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Vesicles were made from amphiphilic diblock copolymers and characterized by 
micromanipulation. The average molecular weight of the specific polymer 
studied, polyethyleneoxide-polyethylethylene (E0,-EE,,), is several times 
greater than that of typical phospholipids in natural membranes. Both the 
membrane bending and area expansion moduli of electroformed polymersomes 
(polymer-based liposomes) fell within the range of lipid membrane measure- 
ments, but the giant polymersomes proved to be almost an order of magnitude 
tougher and sustained far greater areal strain before rupture. The polymersome 
membrane was also at least 10 times less permeable to water than common 
phospholipid bilayers. The results suggest a new class of synthetic thin-shelled 
capsules based on block copolymer chemistry. 

Amphiphilic block copolymers in water, like 
natural phospholipids, can self-assemble into 
various ordered mesophases (1-3), notably 
lamellar structures. The symmetry and stabil- 
ity of the microstructure depend intimately on 
chain size and chemistry as well as on phys- 
ical variables such as temperature T. At dilute 
concentrations of natural amphiphiles in wa- 
ter, bilayer structures with a thickness of only 
a few nanometers can form; for cells, such 
membranes have permeability, stability, and 
mechanical characteristics that are central to 
function (3, 4). These characteristics also 
affect how liposomes and their complexes 
encapsulate and deliver active agents (5). 
Small amphiphiles of natural origin have in- 
spired the engineering of higher molecular 
weight, synthetic analogs defined as super- 
amphiphiles (6), which include linear diblock 
copolymers composed of a serial tandem of 
hydrophilic and hydrophobic chains. We re- 
port here some of the properties of mem- 
branes assembled from one such superamphi- 
phile, polyethyleneoxide-polyethylethylene 
[EO,,-EE,,; nuq,ber-average molecular 
weight M, - 3900 ilmol(1, 7)]. This neutral, 
synthetic polymer has a mean contour length 
(-23 nm) about 10 times that of a typical 
phospholipid acyl chain (Fig. 1A). Chains of 
polyethyleneoxide (PEO), also referred to as 
polyethylene glycol (PEG), are also notable 
for imparting biocompatability to membranes 
(8). The specific diblock copolymer studied 
here had previously been synthesized as one 
chain, designated OE-7, among a low polydis- 
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persity series with varied molecular weights 
and block size distributions (7); OE-7 was 
shown to have a robust propensity to form a 
lamellar phase in water over a broad range of 
concentrations and temperatures (25°C includ- 
ed) (1). 

Small, nonaggregating vesicles (5200 
nm) assembled from OE-7 were first ob- 
served by cryogenic transmission electron 
microscopy (cryo-TEM) after hydration and 
preparative vitrification (Fig. 1B) (9). Worm- 
like micelles (2) as well as spherical micelles 
coexist with the vesicles. Imaging of the hy- 
drophobic cores of these structures revealed a 
core thickness d - 8 nm, significantly greater 
than d - 3 nm for phospholipid bilayers (3). 
To facilitate detailed characterization of the 
material properties of block copolymer la- 
mellae, we made giant vesicles (from 20 to 50 
pm) of OE-7 by electroformation (lo), a 
process in which a thin film of polymer on 
adjacent electrodes was phoresed by alternat- 
ing current into aqueous solution. Thermal 
undulations of the quasi-spherical polymer- 
some membranes provided an immediate in- 
dication of membrane softness (Fig. 2A). 
Furthermore, if the vesicles were made in the 
presence of either a 10-kD fluorescent dex- 
tran (Fig. 2B) or a protein such as globin, the 
probe was found to be readily encapsulated 
and retained by the vesicle for at least several 
days. The polymersomes further proved high- 
ly deformable and could be aspirated into 
micrometer-diameter pipettes (Fig. 2, C and 
Dl (10). 

The elastic behavior of a polymersome 
membrane in micropipette aspiration (at 
-23°C) appeared comparable in quality to a 
fluid-phase lipid membrane. Analogous to a 
lipid bilayer, at low but increasing aspiration 
pressures, the thermally undulating polymer- 
some membrane was progressively smoothed, 
increasing the projected area logarithmically 

with tension, T, (Fig. 3A). From the slope of this 
increase versus the fkactional change, a ,  in ves- 
icle area the bending modulus, K,, was calcu- 
lated (1 1) 

Kb - kBT ln(~)/(81ra) + constant ( 1 ) 
and found to be 1.4 + 0.3 X 10-l9 J (six 
vesicles) (k, is Boltzmann's constant). 
Above a crossover tension, T,, a renormalized 
area expansion modulus (11), K,, was ob- 
tained from the relation 

