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Twelve derivatives of peptide-amphiphile molecules, designed to
self-assemble into nanofibers, are described. The scope of amino
acid selection and alkyl tail modification in the peptide-amphiphile
molecules are investigated, yielding nanofibers varying in mor-
phology, surface chemistry, and potential bioactivity. The results
demonstrate the chemically versatile nature of this supramolecular
system and its high potential for manufacturing nanomaterials. In
addition, three different modes of self-assembly resulting in nano-
fibers are described, including pH control, divalent ion induction,
and concentration.

Preprogrammed noncovalent bonds, within and between mol-
ecules, build highly functional and dynamic structures in
biology, which motivates our interest in self-assembly of synthetic
systems. Over the past few decades a substantial amount of
literature describing noncovalent self-assembly of nanostruc-
tures has accumulated (1-14). However, it is still difficult to
design supramolecular structures, particularly if we want to start
with designed molecules and form objects that measure between
nanoscopic and macroscopic dimensions. Developing this ability
will take us closer to the broad, bottom-up approach of self-
assembly observed in biology.

Our laboratory has studied over the past decade self-assembly
of designed molecules into macromolecular structures of two-
dimensional (15, 16), one-dimensional (17, 18), and zero-
dimensional nature (19-22). These self-assembled objects con-
tain between 10! and 10° molecules and thus resemble synthetic
and biological polymers in molar mass. The interactions that lead
to the formation of these structures include chiral dipole—dipole
interactions, 7 stacking, hydrogen bonds, nonspecific van der
Waals interactions, hydrophobic forces, electrostatic interac-
tions, and repulsive steric forces. All systems studied involved
combinations of these forces that counterbalance the enormous
translational and rotational entropic cost caused by polymolecu-
lar aggregation. In some cases the possibility of internally linking
these self-assembled structures through covalent bonds has been
explored (1, 17, 20, 23). A cross-linking produces actual polymers
whose various shapes and dimensionalities are controlled by
self-assembly and are very different from the well-known
“beads-on-a-chain” structures of traditional polymers.

In our studies of self-assembling systems we also have explored
self-organization at length scales much greater than those of the
aggregates themselves, reaching into scales of microns, millime-
ters, and even centimeters. We also have been interested in
functionalities that emerge from self-assembly at these larger-
length scales. An interesting example was the layering and polar
stacking of mushroom-shaped supramolecular structures each
measuring about 5 nm. The stem-to-cap layers of these nano-
structures result in centimeter-scale films that are spontaneously
piezoelectric (24). The search for useful systems in the micro-
scopic and macroscopic regime that take advantage of molecular
self-assembly probably will require a combination of top-down
and bottom-up approaches such as ours.

Very recently we have explored the self-assembly of peptide
amphiphiles (PA) in water into one-dimensional cylindrical
objects, nanometers in diameter but microns in length (17).
These molecules are interesting because they can be used to
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inscribe biological signals in the self-assembled structure. In this
system, PA 4 (Fig. 1) was chosen for the self-assembling building
block to combine the advantages of peptides with those of
amphiphiles that are known to self-assemble into sheets, spheres,
rods, disks, or channels depending on the shape, charge, and
environment (25). Amphiphiles with a conical shape in which the
hydrophilic head group is somewhat bulkier than its narrow
hydrophobic tail have been shown to form cylindrical micelles.
Examples include single-chain lipids with ionic head groups such
as SDS and hexadecyltrimethylammonium bromide (26). De-
pending on the composition, amphiphilic peptides have been
shown to organize peptide secondary structure and aggregation
state (27-30). PAs synthesized previously with mono- or di-alkyl
tails were found to associate in conformations such as triple
helical structures found in collagen (31-38). Modification of this
strategy allowed us to design a cone-shaped, ionic amphiphile
that could assemble into cylindrical micelles or peptide nanofi-
bers (17). Because of the ionic nature of the head group,
self-assembly could be induced reversibly by changing the pH of
the PA solution.

