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Abstract
The co-assembly of mutually complementary, but self-repulsive oligopeptide pairs into
viscoelastic hydrogels has been studied. Oligopeptides of 6, 10, and 14 amino acid residues were
used to investigate the effects of peptide chain length on the structural and mechanical properties
of the resulting hydrogels. Biophysical characterizations, including dynamic rheometry, small-
angle X-ray scattering (SAXS) and fluorescence spectroscopy, were used to investigate
hydrogelation at the bulk, fiber, and molecular levels, respectively. Upon mixing, the 10-mer
peptides and the 14-mer peptides both form hydrogels while the 6-mer peptides do not. SAXS
studies point to morphological similarity of the cross-sections of fibers underlying the 10:10 and
14:14 gels. However, fluorescence spectroscopy data suggest tighter packing of the amino acid
side chains in the 10:10 fibers. Consistent with this tighter packing, dynamic rheometry data show
that the 10:10 gel has much higher elastic modulus than the 14:14 mer (18 kPa vs. 0.1 kPa).
Therefore, from the standpoint of mechanical strength, the optimum peptide chain length for this
class of oligopeptide-based hydrogels is around 10 amino acid residues.

Introduction
Proteins and peptides, either individually as molecules (e.g., enzymes) or collectively as
materials (e.g., collagen), have a wide range of biological functions. In light of this, much
effort has been invested in protein engineering, with the hope of generating proteins with
modified or new properties and functions. From an engineering standpoint, the ability to
control molecular and material properties with minimum chemical perturbation would be of
tremendous practical value. Hydrogels are viscoelastic soft materials,1,2 which can be either
synthetic or natural. For example, collagen exists in the body as a hydrogel. Engineered
hydrogels are finding diverse applications in biomedicine, such as tissue engineering
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scaffolds,3 controlled-release drug delivery vehicles,4 and as cell-culture matrices.5,6

Peptide-based hydrogels, whether chemically synthesized or genetically produced, have a
precisely defined chemical composition in terms of sequence, chain length and
stereochemistry. This feature makes the control of material properties via molecular design a
much more realistic goal in peptide-based hydrogels than in traditional polymer-based
hydrogels. In this work, we set out to explore the effects of chain length on hydrogels
assembled from unprotected oligopeptides.

Based on the seminal discovery by Zhang et al. that peptides with alternating charged/
neutral sequence patterns can form hydrogels,7 we previously developed a modular
approach to the engineering of peptide-based hydrogels.8,9,10 Our design separates
positively and negatively charged amino acids into different peptide modules (i.e.,
alternating positive/neutral and alternating negative/neutral sequence patterns). As a result of
the electrostatic repulsions inherent within each peptide module, spontaneous hydrogelation
due to slight environmental fluctuations (pH, temperature, ionic strength, etc.) is avoided.
Hydrogelation occurs when solutions of oppositely-charged peptide modules are mixed.
Material assembly is driven by intermolecular interactions such as electrostatic attractions of
two oppositely charged modules, possibly complemented by hydrophobic interactions and
hydrogen bonding.8 The most significant benefit of a modular approach is the ability to
control material properties combinatorially by pairing different oppositely charged modules.

For instance, we have explored pairing of oppositely charged un-equal chain length
oligopeptides with an intention to create sticky-ends in growing peptide fibers and thereby
modulate bulk material properties. It was found that sticky-end pairs were not beneficial in
comparison to the blunt-end pairs. In particular the hydrogels assembled from oligopeptides
of 15 amino acid long is not mechanically as strong as hydrogels assembled from
oligopeptides of 10 amino acid long.10 Based on this observation, we hypothesize that for
this type of mutually-complementary but self-repulsive oligopeptide pairs, the optimal chain
length for hydrogelation is around 10 amino acids. To validate this hypothesis, three peptide
pairs of chain length 6, 10 and 14 were designed (Table 1). The sequences of these
oligopeptides have the same alternating positive/neutral or alternating negative/neutral
patterns, as in our previous works.8,9,10

