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Liposomes (nontoxic/nonantigenic vesicles derived from
phospholipids) have long been utilized in numerous biotech-
nology and pharmaceutical applications to improve therapeutic
indices and enhance cellular uptake.1 Their structural stability,
however, is dependent upon many intrinsic and environmental
parameters that often serve to compromise their efficacy.2

Polymersomes (polymer vesicles formed from a wide variety
of fully synthetic amphiphiles)3-5 have similar utility to their
lipid counterparts but possess several advantageous properties
including vastly superior stability6 and diverse functionality
afforded by tuning material chemistries through polymer
synthesis. Recently, there has been considerable interest in the
development of degradable polymersomes suitable for in vivo
drug delivery. Here, we present the generation of self-assembled
vesicles comprised entirely of an amphiphilic diblock copolymer
of poly(ethylene oxide) (PEO) and polycaprolactone (PCL), two
previously FDA-approved polymers. Unlike degradable poly-
mersomes formed from blending bioinert and hydrolyzable
components,7,8 PEO-b-PCL-based vesicles promise to be fully
bioresorbable,9 leaving no potentially toxic byproducts upon
their degradation. Moreover, unlike published reports of other
degradable (peptide-, polyester-, or polyanhydride-based) poly-
mersomes,10-12 these bioresorbable vesicles are formed through
spontaneous self-assembly of their pure component amphiphile.

Poly(ethylene oxide) was chosen as the hydrophilic block as
it imparts to the vesicle’s surface biocompatibility and prolonged
blood circulation times.13-15 Polycaprolactone constitutes the
vesicles’ hydrophobic membrane portion. PCL is degraded by
hydrolysis of its ester linkages in physiological conditions (such
as in the human body) and has therefore received a great deal
of attention for use as an implantable biomaterial in drug
delivery devices, bioresorbable sutures, adhesion barriers, and
scaffolds for injury repair via tissue engineering.16-19 Compared
to other biodegradable aliphatic polyesters, PCL has several
advantageous properties, including (1) high permeability to small
drug molecules, (2) maintenance of a neutral pH environment
upon degradation, (3) facility in forming blends with other

polymers, and (4) suitability for long-term delivery afforded
by slow erosion kinetics as compared to polylactide (PLA),
polyglycolide (PGA), and polylactic-co-glycolic acid (PLGA).17

Utilization of PCL as the hydrophobic block in our formulations
promises that the resultant polymersomes should have safe and
complete in vivo degradation.

Amphiphilic poly(ethylene oxide)-b-polycaprolactone was
generated via ring-opening polymerization of cyclicε-capro-
lactone (CL) in the presence of stannous(II) octoate (SnOct)
and monocyano- or monomethoxypoly(ethylene oxide) (PEO,
0.75K, 1.1K, 1.5K, 2K, 5K, 5.5K, 5.8K; Polymer Source,
Dorval, Canada).20 The reactions yielded PEO-b-PCL copoly-
mers with varying PCL block size (between 2K and 30K); pure
PEO-b-PCL diblock copolymers were isolated via gel perme-
ation chromatography (GPC; PDI 1.1-1.3). The molecular
weight values and PCL/PEO ratios of the various copolymers
were evaluated from their1H NMR spectra (supplemental Figure
1 in Supporting Information) and corresponded to those obtained
by GPC. The polymers were dissolved in methylene chloride,
with and without 1 wt % Nile Red (for facile visualization),
and deposited on the surface of roughened Teflon. The polymer
films were then dried for>12 h under vacuum and rehydrated
in aqueous solution. The samples were subsequently sealed and
heated at 65°C (above the melting point of the diblock) for
24-48 h. Each aqueous sample was then plated on a microscope
slide and the resultant polymer morphology visualized.