To enhance the physical and chemical robustness of these
supramolecular fibers, an intermolecular crosslinking scheme
using four consecutive cysteine residues was included in our
design. Upon oxidation of the self-assembled fibers intermolec-
ular disulfide bonds are formed that stitch the fiber into a high
molecular weight fibrous polymer. Because this crosslinking
scheme uses disulfide bonds this also allows the crosslinking to
be self-correcting and reversible as is often seen in natural
protein folding and disulfide bond formation (39). Because the
surface chemistry of the fiber can be controlled by modifying the
C-terminal region of the peptide, it is also a good scaffold to
nucleate crystals or adsorb molecules in a specific orientation. In
this regard our initial work on this subject demonstrated nucle-
ation of hydroxyapatite nanocrystals with c-axis orientation
along the fiber axis, which mimics the geometrical relationship
between apatite crystals and collagen fibrils in bone (40, 41).

In this work we demonstrate the structural versatility of the PA
self-assembly into nanofibers. By modifying the alkyl tail length
and peptide amino acid composition we examine the role played
by different structural units in these designed molecules. Fur-
thermore we also describe here three different methods to
induce self-assembly, thereby further expanding its versatility.

Materials and Methods

Chemicals. Except as noted below, all chemicals were purchased
from Fisher or Aldrich and used as provided. Diisopropyleth-
ylamine and piperidine were redistilled before use. Amino acid
derivatives, derivatized resins, and 2-(lh-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate were pur-
chased from Nova Biochem. All water used was deionized with
a Millipore Milli-Q water purifier operating at a resistance of
18 MQ.

This paper was submitted directly (Track Il) to the PNAS office.
Abbreviations: PA, peptide-amphiphile; TEM, transmission electron microscopy.

*To whom reprint requests should be addressed. E-mail: s-stupp@northwestern.edu.

PNAS | April 16,2002 | vol. 99 | no.8 | 5133-5138

CHEMISTRY

[T}
e
S
2
<
w
™
—
=
O
bre
o
7]




HO-P-OH
qo o S oo wo (Pno e
\/\/\/\/\/\/\/\(N\)\N N\,)\N NJJ\N/\(N\)\N%(N%N/\(N%OH
0 g O g © H O HOé\LHo%\(o
NH OH
HN"SNH
Fig. 1. Chemical structure of PA 4.

Synthesis of the PAs. The PAs were prepared on a 0.25-mmol scale
by using standard fluorenylmethoxycarbonyl chemistry on an
Applied Biosystems 733A automated peptide synthesizer. All
peptides prepared have a C-terminal carboxylic acid and were
made by using prederivatized Wang resin with the exception of
peptide 10. In the case of peptide 10, 1 equivalent of Wang resin
was reacted with three equivalents of fluorenylmethoxycarbonyl-
Ser(PO3Bnzl)-OH, four equivalents of 1-(mesitylene-2-
sulfonyl)-3-nitro-1H-1,2,4-triazole, and six equivalents of
1-methylimidazole in dichloromethane. After the peptide por-
tion of the molecule was prepared, the resin was removed from
the automated synthesizer and the N terminus was capped with
a fatty acid containing 6, 10, 16 or 22 carbon atoms. The
alkylation reaction was accomplished by using two equivalents of
the fatty acid, two equivalents 2-(1h-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate, and six equivalents
of diisopropylethylamine in dimethylformamide. The reaction
was allowed to proceed for at least 6 h after which the reaction
was monitored by ninhydrin. The alkylation reaction was re-
peated until the ninhydrin test was negative. In general the
longer the fatty acid the more repetitions were required to drive
the reaction to completion.