In the present paper, we explore the effects of chain length on the structural and mechanical
characteristics of hydrogels using a combination of biophysical techniques.11 Fluorescence
spectroscopy and small-angle X-ray scattering (SAXS) were used to explore structures of
the hydrogels at the molecular and fiber levels, respectively, while dynamic rheometry was
used to study viscoelastic properties of the hydrogels at the bulk material level. Confirming
the exsistence of an optimal chain length for material strength has braod implications for the
engineering and manufacture of peptide-based viscoelastic materials.

Materials and methods
Peptide design and synthesis

The sequences of positively and negatively charged oligopeptide modules are given in Table
1. The separation of positive and negative charges into different modules make it possible to
initiate gelation through mixing. Such mutual-complementarity distinguishes our design
from other works where the peptide gelator is self-complementary and gelation is initiated
through changes either chemical (e.g., pH, ionic strength) or physical (e.g., temperature)
environment. The advantage of mixing-induced gelation is that it preserves the sample’s pH,
ionic strength and temperature.
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Oligopeptides were synthesized using Fmoc solid-phase peptide synthesis12 as described in
a previous publicaiton.13 The molecular weight for each peptide was verified using MALDI-
MS. Purity of the peptides was verified by analytical HPLC.

For biophysical characterizations, purified peptides were dissolved and dialyzed in
phosphate-buffered saline (50 mM phosphate + 100 mM NaCl) at pH 7. The pH of each
dialyzed peptide solution was verified and, if necessary, adjusted to pH 7. Concentrations of
the peptide solutions were determined on the basis of the molar absorptivity of tryptophan at
280 nm (ε280 = 5690 M−1 cm−1).14 All hydrogel measurements were conducted at a total
peptide concentration of 1 wt%/wt.

Dynamic rheometry
Sample preparation—Samples for rheological measurements were prepared as described
previously.13 The just-mixed sample was immediately transferred into the parallel-plate
geometry with a pre-set temperature of 25°C.

Rheological Measurements—Dynamic rheological measurements were made using an
AR 550 stress-controlled rheometer equipped with a Peltier temperature-control unit, and a
20-mm diameter parallel-plate aluminum geometry with a solvent trap (TA Instruments,
New Castle, DE). To prevent solvent evaporaiton during measurements, the solvent trap was
filled with mineral oil. Time-sweep measurements were conducted at 0.2% strain amplitude
and 1 rad/s angular frequency at 25°C. The setting of the strain amplitude (γ = 0.2%) was
selected based on the linear region of the dependence of shear modulus vs strain amplitude
previously observed for this class of oligopeptide-based hydrogels.8,13

Fluorescence spectroscopy
Sample Preparation—Peptide solutions were prepared as described for the rheological
experiments. The just-mixed samples were immediately transferred to quartz cuvettes that
were equilibrated at room temperature and fixed in the cuvette holder of the fluorometer
which was maintained at 25°C.

Steady-State Fluorescence Measurements and Data Analysis—Steady state
fluorescence spectra were obtained using a Varian Cary Eclipse Spectrofluorometer (Varian
Inc.) equipped with a Peltier temperature-control unit (QUANTUM Northwest) in 1 mm ×
10 mm quartz cuvettes. The short path length for excitation (1mm) and the long path length
for emission (10 mm) were chosen to avoid absorption of the excitation light and to
minimize interference from Raman scattering. Samples were excited at 300 nm, and
emission spectra were collected at 90° to the excitation over a range of 305 nm to 450 nm
with 5-nm excitation and emission slits.

