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Abstract: Amphiphilic block copolyethers assemble into membranes with thickness between 2.4 and 7.5
nm. The vesicular morphology has been confirmed by small-angle X-ray scattering combined with electron
microscopy for diblock copolymers and triblock copolymers of both architectures. The scaling of the
membrane thicknesses with the length of the hydrophobic block is in good agreement with the strong
segregation theory for block copolymer melts, indicating a mixed and stretched conformation of the
hydrophobic chain inside the vesicle membrane. This result is in contrast to previously published results
where the hydrophobic membranes were observed to have bilayer geometry and polymer chains that are
relatively unperturbed from their ideal Gaussian dimensions.

Introduction a) Phospholipid membranes

Hydrophilic heads

12D &

The ability of natural phospholipids to assemble into mem-
branes and specifically into vesicles has recently been mimicked
by synthetic amphiphilic block copolymers in both wateand
organic solventd.The wholly synthetic nature of these copoly-
mer vesicles, known as polymersonieslows a wide range of Bilayer
chemistry to be applied in the design of mechanically and
chemically enhanced membranes with a flexible range of b) Block Copolymeric membranes
diameters and membrane thicknesses. Hydrophilic Brush

Phospholipids are known to exhibit a large number of phases
in water whose morphologies change not only in terms of long-

Hydrophobic
membrane

38
order organization but also in terms of short-range organization. g5
Normally phospholipids assemble into membranes with a very E E

I

ordered bilayer structure, typical of solid phases, having a
thicknes§ between 4 and 5 nm. Such a structure, knows as Interdiaitated
conformation, arises from the intersection of two phospholipid Bilayer :tru'gum
monolayers that contact each other at the hydrophobic chain- _. - . .

: . L . . Figure 1. (&) Phospholipids can assemble into bilayer membranes and under
end while their hquph'“C headgrloups interact with 'Fhe water. particular conditions into interdigitated membranes. (b) By analogy, block
Hydrocarbon chains assume different conformations as acopolymers can assemble in similar structures. The hydrophobic membrane
function of different parameters such as tempera’unmnotic is shielded from water by a polymeric brush made of the partial cdfling

0810 of the hydrophile. The higher molecular weight hydrophobic polymer coils
pressuré,or hydro_trope _addlt'Oﬁ' Th_e membrane t_ranSfc_)rrnS are more likely to interdigitate and become entangled.
from an ordered bilayer into a more disordered and interdigitated
structure, typical of liquid phases, known asconformation

(Figure 1a), where the terminal group of the hydrophobic chain Protrudes beyond the bilayer midline to interpenetrate the
opposite bilayer, and as consequence, the membrane thickness

(1) Discher, D. E.; Eisenberg, /Science2002 297, 967-973. is almost halved. . .
(2) Kabanov, A. V.; Bronich, T. K.; Kabanov, V. A.; Yu, K.; Eisenberg, A. In Figure 1 both the phospholipid and the polymeric
Am. Chem. Sod998 120, 99419942, .
(3) llhan, F.; Galow, T. H.; Gray, M.; Clavier, G.; Rotello, V. N. Am. Chem. membranes have been represented with the two monolayers
S0c.200Q 122 5895-5896. _ having different colors. The bilayer geometry is a highly ordered
(4) Discher, B. M.; Won, Y.-Y.; Ege, D. S.; Lee, J. C.-M.; Bates, F. S.; Discher, . ; .
D. E.; Hammer, D. ASciencel999 284 1143-1146. structure that necessitates a low-entropy conformation; it can
(5) Luzzati, V.; Tardieu, AAnnu. Re. Phys. Chem1974 25, 79-94. i ini
(6) Cevc, G.; Marsh, DPhopsholipid Bilayers: Physical Principles and be taken up by short chain m0|e.CU|es’ such as the pho;phgllplds.
Models John Wiley & Sons: New York, 1987; Vol. 5. The analogy between polymeric membranes and lipid bilayer
@) ggggj’;éj‘i M.; Ceve, G.; Kaye, R. D.; Marsh, Elochemistry1984 23, membranes is rather easy to make, and the literature reinforces
(8) Yamazaki, M.; Ohshika, M.; Kashiwagi, N.; Asano, Biophys. Chem. this connection repeatediy:'! The similarities observed,
1992 43, 29-37. , however, may be quantitatively inappropriate at higher molec-