Cleavage and deprotection of the PAs containing cysteine was
done with a mixture of triflouroacetic acid, water, triisopropyl
silane, and ethanedithiol in a ratio of 91:3:3:3 for 3 h at room
temperature. The cleavage mixture and two subsequent trif-
louroacetic acid washings were filtered into a round-bottom
flask. The solution was roto-evaporated to a thick viscous
solution. This solution was triturated with cold diethylether. The
white precipitation was collected by filtration, washed with
copious cold ether, and dried under vacuum. Typically, 200 mg
of the PA powder was dissolved in 20 ml of water with the
addition of 1 M NaOH to adjust the pH of the solution to 8 and
200 mg of DTT to reduce all cysteine amino acids to the free thiol
and allowed to stir overnight. The solution was then filtered
through a 0.2-um nylon Acros filter into a new round-bottom
flask. This 10 mg/ml (1% by weight) solution was used for all
subsequent manipulations. Work-up of PAs not containing
cysteine were performed as above accept that ethanedithiol was
omitted from the cleavage reaction and DTT was not used in the
preparation of aqueous solutions. PAs were characterized by

Table 1. List of PA molecules

Molecule N terminus Peptide (N to C) Charge pH 7
1 H CCCCGGGSPOIRGD -2
2 CgH110 CCCCGGGSPOIRGD -3
3 CqoH190 CCCCGGGSPOIRGD -3
4 Cq6H310 CCCCGGGSPOIRGD -3
5 Ca2Has30 CCCCGGGSPOIRGD -3
6 CioH190 AAAAGGGSFPOIRGD -3
7 Cy6H310 AAAAGGGSPOIRGD -3
8 Ci6H310 CCCCGGGS®FO9 -3
9 Cq6H310 CCCCGGGSPOYKGE -3

10 Cq6H310 CCCCGGGSPOIRGDS -3
1" Ci6H310 CCCCGGGSRGD -1
12 Ci6H310 CCCCGGGEIKVAV -1
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Fig. 2. Time sequence of pH-controlled PA self-assembly and disassembly.
(Upper) From left to right molecule 6 dissolved in water at a concentration of
0.5% by weight at pH 8 is exposed to HCl vapor. As the acid diffused into the
solution a gel phase is formed, which self-supports upon inversion (Far Left).
(Lower) The same gel is treated with NH;sOH vapor, which increases the pH and
disassembles the gel, returning it to a fully dissolved solution.

matrix-assisted laser desorption ionization—time of flight MS and
were found to have the expected molecular weight.

Acid-Induced Self-Assembly. Samples of the PA in question were
prepared as above and placed in a small glass vial with an open
top. This vial and a second vial filled with 12 M HCl were placed
together in a sealed glass chamber where the HCI vapor was
allowed to slowly diffuse into the PA solution.

Divalent lon-Induced Self-Assembly. One hundred microliters of 10
mg/ml solution of PA 4 was treated with 1 M CaCl, (adjusted to
pH 6) drop-wise in 1-ul increments. The solutions were shaken
after each addition of the CaCl, solution to obtain better
diffusion of the metal ions.

Covalent Capture of the Assembled Fiber. The gels formed above
were treated with 0.05 M I,, which was adjusted to a pH of 3.5.

Fig. 3. Light microscopy image of a gel formed from PA 4 between crossed
polarizers. Birefringence indicates orientation of the material at the level of
tens of microns.
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Fig. 4.

The iodine solution was placed on top of the gel and allowed to
slowly diffuse into the gel. After the iodine color had completely
penetrated the gel, excess iodine was removed. The gel was then
soaked in a bath of deionized water, which was periodically
changed until the discoloration from the iodine was gone as
judged by eye (roughly 48 h depending on the size of the gel). The
formation of the disulfide bonds was monitored by Fourier
transform-IR (Fig. 9, which is published as supporting informa-
tion on the PNAS web site, www.pnas.org). After oxidation the
spectra revealed the effective disappearance of the S-H stretch-
ing peak at 2,556 cm™1.

