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Abstract: We synthesized a series of peptide amphiphiles (PAs) with systematically modified amino acid
sequences to control the mechanical properties of the nanofiber gels they form by self-assembly. By
manipulating the number and position of valines and alanines in the peptide sequence, we found that
valines increase the stiffness of the gel, while additional alanines decrease the mechanical properties.
Vitreous ice cryo-transmission electron microscopy shows that all PA molecules investigated here form
nanofibers 8-10 nm in diameter and several micrometers in length. We found through Fourier transform
IR experiments a strong correlation between gel stiffness and hydrogen bond alignment along the long
axis of the fiber. Molecules that form supramolecular structures with the highest mechanical stiffness were
found by circular dichroism to self-assemble into �-sheets with the least amount of twisting and disorder,
a result that is consistent with IR experiments. Molecular control of mechanical stiffness in three-dimensional
artificial peptide amphiphile matrices offers a chemical strategy to control biological phenomena such as
stem cell differentiation and cell morphology.

Introduction

Great strides have been made in the molecular design of
biomedical materials1 through the development of tissue scaf-
folds composed of natural biopolymers, synthetic polymers, and
peptide-based materials.1-5 Self-assembling biomaterials have
attracted significant interest as noninvasive, injectable scaffolds,
in some cases incorporating bioactive signals6,7 or serving as
delivery vehicles for cell therapy.3 A variety of peptide-based
molecules self-assemble into shapes such as ribbons,8-10

cylinders,4,11,12 and spheres.14-16 Numerous examples of self-
assembly in nature demonstrate how certain molecular features
influence properties of these assemblies and are therefore helpful
in the design of synthetic materials. Recent studies have also
shown that matrix stiffness is an important feature in cell biology
and can be used to influence cell behavior,17-19 so control over
the mechanical properties of a scaffold is an important target
in regenerative medicine. Efforts to rationally design self-
assembling molecules to control their morphology10,20 and
mechanical properties21,22 will contribute to the development
of new generations of tissue scaffolds.

Peptide amphiphiles (PAs) are a class of molecules consisting
of a hydrophobic nonpeptidic tail covalently conjugated to a
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peptide sequence. A subset of these molecules developed in our
laboratory self-assemble into high-aspect-ratio cylindrical
nanofibers.4,14,23,24 These nanofibers can reversibly gel in water
under appropriate conditions of pH and osmolarity. A typical
structure for these PA molecules is shown below.

These molecules consist of three segments: (1) a hydrophobic
sequence, which is commonly an alkyl tail, that drives aggrega-
tion through hydrophobic collapse; (2) a �-sheet-forming peptide
that promotes nanofiber formation; and (3) a peptide segment
that contains ionizable side chains and often an amino acid
sequence of interest for biological signaling. The ionizable
residues may be a part of the bioactive signal, and their role is
to promote solubility in water and at the same time serve as a
switch for self-assembly when their charges are screened by
osmolarity or changes in pH. Storrie et al. studied the effect of
RGDS epitope density on biological adhesion of fibroblasts
using nanofibers coassembled with a nonbioactive PA.25 Previ-
ous studies have shown that oppositely charged PA molecules
with different bioactive sequences can coassemble into the same
nanofiber26,27 and a diacetylene moiety can polymerize the PA
nanofibers.28-30 These results indicated ordering of the alkyl
tail within the nanofiber structure, and other spectroscopic
investigations demonstrated aqueous solvation within the nanofi-
bers near their hydrophobic cores.28,31 Fourier transform IR
(FTIR) and circular dichroism (CD) spectroscopic studies
revealed a degree of twisting or disorder in the �-sheets,28,32,33

and Paramonov et al. showed that hydrogen bonding close to
the hydrophobic core was necessary to form peptide amphiphile
nanofibers and had the biggest impact on gel properties.33

Understanding and controlling mechanical properties of cell
scaffolds is important because there is increasing evidence
demonstrating that cells respond to the mechanical properties
of their environment.34 Modifying substrate stiffness influences
cell differentiation,17-19 cell morphology,35 neurite branching,36

proliferation,37 and growth.38 However, many of these studies
use a two-dimensional culture environment to examine cell

behavior, which may not adequately model the in ViVo cellular
microenvironment and have limited applications in regenerative
medicine. Peptide amphiphiles offer a versatile, three-dimen-
sional platform for regeneration, which can display bioactive
epitopes,39 bind proteins,26 and self-assemble into hierarchical
structures with extracellular matrix components.40

We report here on a series of PAs with systematically
modified �-sheet regions to observe the relationship between
amino acid sequence, supramolecular structures, and the me-
chanical properties of the resulting gel. In this work we have
used circular dichroism and Fourier transform infrared spec-
troscopy to investigate the link between the internal structure
of PA nanofibers with different amino acid sequences and
stiffness of the gels they form. Understanding the molecular
factors affecting PA gel stiffness is important in tailoring these
matrices for specific biological targets.