(9) Breen, R. L. M. a. J. Langmuir2001, 17, 5121-5124.
(10) Boon, J. M.; McClain, R. L.; Breenb, J. J.; Smitha, B. D.Supramol.
Chem.2001, 1, 17—-21. (11) Luo, L.; Eisenberg, AJ. Am. Chem. So2001, 1012-1013.
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ular weights. In fact the nomenclature of bilayers and inter- Lablé é-l ?(O%lelme{] Cg?ralftecristicls fe I,\S/I tTe Vlolu\r/\\wle_Frr]action of
iNitati H o ol o the ock; My Is the Bloc opolymer Molecular Weight

digitation brings w_|th it some prejudice from the ph(_)sphohpld Calculated™ by GPC and 3C NMR

arena. The behavior of block copolymer lamellae in the melt

shows us that the two stretched bruske$4 emanating from copolymer k My
the interfaces and comprising each domain, are mixed for ~ ExBwdiblock EieB22 0.270 2300
entropic reasons. Rather than asking, is the membrane a bilayer Ezggzg 8:222 ;388
or is it interdigitated, an alternative question might be, what E118103 0.371 12500
could drive autophobic demixing (Figure 1b) of two identical BmEnBw triblock Ba7E77Ba7 0.355 8700
polymer brushes? Because this is what a bilayer means in terms ExBuEn Triblock E;‘fggjggf 8:3?3 1%388
of polymer physics. EaBrsEaq 0.324 8400
For polymeric membranes the configurational entropy penalty E4oB1odEs0 0.336 11400
for demixing the two layers is high compared to mixing and EsBuids 0.245 11300

stretching, and this was clearly shown in a self-consistent-field
calculatiort® testing the strong segregation theory. This calcula-
tion clearly shows that the majority of end segments pass the
midplane at segregation strengths similar to those observed
herein. In fact strongly stretched brushes (and a clear bilayer
with no interdigitation) are only anticipated in the limit of
infinite segregation strength, i.@N = o, wherey is the Flory-
Huggins interaction parameter ahtis the degree of polym-
erization. The formation of lamellar structures and amphiphilic
membranes can be explained using the critical packing factor
and the curvature models}” which are based on geometrical
considerations. Thermodynamically, the self-assembly of am-
phiphilic molecules can be explained using to two main
contributions to the free energy: the interfacial tension of the
hydrophobic/hydrophilic boundary and the entropic loss when
the polymeric chains are forced into more ordered structures.
When there is a mismatch between the interfacial tension and
the entropic stretching penalty, the minimization of the inter-

wormlike micelles in selective solvents have also been skodm

to have aggregate radii that vary in agreement with the strong
segregation regime. In fact the scaling behavior found for
micelles suggests that they are in the superstretéligdt with

b ~ 4/5. In particular, Dischéf et al. have studied the assembly
of poly(ethylene oxidepo-1,2 polybutadiene into wormlike
micelles reporting a scaling of the radius with the number of
hydrophobic units in good agreement with the strong segregation
regime (exponento = 0.61). The same group, however,
performed a similar stud§on polymeric vesicles using the same
block copolymer system, and in contrast the membrane thick-
ness,t, presented a scaling with with an exponenb = 1/2.

This result suggests that the hydrophobic chains are relatively
unperturbed from their ideal state. In an cryogenic electron
microscopy studi? that focused on the nonergodic nature of
block copolymer assembly, Bates and co-workers suggested,

) o . ._for a smaller range of molecular weights, that a 2/3 power law
facial surface governs the association thermodynamics. At this . : .
applies to hydrophobe dimensions for aggregates that are

point, known as the strong segregation liddithe hydrophobic A - .
- . spherical, wormlike, and vesicular.
and the hydrophilic phases are well separated and the chains
In the present work, fz denotes an oxyethylene block [E

strongly stretched. In lamellar structures or membranes, the .

strength of segregation can be measured, on the basis of ho CH,CHj] prepared from ethylene oxide, an Bn oxybuty-

the lamellar spacingd, or the membrane thicknesss,varies eqe block [B= OCH,CH(CzHs)] prepared from 1,2-butylene

with the number of hydrophobic unith. Assuming a power oxide, wh_ereM andN denot(_e number-average bIOCk. lengths.
Thus a diblock copolymer is denotedyBy, and a triblock

law betweert andN, such ag ~ NP, the exponenb can used | th B B EuBe. Th | i
to infer the segregation strength. One of the boundary conditions, °P"YMEr either BnEw or ByEnBn. These polymers, previ-
ously characterized in waf@rand in bulk!® have been selected

fully stretched chains, would givé = 1, and this is the . ) . o
theoretical limit approached by phospholipids. The other bound- to study self-assembly into polymeric vesicles, specifically the
ary condition, a random (Gaussian) coil, would glve= 1/2 relationship between the molecular size and the membrane
and this is known as weak segregation in block copolymer melts. _thlﬁ_kr;jssl. The molecular details of the copolymers are listed
In the intermediate condition known as strong segregation, the'n 'able L.

exponent® is b = 2/3. The prediction for the scaling of the  Result and Discussions

spacing with molecular weight has been demonstrated many - )

times experimentalk$20-22 for block copolymers in bulk. To assess the block copolymers ability to form vesicles, both
Amphiphilic block copolymers assembled into spherical and giant vesicles (microscale) and nano-vesicles have been gener-
ated using different techniques originally developed for phos-

(12) Hamley, I. W.; Mai, S.-M.; Ryan, A. J.; Fairclough, J. P. A; Booth, C.  pholipids3%-31 All the amphiphilic copolyethers listed in Table
Phys. Chem. Chem. Phy2001 3, 2972-2980.
(13) Ryan, A. J.; Mai, S.-M.; Fairclough, J. P. A.; Hamley, I. W.; Booth, C.