For fluorescence intensity and anisotropy measurements, vertically oriented excitation
polarizer and was used. For emission, the polarizer was oritented both vertically for the
measurement of IVV and horizontally for the measurement of IVH. Isotropic fluorescence
intensity at time t, Iiso(t), corresponding to the intensity observed with the polarizer
orientation of 54.7° (magic angle) was calculated using

(1)

To average out intensity fluctuation (instrumental noise) during measurement, we define
normalized cumulative signal intensity Icum as:
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(2)

which is used as the parameter for monitoring gelation. The Icum value reflects time-
dependent tryptophan fluorescence intensity change induced by gelation. Here, λ is the
emission wavelength. Iiso(λ, t = 0) is obtained from the emission intensity of individual
peptide modules as:

(3)

Iiso(λ, positive module) and Iiso(λ, negative module) refer to the tryptophan emission
intensity of unmixed positive and negative modules, respectively. The Raman scattering is
minimized by using 1 mm thick cuvette. To exclude Rayleigh scattering (significant for the
gel form), the averaging is performed in the range from λ1 ( 330 nm) to λ2 ( 395 nm).

The fluorescence anisotropy15 r for vertically polarized excitation light is defined as:

(4)

where IVV and IVH are vertically and horizontally polarized fluorescence intensities,
respectively; the g-factor corrects for the sensitivity of the fluorescence detection channel
(detection optics, monochromator, and detector) to vertically and horizontally polarized
light. Fluorescence anisotropy measures the difference in the intensities of vertically and
horizontally polarized emission light. Due to photoselection, for an isotropic system excited
with linearly (vertically) polarized light, possible values of anisotropy lie within the range
from 0.4 to −0.2. For isotropic rigid (frozen) fluorophores with parallel absorption and
emission transition moments, the expected anisotropy is close to 0.4. Rotational diffusion
reorients the fluorophore dipoles, thus decreasing the observed anisotropy as described by
the Perrin equation:15

(5)

where r is the observed steady-state anisotropy, r0 is the limiting anisotropy (anisotropy
which would be measured in the absence of rotational diffusion), τ is the fluorescence
lifetime, and Θ is the rotational correlation time of the chromophore. When rotational
diffusion (defined by Θ) of fluorophores is fast compared to its emission lifetime (τ > Θ), the
anisotropy approaches zero (IVV = IVH). The aggregation of rapidly diffusing small
molecules slows down the rotational diffusion and increases the correlation time (Θ). The
result is an increase in the steady-state fluorescence anisotropy r which, in turn, could be
used as a relative measure of the size of assembled aggregates. As equation (5) suggests, it is
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equally important to monitor the fluorescence lifetime τ which also might change upon
aggregation.

Again, to alleviate signal fluctuations, the average anisotropy at a given time point of
gelation process, <r>, is calculated over the wavelength range as

(6)

The wavelength range chosen is the same as for the intensity integration, the averaging takes
place over the range from λ1 (330 nm) to λ2 (395 nm).

Time-resolved Fluorescence Measurements and Data Analysis—Time-resolved
fluorescence measurements were performed on a FluoTime 200 (PicoQuant) equipped with
a Hamamatsu microchannel plate (MCP) providing better than 100 ps resolution for UV
LED excitation. The excitation source was a 295 nm LED driven at a 10 MHz repetition rate
by a PDL800 driver (PicoQuant) with a pulse width of approximately 500 ps. The emission
monochromator was set to 365 nm, with slits fully open (10 nm resolution), and the
polarizers were set to magic angle conditions for lifetime measurements, i.e., the excitation
polarizer was vertically oriented and the emission polarizer was oriented at 54.7° with
respect to the vertical excitation polarizer (magic angle conditions). The time-resolved
intensity decay could be written as the sum of exponential components

(7)

where αi’s re the normalized emission amplitudes and τi’s are the decay times, Σαi = 1.0.
The average emission lifetime, which is the average time the fluorophore remains in the
excited state, is given by

(8)

For time-resolved anisotropy measurement, a vertically oriented excitation polarizer and
both vertical (IVV) and horizontal (IVH) positions for emission polarizer were used. Time-
resolved fluorescence data were analyzed using the FluoFit software package (PicoQuant,
Ver. 4.0). Intensity decay data were deconvoluted and analyzed by nonlinear regression
using a multi-exponential anisotropy decay model.