Figure 1 illustrates 10-20µm diameter polymersomes formed
from self-assembly of PEO(2K)-b-PCL(12K) (PDI) 1.2) upon
heating in aqueous solution for 48 h. The micrographs were
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Figure 1. (A) Scanning fluorescence confocal micrograph of PEO-
(2K)-b-PCL(12K)-based vesicles, containing membrane-encapsulated
Nile Red (peak emission) 603 nm) in DI water at 25°C, that display
continuous spherical morphology but jagged edges supportive of solid
vesicle membranes. Scale bar) 5 µm. (B) Confocal micrograph of
PEO(2K)-b-PCL(12K)-based vesicles containing membrane-encapsu-
lated Nile Red (2 mol % loading, peak emission) 603 nm) and aqueous
entrapped Calcein dyes (250µm, peak emission) 520 nm). Temper-
ature) 25 °C; scale bar) 5 µm. (C) Cryogenic transmission electron
micrograph of PEO(2K)-b-PCL(12K)-based vesicles in DI water (5 mg/
mL). The membrane core thickness of the vesicles is 22.5( 2.3 nm.
Scale bar) 100 nm.
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taken via fluorescence scanning confocal microscopy (BioRad,
Hercules, CA) and illustrate that the polymer exclusively forms
vesicles with a continuous membrane structure (Nile Red
dissolved in bilayer, Figure 1A) surrounding an entrapped
aqueous volume (Calcein, Figure 1B). Calcein from the external
solution was removed by dialysis or membrane ultracentrifu-
gation to yield stable vesicles that entrap their aqueous encap-
sulants (at 4°C and pH) 7.4) as measured for greater than 1
month. The size distributions of the polymersomes can be
controlled with standard techniques such as sonication, freeze/
thaw extraction, and extrusion aboveT ) 65 °C to yield
monodispersed vesicle diameters ranging anywhere from tens
of microns (confocal micrographs, Figure 1A,B) to hundred
nanometer sized structures (cryo-TEM micrograph, Figure 1C)
useful for in vivo applications.13,21 Of the numerous PEO-b-
PCL formulations screened, including PEO(5.8K)-b-PCL(24K)
that has been previously shown to form vesicles via a solvent
injection technique,11 only PEO(2K)-b-PCL(12K) afforded a
robust yield of polymersomes via spontaneous self-assembly.
In this regard, it is important to underscore that once these PEO-
(2K)-b-PCL(12K)-based polymersomes are formed (atT > Tm),
their vesicular morphology is fixed at lower temperatures
ranging from 37°C to cryogenic. While all previously known
vesicle-generating, self-assembled, amphiphilic diblock poly-
mers possess a hydrophilic volume fraction of 0.3-0.4,4,6

notably PEO(2K)-b-PCL(12K) possesses a calculated fraction22

which is significantly lower (∼0.15). A complete study of PEO-
b-PCL phase behavior and morphology in aqueous solution will
be presented elsewhere.

Differential scanning calorimetry (DSC; TA Instruments
Q100, New Castle, DE) was utilized to elucidate the thermal
transitions of PEO(2K)-b-PCL(12K) in bulk and within aqueous
vesicle solutions (Figure 2). Figure 2A shows two distinct first-
order transitions in bulk PEO(2K)-b-PCL(12K) consistent with
a diblock copolymer comprised of two crystallizable homopoly-
mers20,23 (onset of melting) 52.6 °C; total heat of transition
) 90.2 J/g). Immediately upon dispersion of the dry polymer
in water (at 30 mg/mL), the double melting peaks were
transformed to a single first-order transition with a peak melting
temperature at 52.3°C upon second heating (onset of melting
) 48.8 °C; heat of transition) 33.2 J/g; Figure 2B). The
polymer showed no further changes in its thermal transitions
upon aqueous dissolution and isothermal heating at 65°C for
48 h. DSC of PEO(2K)-b-PCL(12K)-based polymersomes,
whose structure was observed by cryogenic transmission electron
microscopy (cryo-TEM) and size distributions determined by
dynamic light scattering (DLS; see supplemental Figure 2 in
Supporting Information), displayed the same first-order transition
upon heating irrespective of vesicle size (onset of melting)
48 °C; peak ) 52 °C; heat of transition) 43 J/g). The
isothermal crystallization and melting behavior of bulk PEO-
b-PCL has been previously studied by WAXD, SAXS, and DSC,
which demonstrated that despite strong crystallizablility in the
PEO homopolymer, only the PCL block in the PEO-b-PCL
copolymer is crystallizable when the PEO weight fraction is
less than 20%.23 As such, it is strongly suggestive that in PEO-
(2K)-b-PCL(12K)-based vesicles the membrane consists entirely
of a PCL lamella with a PEO corona facing the external solution
and internal aqueous milieu.

Aliphatic polyesters, including PLA, PGA, and PCL, and their
copolymers, have been extensively studied for controlled release
and targeted drug delivery. We assessed the mechanism by
which PEO(2K)-b-PCL(12K)-based polymersomes release a
physiologically relevant encapsulated component. As a model

system, doxorubicin (DOX), a weakly basic anti-neoplastic
agent, was incorporated into the internal aqueous milieu of 200
nm diameter PEO(2K)-b-PCL(12K)-based vesicles via an am-
monia sulfate gradient24-26 (see Materials and Methods in
Supporting Information); in situ DOX release in various
physiological conditions (pH 5.5 and 7.4;T ) 37 °C) was
subsequently monitored fluorometrically (λex ) 480 nm,λem )
590 nm) over 14 days (Figure 3A).