Transmission Electron Microscopy (TEM). Samples of the PAs were
prepared in two different ways. In some cases a small sample of
the gel, prepared in bulk as described above, was smeared onto
a holey carbon-coated TEM grid (Quantifoil, Jena, Germany).
Other samples were prepared directly on the grid by placing 10
wl of 0.01-0.02% solution of PA directly on the grid. The grid
was then placed into a sealed chamber with HCI vapors for 10
min after which the grids were washed with deionized water. Two
routine staining techniques, negative staining with phosphotung-
stic acid or positive staining with uranyl acetate, were used in this
study (42). In all cases electron microscopy was performed at an
accelerating voltage of 200 kV.

Results and Discussion

In an attempt to gain a better understanding of which compo-
nents of the PA motif are responsible for its self-assembly
properties and to explore the extent to which the molecule can
tolerate modifications for use in other applications, 12 deriva-
tives of the PA were prepared as shown in Table 1. In particular,
three regions of the molecule were modified. First, the alkyl tail,
which provides the hydrophobic driving force for self-assembly,
was varied from as long as a 22-carbon fatty acid to molecules
containing no fatty acid at all. Second, the tetra-cysteine region
was replaced by a tetra-alanine repeat to determine the effects
of the thiol groups on self-assembly. Finally, the head group
region of the molecule (the C-terminal end), which is the
segment of the molecule that interacts with the environment, was
modified to incorporate different cell adhesion ligands and
crystal nucleation centers.

Effect of Hydrophobic Tail Length on Self-Assembly. Five different
molecules with the peptide sequence CCCCGGGSTOYRGD
(molecules 1-5) were prepared and dissolved in water at a
concentration between 10% and 0.001% by weight at pH 8. Upon
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TEM image of fibers formed from molecules 3 (a) and 5 (b). Samples were negatively stained with phosphotungstic acid.

acidification it was found that molecules 3-5 formed a precipi-
tate even at a concentrations as low as 0.001% by weight (0.01
mg/ml). Molecule 2 precipitated only at concentrations above
1% by weight whereas molecule 1 was pH-insensitive. When a
solution of molecules 3, 4, or 5 was slowly acidified above a
concentration of 0.25% by weight the solution forms a self-
supporting gel (Fig. 2). The micrograph in Fig. 3 shows the
optical texture of the gel at high concentration (12% by weight),
revealing striations on the order of 10 microns wide, which are
reminiscent of a cholesteric liquid crystalline phase. If molecules
3-5 were not fully reduced with DTT before acidification or were
intentionally oxidized with I, subsequent acidification did not
produce a gel. Instead the PA was found to precipitate as an
off-white powder. Examination of the precipitate by polarized
light microscopy revealed that it was not birefringent. Negative-
stain TEM showed no particular supramolecular structure but
rather irregular clumps with a wide size distribution. In contrast,
the material precipitated from fully reduced solutions of mole-
cules 3-5 when investigated by negative-stain TEM were found
to form a dense network of fibers in excess of 1 wm long and 5-8
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Fig. 5. Schematic illustrating the self-assembly and covalent capture of the
PAs based on pH and oxidation state. Molecules self-assemble upon acidifi-
cation and dissassemble at neutral and basic pH when fully reduced. Molecules
that are oxidized will not self-assemble at acidic pH, likely because of the
distorted conformation required by intramolecular disulfide bonds. Supramo-
lecular fibers that are oxidized (polymerized) lose their sensitivity to pH and
are thus stable across a much broader range of pH, including physiological.
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Fig. 6.
to form parallel arrays of fibers whereas PA 7 does not.

nm in diameter (Fig. 4). In contrast, the precipitate formed by
molecule 2 formed only aggregates of random size and shape.