Small-Angle X-ray Scattering (SAXS)
Sample Preparation—Peptide solutions were prepared as for rheological measurements.
The just-mixed sample was loaded into the SAXS instrument as described earlier.13

SAXS Data Measurements and Analysis of Fiber Matrix—SAXS data were
acquired and reduced to I(q) versus q using the small-angle X-ray scattering instrument and
procedures described earlier.16 q is the amplitude of the scattering vector. The inverse
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Fourier transform of I(q) gives the pair distance or vector length distribution function, P(R),
for the scattering particle and is calculated using indirect Fourier transform methods.17,18,19

The R value at which P(R) goes to 0 gives the maximum linear dimension for the scattering
particle, Dmax. The zeroth and second moments of P(R) give the zero-angle scattering
intensity (I(0)) and the radius of gyration of the scattering particle (Rg), respectively.

For Guinier analysis of rod-shaped objects, the scattering in the low q region can be
approximated as20

(9)

where Rc is the average radius of gyration of the cross-section of the particle and Ic(0), again
when normalized by protein concentration in mg/mL, is proportional to the average mass per
unit length of the rod-shaped object.

To estimate cross-linking density of in hydrogel networks, the Debye-Bueche model was
used,21 which is implemented using the Irena SAS macros (ver. 2.35)22 for IGOR Pro 6.0 in
the following form:

(10)

where lc is the correlation length. The correlation length of a network is a measure of the
spatial extent of the cross-linked regions and is equivalent to the average mesh size of the
network. The greater the correlation length, the larger the average mesh size, the lesser
dense the cross-linking.23

Modeling of the 2D cross-sectional shape used a simulated annealing algorithm24 as
described in our earlier publication.13 Briefly, this analysis uses dummy atom models to
generate scattering profile which is compared with experimental scattering profile to
generate the shape of fiber cross-section.

Results and discussion
Chain Length Effect on Mechanical Properties

Time-sweep rheological measurements at 25°C showed that the EAW6:OAW6 (6:6) pair did
not form a gel (Figure 1)—for this pair, the storage modulus, G′, has small magnitude (~1
Pa) and the loss modulus, G″, falls below ~0.1–0.01 Pa which corresponds to torque values
below the detection limit of the rheometer. Additionally, we have not observed any visual
signs of gelation by the 6:6 pair. In contrast, the other two pairs, EAW10:OAW10 (10:10)
and EAW14:OAW14 (14:14), have much higher G′ and G″ values. More importantly, the G′
values of the 10:10 pair and the 14:14 pair are much higher than their G″ values, indicative
of a highly elastic gel. Of the 10:10 and 14:14 pairs, the 10:10 pair has a higher plateau G′
value than the 14:14 pair (18 kPa vs. 0.1 kPa). This result clearly shows that for these
oligopeptide-based hydrogels, the optimum chain length for mechanical strength is around
10 amino acids.
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Chain Length Effect on Gelation Kinetics
Rheological characterization of the 10:10 and 14:14 pairs reveal that the 10:10 pair took
about 1 hr to reach plateau G′ value whereas for the 14:14 pair gelation was instantaneous
(Figure 1). Similar kinetics was observed at the molecular level by fluorescence
spectroscopy, where the isotropic fluorescence intensity decreased to a steady state in about
1 hr for the 10:10 pair and instantaneously for the 14:14 pair (Figure 2(B) and (D)).
Similarly, the average anisotropy for the 14:14 pair increased to ca. 0.1 within 2 min of
mixing and then drops back to ca. 0.7 almost instantaneously; whereas for the 10:10 pair,
the average anisotropy increased to ca. 0.1 10 min after mixing and then droped back to ca.
0.7 in about 1 hr (Figure 3). SAXS measurements also showed faster gelation kinetics for
the 14:14 pair in comparison to the 10:10 pair (Figure 4). When mixed, both peptide pairs
result in hydrogels formed by large ordered assemblies with I(q) versus q profiles measured
up to 24 hr. The formation of a fibrous network by the 14:14 pair as evidenced by the
increasing intensity profile is essentially completed within 1 hr after mixing of the individual
peptides while in the case of the 10:10 pair, the gelation is complete within 5 hrs and no
significant changes in scattering intensity I(q) were observed up to 24 hrs (cf. Figure 4(A)
and (B)).

