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Lyotropic liquid-crystalline (LC) phases, in other words, LC
phases induced by the presence of a solvent, form through the
assembly of large anisometric particles, such as rigid poly-
mers,[1] viruses,[2] or inorganic rods,[3] as a result of excluded
volume interactions (Onsager theory).[4] Small molecules can
form lyotropic LC phases if they undergo self-assembly to
generate anisometric nanostructures. Aqueous LC phases are
commonly observed for small molecules that have clearly
segregated hydrophilic and lipophilic segments, such as
detergents and lipids.[1a] For such “globally amphiphilic”
molecules it is believed that hydrophobically induced associ-
ation of the lipophilic segments drives the assembly that
underlies LC formation. Chromonic LCs are formed from a
distinct class of small molecules that self-assemble in water
but do not display a simple segregation of hydrophilic and
lipophilic segments[5] (they are non-globally amphiphilic). It is
difficult to understand how the self-assembly of chromonic
molecules (i.e., molecules that form chromonic LCs) is
related to the nature and internal organization of lipophilic
surfaces because these molecular properties cannot readily be
altered in an incremental fashion. Here we describe a class of
oligomers that, like the chromonic molecules, are not globally
amphiphilic but nevertheless form LC phases in water. The
intrinsic modularity of these oligomers allows rational and

systematic modification of lipophilic or hydrophilic compo-
nents, which enables us to define key features that are
required for LC formation.

Short oligomers of b-amino acids (b-peptides) are attrac-
tive for systematic study of assembly processes leading to LCs
because b-peptides can display a diverse range of function-
alized side chains, and these oligomers fold into compact and
stable conformations that orient the side chains in predictable
ways.[6] The most widely studied b-peptide secondary struc-
ture is the 14-helix, which is defined by i, i�2 C=O···H�N
hydrogen bonds (14-membered ring) between backbone
amides and contains approximately three residues per helical
turn. The high stability of the 14-helix, in combination with
ready manipulation of b-peptide sequence, permits consid-
erable control over the nanopatterning of chemical function-
ality in three dimensions. Here we exploit these features by
designing b-peptide oligomers that fold into helical nano-
structures and are decorated with functional groups in
patterns that either do or do not confer global amphiphilicity
on the 14-helix. As described below, this sequence-based
patterning strategy has led to the discovery of b-peptide
oligomers that are non-globally amphiphilic and exhibit liquid
crystallinity in aqueous solution.

Our initial experiments focused on sequence isomers A
and iso-A (Figure 1). The latter has a repeating triad motif
containing trans-2-aminocyclohexanecarboxylic acid
(ACHC), b3homophenylalanine (b3hPhe), and b3hLys resi-
dues; the lipophilic–lipophilic–hydrophilic ACHC-b3hPhe-
b3hLys sequence repeat pattern in iso-A leads to a globally
amphiphilic nanostructure. In contrast, the sequence of A
does not lead to global segregation of lipophilic and hydro-
philic side chains in the 14-helix, but rather to a distribution of
lipophilic and hydrophilic side chains around the entire
periphery of the helix (Figure 1). The helix from A is defined
as non-globally amphiphilic. Since global amphiphilicity of b-
peptides has previously been associated with liquid crystal-
linity,[7] we expected iso-A but not A to form a LC phase in
water. Surprisingly, however, strong birefringence was
observed for aqueous solutions containing A� 6.5 wt%,
(36 mm, Figure 2), but no birefringence was detected for
solutions of iso-A up to the solubility limit > 10 wt% (57 mm,
Figure 2).

Inspection of the birefringent domains at high magnifica-
tion shows an absence of optical textures characteristic of
higher ordered mesophases such as smectics and cholester-
ics;[8] these observations lead us to conclude that the
mesophase is likely nematic. The unexpected ability of the
non-globally amphiphilic helix to form an LC phase is

[*] V. M. Yuwono, Prof. J. D. Hartgerink
Department of Chemistry and Bioengineering
Rice University
6100 Main Street MS60, Houston, TX 77005 (USA)
Fax: (+1)713-348-4201
E-mail: jdh@rice.edu

W. C. Pomerantz, Prof. S. H. Gellman
Department of Chemistry
University of Wisconsin-Madison
1101 University Avenue, Madison, WI 53706 (USA)
Fax: (+1)608-265-4534
E-mail: gellman@chem.wisc.edu

C. L. Pizzey, Prof. N. L. Abbott
Department of Chemical and Biological Engineering
University of Wisconsin-Madison
1415 Engineering Drive, Madison, WI 53706 (USA)
Fax: (+1)608-262-5434
E-mail: abbott@engr.wisc.edu

[**] This research was supported by University of Wisconsin-Madison
Nanoscale Science and Engineering Center (NSF grant DMR-
0425880). V.M.Y. was supported by the Welch Foundation research
grant C-1557. Authors kindly thank PepTech for a generous supply of
several b-amino acids at a discounted price and Arun Yethiraj for
helpful conversations during the preparation of this manuscript.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

1261Angew. Chem. 2008, 120, 1261 –1264 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



intriguing, as is the fact that the globally amphiphilic isomer
does not display LC order.

b-Peptide oligomers are inherently modular, and we took
advantage of this feature to shed light on the interactions that
underlie LC phase formation by A in aqueous solution. First,
we made systematic changes in the b-peptide sequence to try
to elucidate the contributions of the side chains of A to the
intermolecular interactions that underlie liquid crystallinity.