Results and Discussion

The six molecules in this study were designed to systemati-
cally investigate the effects of altering the number and position
of alanines and valines in the �-sheet region. All PAs have three
glutamic acids, which is a strong �-sheet blocker and a strong
helix former.41 Valine has the highest propensity of any natural
amino acid to form �-sheets and favors forming them over any
other secondary structure.41,42 Alanine, on the other hand, is a
weak �-sheet former42 and has a preference for forming
R-helices.41 Changing the number and position of weak and
strong �-sheet-forming amino acids allowed us to observe the
importance of length and sequence in the �-sheet region, while
roughly maintaining the overall dimensions of PA molecules.
All PAs were synthesized using solid-phase peptide synthesis
and purified using reverse-phase high-performance liquid chro-
matography (HPLC). After purification, the molecules were
dissolved in water above pH 7 and were soluble at concentra-
tions of up to 30 mM. PA 1 formed a self-supporting gel at
concentrations as low as 5 mM with the addition of two molar
equivalents of CaCl2. For the rheological studies, 10 mM PA
solutions were gelled with an equal volume of a 20 mM CaCl2
solution, such that the total charge of the Ca2+ ions balanced
out the formal net charge of -4 on each PA molecule.

Mechanical Properties. As indicated in Table 1, PAs 1-3
were synthesized to compare �-sheet length while keeping the
valine-to-alanine ratio equal. Rheological measurements show
that increasing the length of the �-sheet region while keeping
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Table 1. Peptide Sequences of �-Sheet Regions

PA �-sheet
region

PA 1 VVVAAA
PA 2 VVAA
PA 3 VVVVAAAA
PA 4 VVAAAA
PA 5 VVVVAA
PA 6 AAAVVV
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the valine-to-alanine ratio constant increases the stiffness of the
resulting gel (Figure 1a). To study the effect of valine-to-alanine
ratio on gel stiffness, we altered the number of valines and
alanines while keeping the length of the �-sheet constant (Figure
1b). Interestingly, the substitution of valine for alanine has a
dramatic effect on the stiffness of the gels obtained. For
example, replacing two alanine residues (PA 4) with valines
(PA 5) increases the storage modulus of the gel by an order of
magnitude.

The position of amino acids in the �-sheet region was also
found to affect mechanical properties (Figure 1c). PAs 1 and 6
have �-sheet regions with six amino acids consisting of three
valine and three alanine residues, but have valines located at
different places in the �-sheet region. Previous literature has
shown that hydrogen bonds closer to the core of the fiber are
more important to the mechanical properties of the gel than
hydrogen bonds closer to the periphery;33 thus we expected that
the closer the valines are to the hydrophobic alkyl tail, the stiffer
the resulting gel is. PA 1, which has its valines closest to the
center of the nanofiber, indeed formed a stiffer gel than PA 6,
which had alanines on the interior of the fiber.

To understand the effects of placing additional valines and
alanines into the peptide sequence, we compared the stiffness
of PAs 2-5, as shown in Figure 1d. PA 2 has two fewer valines
than PA 5 and is almost an order of magnitude less stiff. This
indicates that adding two valines, an amino acid that has a strong
preference for �-sheet formation, increases the storage modulus
of these PA nanofiber gels. Comparing PA 2 to PA 4 shows
that adding two alanines to the �-sheet region actually decreases
the storage modulus of the gel, despite having a longer �-sheet
region and more opportunities for hydrogen bonding. This effect
is also observed in molecules with four valines and four alanines.
Relative to PA 3, subtracting two alanines (PA 5) makes a stiffer
gel, while subtracting two valines (PA 4) substantially weakens
the gels. These results suggest that the presence of alanine may
weaken the gel by reducing the strength of �-sheets within the
PA fibers.

To further characterize the mechanical properties of the
peptide amphiphiles studied, frequency sweeps, strain sweeps,
and time tests were done for all molecules (Figures S2-S7).
Aside from changes in magnitude of the storage and loss moduli,
rheological behavior remained relatively constant across the
samples. In 5000 s time tests, most of the increase in storage
and loss moduli are seen in the first 500 s and plateau after
1000 s. The mechanical properties do not change significantly
with respect to oscillation frequency and show a slight linear
decrease at lower frequencies that allows the nanofibers to slide
past each other. During amplitude sweeps the mechanical
properties stayed in the linear elastic region beyond 1% strain
but saw significant decreases by the time a 10% strain was
applied.