Phys. Chem. Chem. Phy2001, 3, 2961-2971. (23) Forster, S.; Zisenis, M.; Wenz, E.; Antonietti, Nl. Chem. Phys1996
(14) shull, K. R.; Mayes, A. M.; Russell, T. mlacromolecule4993 26, 3929~ 104, 9956-9970.
3936. (24) Nagarajan, R.; Ganesh, B. Chem. Phys1989 90, 5843-5856.
(15) Zheng, Y.; Won, Y.-Y.; Bates, F. S.; Davis, H. T.; Scriven, L. E.; Talmon, (25) Noolandi, J.; Hong, K. MMacromoleculesl983 16, 1443-1448.
Y. J. Phys. Chem. B999 103 10331-10334. (26) Semenov, A. N.; Nyrkova, I. A.; Khokhlov, A. RMacromoleculed995
(16) Matsen, M. W.; Bates, F. $lacromoleculesl995 28, 8884-8886. 28, 7491-7500.
(17) Israelachivili, J. N.Intermolecular & Surface Force®th ed.; Elsevier (27) Dalhaimer, P.; Bermudez, H.; Discher, D.JEPolym. Sci.: Part B: Polym.
Science Imprint: London, 2002. Phys.2004 42, 168-176.
(18) Bates, F. S.; Fredrickson, G. Annu. Re. Phys. Chem199Q 41, 525— (28) Bermudez, H.; Brannan, A. K.; Hammer, D. A.; Bates, F. S.; Discher, D.
557. E. Macromolecule2002 35, 8203-8208.
(19) Matsen, M. W.; Bates, F. $lacromoleculesl996 29, 1091-1098. (29) Jain, S.; Bates, F. $1acromolecule2004 1511-1523.
(20) Hadziioannout, G.; Skoulios, Macromolecules982 15, 258-262. (30) Luisi, P. L.; Walde, PGiant VesiclesJohn Wiley & Sons Ltd: Chichester,
(21) Hashimoto, T.; Shibayama, M.; Kawai, Macromolecules198Q 13 2000.
7—1247. (31) Lee, J. C.-M.; Bermudez, H.; Discher, B. M.; Sheehan, M. A.; Won, Y .-
(22) Richards, R. W.; Thomasont, J. Macromoleculesl983 982—992. Y.; Bates, F. S.; Discher, D. Biotechnol. Bioeng2001, 73, 135-145.
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Figure 3. Ej6B22 vesicle dispersion DLS patrticle size distribution measured
right after preparation and after 120 days from preparation.

el ot . tored b ocal employed to prepare TEM samples: freeze-drying, negative
Fi : ini i i -
e e o e o5 ey o SIAINING, 2N cryogenic electron micioscopy. Freeze-diying
perchlorate, has been added to highlight the membranes. techniques allow very rapid preparation and observation of the
copolymer vesicle dispersions. The sample is first frozen and
then placed under high vacuum overnight. Nevertheless, the
1 have shown high propensity to form vesicles. Particularly, water is mainly removed by sublimation and therefore very
they have been able to generate giant vesicles, whose size allowgapidly; this technique cannot be applied for very sensitive and
investigation of their formation and the behavior of single unstable vesicles, such as most phospholipid vesicles. In Figure
supramolecular entities using light microscopy. 4, two different micrographs taken from freeze-dried samples

In Figure 2, six confocal laser scanning micrographs, taken at different magnification show that the main aggregate has the
at different times, show the electroformatidand the detach-  vesicular geometry, only very few nonvesicular aggregates being
ment of BeB2, vesicles from platinum electrode surfaces. observed. EB vesicles have also proven to keep their spherical
Application of the ac field causes membranes to start budding shape, and at high magpnification the core-shell morphology can
from the surface of the copolymer film. These membranes be observed clearly. This indicates high stability of the aggregate
undergo deformation and fuse together. Eventually, they encloseeven under drastic water removal conditions.
into vesicles and detach from the electrode. Vesicles form  Complementarily to freeze-drying, the vesicle dispersions
readily from EB copolymers; however, the time when the first have been negatively stained with uranyl acetate. Such heavy
vesicle is observed depends strongly on the polymer molecularmetal ions are used as they fix organic structures at the molecular
weight. Low molecular weight block copolymers take a few |evel extremely rapid? (~10 ms), arresting structural changes
minutes, whereas those of high molecular weight can take upin macromolecules due to drying effects, and they interact with
to a few hours, indicating a strong dependence of the membranethe electron beam, producing phase contrast. In the negative
flexibility on the molecular weight. stained micrographs ofsgB;o and B¢B;; vesicles in Figure 5,