In order to determine whether self-assembly into a LC is
driven by hydrophobicity, we replaced the aromatic rings of
the three b3hPhe residues inAwith cyclohexyl rings (B). This
substitution abolished the LC phase at all concentrations
investigated. Since cyclohexane is more hydrophobic than
benzene,[9] the behavior of b-peptide B indicates that hydro-
phobicity alone does not explain LC phase formation byA. A
second analogue (C),[10] in which each aromatic ring is
replaced by a hydrogen atom (three b3hPhe!b3hAla muta-
tions), also failed to form a LC phase; this allows us to
conclude that the aromatic side chains of the b3hPhe residues
inA are necessary for assembly into a LC phase. We note that
interactions mediated by aromatic side chains of the amino
acids phenylalanine, tyrosine, and tryptophan are often found
to stabilize tertiary structure in folded proteins.[11]

We next sought to understand the role of electrostatic
interactions in the self-assembly process that leads to
formation of the LC phase. The three b3hLys residues and
the N terminus of A should confer a net charge of + 4 on the
oligomer at or below neutral pH. Substitution of b3hLys-6 by
b3hGlu, to form D, led to LC phase formation in more dilute
solutions as low as 2 wt% (11 mm, Figure 2).[10] This mutation
decreases the positive charge of the b-peptide mesogen by at
least one unit; the resulting enhancement of LC phase
formation suggests that electrostatic forces between b-pep-
tide molecules have a large effect on LC phase formation. To
test whether the reduction in minimum LC concentration
observed for D relative to A results from a simple reduction
in net charge or from the ability of the b3hGlu side chain to
engage in intermolecular salt-bridge interactions, we exam-
ined b-peptide E, which contains b3hGln in place of b3hGlu.
The amide side chain of b3hGln is similar to the carboxylic
acid side chain of b3hGlu in size and shape but is unable to
form an ion pair. The minimum LC concentration for E was
found to be comparable to that of D,[10] which suggests that
both mutations influence LC formation through a simple
decrease in net charge. Overall, the results of the mutation
studies suggest that self-assembly of these non-globally
amphiphilic b-peptide oligomers into liquid crystals is pro-
moted by aromatic interactions and regulated by electrostatic
repulsions.

Onsager theory predicts that assemblies of molecules with
a high aspect ratio will spontaneously form LC phases above a
critical concentration through an entropy-driven process.[4]

This theory requires large aggregates (> 500 monomers)[10] if
LC behavior is observed at concentrations as low as 2 wt%.
Cryogenic transmission electron microscopy (cryo-TEM) was
therefore undertaken in an effort to obtain evidence for
formation of high-aspect-ratio assemblies in lyotropic LC
phases formed by non-globally amphiphilic b-peptides. At
2 wt% A, below the concentration required for LC phase
formation, cryo-TEM revealed micron-long fibers intermixed
with smaller globular aggregates (Figure 3A). At 8 wt% A,
which forms a lyotropic LC phase, a densely packed network
of fibers was observed (Figure 3B). Nanoscale assemblies of
this type could correspond to the high-aspect-ratio mesogens
predicted by Onsager theory; in other words, these nanofibers
generated by b-peptide self-assembly presumably represent
the mesogenic species for LC phase formation. In contrast,

Figure 1. b-Peptide sequences (top) and cylinder representations
(bottom) of globally amphiphilic iso-A and non-globally amphiphilic A.

Figure 2. Optical micrographs of solutions of b-peptides between
crossed polarizing filters. A) iso-A (10 wt%, 57 mm), B) A, (10 wt%,
57 mm), C) B (9 wt%, 51 mm), D) D (4 wt%, 23 mm).
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only globular aggregates were observed in aqueous solutions
of iso-A over the concentration range studied. This observa-
tion is consistent with the inability of b-peptide iso-A to
support lyotropic LC phase formation (Figure 3C).