Therefore, all three techniques, dynamic rheometry, fluorescence spectroscopy and SAXS,
indicate that the 14:14 pair gels faster than the 10:10 pair. The faster gelation of the 14:14
might arise from two contributing factors. First, the 14-mer peptides carry more charges and
therefore have a greater attractive force between them, leading to faster gelation. Second, the
longer 14-mer peptide might be more prone to coiling than the 10-mer petides, which might
lead to faster diffusion and therefore faster gelation.

Chain length effect on the underlying structure
A tryptophan residue has been included at the N-terminus of each peptide sequence in order
to monitor the gelation process at the molecular level by observing changes in intrinsic
tryptophan fluorescence. The assembly process affects the tryptophan environment and
modifies its fluorescence intensity and anisotropy. In full accordance with the visual absence
of gelation of the 6:6 peptide pair, both tryptophan emission and anisotropy did not change
significantly after 12 hr of mixing of this pair (ESI, Figure S1), in contrast to the evident
intensity decrease and anisotropy increase after mixing of the 10:10 and 14:14 pairs (Figure
2 & 3). Similarly, SAXS scattering intensity (I(q)), for the 6:6 pair also did not change
significantly 24 hrs after mixing, consistent with rheological measurements (ESI, Figure
S3).

The fluorescence emission intensity of tryptophan decreased upon gelation for the 10:10 and
14:14 pairs (Figure 2). Burial of tryptophan into a more hydrophobic environment in the
fiber can result in restricted mobility, thereby decreasing solvent accessibility and quenching
by nearby amino acids.15 The overall decrease in normalized cumulative fluorescence
intensity during the gelation process is greater for the 10:10 pair (~80%) than for the 14:14
pair (~20%) (Figure 2). This result points to significant difference in the tryptophan
environment in these two gels. The decrease in the fluorescence emission intensity is a
rather surprising result. One would expect that burying tryptophan residue between the
polypeptide chains shields the water access and therefore should increase the overall
intensity.

Steady-state anisotropy of the tryptophan of the 10:10 and 14:14 pairs increased upon
gelation, indicative of peptides incorporation into larger assemblies (Figure 3 and ESI,
Figure S2). However, after completion of gelation, there was no significant difference in the
equilibrium, steady-state tryptophan anisotropy between the 10:10 and 14:14 pairs. This
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result indicates that in both cases the formed complex is rather large and only local mobility
of the N-terminal tryptophan contributes to signal depolarization.

As indicated by eq. (5), the steady-state anisotropy depends on the ratio of fluorescence
lifetime (τ) and rotational correlation time (Θ). Proper interpretation of the anisotropy
changes should take into account gelation-induced change of tryptophan fluorescence
lifetime. Time-resolved fluorescence measurements show two dominant τ components
(Table 2) for solutions and gels. In the gel, τ values are significantly longer. The time-
resolved data are consistent with the expectation that burying the tryptophan residue
between closely packed peptide chains in the gel state reduces the water access and
stabilizes excited state, therebyleading to longer τ.