At a different scale, nano-vesicles have been generated usinghe presence of uranyl acetate highlights the hydrophobic
rehydration techniques, and their size distribution has been membrane and, with less resolution, the hydrophilic corona. As
controlled by further sonication or extrusion. The energetic shown in the magnification boxes in Figure 5, the hydrophobic
penalty for spherical vesicle formation is independent of the membrane boundary can be easily identified, and therefore its
radius, being the sum of the mean and Gaussian curvature, sahickness can be measured very accurately, provided a correct
energy input through sonication or extrusion results in the calibration of the electron microscope.
formation of smaller stable vesicles. All EB copolymer vesicles  Freeze-drying and negative staining both require water
have shown very long shelf life, and no visual phase separationremoval from the sample, and although EB copolymeric vesicles
has been observed. Dynamic light scattering (DLS) has not have proven high stability, the most ideal technique for
revealed dramatic differences in the particle size distribution observing the vesicle in its own environment is cryogenic
even after months, as represented in Figure 3. DLS measuretransmission electron microscopy. The sample is first vitrified
ments have also revealed that most of the aggregates have sizby rapid immersion in liquid ethane and then kept at abelif0
greater than 30 nm. This is strong evidence of the absence of°C throughout TEM observation. The micrographs in Figure 6
spherical micelles, which are generally much smaller. show the vitrified B7E77B37 and EoB1odE40 Vesicle dispersions;

Vesicle geometry and its membrane morphology have beenthe vesicle thicknesses were calculated using the method
assessed by transmission electron microscopy (TEM) and small-described in ref 28, and this is demonstrated as an inset to the
angle X-ray scattering (SAXS). The former gives real space figure. As well as other TEM techniques and DLS, very little
images with rather high resolution, but it has the intrinsic evidence of nonvesicular aggregates has been observed.
disadvantage that the sample preparation may introduce artifacts. Scattering experimeritsgive reciprocal space structure over
To minimize the effect of artifacts, three techniques have been a large volume and the structural information is averaged over

(32) Menger, F. M.; Angelova, M. IAcc. Chem. Red.998 789-797. (33) Zhao, F.-Q.; Craig, RJ. Struct. Biol.2003 141, 43-52.

J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005 8759
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500 nm

Figure 4. Transmission electron micrograph of freeze-drigeBz, vesicle dispersion. Both pictures show, at two different magnifications, that the majority
of aggregates are vesicles.

100 nm
—

o T

Figure 5. Transmission electron micrograph of negative stainggBf (a) and EeB2 (b) vesicle dispersions. Both pictures show, at two different
magnifications, the morphology of the hydrophobic membrane and the hydrophilic corona.

- e <3 R

A

Figure 6. Cryogenic transmission electron micrograph of//B/Bs7 () and B¢BiooEs0 (b) vesicle dispersions. Both pictures show, at two different
magnifications, the membranes. In part b, the experimental intensity profile of the vesicle membrane is plotted and, using the method in refk@@sthe th
can be calculated.

a large number of macromolecular aggregates in solution. Such The TEM in Figures 5 and 6 show clearly that the vesicles
information is strongly dependent on both the polydispersity have a uniform membrane thickness but a distribution in
of the aggregates and on the homogeneity of the solution. As adiameter. The points in the SAXS pattern in Figure 7a are the
consequence, SAXS experiments can show which type of experimental data, and the dotted line in Figure 7a is the
aggregate (vesicles, wormlike, and spherical micelles) the scattering envelope calculated for a monodisperse vesicle with
majority of the material is involved in. the average thickness obtained from the scattering and TEM. It
(34) Linder, P.; Zemb, TNeutrons, X-rays and Light: Scattering Methods shows _hOW the measured _data Compat_’es We_" with the Calcu'_ated
Applied to Soft MatterElsevier Science B.V.: Amsterdam, 2002. scattering from a monodisperse vesicle with the appropriate

8760 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005
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Figure 7. (a) One-dimensional SAXS pattern fro@)E11sB103 vesicle dispersion and-e—) the z/r modulation of a monodisperse vesicle dispersion with
r = 298 nm and a membrane thickness of 7.5 nm. (b) Thickness pair distance functiens®iEvesicle dispersion calculated by the IFT method. The
arrow indicates the membrane thickness.

Table 2. EB Vesicle Membrane Thicknesses Calculated Using SAXS Analysis and TEM Analysis

hydrophobic membrane thickness/nm

TEM negative staining TEM cryogenic
copolymer SAXS (10 vesicles) (10 vesicles) average
E16B22 2.30+0.43 2.51+0.18 2.42+0.16 2.404+ 0.26
EsoB70 4.40+ 0.76 4.36+ 0.17 4.84+ 0.39 453+ 0.44
EseBss 4.10+£0.78 4.05+ 0.26 4.06+ 0.19 4.07+ 0.41
E11B103 7.50+ 1.03 7.53+0.28 7.65+ 0.39 7.56+ 0.56
Bs7/E77B37 3.20+ 0.56 3.14+0.16 3.10+0.16 3.15+0.29
BaeEooBas 3.60+ 0.62 3.56+ 0.20 3.10+ 0.16 3.42+ 0.33
E31Bs4E31 4.10+ 0.67 4.17+0.12 4.20+ 0.18 4.16+ 0.32
E34B75E34 4.60+ 0.78 459+ 0.22 4.67+ 0.22 4.62+ 0.41
E40B10cE40 6.30+ 0.98 6.34+ 0.12 6.464+ 0.19 6.37+0.43
E3B114E32 7.40+ 1.02 7.38+0.13 7.47+0.23 7.42+ 0.46