Electron Microscopy. All six PAs were imaged with trans-
mission electron microscopy (TEM) using vitreous ice cryo-
TEM. In this technique, a thin layer of PA solution is plunged
into liquid ethane to rapidly freeze the sample in a thin sheet
of vitreous ice. This preserves the morphology of structures in
aqueous solution and avoids drying effects created by conven-
tional TEM sample preparation. Cryo-TEM showed PA fibers
where all nanofibers are typically 8-10 nm in diameter in
solution and several micrometers or more in length, as shown
in Figure 2. The rigid peptide amphiphile nanofibers are
unbundled in all samples and extended beyond the width of
the image, making it difficult to quantify the length; however,
there were no obvious differences in cryo-TEM among the PAs
studied.

FTIR. We used Fourier transform infrared spectroscopy to
quantify the alignment of hydrogen bonding along the length
of fibers and investigate its effect on gel mechanical properties.
Previous FTIR studies of peptide amphiphiles have shown that
the hydrogen bonding of �-sheets tends to be aligned along the
long axis of fibers but with some amount of twisting or
disruptions in the �-sheets.32,33,43 These studies were carried
out on PA nanofiber monolayers using polarization modulation-
infrared reflection absorption spectroscopy (PM-IRRAS), an

Figure 1. Effect of �-sheet modifications on the rheological properties of peptide amphiphiles with the general structure of C16H31O-(Val)x-(Ala)y-(Glu)3:
(a) length of (Val)x-(Ala)y, (b) x/y ratio, (c) Val and Ala sequence order, and (d) the effects of adding and subtracting valines and alanines. Error bars
represent (standard deviation, and *p < 0.05.
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FTIR method in which electric waves normal to a conductive
surface are enhanced while the electromagnetic field parallel to
the surface is eliminated. Transmission IR, on the other hand,
probes the amide bending and stretching motions parallel and
normal to the PA fibers on a surface, as depicted in Figure 3.
Atomic force microscopy (AFM) was done to ensure that the
IR samples were monolayers (Figure S8). The intensity of the
amide I peak, which is predominantly a carbonyl stretching band
aligned with the hydrogen-bonding direction, will decrease in

PM-IRRAS the more aligned the �-sheets are. This peak is
normalized against the amide II peak, which is a mixture of a
C-N stretch and a N-H bending mode, both of which have
components parallel and normal to the substrate surface and
should be equally attenuated in all PM-IRRAS samples,
regardless of alignment. The amide II peak is typically found
around 1550 cm-1 and is relatively insensitive to peptide
secondary structure,32 while the amide I peak is found between
1610 and 1690 cm-1, and its presence at 1630 cm-1 indicates
�-sheet formation. In our all of the PA nanofibers used in this
study the main amide I peak is found around 1630 cm-1, with
a minor peak at 1650 cm-1, indicative of turns or bends (Figure
S9).44 If the hydrogen bonding is highly aligned down the fiber
axis, the amide I peak should be greatly attenuated compared
to the amide II, as indicated by Figure 4a.

The ratio of the amide I peak in PM-IRRAS to the amide I
peak in transmission was used to quantify the hydrogen bond
alignment for each of the PAs studied (see Figure 4b). Even in
perfectly linear �-sheets there will still be a small signal due to
surface roughness and both the N-H bending and C-N
stretching components of the amide I, but they are minor
components of the 1630 cm-1 peak, and the decrease in PM-
IRRAS intensity is due to the carbonyl stretching being in the
plane of the substrate surface. As shown in Figure 4b, the
attenuation of the amide I peak, which corresponds to less
twisted �-sheets, is greater in PAs 1, 3, and 5 and smaller in
PAs 4, 6, and 7. Comparing the FTIR results with the rheology
studies strongy indicates that PAs that form stiffer gels tend to

(43) Hung, A. M.; Stupp, S. I. Langmuir 2009, 25, 7084–7089.
(44) Kubelka, J.; Keiderling, T. A. J. Am. Chem. Soc. 2001, 123, 12048–

12058.

Figure 2. Transmission electron micrographs of (a) PA 1, (b) PA 2, (c)
PA 3, (d) PA 4, (e) PA 5, and (f) PA 6 solutions cryo-frozen in vitreous
ice.

