Journal of Colloid and Interface Scien2&2,330-337 (1999)

®
Article ID jcis.1999.6094, available online at http://www.idealibrary.conl II1E %I.

Small-Angle Scattering and Electron Microscopy Investigation of
Nanotubules Made from a Perfluoroalkylated Glucophospholipid

Toyoko Imae,* Katsuya Funayama,* Marie Pierre Krafft,Francoise Giulieri,+ Toshio Tada,§ and Takayoshi Matsumoto

*Department of Chemistry, Faculty of Science, Nagoya University, Nagoya 464, Ja@aimmie des Systemes Associatifs, Institut Charles Sadron, UPR
CNRS 22, 6, rue Boussingault. 67083 Strasbourg Cedex, Fratdeité de Chimie Moléculaire, URA CNRS 426, Université de Nice-Sophia Antipolis,
Parc Valrose, 06108 Nice Cedex 2, France; &fdivision of Material Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, Japan

Received June 26, 1998; accepted January 13, 1999

Anionic glucophospholipids were recently reported as a new
family of tubule-forming lipids. We report here investigations on
the structure of nanotubules made from a glucophospholipid with
a mixed fluorocarbon—hydrocarbon hydrophaobe, using freeze frac-
ture and cryo-transmission electron microscopy (TEM) and X-ray
and neutron small angle scattering (SAXS, SANS). The hollow
and regularly shaped tubules are very thin: they have an external
radius of 140 A and an internal radius of 35 A on the average.
Their 105 A-thick wall appears to consist in three bilayers in which
the glucophospholipid molecules are probably in a tilted and/or
interdigitated configuration. Upon heating these nanotubes con-
vert reversibly into vesicles; transformation is complete at
60°C. © 1999 Academic Press

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

INTRODUCTION

nophosphates, and anionic glucophospholipids were shov
to form vesicles that can be utilized for drug delivery
(8—10). These vesicles are significantly more stable tha
those obtained from hydrogenated analogs. Sé&raenphi-
philes, including dimorpholinophosphates and glucophos
pholipids, were found to form not only vesicles but also
stable hollow bilayer-based micro- and nanotubules (11
12). The transition from vesicles to such tubules was doc
umented, but no analysis of the structure of the latter a:
semblies has been carried out yet.

Relatively little information has been published on the struc
ture of tubules and related microstructures made from an
phiphilic molecules. Among the few systems rigorously stud
ied by small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) are some gels formed by a stero
derivative in various organic solvents (13-15). These gels wel
constituted by micron-long rigid fibers (diameterl00 A)
connected by microcrystalline domains. Results were analyze
on the basis of models of symmetrical double helices (13) an
simpler cylindrical rods (14), which both gave satisfactory

Perfluorocarbons and other highly fluorinated compoungdgreement. Similar analyses were carried out for infinitely lon

have numerous applications including in the medical fielthers with square or rectangular cross-sections present in ¢
where they are being investigated for oxygen delivery (blogghnogels of 12-hydroxystearic acid or lithium salt (16, 17) ant
substitutes), liquid ventilation, diagnosis, and drug de“Veré‘nolesteryI 4-(2-anthryloxy)butanoate (18). No hollow tubules
(1-3). Perfluoroalkylated amphiphileg-@mphiphiles) have \yere reported. Cylindrical fibers were also obtained from
unique properties including very high surface activities, VerN-dodecanoyB-alanine (19, 20). They were more similar to
low critical micelle concentrations (cmc) (4, 5), and enhancqd ), ¢ypyles in the sense that they appear to be constructed

tendency to sel-assemble into supramolecular aggregates &‘ial multilamellar layers of amphiphiles. They are, however
Among theF-amphiphiles that have recently been synthesize ot hollow

those with a polar head group of the phosphoglucoside-type ar he number of tubule-forming lipids identified so far is
susceptible of being recognized by specific receptors and cog{ |

o . relatively small and include principally certain alkylal-
therefore be utilized for targeting drugs and other agents {o y P pa’y y

g ' namides (21), glutamates (22), glycolipids (23), phosphc
specific tissues (6, 7). Both the alcoholic hydroxyl groups arlf%d—nucleoside conjugates (24), diacetylenic phospholip

the acid phosphate group present in phosphoglucosides cari1 Se(25)’ lipid—biotin conjugates (26), porphyrin derivatives
7), and dimorpholinophosphates (28). No investigatiot

used to bind drugs and facilitate their incorporation into dru
deliver tems. .
Very Systems ysing SAXS or SANS has been performed on such tubule!