Under both pH conditions (5.5 and 7.4, at 37°C), we observed
an immediate burst release phase (∼20% of initial vesicle load
from 0 to 8 h), followed by controlled release. The dynamics
of release were different at the two pHs. At pH 7.4, release
was observed in two distinct phases, denotedR andâ, which
were well fit by exponential regression analysis (R2 ) 0.99).
TheR phase (days 1-5, dotted line Figure 3B) corresponds to
a regime where DOX release is predominantly dependent upon
the rate of drug permeation through the PCL membrane,
dominating the slower rate of matrix erosion (see schematic
Figure 3C). Theâ phase (days 5-14, solid line Figure 3B) is
consistent with DOX release facilitated predominantly by
significant hydrolytic membrane degradation. At pH 5.4, a single
phase (â′) is observed. The rate constant for release in this phase
is similar to that observed during theâ phase of pH 7.4,
indicating that the mechanism of release is similar. DOX release
at pH 5.4, however, is more rapid since acid-catalyzed hydroly-
sis of the PCL membrane is the dominant mechanism at short
times.

Figure 2. Differential scanning calorimetry (DSC) of amphiphilic PEO-
(2K)-b-PCL(12K) diblock copolymers in (A) bulk, (B) immediately
after dissolution in DI water at 30 mg/mL, and (C) after dissolution in
DI water (30 mg/mL) and isothermal heating at 65°C for 48 h. (D)
DSC of aqueous solutions of 400 nm diameter PEO(2K)-b-PCL(12K)-
based polymersomes (∼30 mg/mL). (E) DSC of aqueous solutions of
200 nm diameter PEO(2K)-b-PCL(12K)-based polymersomes (∼30 mg/
mL). Scan rate) 10 °C/min using hermetically sealed aluminum pans
(typical sample weight) 12 mg).
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As such, in vivo drug release from these bioresorbable
polymersomes will likely depend on both PCL matrix erosion
and a drug’s intrinsic permeability from the aqueous core
through the membrane. Notably, when compared to degradable
polymersomes formed from blending “bioinert” and hydrolyz-
able components (whereτ1/2 release7,8 ≈ τ1/2 circulation15 ∼
tens of hours), PEO(2K)-b-PCL(12K)-based vesicles possess
much slower release kinetics (τ1/2 release∼ days), offering
potential advantages for future intravascular drug delivery

applications. Moreover, their large membrane core thickness
(22.5( 2.3 nm) affords the opportunity for facile incorporation
of both hydrophobic (membrane sequestered) and hydrophilic
(internal aqueous core) compounds within a single complex
delivery vehicle. Finally, the self-assembled vesicular architec-
ture allows for the economic generation of mesoscopic (na-
nometer to micron) colloidal devices, enabling large-scale
production while eliminating the need for costly removal of
organic cosolvents postassembly.

Acknowledgment. This work was supported by grants from
the National Institutes of Health (EB003457-01) and the
National Cancer Institute (R33-NO1-CO-29008). M.J.T. and
D.A.H. thank the MRSEC Program of the National Science
Foundation (DMR05-20020) for infrastructural support. P.P.G.
acknowledges fellowship support from the NIH Medical Sci-
entist Training Program and the Whitaker Foundation. The
authors are grateful to Dr. Andres E. Dulcey and Professor
Andrew R. McGhie at the University of Pennsylvania for
assistance with calorimetry experiments.

Supporting Information Available: Materials and methods,
NMR, and DLS data. This material is available free of charge via
the Internet at http://pubs.acs.org.

References and Notes

(1) Lasic, D. D.; Papahadjopoulos, D.Medical Applications of Liposomes;
Elsevier Science Ltd.: Amsterdam, 1998; Vol. 14, pp 1-779.

(2) New, R. R. C.Liposomes: A Practical Approach; Oxford University
Press: Oxford, UK, 1997; pp 1-301.

(3) Discher, B. M.; Won, Y. Y.; Ege, D. S.; Lee, J. C. M.; Bates, F. S.;
Discher, D. E.; Hammer, D. A.Science1999, 284, 1143-1146.