The increase of τ upon gelation should be accompanied by an increase of fluorescence
intensity, but the opposite effect has been observed (Figure 2). This unusual behavior can be
explained by the presence of significant static quenching of tryptophan in the gelled state,
probably by neighboring amino acids from associated chains. As a result of gelation, a
significant fraction of tryptophan residues come in close contact with other amino acids that
quench the excited tryptophans.15 The greater static quenching of the excited tryptophan
residues in the 10:10 gel (Figure 2) is indicative of tighter side chain packing than in the
14:14 gel, and fully conforms to the observation of much greater mechanical strength of the
10:10 gel (Figure 1).

Time-resolved anisotropy studies provide further information on tryptophan mobility in
solution and hydrogel. Trytophan anisotropy in the 10:10 gel is very different from that in
the 10-mer solution: within the life-time of tryptophan fluorescence, its anisotropy in the gel
leveled off at ~0.08 while that in the solution approached zero (Figure 5a). In contrast,
tryptophan anisotropy in the 14:14 gel shows very insignificant difference from the 14-mer
solution: within the life-time of trytophan fluorescence, its anisotropy in both the gel and the
solution approached zero (Figure 5b). The residual anisotropy in the 10:10 gel is indicative
of a more restricted surrounding for tryptophan, consistent with tigher packing revealed by
emission intensity measurement.

The time-resolve anisotropy decay can be decomposed into three components characterized
by three different rotational correlation times Θ: two fast components with Θ on the order of
10−10 s and 10−9 s and one slow component with Θ on the order of 10−8 s (Table 2). Here, a
clear trend can be observed: for the two fast components, the order is: 10:10 gel < 14:14 gel
< 14-mer solutions < 10-mer solutions; for the slow component, the order is: 10:10 gel ≈
14:14 gel > 14-mer solutions > 10-mer solutions; the percentage of the slow component has
this order: 10:10 gel > 14:14 gel ≈ 14-mer solutions > 10-mer solutions. Therefore,
compared to solutions, the two fast components become faster and the slow component
become slower in gels. Moreover, the percentage of the slow component becomes larger in
gels. Of the two gels, the two fast components are faster in the 10:10 gel and the percentage
of the slow component is larger in the 10:10 gel. The two fast components in the gel reflect
local tryptophan motion and segmental mobility while the slow component is due to large
peptide aggregation and immobilization. Thereore, these results indicate that the motion of
tryptophan is more restricted in the gel than in the solution and, of the two gels, more
restricted in the 10:10 gel than in the 14:14 gel. This same can be said about overall peptide
tumbling. In terms of peptide aggregation and immobilization, the percentage of the slow
component indicate that its extent is larger in gels than in solutions and, of the two gels,
larger in the 10:10 gel than in the 14:14 gel. These conclusions are entirely consistent with
tigher packing of tryptophan in the 10:10 than in the 14:14 gel and consistent with the 10:10
gel having higher mechanical strength.
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In summary, the 10:10 gel and the 14:14 gel have similar steady state anisotropy value
(Figure 3) and similar tryptophan life time (Table 2), but the 10:10 gel has much lower
tryptopham emission intensity (Figure 2) and its rotational correlation time has much higher
percentage of components with longer Θ values (> 50 ns) (Table 2). These differences in
fluorescence characteristics suggest that the 10:10 gel is more densely packed as compared
to the 14:14 gel, and these conclusions at the molecular level are in agreement with stronger
bulk mechanical strength of the 10:10 gel observed by dynamic rheometry.