K, = ~ / a  (2) 
Aspiration in this regime primarily corre- 
sponds to a truerather than a projected- 
reduction in molecular surface density, and 
for the polymersome membranes, K, = 
120 + 20 mN/m (21 vesicles). Fitted moduli 
were checked for each vesicle by verifying 
that the crossover tension, T, = (Kal&)(kBTl 
 IT), suitably fell between appropriate high- 
tension (membrane stretching) and low-ten- 

Fig. 1. Molecular assemblies and copolymer 
structures in water. (A) Schematic representa- 
tion of diblock copolymer E0,-EE,,, also des- 
ignated OE-7, with chain structure 
~ - ~ u ~ ~ C [ C H ~ - C H ( C ~ H ~ ) ] ~ ~ [ C H ~ H ~ ~ ] ~ - H  

The number-average molecular weight is 
-3900 glmol. For a simple comparison of rel- 
ative hydrophobic core thickness d, a bilayer of 
typical lipids (3) are schematically shown next 
to the assembly of copolymers. (B) Aqueous 
suspensions of OE-7 vesicles in dominant co- 
existence with rodlike (black arrow) and spher- 
ical (gray arrow) micelles. Observations were 
made by cryo-TEM (9); the scale bar at lower 
left is 20 nm and the mean lamellar thickness is 
-8 nm. 
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sion (membrane smoothing) regimes. Mea- 
surements of both moduli, Ka and K,, were 
further found to yield essentially unimodal 
distributions with small enough standard de- 
viations ( 5  20% of mean) to be considered 
characteristic of unilamellar PEO-PEE vesi- 
cles. Interestingly, the moduli are also well 
within the range reported for various pure and 
mixed lipid membranes. SOPC (l-stearoyl-2- 
oleoyl phosphatidylcholine) in parallel ma- 
nipulations was found, for example, to have 
Ka - 180 mN/m (Fig. 3B) and K, - 0.8 X 
10-l9 J, which are largely identical to prior 
measures (4, 11). Lastly, at aspiration rates 
where projection lengthening was limited to 
<1 pmls, the microdeformation proved 
largely reversible, consistent again with an 
elastic response. 

The measured Ka is most simply approx- 
imated by four times the surface tension, y, of 
a pure hydrocarbon-water interface (y = 20 
to 50 mJ/m2) and thus reflects the summed 
cost of two monolayers in a bilayer (12). The 
softness of Ka compared with gel or crystal- 
line states of lipid systems is further consis- 
tent with liquidlike chain disorder (13); in- 
deed, because the average interfacial area per 
chain, <A,>, in the lamellar state has been 
estimated to be <A,> h 2.5 nm2 per mole- 
cule (I), the root-mean-squared area fluctu- 
ations at any particular height within the 
bilayer can also be estimated to be, on 
average, <6A,2> lJ2 = (<A,> k,TIKa)lJ2 
2 0.3 nm2 per molecule, which is a signif- 
icant fraction of <A,> and certainly not 
small on a monomer scale. Moreover, pre- 
suming in the extreme, a bilayer of uncon- 
nected monolayers dl2 thick, with d esti- 
mated from cryo-TEM (Fig. l), the PEE 
contour length is more than twice the 
monolayer core thickness and therefore 
configurationally mobile along its length. 
In addition, molecular theories (14) of 
chain packing in bilayers have suggested 
that, although at a fixed area per molecule 
there is a tendency for K, to increase with 

(C and D) Microdeformation of a 
polymersome. The arrow marks 

membrane tension, T = APRJ 
(1 - R,IR,), where R,  and R, 
are the respective radii of the 
micropipette and the outer 
spherical contour; and [iil ex- 

chain length (that is, membrane thickness), 
other factors such as large <Ac> can act to 
reduce K,. Thus, despite the large chain 
size of OE-7, a value of K, similar to that of 
lipid bilayers is not unduly surprising. Re- 
lated to the length scales above, the root 
ratio of moduli, (Kb/Ka)'", is generally rec- 
ognized (3, 4, 14, 15) as providing a pro- 
portionate measure of membrane thickness. 
For the OE-7 membranes studied here, (Kb/ 
Ka)lJ2 = 1.1 nm on average. In comparison 
to fluid bilayer vesicles of phospholipids or 
phospholipids plus cholesterol, where the 
latter often have the highest Ka, it has been 
reported that (KblKa)1J2 - 0.53 to 0.69 nm 
(11). A parsimonious continuum model for 
relating such a length scale to structure is 
based on the idea that the unconnected 
monolayers of the bilayer have, effectively, 
two stress-neutral surfaces located near 
each hydrophilic-hydrophobic core inter- 
face (15). If we assume that a membrane 
tension resultant may be located both above 
and below each interface, then 

where 6, and 6, are, respectively, distances 
from the neutral surfaces into the hydrophilic 
and hydrophobic cores. For lipid bilayers 
with dl2 - 1.5 nm and hydrophilic head 
groups 1 nm thick, estimates of 6, - 0.75 nm 
and 6, - 0.5 nm yield a root-product 
[(6,6,)'" - 0.61 nm], consistent with exper- 
imental results. The numerical result for 
PEO-PEE membranes (1.1 nm) suggests that 
the stress resultants are centered further from 
the interface, but not, perhaps surprisingly, in 
strict proportion to the increased thickness 
nor the polymer length. 

