized by specific receptors and
herefore be utilized for targeting drugs and other agen
pecific tissues (6, 7). Both the alcoholic hydroxyl groups
he acid phosphate group present in phosphoglucosides c
sed to bind drugs and facilitate their incorporation into d
elivery systems.
Perfluoroalkylated zwitterionic phosphocholines

hosphatidylcholines, neutral glycolipids and dimorph

1 To whom correspondence should be addressed.
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ophosphates, and anionic glucophospholipids were s
o form vesicles that can be utilized for drug deliv
8 –10). These vesicles are significantly more stable
hose obtained from hydrogenated analogs. SomeF-amphi-
hiles, including dimorpholinophosphates and glucop
holipids, were found to form not only vesicles but a
table hollow bilayer-based micro- and nanotubules
2). The transition from vesicles to such tubules was
mented, but no analysis of the structure of the latter
emblies has been carried out yet.
Relatively little information has been published on the st

ure of tubules and related microstructures made from
hiphilic molecules. Among the few systems rigorously s

ed by small-angle X-ray scattering (SAXS) and small-an
eutron scattering (SANS) are some gels formed by a st
erivative in various organic solvents (13–15). These gels
onstituted by micron-long rigid fibers (diameter;100 Å)
onnected by microcrystalline domains. Results were ana
n the basis of models of symmetrical double helices (13)
impler cylindrical rods (14), which both gave satisfact
greement. Similar analyses were carried out for infinitely
bers with square or rectangular cross-sections present
anogels of 12-hydroxystearic acid or lithium salt (16, 17)
holesteryl 4-(2-anthryloxy)butanoate (18). No hollow tubu
ere reported. Cylindrical fibers were also obtained f
-dodecanoyl-b-alanine (19, 20). They were more similar
-Glu tubules in the sense that they appear to be construct
adial multilamellar layers of amphiphiles. They are, howe
ot hollow.
The number of tubule-forming lipids identified so far

till relatively small and include principally certain alkyla
onamides (21), glutamates (22), glycolipids (23), phos

ipid–nucleoside conjugates (24), diacetylenic phospho
ds (25), lipid– biotin conjugates (26), porphyrin derivativ
27), and dimorpholinophosphates (28). No investiga
sing SAXS or SANS has been performed on such tub
t the exception of those formed from diacetylenic ph
holipids. Thomaset al. addresses the kinetics of formati
f large diacetylenic phosphatidylcholine-based multilam
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331NANOTUBULES FROM A PERFLUOROALKYLATED GLUCOPHOSPHOLIPID
ar microtubules (typically of 20mm in length and 1mm in
iameter) in an ethanol–water mixture (29). X-ray exp
ents revealed the coexistence of the lamellar chain-m
a phase with the chain-frozen Lb phase at the temperatu
f formation of the tubules, indicating that tubule format

s essentially a first-order intralamellar chain-freezing ph
ransition, i.e., a consequence of passage through the K
emperature.

In this work, the formation of nanotubules from an anio
ixed fluorinated–hydrogenated glucophospholipid, and

eversible conversion into small unilamellar vesicles were
mined by freeze fracture and cryo-transmission electron
roscopy (TEM), SAXS, and SANS. This appears to be
rst report of a detailed analysis of tubular structures m
rom F-amphiphiles.

MATERIALS AND METHODS

Glucophospholipid1 (F-Glu; scheme 1) has a double h
rophobic chain which contains one fluorinated and one
rogenated branch, grafted through a phosphate linkage
-6 position of a glucose polar head group.F-Glu was a gif

rom Prof. J. G. Riess (UCSD, San Diego, CA). Its synth
as reported in Ref (30). Water was deionized with an Elg
urification system. D2O (Aldrich) was used for the TEM an
ANS measurements.

reparation of Fluorinated Tubules

F-Glu (35 mM, 3% w/v) was hydrated for 30 min at 60°
.e., above its phase transition temperature (12) and wa
ersed in water by sonication for 2 min at 60°C. The pH of
ispersion was measured to be 7. Tubules were formed
4 h at room temperature and remained stable for at le
onths.

lectron Microscopy Experiments

Samples were observed by transmission electron micros
fter freeze fracture (Philips CM12). In the freeze frac
rocedure, glycerol (20%) was added to the sample just pr

SCHEME 1. Molecular formula of the fluorinated–hydrogenated glu
hospholipid (F-Glu) investigated.
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reezing. The samples were frozen at2110°C in liquid pro-
ane and fractured under vacuum using a Balzers cryo
BAF301, 23 1026 Torr). After Pt/C and rotary carbon de
sitions, replicas were washed successively with 20% aqu
odium dodecyl sulfate, ethanol–water (1:1), and distilled
er and were eventually picked-up on a 400 mesh grid
xamination. Cryo-TEM observations were carried out o
itachi H-800 electron microscope using a Hitachi H500
old stage.