To characterize hydrogels at the individual fiber level, we used SAXS to determine the
shape and the dimension of the underlying fibers. Guinier plots of ln qI(q) versus q2 for the
10:10 and 14:14 pairs after 24 hr (Figure 4(C) and (D)) were linear in the loq q2 region with
a sharp roll-over at q2 = 4.9×10−5 Å−2 suggesting that both gels are formed by elongated
rod-like particles of finite length.20 Such roll-over is characteristic for highly asymmetric
particles, e.g., a fiber whose length is much greater than its cross-sectional radius. The
decrease of scattering intensity at the roll-over point is observed for values q < 5/(A·d),
where A is the aspect ratio, A = L/d, L is the length of the rod-like particle and d is the
diameter of the rod-like particle. Thus, the drop in scattering intensity is observed at q < 5/L,
and this roll-over point is at 0.0070 Å−1 for the both the 10:10 and the 14:14 gels (Figure
4(C) and (D)). P(R) calculations (not shown) for the scattering data of the 10:10 and the
14:14 gels suggested that the lengths of these rods exceed the limits of precise measurement
for our data which are limited to a minimum measurable q value of 0.006 Å−1 which means
that length scales Dmax ≥ 600 Å (Dmax < π/qmin; Dmax ~ 600 Å)25 cannot be reliably
determined. We therefore turned to analysis of the data in terms of cross-sectional
parameters.

A two-dimensional (2D) dummy atom modeling routine was employed to determine an
average shape of the cross-sectional area of the fiber. Figure 6 shows examples of 2D
models that fit the data (with χ2 < 1), while their associated Pc(R) are shown in Figure 7.24

While the details of the shapes shown in Figure 6 are not uniquely determined by the
scattering data, the Pc(R) profiles and derived structural parameters (such as the dimensional
characteristics of the cross-section) are. Figure 6 is provided merely as an aid to visualizing
the general features of the shapes that are defined by the data. The cross-sections of the both
10:10 and 14:14 gels have quite similar complex shapes that are also reflected in the
similarity in their Pc(R) functions (Figure 7). This structural similarity of the fiber cross-
sections is also corroborated by the values of the radii of gyration of the cross-section, Rc,
calculated as a second moment of Pc(R) functions (Figure 7). Both 10:10 and 14:14 gels
have almost identical Rc values, 164.4 Å and 164.8 Å, respectively.

Also, SAXS data for both 10:10 and 14:14 gels could be used to estimate the correlation
length, lc, which in a gel system characterizes the extent of the cross-linking network and
reflects the network mesh size. Application of the Debye-Bueche approach21 to calculate the
correlation length have shown that both 10:10 and 14:14 gels have very close lc values, 65.4
Å and 65.7 Å, respectively.

In summary, the comparative analysis of cross-sectional parameters of the SAXS data for
the 10:10 and the 14:14 gels has not revealed any marked differences between the cross-
sections of the underlying peptide fibers in these two gels. Even though the two fibers have
similar cross-sectional parameters, fluorescence studies have shown that amino acid side
chains pack more tightly in the 10:10 gel fibers. Because the length of the fibers exceeds the
detection limit of our SAXS instrument, we do not know whether these two gels have fibers
of different lengths. Therefore, whether the higher elastic modulus of the 10:10 gel is
entirely due to side chain packing or due to a combination of tighter side chain packing and
longer fiber length is not clear at this time.
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Caplan et. al., studied the effect of chain-length on the hydrogelation of self-complementary
oligopeptides and found a bi-phasic response, i.e., a 500% increase in G′ was observed when
the chain length of the oligopeptide was increased from 8 to 12 amino acid residues, but a
further increase in chain length from 12 to 16 residues caused a decrease in G′ values,
suggesting the existence of optimal chain length for the formation of mechanically strong
hydrogel.26,27 A similar chain length effect has been observed in several of the prion
proteins where only 8–12 amino acids were found to be involved in the formation of cross-β
structure of amyloid fibers. Proteins with chain length longer than 12 residues folds back on
to itself to maintain this structural constraint in amyloid fibers.28 Most recently, using
molecular dynamic simulations, it was concluded that the optimal chain length for
mechanical robustness in β-sheet crystals is around 8–10 amino acid residues.29 Thus, our
results are in line with other reports26,27 that for peptide based fibrillar β-sheet assemblies,
there appears to be an optimal chain length which is around 10 amino acid residues. The
exact origin of this optimal chain length awaits further studies. One possible reason for the
existence of an optimal chain length is the balance between enthalpy gain from forming β-
sheet and the entropy cost in forming straight β strands.