The pH sensitivity of the different PAs can be explained as
follows. When the pH of the solution is near neutrality the
peptides have a net negative charge, which keeps PA molecules
from self-assembly as a result of electrostatic repulsion. Upon
acidification this negative charge is eliminated and hydrophobic
tails can now begin to aggregate. The pH insensitivity observed
in PA 1, a molecule without an alkyl tail, is a clear indication that
the hydrophobic effect (43) plays a key role in self-assembly in
water. Although PA 2 has a hydrophobic tail, it is apparently not
long enough to favor thermodynamically the extensive formation
of nanofiber networks. This could be the result of geometrical
effects as described by Israelachvili ef al. (44) or to a weaker
hydrophobic effect. However, the system is sensitive to pH,
suggesting a different aggregation mechanism occurs in water
after electrostatic repulsive forces are decreased. In contrast,
PAs 3-5 have sufficiently long hydrophobic tails to make the
cylindrical packing the most favorable. However, if PAs 3-5 are
partially oxidized, formation of intramolecular disulfide bonds
prevents the formation of nanofibers. This observation suggests
that conformational changes introduced by intramolecular di-
sulfide bonds suppress self-assembly.

Interestingly, formation and structure of the nanofibers pre-

TEM image of fibers formed from molecules 6 (a) and 7 (b). Samples were negatively stained with phosphotungstic acid. PA 6 displays a strong tendency

pared from this PA was found to be unaffected by the starting
concentration. However, a second level of organization, that was
concentration-dependent, was revealed by TEM images. This
involved the formation of flat parallel bundles containing many
nanofibers. As the concentration of PA was increased the
percentage of fibers involved in bundle formation increased.
Given that three-dimensional networks of the high aspect ratio
objects must form for gelation to occur (45), this observation
would naturally explain why gelation occurs only beyond a
certain threshold PA concentration of ~0.25% by weight.

In our previous work we showed that self-assembled nanofi-
bers formed by molecule 4 can be covalently captured by the
formation of disulfide bonds upon oxidation with iodine (17).
The same procedure was found to work for molecules 3 and 5.
Fig. 5 summarizes schematically the reversibility of both self-
assembly and covalent capture in these systems. Other peptide
systems have been previously reported that exhibit pH-reversible
gelation (46); however, our system adds versatility to this self-
assembly scaffold because of its reversible polymerization.

Elimination of Crosslinking Function. We also examined here the
effect of the PA crosslinking region on self-assembling behavior.
Although the cysteine residues can lead to reversible covalent
capture of the nanofibers, there are some applications in which

Fig. 7.
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TEM images of fibers formed from molecules 9 (a), 11 (b), and 12 (c). Samples were negatively stained with phosphotungstic acid. Although fibers with
a diameter between 5 and 8 nm are formed in all cases, the length and stiffness of the fibers formed vary considerably.
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Fig. 8.

TEM images of molecule 3 (a) self-assembled by drying directly onto a TEM grid without adjusted pH and molecule 4 (b) self-assembled by mixing with

CaCl,. Molecule 3 is negatively stained with phosphotungstic acid whereas molecule 4 is positively stained with uranyl acetate. In both cases the same fibrous

morophology is observed as is seen by pH-induced self-assembly.

the presence of thiols can be problematic, such as catalysis. For
example, transition metal catalysts can be poisoned by sulfur
(47). Furthermore, the cysteines must be fully reduced for
self-assembly to be successful, which requires that this be done
in the presence of DTT or in an anaerobic environment. To
eliminate this problem, the cysteine amino acids were replaced
by alanine. Two derivatives were prepared, one with a C10 alkyl
tail (molecule 6) and one with a C16 alkyl tail (molecule 7).
Self-assembly was accomplished by gas-phase acidification as
before and in both cases a self-supporting gel was formed at
concentrations of 0.2% and above. Examination of the gels by
negative-stain TEM revealed that the gels are made up of
nanofibers with similar structure compared with the cysteine-
containing nanofibers. This finding indicates the presence of
cysteine residues is not required for self-assembly. However, in
the case of molecule 6 the propensity for packing into broad
ribbons of fibers appears to be much higher (Fig. 6a). In contrast,
molecule 7, although maintaining the same fiber superstructure,
appears to form almost no parallel arrangements between fibers
(Fig. 6b). Additionally, this gel when examined after several days
exhibits some degree of phase separation. Even though it is not
clear at this point why this occurs, it may well be an indication
of a transition from a kinetic gel to a more thermodynamically
stable state.