thickness. The scattering of a sphere is a Bessel function withthe structural information is the result of contrast in electron
maxima and minima (0) at characteristic valueg|Bf wereq density. The aqueous PEO does not have a particularly high
is the scattering vector aridthe particle radius. For different  contrast with water; therefore, the majority of the contrast comes
values ofR these maxima and minima appear at differgnt  from the hydrophobic membrane with water. Since EB copoly-
values, so if there is a distribution iR, then the scattering  meric vesicles have a radius of curvature much larger than the
pattern is a smooth function as the maxima and minima averagemembrane thickness, PDDF gives the value of the hydrophobic
out. For spheres, a polydispersity in radius of 10% is sufficient membrane thickness. The pair distance distribution function
to completely smooth the scattering pattern observed. The obtained from the graph 7a data is given in Figure 7b; the third
scattering from a vesicle is a more complex Bessel function intercept with thex-axis is the magnitude of the hydrophobic
that depends on both the vesicle radius and the membranemembrane thickness.
thickness®> If the diameter of the vesicle was varied (at a In Table 2 the membrane thickness values calculated using
constant membrane thickness), the calculated maxima andthe techniques described above are listed. SAXS data and TEM
minima appear at different positions, and if the distribution of data are in good agreement with each other, although the latter
diameters was appropriately sampled, the average scatteringechnique seems to have smaller error. However, the TEM errors
could assume the shape of the measured pattern. Howeverhave been calculated by standard deviation, while SAXS errors
extracting both the membrane thickness and the vesicle diameteiare 02 from the indirect Fourier transform. In particular, the
from such a scattering pattern is an ill-posed problem that doestwo values from BiBs4sE31 and E4B7sEsq are very similar to
not have a unigue solution. That there is a unique membranethe value reported by Shilléhfrom another copolyether, the
thickness is obvious from the TEM, and this thickness is readily PEG-PPQs-PEG; vesicles. However, the PPO is less hydro-
corroborated by the scattering from a large ensemble of vesicles phobic than PBO, and the hydrophilic polymer volume fraction
SAXS patterns are the result of two contributions: the chosen was around 10%, which is more suitable for inversed
structure factor or interference function, which depends on the structures. As a consequence, the stability of such vesicles was
interaction between the particles; and the pair distance distribu-reported to be very low in contrast to the present work.
tion function (PDDF), which depends on the geometry and shape The bulk phase behavior of the EB polymers in both molten
of the particle. The latter function can be calculated by means and solid state has been studied previod$hEB block
of inverse Fourier transformation methai$n X-ray scattering

(36) Glatter, O.; Kratky, OSmall-Angle X-ray ScatteringAcademic Press:
London, 1982.

(35) Laggner, P. Iismall-Angle X-ray Scatterin@latter, O., Kratky, O., Eds.; (37) Schillen, K.; Bryskhe, K.; Mel'nikova, Y. SMacromoleculesl999 32,
Academic Press: London, 1982. 6885-6888.
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Figure 8. Considering the thicknessand the number of hydrophobic units
N and assuming a power law suchtas kNP. Plotting In¢) vs In(N) both
the exponenb and valueK can be calculateda() Phospholipid membrane,
(O0) PEO-PB copolymer, ref 24, £) EuBn diblock copolymers, ¥)
BnEmBN triblock copolymer, and®) EyBnEw triblock copolymers.

copolymers have been shown to self-assemble in bulk according
to the strong segregation regime. Accordingly, in the graph in
Figure 8, membrane thicknesses are plotted against the numbe
of hydrophobic units. Figure 8 clearly shows that EB vesicles
have membrane thickness,that scales with the number of
hydrophobic unitsN, with an exponenth ~ 2/3, i.e., that
normally observed in the strong segregation regime. This is in
good agreement with their bulk phase behavior. Interestingly,
in this highly selective solvent, block copolymers that are not
normally ordered in the melt (e.g.,18B22) form vesicular
lamellar phases that are also found to be in the strong segregatio
limit.

While the exponenb from the equation

t=kN° (1)

used for fitting the data gives an indication of the stretching of
the hydrophobic polymer and whether there is strong segrega-
tion, the valuek depends on the FloryHuggins parametey
and therefore on interfacial tension, As already mentioned,
the membrane thickness,s given by the balance between the
interfacial energy of the hydrophobic/hydrophilic boundary and
the entropic loss when the polymeric chains are forced into more
ordered structures. By minimization of the free energy due to
chain stretching, Helfand and Wasserman &t hhve estimated
a power law for the membrane thickness:

wherea is the chain unit lengthk, is Boltzman’s constant, and

T is temperature. By the same argument, Helfand and Wasser-

man also assessed the interfacial tension of two incompatible
polymers to be dependent on the Fleijuggins parametey;
y =1 kTl (3)

Combining eq 2 with eq 3, the equation

(38) Helfand, E.; Wasserman, Z. R. Developments in Block Copolymers
Applied Science: London, 1982.