We performed small-angle X-ray scattering (SAXS)
experiments to characterize further the microstructure of
the assemblies in the absence of the sample freezing necessary
for cryo-TEM. SAXS measurements were conducted with
8 wt% aqueous solutions of sequence isomers iso-A and A.
Inspection of Figure 3D reveals that scattering fromA at low
q follows a q�1 dependence, consistent with the presence of
rodlike aggregates as seen in the cryo-TEM. In contrast,
SAXS measurements of iso-A are consistent with the
presence of small globular aggregates. These results confirm
that both A and iso-A aggregate in solution, but that only A
assembles into high-aspect-ratio structures, as inferred from
cryo-TEM.[12]

14-Helix formation by b-peptides has been extensively
studied in the crystalline state and in dilute solution.[6] We
undertook circular dichroism (CD) measurements to deter-
mine whether b-peptides of the type discussed here remain
14-helical under conditions approaching those required for
the nanofiber formation.[10] Dobson et al. and others[13] have
demonstrated that a-helical a-peptides can denature to form
b-sheets that aggregate at high concentration, and Aggeli
et al.[14] have shown that b-sheet assemblies can form LC
phases. b-Peptides A and iso-A displayed strong 14-helical
signatures up to 2 wt%,[10] the concentration at which nano-
fibers begin to form for A. ACD spectrum was recorded also
for b-peptide D at a concentration of 0.8 wt%, which is just
below the minimum LC concentration (because our samples
are not aligned in the cuvette, the modulation of polarized
light from birefringence affects the circularly polarized light

necessary for CD experiments[15]). b-Peptide D at this high
concentration displays a broad minimum near 214 nm, which
is characteristic of the 14-helix.[10] Overall, the CD data
indicate that both A and D display 14-helicity even at
relatively high concentrations, which is consistent with the
strong stabilization of 14-helical structures by ACHC resi-
dues.[16] These results suggest that nanofiber formation results
from self-assembly of non-globally amphiphilic
b-peptides in the 14-helical conformation and argue against
a change in b-peptide folding upon self-assembly.

The experiments described above have allowed us to
identify a new class of non-globally amphiphilic molecules
that can form lyotropic LC phases. A number of analogies can
be drawn between our b-peptides and the mesogens that form
chromonic LCs, although typical chromonic molecules have
structures quite different from those of b-peptides.
1) Our results show that aromatic side chains are crucial for

lyotropic LC formation in water by non-globally amphi-
philic b-peptides. Similarly, a defining feature of chro-
monic molecules is the presence of large aromatic
surfaces.[5]

2) The dramatic difference between sequence isomersA and
iso-A shows that distribution of hydrophilic groups around
the molecular periphery is important for LC phase
formation within this family of b-peptides. Similarly,
hydrophilic groups are generally distributed around the
periphery of a rigid aromatic core in chromonic LC
mesogens.

3) Variations in the behavior of A, D, and E reveal that
electrostatics play a vital role in regulating LC phase
formation by b-peptides. Similarly, the effects of added
salt on the stability of chromonic LC phases suggest that
electrostatic interactions are important in these systems.[17]

4) Our cryo-TEM and SAXS data indicate that LC-forming
b-peptides assemble into nanofibers, which are the meso-
genic species. Similarly, columnlike nanostructures are
detected in chromonic LCs.[17] A significant distinction
between these two classes of LC-forming molecules is that
b-peptides can be incrementally modified with ease, while
chromonic molecules cannot. Therefore, b-peptides offer
a versatile system for exploring structure–property rela-
tionships among lyotropic LC-forming molecules.

The non-globally amphiphilic b-peptide oligomers de-
scribed here could provide a foundation for technological
advances comparable to those achieved with non-globally
amphiphilic small molecules that form chromonic LCs.
Chromonic LCs can be compatible with viruses,[18] cells,[18,19]

and proteins,[20] and these LCs have been used as sensors for
recognition of biomolecules.[20,21] The modular nature of the
LC-forming b-peptides is advantageous because additional
functionality can be readily introduced, for example,
a-peptide sequences with specific recognition properties.
Continued efforts to elucidate the relationship between
b-peptide sequence, the three-dimensional display of side-
chain functionality that results from folding, and self-assem-
bly into nanofibers should allow us to take advantage of
b-peptide modularity for tailoring LC properties in this broad
context.

Figure 3. SAXS and cryo-TEM micrographs of A) A, (2 wt%, 11 mm),
B) A, (8 wt%, 44 mm), and C) iso-A (8 wt%, 44 mm). D) SAXS scatter-
ing curves for iso-A (black diamonds) and A (blue-gray circles); a q�1

slope is shown as a reference.
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Experimental Section
b-Peptide synthesis and purification: See the Supporting Information
for full experimental details. Briefly, all b-peptide sequences were
synthesized in a CEM MARS microwave reactor using standard
solid-phase peptide-coupling reagents. b-Peptides were subsequently
cleaved from the solid support and purified by RP-HPLC. Polarized
optical microscopy was carried out by dissolving lyophilized b-peptide
powders in a known volume of water followed by incubation
overnight to ensure dissolution. Aliquots of b-peptide solutions
were extracted into a microcapillary, sealed with vacuum grease, and
immediately analyzed between crossed polarizing filters. Preparation
of samples for cryo-TEM and SAXS is detailed in the Supporting
Information. Circular dichrosim measurements were carried out
using a thin film of b-peptide solution placed between two quartz
slides with a pathlength of either 10 mm or 100 mm.
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