Perfluoroalkylated zwitterionic phosphocholines an ih " fth f df diacetvlenic oh
phosphatidylcholines, neutral glycolipids and dimorpholl"21 '€ exception of those tormed from diacetylenic phos
pholipids. Thomat al. addresses the kinetics of formation

of large diacetylenic phosphatidylcholine-based multilamel
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9 CrHACSF freezing. The samples were frozen-at10°C in liquid pro-
T 0— HC ~ L2HALY8T1T7  pane and fractured under vacuum using a Balzers cryofra
O— r'd ~ CoH (BAF301, 2x 10°° Torr). After Pt/C and rotary carbon dep-
N 9t19 ositions, replicas were washed successively with 20% aqueo
9) O™Na sodium dodecyl sulfate, ethanol-water (1:1), and distilled wa
ter and were eventually picked-up on a 400 mesh grid fo
OH OH examination. Cryo-TEM observations were carried out on :
Hitachi H-800 electron microscope using a Hitachi H5001-C

HO cold stage.

OH SAXS and SANS Experiments

SCHEME 1. Molecular formula of the fluorinated—hydrogenated gluco-

ohospholipid (F-Glu) investigated SAXS was measured by a 6-m point focusing SAXS camer

at the High Intensity X-ray Laboratory of Kyoto University.
Measurements were carried out at 25°C with an X-ray wave
lar microtubules (typically of 2Qum in length and Jum in length of 1.542 A (Cul& radiation). SANS measurements
diameter) in an ethanol-water mixture (29). X-ray experiwere performed at room temperature on a WINK small/me
ments revealed the coexistence of the lamellar chain-melt@igm angle diffractometer at the National Laboratory for High
La phase with the chain-frozend phase at the temperatureEnergy Physics (KEK, Tsukuba, Japan); a neutron radiation
of formation of the tubules, indicating that tubule formatiod—16 A was utilized.
is essentially a first-order intralamellar chain-freezing phaseThe scattering intensities of very long hollow tubules has
transition, i.e., a consequence of passage through the Kréi¢en reported by Deutch (31), and can be written as
temperature.

In this work, the formation of nanotubules from an anionic I1(Q) = 1,P(Q)
mixed fluorinated—hydrogenated glucophospholipid, and their
reversible conversion into small unilamellar vesicles were exP(Q) = (7/2QL){[b*F(bQ) — a’F(aQ)J/(b* — a*)}*
amined by freeze fracture and cryo-transmission electron miz _ _
croscopy (TEM), SAXS, and SANS. This appears to be theF(X) = 2109/x - H(x) =

first report of a detailed analysis of tubular structures made . . . . "
from F-amphiphiles. assuming that the interparticle structure factor is unitys the

scattering intensity at zero scattering ang?€Q) is the intra-
particle structure factor, ara, b, andL are, respectively, the
internal radius, external radius, and length of the hollow tubule

Glucophospholipidl (F-Glu; scheme 1) has a double hy_Jl(x) is the first-order Bessel function. Intensities were calcu
drophobic chain which contains one fluorinated and one hited using Eq. [1].

drogenated branch, grafted through a phosphate linkage to th - .
0-6 position of a glucose polar head groeGIu was a gift Vo‘?ume and Length of the Glucophospholipid’s Hydrophobic

from Prof. J. G. Riess (UCSD, San Diego, CA). Its synthesis Cain

was reported in Ref (30). Water was deionized with an ElgastatThe volume of the hydrogenated moiety of the double chai
purification system. BD (Aldrich) was used for the TEM and of F-Glu, v (A%), can be calculated from (32)
SANS measurements.