8762 J. AM. CHEM. SOC. = VOL. 127, NO. 24, 2005

1/6N2/3 (4)
can be found. Therefore, estimatikg= 0.3 from the fitting of

eq 1 in Figure 8 and substitution in eqs 3 and 4, the FHory
Huggins parameter and the interfacial tension for EB vesicles
have been calculated (assumeggo = 0.345 nm and = 298

K) to be y = 0.43, andy = 22.8 pN/nm, respectively. The
Flory—Huggins parameter for the EB block copolymer in bulk
state can also be calculated using the equatiog = 84.1T

— 0.1120 from ref 12, which is, at 298 kg g = 0.17. The
solid-state value is obviously smaller than the value calculated
for the vesicles; the difference between the two is due to the
presence of the preferential solvent, water.

In the same graph, membrane thicknesses reg8rted
vesicles made from polymers with a similar range of molecular
weight, the same hydrophile (poly(ethylene oxide)), and the
hydrophobic polybutadiene (PEG®BD) have also been plotted.
The PEG-PBD membranes are thicker than EB ones, as
expected. The polybutadiene should have a higher interaction
parametel with both water and the other block PEO, as it is
both more hydrophobic than poly(butylene oxide) and more
incompatible with PEO. However, the exponent from the fitting
of PEO-PBD is surprisinglyb ~ 1/2, typical of weak

egregation or no segregation. This anomaly was explained by
he collaps& of the PEO chains on the interface between PBD
and water, shielding the hydrophobic membrane even further.
This extra shielding might be translated as smaiaferydrophobe
and therefore smaller interfacial tension. Indeed, the PEBD
interfacial tensiony = 26 pN/nm, calculated by microman-
ipulation technique, is very similar to the value calculated here
for EB copolymers (22.7 pN/nm) and in contrast to the high

t~ ay

rgzlifference of hydrophobicity between PBD and PBOIn

another work, Srinivas and co-worké&tbave corroborated this
weak segregation result by coarse-grain molecular dynamics
modeling of the polymeric membranes. The modeling results
have confirmed the exponeht= 0.5 for membrane thickness
higher than 7 nm; however, smaller hydrophobic chains
produced an exponent di = 0.82, indicating high chain
stretching. This result was explained by calculating the hydro-
phobic density of the membrane, showing that short chains
assemble in a typicgh lipid conformation, while at higher
molecular weight a more interdigitated arrangement was ob-
served.

The EB membranes studied here appear to be approximately
half as thick as the membrane from PEBBD of the same
molecular weight. In particular, 1&B2,, whose hydrophobic
chains are 6 times longer than those of typical phospholipids,
makes vesicles with a membrane thickness similar to interdigi-
tated phospholipid membraneas ¢onformation), which is half
the size of typical cell membranes. The work by Schillest
al. on vesicles from amphiphilic polyethers shows that they also
have rather thin membranes compared to vesicles with hydro-
phobes from polybutadiene.

The —C—C—0— backbone of polybutylene oxide is intrinsi-
cally more flexible than the-C—C— backbone of phospholipids
or polybutadiene. This is borne out by the RIS (rotational
isomeric state) calculations of the characteristic ratiq= i%[g/

(39) Booth, C.; Yu, G.-E.; Nace, V. M. IAmphiphilic Block Copolymers: Self-
Assembly and ApplicationBaschalis, A., Bjorn, L., Eds.; Elsevier Science
Ltd, 2000.

(40) Srinivas, G.; Discher, D. E.; Klein., MNat. Mater.2004 3, 6338-6644.
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Table 3. Values of Hydrophobic Volumes, Surface Areas per Block, and the Fraction of Bridging for EuBNEwm Triblock Copolymers

hydrophobe volume, nm? surface area per block,” nm? fraction of bridging
copolymer vpgo = NMuzol peoNavogadro Anotecuie = Nvpgolt Doidge = (Amolecutel@)2°N
EleBzg 0.027 0.249 n.a.
EsoB7o 0.086 1.333 n.a.
EssBes 0.080 1.280 n.a.
E11B103 0.127 1.730 n.a.
B37/E77B37 0.046 0.536 n.a.
B4eEgoBas 0.057 0.763 n.a.
E31Bs4E31 0.067 0.864 0.63
E34B75E34 0.092 1.501 0.81
E40B10cEa0 0.123 1.935 0.87
E3oB114E32 0.141 2.159 0.90

aThe formula has been taken from ref 4bis the number of PBO unitdlwso is the molecular weight of the BO monomeggo = 0.97 g/cni is the
density of PBO, andNayogadroiS Avogadro’s constantThe formula has been taken from ref 43s the membrane thickness as calculated in Table 2. The
calculation of the surface area per molecule assumes that the diblock passes through the hydrophobe/water interface once and its hydrophiedit end is b
This is also the case for theyBuBn, which was treated as the equivalent diblock wittER/., whereas the EBNEw passes through the interface twice with
either an | @ a U conformation.