Figure 3. Schematic of FTIR setup in transmission, where the IR beam is
nearly perpendicular to the surface and PM-IRRAS, where the IR beam is
almost parallel to the substrate surface. Two �-sheets in the fiber are shown,
with arrows indicating hydrogen bonds.

Figure 4. (a) Transmission and PM-IRRAS spectra for the amide region of
C16H31O-V4A4E3 (PA 4). (b) Hydrogen bond alignment quantified from the
reduction of the amide I absorbances (1630 cm-1) from transmission IR to
PM-IRRAS normalized to amide II absorbance (1550 cm-1) for PAs 1-6.
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have their internal hydrogen bonds aligned with the fiber axis
relative to their weaker gels.

Circular Dichroism. To further understand the effect of PA
sequence on mechanical properties, circular dichroism was used
to study the peptide secondary structure. Previous work on PAs
has shown that nonspherical assembly of molecules correlates
with a �-sheet signal in CD, and the hydrogen-bonded �-sheet
structure combined with bioactive domains is likely the reason
that most PAs with our original design form cylindrical
nanofibers and not spherical micelles.33 Supramolecular as-
semblies of PAs can have heterogeneous secondary structures,
and this can explain differences in mechanical properties among
sequences.33 Of the common secondary structures, the �-sheet
is the only one that is likely to have significant intermolecular
hydrogen bonding and thus has the most potential to impact
the mechanical properties of the nanofibers and the networks
they form. In our CD studies we found that all PAs had spectra
that were predominantly those expected for �-sheets, and this
was supported by our FTIR data (Figure S9); thus changes in
mechanical properties are not due to differences in the amounts
of the different secondary structures. However, CD spectra were
red-shifted relative to those in typical �-sheets with a maximum
at 195 nm and a minimum at 216 nm45 (see Figure 5a). The
red-shifted �-sheet signal has been shown to be associated with
a twisted structure as opposed to the standard planar �-sheet,33,46

with more twisting increasing the red-shift. In natural proteins47

and model peptides48 it is found that �-sheets have a varying
degree of twist, which increases the entropy of the �-sheet.
However, by twisting the �-sheet the hydrogen bonds on the
periphery of the �-sheet increase in length and are weakened.47,49

There are also differences in the intensity of the CD signals of
the peptide amphiphiles studied, with the PA sequence that
forms the stiffest gel having the strongest signal and that which
forms the most compliant gel having the weakest signal. Since
peptide amphiphiles are supramolecular aggregates, scattering
of circularly polarized light is possible, but another explanation
for the differences in intensity is that varying amounts of
disorder in the �-sheets are contributing to the differences in
signal. Having shorter, disordered �-sheets inside a PA nanofiber
would likely influence the CD signal and the mechanical
properties of the PA nanofiber. It should be noted that more
twisted �-sheets would have larger hydrogen-bonding distances,
which increases the likelihood of imperfections, so increases
in �-sheet twisting would likely increase disorder. Comparing
the circular dichroism (Figure 5) with the rheology (Figure 2),
the PAs with the highest storage modulus are the least red-
shifted, suggesting that increasing the amount of twist and
disorder in �-sheets decreases the mechanical properties of the
PA gel. PAs 4, 6, and 7 were more red-shifted than PAs 3 and
5, as shown in Figure 5b. These findings support a model where
more twisted and disordered �-sheets leads to a weaker PA fiber,
thus reducing the stiffness of the gels they form. There are other
interactions, such as interfiber bonding and entanglements, that
are likely to be important in determining mechanical properties
of PA gels. There were no obvious differences in nanofiber
length observed in cryo-TEM, and all molecules formed one-
dimensional nanostructures that exceeded measurable lengths.
However, it is possible that changes in �-sheet sequence could
change not only the mechanical properties of the individual fiber
but also the length of the fiber and their entanglement. The
fiber-fiber interactions should be similar due to the conserved
three glutamic acid termini across the library of molecules
studied, but any difference in entanglement densities or bundling
propensity due to fiber length or rigidity in the gel state would
have an impact on gel mechanical properties. In order to
determine the contribution that fiber length and entanglement
makes to mechanical properties, it would be necessary to
measure the mechanical properties of the individual nanostruc-
tures. We explore below reasons that �-sheet twisting would
affect mechanical properties of gels.