(sinx — x cosx)/x? [1]

MATERIALS AND METHODS

Preparation of Fluorinated Tubules V=27.4+26.9n, [21
F-Glu (35 mM, 3% w/v) was hydrated for 30 min at 60°C, The volume of the partially fluorinated, partially hydroge-

i.e., above its phase transition temperature (12) and was disted chain oF-Glu, v (A®), can be calculated from (32, 33):

persed in water by sonication for 2 min at 60°C. The pH of the

dispersion was measured to be 7. Tubules were formed after v=>54.5+26.9n, + 38n, [3]

24 h at room temperature and remained stable for at least 3

months. wheren, andn; are the numbers of hydrogenated and fluor.

inated carbons. The volumes occupied by a;@Fbup and a
CH, group are taken as 54.3 and 26.9, Aespectively, and
Samples were observed by transmission electron microscdapgse occupied by a GRroup and a Ckgroup are 92.5 and
after freeze fracture (Philips CM12). In the freeze fracturg8 A’ respectively (34). The volume of the fluorinated chain.
procedure, glycerol (20%) was added to the sample just prior@gF,,(CH,),—, was thus found to be 412°and the volume of

Electron Microscopy Experiments
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FIG. 1. Transmission electron microscopy (TEM) photographs of a 3 wi9Blu dispersion at room temperature (ca. 25°C). (a) cryo-TEM; (b)
freeze-fracture TEM.

the hydrogenated chaingB8,,—, was found to be 269 A The The maximal length of the hydrophobic chain, (A), is
volume of theF-Glu double chain can thus be estimated to bebtained from Eq. [4] for hydrogenated amphiphiles (32) an
681 A°. from Eq. [5] for fluorinated amphiphiles (33):
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FIG. 2. The distribution of cross-sectional radii BfGlu hollow nanotu-
bules. (a) external radius; (b) internal radius.

l.= 1.5+ 1.265n,
|.= 2.0+ 1.265n, + 1.34n

(4]
(5]

The lengths thus calculated are about 15 A fgFQCH,),—,
and 13 A for GHy—.

RESULTS

Structure of the Nanotubules made from the Fluorocarbon—
Hydrocarbon Glucophospholipid (F-Glu)

333

viscoelastic gel. A cryo-TEM photograph shows that this ge
consists in a homogenous population of extremely long an
thin tubules with hollow cores (Fig. 1a). The cryo-TEM images
allowed determination of the distribution of the external anc
internal radii of the tubules, as plotted in Fig. 2 (sampling
numbers were 66 and 53, respectively). The average exterr
and internal radii of the majority population were found to
about 142 and 36 A, respectively. The size distribution wa
rather narrow, especially for the internal radius. A secon
population (external radius, 280 A; internal radius, 71 A) wa
also observed. The values of radii are double those found f
the majority population, indicating that some tubules may hav
merged to form larger ones. ObservationFeGlu tubules by
freeze fracture TEM turned out to be difficult because of thei
strong anisotropy. Figure 1b, however, shows the cross-secti
of some of the larger tubules present in the sample, evidencir
the radial arrangement of the amphiphiles in layers around tt
aqueous core.

SAXS results for thé=-Glu dispersion at room temperature
are given in Fig. 3a as a double logarithmic plot of scatterin
intensity 1 (Q) vs scattering vector amplitud®. The fit be-
tween experimental data and calculated values was found to
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FIG. 3. Small-angle scattering of a 3 w/v%-Glu dispersion at room