nl?, the ratio of the measured unperturbed dimensions to thereported by Foster et al4® and the fraction of bridging for
equivalent freely jointed chain) for polyethylene oxide and EyBnEwm triblocks are listed. Calculations show clearly that
polyethylene, being 4 and 6.7, respectiv&lihat PBO blocks triblocks and diblocks have similar surface areas per molecule,
are more easily coiled that PBD blocks can be used to explain confirming high similarities between/BnEwm triblock packing
the absolute difference in membrane thickness seen in Figureand diblocks and BEyBy triblocks.
8. The relative thickness of the hydrophobic membranes should The calculations of the fraction of bridging show clearly that
scale with their radii of gyration and to zeroth-order approxima- the majority of the BnEw triblocks prefer to bridge. This
tion their characteristic ratio. Obviously the relative lack of strongly indicates that yBnEy membranes are completely
flexibility in a phospholipid chain would cause the bilayer interdigitated. The consequent conclusion, arising fraiB&Em
morphology to be preferreethe configurational entropy does triblock membrane thicknesses falling onto the same master
not necessarily drive layer mixing in this cadeut it is difficult curve as diblocks and \EvBy triblocks, is that EB vesicles
to imagine a stretched conformation of a pair of hydrophobic all have an interdigitated membrane analogous to that of
polymer brushes that would not be mixed or interdigitated, and interdigitated phospholipid membranes ¢onformation). The
this is borne out by the vast experimental and theoretical theoretical and modeling work by SriniVslso suggests that
literature on block copolymer lamellae. As evidence, the there is an increasing tendency for layer mixing and interdigi-
membrane thicknesses of botRB,Bn and ByBnEw triblock tation at higher molecular weights. The coarse grained models
copolymers fit the same trend as thgHg diblock copolymers. show that the “methyl trough”, a characteristic of true bilayer
Hydrophobie-hydrophilic-hydrophobic REyBy copolymers formation, is not observed when the degree of polymerization
are similar to diblock copolymers in that there is only one in the hydrophobe is more than 18, and all but the smallest
molecular conformation consistent with membrane formation; molecules studied here have a higher value than this. Therefore
they have hydrophobic chain ends assembled into a membraneve would expect the polymer brushes to be mixed. The
and the hydrophilic block must form a loop. In this case both calculated area per molecule in Table 3 compares well with the
hydrophilic-hydrophobic junctions are on the same side of the model with no “methyl trough”. For example, Srinivas predicts
membrane. Conversely hydrophitibydrophobie-hydrophilic the area per molecule to be 1.46 Hfor EO;:EE;;, and we
EmBNEwm copolymers can have two possible conformations in measure 1.28 n#for a comparable moleculesgBes.
the membrane, depending on whether the hydrophobic chain
makes a loop and the hydrophilic chains are on the same sideExperimental Section
of the membrane (U-shape) or whether the molecule bridges
the hydrophobic membrane with hydrophilic chains on opposite ~ Materials. Copolymers were prepared by sequential anionic copo-
sides (I-shape#? lymerization and were characterized using gel permeation chromatog-
The fraction of bridging chains, at equilibrium, has been raphy and3C NMR spectroscopy as described elsewHénolecular

evaluated by theoretical calculation based on self-consistent-sgltsr':jse?rfatcr;i)r?%?ct’:émzs (gﬁ ?erﬁzeor;:;‘i)'glggffwé’igﬁﬁ'ﬁ&i
field (SCF) theorie® and later confirmed experimentally by POY(EY

. . . copolymer molecular weight calculated by GPC alK€ NMR.
dielectric relaxation measuremeritsThe reported formula Rhodamine B octadecyl ester perchlorate amphiphilic fluorescent dye,

allows calculation of the fraction of bridging chains in triblock  chjoroform, and uranyl acetate were supplied by Aldrich-Sigma Ltd.
assembliespyridge ~ (Amoleculd@?)?*N ™3, whereAmoleculeis the Vesicle Preparation Block copolymers are first dissolved in
surface area per block,is the chain unit length, an is the chloroform at a concentration of 4 mg/mL. For microscale vesicles,
PBO unit number. In Table 3 the hydrophobe volumes, the block copolymers were deposited onto two platinum electrodes<(20
surface areas per block, calculated here using the method5 x 2 mm) by evaporation from chloroform solution. The electrodes
were immersed in distilled water, and an ac electric field, 10 V and 10

(41) Flory, P. J.The Statistical Mechanics of Chain Molecylésterscience Hz, was applied. Details of the experimental setup are given else#here.
Publishers-John Wiley: New York, 1969. i i ; ; inla-

(42) Napoli, A Tirelli, N.: Wehrli, E.- Hubbell, J. ALangmuir2002 18, 8324- For nanoscale vesicles, the solution is placed into glass vials; the
8329.