AXS and SANS Experiments

SAXS was measured by a 6-m point focusing SAXS cam
t the High Intensity X-ray Laboratory of Kyoto Universi
easurements were carried out at 25°C with an X-ray w

ength of 1.542 Å (CuKa radiation). SANS measuremen
ere performed at room temperature on a WINK small/
ium angle diffractometer at the National Laboratory for H
nergy Physics (KEK, Tsukuba, Japan); a neutron radiatio
–16 Å was utilized.
The scattering intensities of very long hollow tubules

een reported by Deutch (31), and can be written as

I ~Q! 5 I 0P~Q!

P~Q! 5 ~p/ 2QL!$@b2F~bQ! 2 a2F~aQ!#/~b2 2 a2!% 2

F~ x! 5 2J1~ x!/x J1~ x! 5 ~sin x 2 x cosx!/x2 [1]

ssuming that the interparticle structure factor is unity.I 0 is the
cattering intensity at zero scattering angle.P(Q) is the intra-
article structure factor, anda, b, andL are, respectively, th

nternal radius, external radius, and length of the hollow tub
1( x) is the first-order Bessel function. Intensities were ca

ated using Eq. [1].

olume and Length of the Glucophospholipid’s Hydropho
Chain

The volume of the hydrogenated moiety of the double c
f F-Glu, v (Å3), can be calculated from (32)

v 5 27.41 26.9 nH. [2]

The volume of the partially fluorinated, partially hydrog
ated chain ofF-Glu, v (Å3), can be calculated from (32, 33

v 5 54.51 26.9 nH 1 38 nF, [3]

herenH andnF are the numbers of hydrogenated and flu
nated carbons. The volumes occupied by a CH3 group and a
H2 group are taken as 54.3 and 26.9 Å3, respectively, an

hose occupied by a CF3 group and a CF2 group are 92.5 an
8 Å3, respectively (34). The volume of the fluorinated ch
F (CH ) 2, was thus found to be 412 Å3, and the volume o
8 17 2 2
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332 IMAE ET AL.
he hydrogenated chain, C9H192, was found to be 269 Å3. The
olume of theF-Glu double chain can thus be estimated to
81 Å3.

FIG. 1. Transmission electron microscopy (TEM) photographs of
reeze-fracture TEM.
e
The maximal length of the hydrophobic chain,l c (Å), is

btained from Eq. [4] for hydrogenated amphiphiles (32)
rom Eq. [5] for fluorinated amphiphiles (33):

3 w/v%F-Glu dispersion at room temperature (ca. 25°C). (a) cryo-TEM
a
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333NANOTUBULES FROM A PERFLUOROALKYLATED GLUCOPHOSPHOLIPID
l c 5 1.5 1 1.265nH [4]

l c 5 2.0 1 1.265nH 1 1.34 nF [5]

he lengths thus calculated are about 15 Å for C8F17(CH2)22,
nd 13 Å for C9H192.

RESULTS

tructure of the Nanotubules made from the Fluorocarbo
Hydrocarbon Glucophospholipid1 (F-Glu)

At room temperature, the 3% w/v-concentrated dispersio
lucophospholipid1 (F-Glu) has the appearance of a tur

FIG. 2. The distribution of cross-sectional radii ofF-Glu hollow nanotu
ules. (a) external radius; (b) internal radius.
of

iscoelastic gel. A cryo-TEM photograph shows that this
onsists in a homogenous population of extremely long
hin tubules with hollow cores (Fig. 1a). The cryo-TEM ima
llowed determination of the distribution of the external

nternal radii of the tubules, as plotted in Fig. 2 (samp
umbers were 66 and 53, respectively). The average ex
nd internal radii of the majority population were found
bout 142 and 36 Å, respectively. The size distribution
ather narrow, especially for the internal radius. A sec
opulation (external radius, 280 Å; internal radius, 71 Å)
lso observed. The values of radii are double those foun

he majority population, indicating that some tubules may h
erged to form larger ones. Observation ofF-Glu tubules by

reeze fracture TEM turned out to be difficult because of t
trong anisotropy. Figure 1b, however, shows the cross-se
f some of the larger tubules present in the sample, evide

he radial arrangement of the amphiphiles in layers aroun
queous core.
SAXS results for theF-Glu dispersion at room temperatu

re given in Fig. 3a as a double logarithmic plot of scatte
ntensity I (Q) vs scattering vector amplitudeQ. The fit be-
ween experimental data and calculated values was found