Versatility of the Hydrophilic C-Terminal Region. The third region of
the PA investigated for modification is the head group of the
molecule, which is exposed on the surface of nanofibers after
self-assembly. It is this portion of the molecule that will
interact directly with the environment and may be modified to
enhance bioactivity, control mineralization of inorganic struc-
tures, promote catalysis, or gain other desirable properties.
PAs 8-12 were prepared to establish whether this region could
be altered while still maintaining a fibrous morphology. Mol-
ecules 8-10 and 12 were prepared to examine the ability to
display chemistries with different cell adhesion properties. In
the original design of the PAs we included phosphoserine to
control mineralization (17). In this work we synthesized de-
rivatives 11 and 12 to determine whether phosphorylation is
required for self-assembly. In one case, molecule 12, we used
the sequence IKVAV because of its known role as a cell
adhesion ligand in laminin (48, 49). This molecule differs from
the original PA, which contains the integrin binding sequence
RGD, because it has significant hydrophobic content and also
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lacks a phosphate group. PA 8, which does not contain a
bioactive sequence, was also found to form nanofibers. At the
same time, PAs 9 and 10, which contain control sequences for
bioactivity experiments, were also found to exhibit self-
assembling behavior. Interestingly, despite chemical differ-
ences, the general design of our self-assembling scaffold is
conducive to the formation of one-dimensional nano-
structures (Fig. 7). However, our TEM observations show that
fibers differ in length and stiffness. For example PA 6 fibers are
longer than PA 7 (Fig. 6), whereas fibers formed by PA 12
appear to be stiffer that ones formed by PA 11.

Different Modes of Self-Assembly. Finally, we also explored al-
ternative modes of promoting self-assembly that do not require
pH changes. These alternative modes may be of interest for the
use of these systems in medicine. The pH-triggered mechanism
we used is a powerful method to control the state of aggre-
gation, but it also restricts the noncrosslinked supramolecular
structures to particular pH regimes. First, we found that
self-assembly can occur by simply taking a PA dissolved in
water at pH 8 and placing it on a surface that is allowed to dry
(for example, directly on a carbon-coated TEM grid). Upon
examination of this preparation by negative-stain TEM we
clearly observed the formation of nanofibers (Fig. 8a). We are
not sure at the moment what the mechanism is that drives
self-assembly at this high pH; however, three important factors
are likely to be charge screening by the surface and increased
concentration of salts and PA as the water evaporates. We have
also found that treatment of a solution of PA 4 with a divalent
ion, such as Ca?*, immediately causes gelation of the solution.
In contrast, treatment of PA samples with K* up to 6 M does
not lead to gelation or self-assembly. When examined by
positive-stain TEM the gel formed with calcium ions was found
to be composed of nanofibers with the same dimensions as
those formed by acid-induced self-assembly and by drying on
surfaces. This calcium-induced self-assembly may be particu-
larly useful for medical applications where formation of a gel
at physiological pH is desired.

Conclusions

A family of PAs has been demonstrated to self-assemble revers-
ibly into nanofiber networks, which result in the formation of
aqueous gels through pH changes. The PA fibers can then be
reversibly polymerized to enhance their stability. These two
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switchable events controlling the formation of supramolecular
structure and polymerization produce a remarkably versatile
material. This versatility has been expanded here to include two
methods of self-assembly, drying on surfaces and the addition of
divalent ions such as calcium. Twelve variants of the PA, with
changes in alkyl tail length, the polymerizable region, and the
C-terminal peptide sequence all have been shown to self-
assemble into a one-dimensional fibrous motif. These molecules
demonstrate the ability of the system to tolerate chemi-
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