Atroom temperature, the 3% w/v-concentrated dispersion @hperature (25°C). (a) SAXS; (b) SANS (@, experimental data; —, theoref
glucophospholipidl (F-Glu) has the appearance of a turbidcal curve).
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a b Assuming from freeze fracture TEM images that feslu
9? ?? ﬁ @ ﬁ molecules display a layer arrangement in the radial direction
g B 35A  the shell, we can therefore propose that the 105 A-thick shell
254 the tubules is composed either of two bilayers having a thick
ness of 52.5 A each, which corresponds to twice the molecul
ﬁﬁ length, or of three bilayers having a thickness of 35 A. Fou
different models can thus be proposed for the arrangement
the F-Glu molecules in the tubular membrane, as illustrated i
Fig. 4. The first one consists in a regular bilayer arrangemel
of the molecules (a). In the other ones, the amphiphiles al
interdigitated (b), strongly tilted (c), or both tilted (with a
f”&’ﬁg/@ﬁg d smaller tilt angle than in (b), however) and partially interdig-
35 A 2sA itated (d). In each case distances include the water shell.
6":67&'&/ ggg As seen in the SAXS pattern of Fig. 5, a Bragg peak wa
obtained atQ e, = 0.185 A, A weak Bragg peak was also
M,ﬁ?ﬁ ﬁ observed by SANS for the san@value. Since the shell of the
hollow tubule has a layered arrangement, the Bragg peak
FIG. 4. Models for the arrangement of tlkeGlu molecules in the tubular 0.185 A™ may be assigned to be a (.001).rEﬂECt|0n in the
membrane. (a) regular lamellar arrangement, (b) interdigitated, (c) strondjMellar unit cell structure. The repeating distance of the Iz
tiited, (d) partly interdigitated, and tilted. Polar heads are represented slighfyellar array is then 34 A€ 2m/Q,,.). This value is in good
tilted in order to compensate for the difference in length between the fluoagreement with models (b), (c), and (d) of interdigitated and/c
nated and the hydrogenated chain. tilted bilayers. On the other hand, it makes model (a) rathe
unlikely.
optimum for an external radiug, of 140 A and an internal
radius,a, of 35 A. These values are in good agreement withubule-to-Vesicle Transition in the F-Glu Dispersion
those obtained by cryo-TEM images. The discrepancies bepjgpersions of-Glu were incubated at various temperatures
tween the theoretical curve and experimental data can origingi&y gpserved by freeze fracture and cryo-TEM, as illustrated |
from different sources. The polydispersity in external radiygy g At 40°C, tubules were still present but their morphology
explains the absence of minima of the experimental curve @5 gjightly modified (Fig. 6a). Some tubules retained thei
compared to the theoretical oscillation curve (coming from tktﬁ'iginal shape, while others seemed to have merged. The
Bessel function). It can also be seen that the experimenigl,equs core was no more systematically visible. When tt
curve does not fit with the maxima of the theoretical OSCi”atémperature was raised to 50—60°C, vesicles of various siz
tions; this comes from the fact that a simple model based 0@ te( to appear and coexisted with tubules, as well as pr
hollow tube without any concentric layers was taken for the
calculation. Improving this model is the subject of future
investigations to obtain detailed information on these tubules.
The discrepancy seen at highvalues is probably due to the
polydispersity of the external radius (13). The discrepancy seen
at low Q values originates from the interactions between
tubules (see Fig. 1a) and is due to the contribution of the
interparticle structure factor (35) which was neglected in the_.
calculation. A comparable scattering profile was obtained b)@
SANS at 25°C (Fig. 3b). ~
From the values of the geometric parametdrs<( 140 A; —
a = 35 A), one can deduce that the thickness of the shell of the
hollow tubules in their cross-section is 105 A. Using Tanford’s
equations (32), one can calculate the length of the fluorinated
chain GF,;(CH,),— (15 A) (33), and that of the hydrogenated
chain GH,,— (13 A). This allows us to evaluate the length of
the hydrophobic part df-Glu to be about 15 A. The literature
indicates that the surface of a glucose polar head group is ca 75 A-1 )
A?(36), a value which is comparable to that found for hydrated 2 (
phospholipids (37). The molecular length of theGlu mole- G 5. small angle X-ray scattering of a 3% wi-Glu dispersion at
cule can thus be reasonably estimated to be about 25 rdam temperature (25°C).
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FIG.6. Cryo-TEM photographs of a 3% wi-Glu dispersion showing the transformation between (a) nanotubules (at 40°C) and (c) vesicles (at 60—7(
(b) The intermediate structures that are formed during the conversion (50—60°C).
cursors of vesicles in their process of formation (Fig. 6bprotrude from swollen bilayers expanding from tubules. Other
Various types of transition processes occur, as schematicalfypeared to form from tubules that were clutched, then cut
illustrated in Fig. 7. For example, some vesicles seemed arious levels of their length. At 60—-70°C, only vesicles were
seen (Fig. 6¢).

SAXS intensity was measured at 60°C (Fig. 8). Unfortu-
nately, the Bragg peak intensity was too low to allow a deter
mination of the Q.. value and to calculate the repeating
distance in the membrane BfGlu vesicles. Since the presence
of these vesicles, as evidenced by freeze fracture and cry
TEM, is not questionable, it can be hypothesized that th
vesicle’s multilayer membrane is less well-organized than the
of the tubules or that only unilamellar vesicles are present.
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FIG. 7. Schematic illustration of various types of transition processes FIG. 8. Small angle X-ray scattering of a 3 w/v%-Glu dispersion at
betweenF-Glu vesicles and hollow tubules. 60°C.
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DISCUSSION