FIG. 3. Small-angle scattering of a 3 w/v%F-Glu dispersion at room
emperature (25°C). (a) SAXS; (b) SANS (F, experimental data; —, the
cal curve).
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334 IMAE ET AL.
ptimum for an external radius,b, of 140 Å and an interna
adius,a, of 35 Å. These values are in good agreement
hose obtained by cryo-TEM images. The discrepancies
ween the theoretical curve and experimental data can orig
rom different sources. The polydispersity in external ra
xplains the absence of minima of the experimental curv
ompared to the theoretical oscillation curve (coming from
essel function). It can also be seen that the experim
urve does not fit with the maxima of the theoretical osc
ions; this comes from the fact that a simple model based
ollow tube without any concentric layers was taken for
alculation. Improving this model is the subject of fut
nvestigations to obtain detailed information on these tub
he discrepancy seen at highQ values is probably due to th
olydispersity of the external radius (13). The discrepancy
t low Q values originates from the interactions betw

ubules (see Fig. 1a) and is due to the contribution of
nterparticle structure factor (35) which was neglected in
alculation. A comparable scattering profile was obtaine
ANS at 25°C (Fig. 3b).
From the values of the geometric parameters (b 5 140 Å;
5 35 Å), one can deduce that the thickness of the shell o
ollow tubules in their cross-section is 105 Å. Using Tanfo
quations (32), one can calculate the length of the fluorin
hain C8F17(CH2)22 (15 Å) (33), and that of the hydrogenat
hain C9H192 (13 Å). This allows us to evaluate the length
he hydrophobic part ofF-Glu to be about 15 Å. The literatu
ndicates that the surface of a glucose polar head group is

2 (36), a value which is comparable to that found for hydra
hospholipids (37). The molecular length of theF-Glu mole-
ule can thus be reasonably estimated to be about 2

FIG. 4. Models for the arrangement of theF-Glu molecules in the tubula
embrane. (a) regular lamellar arrangement, (b) interdigitated, (c) str

ilted, (d) partly interdigitated, and tilted. Polar heads are represented s
ilted in order to compensate for the difference in length between the fl
ated and the hydrogenated chain.
h
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ssuming from freeze fracture TEM images that theF-Glu
olecules display a layer arrangement in the radial directio

he shell, we can therefore propose that the 105 Å-thick sh
he tubules is composed either of two bilayers having a th
ess of 52.5 Å each, which corresponds to twice the mole

ength, or of three bilayers having a thickness of 35 Å. F
ifferent models can thus be proposed for the arrangeme

heF-Glu molecules in the tubular membrane, as illustrate
ig. 4. The first one consists in a regular bilayer arrange
f the molecules (a). In the other ones, the amphiphiles

nterdigitated (b), strongly tilted (c), or both tilted (with
maller tilt angle than in (b), however) and partially interd
tated (d). In each case distances include the water shell

As seen in the SAXS pattern of Fig. 5, a Bragg peak
btained atQpeak 5 0.185 Å21. A weak Bragg peak was al
bserved by SANS for the sameQ value. Since the shell of th
ollow tubule has a layered arrangement, the Bragg pe
.185 Å21 may be assigned to be a (001) reflection in

amellar unit cell structure. The repeating distance of the
ellar array is then 34 Å (5 2p/Qpeak). This value is in goo
greement with models (b), (c), and (d) of interdigitated an

ilted bilayers. On the other hand, it makes model (a) ra
nlikely.

ubule-to-Vesicle Transition in the F-Glu Dispersion

Dispersions ofF-Glu were incubated at various temperatu
nd observed by freeze fracture and cryo-TEM, as illustrat
ig. 6. At 40°C, tubules were still present but their morphol
as slightly modified (Fig. 6a). Some tubules retained t
riginal shape, while others seemed to have merged.
queous core was no more systematically visible. When

emperature was raised to 50–60°C, vesicles of various
tarted to appear and coexisted with tubules, as well as

ly
tly
i-

FIG. 5. Small angle X-ray scattering of a 3% w/vF-Glu dispersion a
oom temperature (25°C).
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335NANOTUBULES FROM A PERFLUOROALKYLATED GLUCOPHOSPHOLIPID
ursors of vesicles in their process of formation (Fig.
arious types of transition processes occur, as schemat

llustrated in Fig. 7. For example, some vesicles seeme

FIG. 6. Cryo-TEM photographs of a 3% w/vF-Glu dispersion showing
b) The intermediate structures that are formed during the conversion (

FIG. 7. Schematic illustration of various types of transition proce
etweenF-Glu vesicles and hollow tubules.
.
lly
to

rotrude from swollen bilayers expanding from tubules. Ot
ppeared to form from tubules that were clutched, then c
arious levels of their length. At 60–70°C, only vesicles w
een (Fig. 6c).
SAXS intensity was measured at 60°C (Fig. 8). Unfo

ately, the Bragg peak intensity was too low to allow a de
ination of the Qpeak value and to calculate the repeat
istance in the membrane ofF-Glu vesicles. Since the presen
f these vesicles, as evidenced by freeze fracture and
EM, is not questionable, it can be hypothesized that
esicle’s multilayer membrane is less well-organized than
f the tubules or that only unilamellar vesicles are presen

transformation between (a) nanotubules (at 40°C) and (c) vesicles (at 60
60°C).