Figure 6 shows a schematic representation of the geometry
in a twisted and an untwisted �-sheet. As shown in Figure 6a,
in a perfectly planar untwisted �-sheet each PA molecule lines
up perfectly with the one next to it down the long axis of the
fiber. In this model the hydrogen bond length should remain
constant throughout the length of two adjacent PA molecules.
Twisting of the �-sheet causes a small rotation between each
PA molecule in the �-sheet down the long axis of the fiber,
which will increase the hydrogen bond length between amino
acids closer to the periphery of the fiber and likely increase
disorder, as shown in Figure 6b.49 The more twisted a �-sheet
is, the weaker the bonds are between two PA molecules on the
periphery of the fiber. In addition the amino acids at the

(45) Sreerama, R. a. W., R. W. In Circular Dichroism: Principles and
Applications; Berova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-
VCH: New York, 2000; pp 601-620.

(46) Manning, M. C.; Illangasekare, M.; Woody, R. W. Biophys. Chem.
1988, 31, 77–86.

(47) Salemme, F. R. Prog. Biophys. Mol. Biol. 1983, 42, 95–133.
(48) Kubelka, J.; Keiderling, T. A. J. Am. Chem. Soc. 2001, 123, 12048–

12058.

Figure 5. (a) Circular dichroism of palmitoyl-(Val)x-(Ala)y-(Glu)3 peptide
amphiphiles. Dashed lines indicate 195 and 216 nm, the canonical maximum
and minimum of a �-sheet. (b) Red-shifting of the �-sheet for PAs 1-6.
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periphery of the fiber can adopt secondary structures other than
�-sheets,33 which would further weaken bonding among PA
molecules. All of the PAs gave rise to CD spectra with the
signature of �-sheets, but the number of R-helix-forming amino
acids may be important in determining the amount of twist in
the �-sheets. Even if alanine and glutamic acid are not able to
form R-helices, their preferred secondary structure, they may
be able to twist the �-sheet and increase the amount of disorder
in the �-sheet, which would diminish the mechanical properties
of the fibers and the stiffness of gels.

In model systems consisting of peptides without hydrophobic
alkyl tails, the twisting �-sheet is centered around the middle
of the peptide sequence.50 However, due to the unique geometry
of the peptide amphiphile in which the alkyl tails are in the
center of a cylindrical micelle, the center of a �-sheet’s twist is
the center of the nanofiber and not the center of the �-sheet.
When a V3A3E3 peptide is compared to the V3A3E3 PA (PA 1),
it is seen that the �-sheet in the peptide is more twisted than in
the PA (Figure S10). In a twisted �-sheet, the hydrogen-bonding
distance increases as the angle between two peptides increases
and the further out you go from the center of twist. In the same
vein, in a PA nanofiber, a longer alkyl segment will increase
the distance between the �-sheet and the center of the �-sheet’s
twist, which leads to either an increased hydrogen-bonding
distance or, more likely, a decreased angle between peptide

groups (i.e., the �-sheets are less twisted). Because of this, one
would expect the addition of the alkyl tail to decrease the amount
of twist over a cylindrical micelle without the alkyl segment
and, to an even larger extent, a peptide nanofiber where the
center of twist is in the center of the peptide sequence.

The two main types of �-sheets are parallel �-sheets, where
each �-strand in the �-sheet has the same peptide C-N direction,
and antiparallel �-sheets, where the �-strand peptides have
alternating C-N directions. In our system the alkyl tails are
contained within the hydrophobic core and are attached to the
N-terminus of our peptides. Since every peptide has the same
C-N direction, it is likely that our fibers contain only parallel
�-sheets. However, we were unable to conclusively rule out a
contribution from antiparallel �-sheets in the CD and FTIR
spectra obtained.

Conclusions

We found that systematic variations in the �-sheet sequences
of peptide amphiphiles are very effective in tailoring the stiffness
of gels formed by their nanofiber networks. Increasing both the
number and fraction of valine residues are especially effective
at raising mechanical stiffness, whereas alanines tend to reduce
it. This work also shows that high gel stiffness correlates with
alignment of hydrogen bonds along the fiber axis as well as the
placement of �-sheet-forming residues near the hydrophobic core
of nanofibers. On the other hand, supramolecular design of softer
gels can be achieved with sequences that promote twisting of
�-sheets given their ability to weaken their peripheral hydrogen
bonds. The supramolecular elements linked here to gel stiffness
of peptide amphiphile nanofiber networks could be useful in
the design of systems that control the response of cells to
artificial matrices based on mechanobiology.
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Figure 6. Schematic representation of a single �-sheet in (a) linear and
(b) twisted/disordered geometry in a peptide amphiphile nanofiber.
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