(43) Zhulina, E. B.; Halperin, AMacromoleculesl992 25, 5730-5741. (45) Faster, S.; Berton, B.; Hentze, H.-P.; Kner, E.; Antonietti, M.; Linder,

(44) Watanabe, HMacromoleculesl995 28, 5006-5011. P. Macromolecule2001, 34, 4610-4623.
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chloroform is then evaporated by vacuum, leading to the formation of thickness and molecular weight is that expected for the strong
a copolymeric film onto the vial walls. Deionized water is subsequently segregation limit. An exponent of 2/3 is observed for polyether
added to the vial, and the vial is stirred for at least 1 day. To narrow hydrophobes, but this is in contrast to the value of 1/2 previously
the particle s_ize distribution_, vesicle dispersions obtained were extrude_d reporte@® for polybutadiene. The difference in the absolute value
through a L|.posoFast-BaS|c polycarbonate membrane. The sample iSo¢ e membrane thickness for the different polymers in Figure
passed 10 times through the membrane by pushing the sample baCkS can be ascribed to their chemical differences; that is, the higher

and forth between two syringes. Alternately, the vesicle dispersion is flexibility of th veth for its thi b
sonicated for a few hours using a sonicator from the Sonicor Instrument exibility of the polyether accounts for its thinner membranes,

Corporation. All the solvents are filtered and the glassware is washed @nd this is borne out by systematic differences in the area per
with filtered solvent before the vesicle preparaﬂon' m0|eCU|e What |S Stl” not Clear |S the reasons fOf the 1/2
Characterization. Dynamic light scattering measurements were dependence in the polybutadiene membréhaeben the same
performed on a Brookhaven Instruments 200SM laser light scattering group have observed the more consistent molecular weight
goniometer using a HeNe 125 mW 633 nm laser. The vesicle scaling of 0.61 for the diameter of the hydrophobe in wormlike

dispersions are placed into glass vials. Single scans of 10 min exposuremicelles2’

were performed on the sample. Particle sizes were estimated using the Finally, we question the usefulness of the nomenclature of
non-negative least square _(NNLS) multiple pass methoq of data analysis.b“ayers and interdigitation when applied to block copolymer

Confocal laser scanning microscopy was performed using a ZEISS LSM vesicles. The behavior of block copolymer lamellae in the melt

510M; vesicle membranes were generated in the presence of a small .
amount (0.10.2% wWieomoyme) of Rhodamine B octadecyl ester clearly shows that the two stretched brushes, emanating from

perchlorate. Transmission electron microscopy was performed usingthe |nt.erfaces and C(_)mpns'ng each domain, are_ r_n_'xe_d for
Philips CM100 and CM200 equipped with a Gatan 1k CCD camera. €Ntropic regspn%‘? Obviously the relative lack of flexibility in

For freeze-dried specimens, an aluminum bar is immersed into liquid & Phospholipid chain can cause the bilayer morphology to be
nitrogen for at least half an hour. The grids are engrossed into the Preferred. The configurational entropy does not necessarily drive
sample and then placed onto the cold metallic bar. The bar with the layer mixing in this case, but there are no compelling reasons
grids is quickly positioned into a vacuum oven, where the grids are why two hydrophobic polymer brush&s4would separate. This
kept under vacuum at room temperature overnight. For negative-stainedis borne out by the measurements presented here. The EB
specimens, the grids are submerged for 20 s into the sample solutioncopolymers have been shown to form membranes whose
and then in a uranyl acetate water solution (2% wiw). The grids are grchjtecture is the result of the coiling and interdigitation of
SUbseqLéeTy fd”fq under vacuum. Cryoglenlc TEM sgeqrggnsllwgrde the hydrophobic polybutylene oxide and agrees with previously
prepared by 1ast Immerging & pre-sample-engrossec gric In fqul published SCFT calculatiotfsthat show that the majority of

ethane. The grid is quickly placed in a cryogenic stage and kept at . . . _
—170°C. SA)%S expgrime:tspwere perforn:/ec? on a beim line 6_2 of chain-ends are buried beyond the mid-plane for finite values of

the Synchrotron Radiation Source (SRS) at the Daresbury Laboratory, XN The picture presented here is not, however, an interdigitated
Warrington U.K. The beam line is configured for SAXS experiments membrane that leads to water exposure of every hydrophobic
using monochromatic radiation of 1.4 A wavelentftbata are analyzed ~ block at both the block junction and the other end of the PBO
using inverted Fourier transform on the GIFT software package. chain. While this might be the case for interdigitated lipids, we
suggest that block copolymer brushes are entangled with buried
chain-ends rather than being either a definite interdigitated
In the present contribution, it has been shown that EB monolayer or a well-separated bilayer. We suggest that the
copolymers are able to self-assemble into very stable vesiclesPhospholipid description of the well-separated hydrophobic
but also that vesicles are the main aggregate formed under thebilayer and the completely interdigitated monolayers are extreme
applied conditions. Very few nonvesicular aggregates have beenPoundary conditions and are not always appropriate to describe
observed by DLS, TEM, and SAXS. the more subtle structure of block copolymer vesicles or
The resolution of the differences between the present dataPolymersomes.
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