s FIG. 8. Small angle X-ray scattering of a 3 w/v%F-Glu dispersion a
0°C.
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336 IMAE ET AL.
DISCUSSION

The above experiments allowed us to characterize na
ules made from fluorinated glucophospholipids (F-Glu) and
etermine their internal and external radii and the numbe
olled-up bilayers of the lipidic walls. These experiments
llowed us to eliminate the model of a regular lamellar
angement ofF-Glu molecules. Although no experimental d
re available that will help to decide in favor of model (b),
r (d), some comments can be made. Figure 9a show
ross-sections of the polar head (estimated to be;75 Å2),
uorinated chain (30 Å2), and hydrogenated chain (20 Å2) in
he F-Glu molecule. Figure 9b shows what happens wh
uorinated chain and a hydrogenated chain are added,
onsequence of chain interdigitation. In order to asses
teric hindrance resulting from chain interdigitation, we h
alculated theF-Glu’s “packing parameter,”P 5 v/a0l c (v is
he hydrophobic chain’s volume,a0 is the polar head surfa
rea at the cmc, andl c is the chain length) (38), in the presen
nd absence of interdigitation. Israelachvili’s concept of “

imal surface area” per polar head, which corresponds t
inimal total free energy per amphiphile molecule, allows
rediction of the formation and type of aggregates. IfP , 1

3,
he amphiphile is expected to form spherical micelles; if1

3 ,
, 1

2, rod-like micelles will tend to form; if12 , P , 1
ilayers with a spontaneous curvature (vesicles) will be
erved; if P 5 1, planar bilayers will form; and ifP . 1,
ggregates with a reverse curvature will form. In the absen

nterdigitation the calculatedP value (P 5 0.6) indicates tha
-Glu tends to form bilayers which can evolve to vesicles. T
esult is supported by our experimental observation:F-Glu
ubules do convert into vesicles upon heating. The formatio
ubules, however, is not taken in consideration by the mo
y contrast, theP value is 1.2 in the interdigitated configu

ion. This value would suggest the formation of aggreg
ith a reverse curvature, which was not observed experi

FIG. 9. Cross-sectional view of theF-Glu molecule (a) noninterdigitate
onformation; (b) interdigitated conformation.
tu-

of
o
-

,
he

a
s a
he
e

-
he
e

-

of

s

of
l.

s
n-

ally. As a consequence, model (b), in which chains are to
nterdigitated appears rather unlikely. However, if one kee

ind the mixed character, partially fluorinated, partially
rogenated, of theF-Glu molecule, we can expect that int
igitation may be favored, at least to some extent. The
nement resulting from the chemical grafting onto the p
ead of such antinomic hydrophobes, the fluorinated chain

he hydrogenated one, may indeed induce their mutual r
ion. The mixing of fluorocarbons and hydrocarbons is hi
onideal (39). This results from the difference in cohe
nergy between the two types of molecules. As a consequ

t was shown that fluorinated and hydrogenated amphip
how only limited miscibility when present simultaneously
iposomes (40). The repulsion between the fluorinated an
ydrogenated chain may increase the degree of freedom
onsequently the degree of hydration of the glucose polar
hich in turn may facilitate interdigitation. As a consequen
ne can consider that model (d), in which the molecules
artly interdigitated and tilted, to be acceptable. In model

he amphiphiles are not interdigitated at all; as a consequ
hey have to be strongly tilted in order to form a 35 Å-th
ilayer. Up to now, we do not have any means to cho
etween models (d) and (c).
As a conclusion, our experiments showed that the nan

ules made from the fluorinated glucophospholipidF-Glu have
xternal and internal radii of about 140 and 35 Å, respectiv
s illustrated in Fig. 10. Their 105 Å-thick lipidic walls a
onstructed by three interdigitated and/or tilted bilayers
ust be emphasized that such thin tubules are quite diff

rom the other ones reported in the literature. Much thin
han those obtained from diacetylenic phospholipids (typ
iameter:;1 mm) (25), they are closer to those formed
-octyl-D-galactonamide (typical diameter: 50–100 nm) (2

nvestigations on the totally hydrogenated analog ofF-Glu that
orms large multilayered microtubules (microns in diame
ery comparable to that of diacetylenic phospholipids and
onvert into large vesicles are presently underway, in ord
valuate the impact of the fluorinated chain on the curvatu

he tubular membrane.
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