J. Am. Chem. So2000,122,5895-5896

Giant Vesicle Formation through Self-Assembly of
Complementary Random Copolymers

Faysal Ilhan, Trent H. Galow, Mark Gray, Gilles Clavier, and
Vincent M. Rotello*

Department of Chemistry, Umérsity of Massachusetts
Amherst, Massachusetts 01003

Receied April 6, 2000

Molecular self-assembly can be described as the thermody-
namically controlled association of molecules into structurally well
defined, stable aggregates through noncovalent interaét®eis-
assembly is an essential process in biological systems, providing
the diverse range of highly ordered structures observed in living
organisms. The controlled application of noncovalent interactions
also provides a powerful tool for the engineering of man-made

5895

D

N

[e]

Ny
N

~

o M

R, = H; isobutyiflavin 3
Ry = polymer2 polymer 2a

i 5

Z

N

polymer 2

(0]

systems, allowing the construction of structures spanning the nano-Figure 1. Schematic showing diaminopyridine-based polyrhiethy-

to macroscale range.

Adaptation of self-assembly processes to the controlled ag-
gregation of synthetic polymers provides a useful method for the
creation of novel, higher order architectufed/e have recently
incorporated specific recognition elements into polystyrene-based
polymers? Unlike biopolymers such as DNA and RNAthese
synthetic polymers are highly flexible and randomly substituted.
This combination of randomness and flexibility provides a
platform for the creation of highly structured extended systems:

in recent studies, we have demonstrated a polymer-mediated self-

assembly of gold nanoparticles into highly ordered spherical arrays
incorporating up to 5< 1C° individual particles We report here
the extension of this approach to the self-assembly of comple-
mentary polymer strands into giant vesiclésrough specific
interchain hydrogen bonding.

Complementarity between polymers was achieved using a
diaminopyridine-thymine three-point hydrogen-bonding interac-
tion® The desired random dispersion of functionality in the
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Figure 2. Schematic demonstration of vesicle formation between
diaminopyridine-based polymet and thymine-based polyme. (a)
lllustration showing molecular recognition within vesicle wall. (b) The
corresponding recognition dyads.

polymers was obtained via functionalization of a 1:1 random
copolymer of styrene and 4-(chloromethyl)styrériReaction of
this polymer with a diacyldiaminopyridine derivatiein the
presence of potassium carbonate provided diaminopyridine-
functionalized polymet (Figure 1). The complementary thymine-
functionalized polymeR was synthesized in a similar fashion
using thymine-1-acetic acid.

Formation of the aggregates was achieved by mixing equal
volumes of polymerl (3 mg/mL) and polymeR (3 mg/mL) in
CHCI; (Figure 2). Light scattering was observed immediately
upon mixing of the clear solutions of polymersnd2, indicating
rapid complexation-mediated aggregation. The resulting ag-
gregates were stable indefinitely T days) in solution; however,
they dissociated rapidly at elevated temperatures’(®0

Preliminary insight into structures of mixed-polymer aggregates
was obtained through differential interference contrast (DIC)
optical microscopy. Micrographs of mixed solutions of polymers
1 and 2 in CHCI; clearly show the formation of spherical
aggregates (Figure 3). These vesicle-like structures ar¢ 8.3

um in diamete¥ with a size distribution characteristic of vesicle
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Figure 3. DIC micrograph &60) clearly showing the spherical ag-
gregates that were obtained in CHCSolutions were prepared from 1
equiv of 1 and 1 equiv of2. [1] = [2] = 3 mg/mL.

systems (Figure 4% As expected from the absence of light
scattering, no aggregates were observed for the individual
solutions of polymerl or 2 in CHCls.

Proof of the vesicular nature of the aggregates formed from
polymers1 and 2 was obtained using confocal laser scanning
microscopy (CLSM} For these studies, a flavin-functionalized
analogue of polymee (polymer2a, Figure 1) was used as a
fluorescent prob& CLSM micrographs of the aggregates show
that the vesicles consist of bright edges with less fluorescent
central regions indicating a hollow interi&rWhile the bulk of
the vesicles were unilamellar, a variety of other morphologies
were observed, including vesicle-in-vesicle and fused vesicles
(Figure 5). Significantly, virtually all of the fluorescence in the
solutions studied was contained within the vesicles, indicating
highly efficient complexation and concomitant incorporation of
the polymer constituents into the vesicles.

In summary, we have synthesized random copolymers with
complementary recognition units. The complexation via specific
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Figure 4. Size distribution histogram and relative density function of

the vesicles; a sample of these shown in Figuté 3.
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hydrogen bonding between these polymers provides an unprec-igure 5. Confocal micrographs of varying architectures in CECI
edented method for the formation of giant vesicles. We are showing the vesicle nature of these mixed-polymer systemsx@9)(
currently investigating the mechanism of formation and the Fused-vesicle morphology; (b)x60) vesicle-in-vesicle structure; (c)
detailed structure of these vesicles. Applications of these vesicles(x60) regular spherical vesicle morphology; (120) two spherical

to applied areas of chemistry varying from delivery systems to
catalysis are also under investigation and will be reported in due
course.

(12) For a theoretical model study of vesicle size distribution, see: Mavelli,
F.; Luisi, P. L.J. Phys. Chem1996 100, 16600.

(13) The density probability function curve was obtained by fitting the data
to the following formula from ref 12:P(r;) = (2ri/r¢?) exp{ —(ri/ro)?}, where
ro = (2/7%9ry. The offset between the experimental and theoretical curves
arises from our inability to measure particles smaller thanut? and the
resultant effect om,y.

(14) Korlach, J.; Schwille, P.; Webb, W. W.; Feigenson, G.Rkbc. Natl.
Acad. Sci. U.S.A1999 96, 8461.

(15) Isobutyl flavin 3 was covalently attached to the starting styrene/
(chloromethyl)styrene copolymer, followed by the attachment of thymine-1-
acetic acid to provide polym@a. For N(3)-alkylations of N(10)-isobutylflavin,
see: Dutra, J. K.; Cuello, A. O.; Rotello, V. Metrahedron Lett1997, 38,
4003 and references therein.

(16) Tsuda, K.; Dol, G. C.; Gensch, T.; Hofkens, J.; Latterini, L.; Weener,
J. W.; Meijer, E. W.; De Schryver, F. Q. Am. Chem. So00Q 122, 3445.

vesicles and a fused vesicle. Prepared from 6 equiz®equiv of2:1
equiv of2a. [1] = [2] = [2a] = 3 mg/mL.
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