Elastic behavior terminates in membrane 
rupture at a critical tension, T,, and areal 
strain, a,. With lipids, invariably a, 5 0.05, 
consistent, it appears, with a molecular theory 
of membranes under stress (16). For the poly- 
mersomes, cohesive failure occurred at a, = 
0.19 2 0.02 (Fig. 3B). Another metric is the 

toughness or cohesive energy density that, for 
such a fluid membrane, is taken as the inte- 
gral of the tension with respect to areal strain, 
up to the point of failure: 

For a range of natural phospholipids mixed 
with cholesterol, the toughness has been sys- 
tematically measured, with E, ranging from 
0.05 to 0.5 mJ/m2 (17). The OE-7 mem- 
branes, in comparison, are 5 to 50 times as 
tough, with E, - 2.2 mJ/m2. On a per mol- 
ecule (18) rather than a per area basis, such 
critical energies are remarkably close to the 
thermal energy, b T ,  whereas such an energy 
density for lipid bilayers is a small fraction of 
b T .  This difference indicates, for this rela- 
tively simple condensed matter system, the 
strong role that fluctuations in density must 
have in creating a lytic defect. Despite the 
comparative toughness of the po l~e r some  
membrane, a core "cavitation pressure," pc, 
may be readily estimated as 

PEO-PEE 

Fig. 3. Mechanical properties of polymersome 
membranes as assessed by micromanipulation. 
(A) Membrane elasticity revealed in membrane 
tension versus areal expansion. Filled circles 
indicate aspiration; open circles indicate graded 
release. The upper left inset shows the distri- 
bution of measurements for the bending mod- 
ulus, K,, as obtained from the initial phase of 
aspiration. The lower right inset shows the 
distribution of measurements for the area ex- 
pansion modulus, K,, as obtained from the lin- 
ear phase of aspiration. (B) Membrane tough- 
ness determined by aspiration to the point of 
rupture (asterisk). For comparison, aspiration to 
the point of rupture of an electroformed SOPC 
lipid vesicle is also shown. 
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yielding a value ofp, - -25 atm, which falls 
in the middle of the range noted for lipid 
bilayers, p, a - 10 to -50 atrn (4). Bulk 
liquids such as water and light organics are 
commonly reported to have measured tensile 
strengths of such a magnitude, as may be 
generically estimated from a ratio of nominal 
interfacial tensions to molecular dimensions 
(that is, -yld). In membrane systems, this 
analogy again suggests an important role for 
density fluctuations, which are manifested in 
a small K_ and which must become trans- 

osmolarity leads to water permeation and 
swelling through a quasi-equilibrated se- 
quence of pearled spheres, pears, and buds, to 
a final tensed state. After the initial pearling 
of the tubule, the growth of large spheres at 
the expense of small sphere-a form of Ost- 
wald ripening-is evident. Such shape trans- 
formations of vesicle capsules, the simple red 
cell included, have generally been correlated 
with energetic costs or constraints imposed 
by vesicle area, the number of membrane 
molecules making up vesicle area, the vol- 
ume enclosed by the vesicle, and the curva- 
ture elasticitv of the membrane (20). More 

portends a plethora of novel, artificial mem- 
branes. Additional control over membrane 
properties may be afforded, for example, 
through selective cross-linking of block co- 
polymer hydrocarbon chains as demonstrated 
with wormlike micelles (2). As with the rich 
variety of phospholipids and membrane mod- 
ifiers, each synthetic membrane might find its 
own application in transport, rheology, or 
encapsulation, rationally based on a suitable 
selection of material properties, thermal be- 
haviors, and permeabilities. 
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Observations by the Galileo spacecraft and the Keck telescope showed that 
Jupiter's outermost (gossamer) ring is actually two rings circumscribed by the 
orbits of the small satellites Amalthea and Thebe. The gossamer rings' unique 
morphology-especially the rectangular end profiles at the satellite's orbit and 
the enhanced intensities along the top and bottom edges of the rings-can be 
explained by collisional ejecta lost from the inclined satellites. The ejecta 
evolves inward under Poynting-Robertson drag. This mechanism may also 
explain the origin of Jupiter's main ring and suggests that faint rings may 
accompany all small inner satellites of the other jovian planets. 

