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The noncovalent self-assembly of molecules into supramolecular a
nanostructures presents exciting opportunities for complex structure
and function inaccessible through step-by-step synthdsisystems
that generate supramolecular objects on the nano- and micromete;
scales, it is desirable to control precisely nanostructure size in all b
dimensions. While precise structural control is known for closed “@_é, C
spherical structures (e.g., micelles), the control of open structures s~
is much more challenging. The tobacco mosaic virus (TMV)
assembly represents an excellent example of templating by mac- ©
romolecules. In that system, more than 2100 coat proteins spontane:
ously assemble into a 300-nm-long, rod-shaped structure around &
single RNA molecule. The length of the assembly is determined
by the length of the enclosed viral RNA templ&t€he TMV coat
proteins also self-assemble without RNA, affording structures
that have the same diameter as native (untemplated) capsids bu
vary in length. The RNA template inhibits the unlimited self-
assembly of the caspid proteins through specific interactions
between constituent molecules. Herein, we describe an analogous
strategy to control the length of a self-assembled nanofiber by using
a rigid template.

The self-assembling molecule used in this study is peptide
amphiphile (PA)L, which consists of a charged amino acid sequence
covalently attached to a hydrophobic alkyl chain (Figuré These
systems typically self-assemble into nanofibers as a result of
hydrophobic collapse of the alkyl chains gfigheet formation by
the peptide segments. As in the TMV system without a template,
PA monomers self-assemble into high-aspect-ratio nanofibers with
uncontrollable lengths (micrometer scale) and well-defined diam-
eters unless extensive bundling occurs among nanofibers. The
average diameter of nanofibers formed bywas measured by
atomic force microscopy (AFM) to be 58 0.6 nm (Figure 2a)
and is in good agreement with the width determined by transmission
electron microscopy (TEM).

We designed and synthesized template mole2ulat contains
a hydrophobic oligg§-phenylene ethynylene) core with bulky
hydrophilic end caps in the shape of a dumbbellThe hydro-
phobic rigid-rod defines a precise length that can be encapsulate
within the hydrophobic core of the PA nanofibers. We hypothesized
that in an aqueous solution, PAand templat® would co-aggregate
through hydrophobic collap$aVe also assume that the hydrophilic
polyethyleneglycol (PEG) caps at each end of the rigid rod would
disrupt the one-dimensional fiber assembly (Figure 1c,d).

When 2 alone was drop-cast from aqueous solution on mica,
AFM showed ribbon-like supramolecular structures (see Supporting
Information). We believe that these dumbbell molecules aggregate
upon drying on the hydrophilic substrate, maximizingzr stacking

Figure 1. (a) Peptide amphiphile monomgand a cartoon representation.
(b) Oligo(phenylene ethynylene) dumbb2I(R = 2-octyldodecyl, PEG=
EOCHZCHg)nOCI—b, wheren = 7.4) and cartoon representation. (c,d) Cartoon
epresentation of the PA self-assembling around the dumbbell molecule
creating a structure of discrete length.

Figure 2. AFM height images of aqueous solutions drop-cast on mica (1
mg/mL of 1). (a) Peptide amphiphil& alone gave fibers with heights of
5.3+ 0.6 nm. (b) A 200:1 molar ratio mixture dfand2 showed no fibers

in a wide-field view.

interactions between rigid-rods. Similar self-assembly has been
reported previously with a related oligephenylene) dumbbell-
shaped molecule.

d Mixtures of 1 and 2 were studied using molar ratios of 200:1,
500:1, and 1000:1. AFM images of the 200:1 mixturelaind 2
revealed small aggregates (Figure 2b). The AFM of the 200:1
mixture appears completely different from the control samplg of
alone—1 and2 interact to form small structures rather than high-
aspect-ratio nanofibers. The 200:1 solution of aggregates has heights
of 5.5+ 0.7 nm by AFM, comparable to fiber heights of 5:30.6

nm. In mixed samples with a higher molar fraction of RA500:1

or 1000:1), we observe both small micelle-like nanostructures and
longer nanofibers, indicating that there is not enough of template
2 to fully suppress the extensive one-dimensional assembly of
(see Supporting Information).

T Department of Chemistry.

* Department of Chemical & Biological Engineering.

§ Departments of Biochemistry and Molecular and Cellular Biology, Neuro-
biology and Physiology, and Radiology.

TDepartment of Materials Science & Engineering and Feinberg School o
Medicine.

f

2742 m J. AM. CHEM. SOC. 2008, 130, 2742—2743

The fiber widths froml were determined by TEM to be 54
0.7 nm (see Supporting Information). As in the AFM images, the
TEM images of the 200:1 mixture show micelle-like structures with
diameters of approximately 5.6 0.6 nm. We attribute the

10.1021/ja710749q CCC: $40.75 © 2008 American Chemical Society
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Figure 3. QFDE TEM of 200:1 molar ratio mixture df to 2, revealing

the aspect ratio of the small aggregates. Inset: The length and width are in
agreement with the size expected for the templated assembly. The dark
exteriors in the replica result from the deposition of the platinum.

2, we expect the PA to dominate the spectrum, but we cannot
exclude the possibility of chirooptic activity from the oligo-
(phenylene ethynylené)The fluorescence spectrum dfremains
unchanged after co-assembly with as we would expect for a
molecule with a small dipole. While it is difficult to prove direct
interaction betweefh and?2 spectroscopically, we believe that the
microscopy and light scattering data provide compelling evidence
for a templated change in the self-assembly behavior.

We conclude that the formation of nonspherical supramolecular
aggregates with controlled dimensions has been realized using a
rigid-rod dumbbell-shaped template that limits the one-dimensional
self-assembly of PA molecules. AFM and TEM data show a
dramatic change in the form of the PA supramolecular aggregate
upon addition of the dumbbell template from high-aspect-ratio
nanofibers to small, nearly monodisperse nanostructures. DLS and
CD confirm this behavior in solution. This general strategy may
provide control over properties of supramolecular aggregates that
are sensitive to dimension and may offer more precise control of

appearance of these round structures to an end-on view of they,qir soichiometric composition. The latter has potential to control

aggregate. These data indicate thatlit®aggregate has a diameter
similar to that of nanofibers formed by PA molecules alone,
suggesting the template molecules can control the length of open
nonspherical supramolecular structures.

To better understand the structure of the 200:1 assembly without

the delivery of therapeutic molecules in supramolecular form.
Finally, shape control within the molecular template may lead to
greater complexity in the supramolecular nanostructure.
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200:1 mixture, confirming that the PA molecules were still highly
ordered in thel-2 aggregate. Whil@ limits the ability of1 to form
extended supramolecular structures, the intermolecular basis of PA

self-assembly remains unchanged. At such a low concentration of JA710749Q
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