(4) Discher, D. E.; Eisenberg, A.Science2002, 297, 967-973.
(5) Antonietti, M.; Forster, S.AdV. Mater. 2003, 15, 1323-1333.
(6) Bermudez, H.; Brannan, A. K.; Hammer, D. A.; Bates, F. S.; Discher,

D. E. Macromolecules2002, 35, 8203-8208.
(7) Ahmed, F.; Hategan, A.; Discher, D. E.; Discher, B. M.Langmuir

2003, 19, 6505-6511.
(8) Ahmed, F.; Discher, D. E.J. Controlled Release2004, 96, 37-53.
(9) Bei, J. Z.; Li, J. M.; Wang, Z. F.; Le, J. C.; Wang, S. G.Polym.

AdV. Technol.1997, 8, 693-696.
(10) Najafi, F.; Sarbolouki, M. N.Biomaterials2003, 24, 1175-1182.
(11) Meng, F. H.; Hiemstra, C.; Engbers, G. H. M.; Feijen, J.Macro-

molecules2003, 36, 3004-3006.
(12) Bellomo, E. G.; Wyrsta, M. D.; Pakstis, L.; Pochan, D. J.; Deming,

T. J. Nat. Mater.2004, 3, 244-248.
(13) Moghimi, S. M.; Hunter, A. C.; Murray, J. C.Pharmacol. ReV. 2001,

53, 283-318.
(14) Otsuka, H.; Nagasaki, Y.; Kataoka, K.AdV. Drug DeliVery ReV. 2003,

55, 403-419.
(15) Photos, P. J.; Bacakova, L.; Discher, B.; Bates, F. S.; Discher, D. E.

J. Controlled Release2003, 90, 323-334.
(16) Allen, C.; Han, J. N.; Yu, Y. S.; Maysinger, D.; Eisenberg, A.J.

Controlled Release2000, 63, 275-286.
(17) Sinha, V. R.; Bansal, K.; Kaushik, R.; Kumria, R.; Trehan, A.Int. J.

Pharm.2004, 278, 1-23.
(18) Coombes, A. G. A.; Rizzi, S. C.; Williamson, M.; Barralet, J. E.;

Downes, S.; Wallace, W. A.Biomaterials2004, 25, 315-325.
(19) Shenoy, D. B.; Amiji, M. A.Int. J. Pharm.2005, 293, 261-270.
(20) Bogdanov, B.; Vidts, A.; Van Den Bulcke, A.; Verbeeck, R.; Schacht,

E. Polymer1998, 39, 1631-1636.
(21) Ghoroghchian, P. P.; Frail, P. R.; Susumu, K.; Blessington, D.;

Brannan, A. K.; Bates, F. S.; Chance, B.; Hammer, D. A.; Therien,
M. J. Proc. Natl. Acad. Sci. U.S.A.2005, 102, 2922-2927.

(22) Brandrup, J.; Immergut, E. H.; Grulke, Z. A.Polymer Handbook;
John Wiley & Sons: New York, 1999; Vol. 6, p 53.

(23) Gan, Z. H.; Jiang, B. Z.; Zhang, J.J. Appl. Polym. Sci.1996, 59,
961-967.

(24) Haran, G.; Cohen, R.; Bar, L. K.; Barenholz, Y.Biochim. Biophys.
Acta 1993, 1151, 201-215.

(25) Bolotin, E. M.; Cohen, R.; Bar, L. K.; Emanuel, N.; Ninio, S.; Lasic,
D. D.; Barenholz, Y.J. Liposome Res.1994, 4, 455-479.

(26) de Menezes, D. E. L.; Pilarski, L. M.; Allen, T. M.Cancer Res.
1998, 58, 3320-3330.

MA0519009

Figure 3. (A) Cumulative in situ release of doxorubicin, loaded within
200 nm diameter PEO(2K)-b-PCL(12K)-based polymersomes, under
various physiological conditions (pH 5.5 and 7.4;T ) 37 °C) as
measured fluorometrically over 14 days.N ) 4 samples at each data
point; individual data points for each sample varied by less than 10%
of the value displayed at each time interval. (B) Release rates of DOX
(Vdox) from 200 nm diameter PEO(2K)-b-PCL(12K)-based polymer-
somes vs time. Dotted and solid lines represent exponential fits obtained
by regression analysis (R2 ) 0.99 for each curve), and the displayed
equations correspond to the respective release regimes (R, â, â′). (C)
Schematic illustrating differing regimes of DOX release via (R) intrinsic
drug permeation through intact vesicle membranes vs (â andâ′) release
predominantly by PCL matrix degradation.
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