The n-ell-kno\.\.~~. opaque rings of Saturn and and \\-ides (Thcbc) ring is tcrnlinatcd at the 
L'ran~is arc populated primarily b j  ccntimc- satellite Thebc's orblt (221,900 kin). Some 
tcr- to meter-s~zcd particles In addition, all very diffuse material, which we refer to as the 
four giant planets have c tens i \ .e  but much exterior gossamer material, sccins to reach 
Illore tenuous rings ( 1 ,  3 )  co~l ta in~ng nlainly past Thebe, to perhaps 265,000 kill. 
micrometer-s~zcd particles Because particle As seen 111 thcsc almost edge-on images. 
collisions are uniinpo~tant in such rar~ficd Jup~ter 's  gossanlcr rings ha1.e a unlque fornl. 
systems and because snlall grains arc sub- At their ansac, both rings have cross sections 
stantially perturbed by nongravitat~onal forc- that arc approx~matclj  rectangular, unlike the 
cs. these ethereal rings provide \.aluablc dy- cllipt~cal ends tjpicallj noted in linages of 
namical countcrpoi~lts to the dense, collision- thin, flat equatorial rlngs. As measured near 
a114 dominated systcms. the ansae. the half-thicknesses T of the gos- 

Jupiter's rings-the archetype of ethereal sanlcr rings arc - 1300 km [inclmation (i) = 

ring systems-have three colnponcnts ( 3 ) :  a 0 413] for the A~ualthea ring and -4400 km 
main ring. an Inner halo. and an outer gossa- 
mer rlng. The main ring of nommal optical 
depth T - 1 0 - 5 1 l d  thiclu~ess <30 km cx- 
tends radially ~nward about 6000 ltm ( jo~ . i an  
rad~us  = 7 1,398 ltm) fi.o111 the orbit of the 
tiny moon Admstea. w ~ t h  a dip in br~ghtncss 
of 20 to 30% around Metis's orbit (Table 1 ). 
Immediately iilterlor to the main rlilg is the 
halo. a - 10"km-thick and -2 x lo4-ltm- 
w ~ d c  torus of dust; n it11 T comparable to the 
nlaln ring. Exterm to the main ring lies the 
broad. fainter gossanlcr rille. it11 : - 1 0-'. 
whose Inner poltlon was obse r~wl  in one 

( i  = 1.14') for the Thcbc ring. with uaccr- 
tainties of 2100  km (20 .033) .  These values 
are siinilar to the maximum excursions of the 
satellites associated with these rings from 
Jup~tcr 's  equatorial plane [I160 and 4310 
km, respectively, with errors of -t 150 ltm 
(7)]. In addition, the radial excursions of the 
source satcllitcs. as defined by their orbital 
eccentricities, sccm to determine the rad~al  
decrease in bright~lcss at the ansac of both 
rings (see crosses in Fig. 1A). 

The ring's upper and lower cdgcs are 
much brighter than their central cores (Fig. 

L'oyager image ( 4 ) .  1A). suggesting that the ring material is con- 
The ring syste~n's structure n a s  con- centrated near the cdgcs. Furthcnnorc, the 

firmed and ~.cfined through images obtained height (off the equatorial plane) of the peak 
by the Galilco spacecraft ( 5 )  and the Keck brightness in each gossamer ring decreases 
10-m telescope (6) .  The gossamer ring is lincarlj with projected radius as does the 
actuallj two d~stinct, fairlj uniform rings ring's total vertical extent in backscattcrcd 
(Fig. 1. 4 and B). The brighter and narroner light ( 6  ). A sinlilar banded appearance was 
(Anlalthea) ring is visible stretching radially inferred for the distribution of interplanetary 
outward from the main ring to the satellite dust particles (IDPs) fronl Infiared Astro- 
Amalthea's orbit at 181.350 km. The fainter nonlical Satellite scans of the zodiacal light 

( 8 ) .  The cause is liltclj the sarnc: a swan11 of 
'Center for Radiophysics and Space Research, Cornell orbiting particles; with similar illclinatio~l~ 
University, thaca,  NY 14853, USA. 'Space, Telecom- but random node orientations. that spend 
munications and Radioscience Laboratory, Stanford lllore time at l.eltical turlliIlg poillts 
Universlty, Stanford, CA 94305,  USA. 3Department o f  
Astronomy, University of  Maryland, College park, M D  above ( in t e r~ la l l c t a r~  
20742, USA. "epartment o f  Astronomv, Universltv case) or equatorial (jovial1 case) plallc. 
of  California, ~ e r k e l e ~ ,  CA 94720, USA * In the L'oyagcr discovc~y image (4)  and in 
qo correspondence should be E. hl-o early Galilco fi-arnes (j), the Amalthea ling 
mail: jabl6@cornell.edu bnghtcns by tens of percent with srnaller scat- 
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