The above experiments allowed us to characterize nanoty-
bules made from fluorinated glucophospholipiésGlu) and
determine their internal and external radii and the number o
rolled-up bilayers of the lipidic walls. These experiments also
allowed us to eliminate the model of a regular lamellar ar-
rangement ofF-Glu molecules. Although no experimental data FI_G. 10. Schematic representation _of nanotubulesFeGlu. The 105
are available that will help to decide in favor of model (b), (Cf-thlck walls are constructed by three bilayersFefGlu molecules.
or (d), some comments can be made. Figure 9a shows the
cross-sections of the polar head (estimated to~135 A?), ) . .
fluorinated chain (30 A, and hydrogenated chain (20°)&in .taIIy. As a consequence, model .(b), in which chqms are total!
the F-Glu molecule. Figure 9b shows what happens When|gerd|g|tateq appears rather unl!kely. Hovyever, if one keepsi
fluorinated chain and a hydrogenated chain are added, a&gd the mixed character, partially fluorinated, partially hy-
consequence of chain interdigitation. In order to assess fif@9enated, of th&-Glu molecule, we can expect that inter-
steric hindrance resulting from chain interdigitation, we hay@gitation may be favored, at least to some extent. The cor
calculated theF-Glu’s “packing parameter,P = v/aol. (v is finement resultln.g fro.m the chemical graftlng.onto the pola|
the hydrophobic chain’s volume, is the polar head surfacenead of such antinomic hydrqphobes_, the fluorlnated chain ar
area at the cmc, arldis the chain length) (38), in the presencé® hydrogenated one, may indeed induce their mutual rept
and absence of interdigitation. Israelachvili's concept of “oion- The mixing of fluorocarbons and hydrocarbons is highl;
timal surface area” per polar head, which corresponds to thgnideal (39). This results from the difference in cohesive
minimal total free energy per amphiphile molecule, allows tHgnergy between the two types of molecules. As a consequen
prediction of the formation and type of aggregatesP & 4, it was shovyn.that ﬂluo.rlr.lgted and hydrogeqated amphlph!le
the amphiphile is expected to form spherical micelles; s_how only limited m|SC|b|I|ty when present S|mul.taneously in
P < 1 rod-like micelles will tend to form; it < P < 1 liposomes (40). The repul§|on between the fluorinated and tt
bilayers with a spontaneous curvature (vesicles) will be ofydrogenated chain may increase the degree of freedom a
served; ifP = 1, planar bilayers will form; and iP > 1, cor)sequently the deg_r(.ae of_hydra.tu_)n Qf the glucose polar hee
aggregates with a reverse curvature will form. In the absence/gfich in turn may facilitate interdigitation. As a consequence
interdigitation the calculate® value P = 0.6) indicates that ©N€ can consider that model (d), in which the molecules a
F-Glu tends to form bilayers which can evolve to vesicles. ThRartly interdigitated and tilted, to be acceptable. In model (c)
result is supported by our experimental observatiBrGlu the amphiphiles are not |n§erd|g_|tated at all; as a consequenc
tubules do convert into vesicles upon heating. The formation €y have to be strongly tilted in order to form a 35 A-thick
tubules, however, is not taken in consideration by the modgijlayer. Up to now, we do not have any means to choos
By contrast, theP value is 1.2 in the interdigitated configura€tween models (d) and (c).
tion. This value would suggest the formation of aggregatesAS a conclusion, our experiments showed that the nanot

with a reverse curvature, which was not observed experimétiles made from the fluorinated glucophospholiGlu have
external and internal radii of about 140 and 35 A, respectively

as illustrated in Fig. 10. Their 105 A-thick lipidic walls are
constructed by three interdigitated and/or tilted bilayers. |
must be emphasized that such thin tubules are quite differe
from the other ones reported in the literature. Much thinne
than those obtained from diacetylenic phospholipids (typice
diameter:~1 um) (25), they are closer to those formed by
N-octyl-p-galactonamide (typical diameter: 50—100 nm) (21)
Investigations on the totally hydrogenated analo§-@lu that
forms large multilayered microtubules (microns in diameter
very comparable to that of diacetylenic phospholipids and the
convert into large vesicles are presently underway, in order t
evaluate the impact of the fluorinated chain on the curvature ¢
the tubular membrane.
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