Conclusions
Rheological, SAXS and fluorescence studies on the gelation of mutually-attractive, self-
repulsive peptide pairs at 1% wt/wt total peptide concentration demonstrates that the optimal
peptide chain length for mechanil strength is around 10 amino acids. The 6-mer peptides do
not form hydrogels while the 14-mer peptides form a much weaker gel. Despite an evident
morphological similarity between the cross-sections of the individual fibers in the 10:10 and
14:14 gels observed by SAXS, fluorescence spectroscopy data suggest that amino acid side
chains in the 10:10 fibers are more tightly packed than in the 14:14 fibers. Therefore, of the
three pairs of oligopeptides, the 10:10 pair demonstrates the highest plateau elastic modulus
value, although its gelation is not the fastest. This contrast between mechanical stregnth and
assembly kinetics awaits further investigation.
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Figure 1.
Effect of chain length on the mechanical strength of oligopeptide-based hydrogels. Time-
sweep measurements of the EAW6:OAW6 (blue diamonds), EAW10:OAW10 (black
diamonds) and EAW14:OAW14 (red diamonds) pairs at 1% wt/wt total peptide
concentration. Measurements were conducted at 0.2% strain amplitude and 1 rad/sec angular
frequency at 25°C. Closed symbols are storage modulus G′; open symbols are loss modulus
G″; data on loss modulus for the EAW6:OAW6 pair are below the detection limit.
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Figure 2.
Tryptophan fluorescence intensity decay during the co-assembling process of the
EAW10:OAW10 (A, B) and EAW14:OAW14 pair (C, D) pairs at 25°C. OAW10, EAW10,
OAW14 and EAW14 denote individual peptide solutions. (A) and (C) show fluorescence
emission spectra at different time points while (B) and (D) plot the normalized cumulative
intensity Icum vs. time. In (B) and (D), the data point at time 0 is the average of the two
solutions. The EAW6:OAW6 pair did not show any intensity change till 24 h after mixing
(ESI, Figure S1).
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Figure 3.
Average anisotropy vs. time profile. Measured at 25°C for the EAW10:OAW10 gel (black)
and for the EAW14:OAW14 gel (red).
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Figure 4.
Chain length effect on the SAXS data for mixtures of the peptide pairs as a function of time.
I(q) vs q during the process of gelation for the EAW10:OAW10 (A) and the
EAW14:OAW14 pair (B) (15 min, orange; 1 hour, black; 5 hours, green; 8 hours, red; 24
hours, blue). Insets in (A) and (B) show the comparison of the corresponding scattering
profiles after 12 hours (red open circles) and 24 hours (closed blue circles). Guinier plots for
elongated particles as ln qI(q) vs q2 after 24 hours: (C) EAW10:OAW10 (black); (D)
EAW14:OAW14 (red). Arrows show the roll-over position on Guinier plots: (C) q = 0.0070
Å−1, (D) q = 0.0070 Å−1
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Figure 5.
Time-resolved anisotropy decays in solution and in the gel. (A) Comparison of the EAW10
solution (purple circles) and the EAW10:OAW10 gel (black circles) at 25°C. (B)
Comparison of OAW14 solution (purple circles) and the EAW14:OAW14 gel (red circles)
at 25°C. Solid lines represent the data fit used to extract the values of rotational correlation
time shown in Table 2.
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Figure 6.
Cross-sectional model for of the fibers formed by (A) the EAW10:OAW10 pair, (B) the
EAW14:OAW14 pair that fit the scattering data.
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Figure 7.
Pair-wise distance distribution function (Pc(R)) of the average cross-sectional area for
elongated fiber-like structures of the EAW10:OAW10 hydrogel (black) and the
EAW14:OAW14 hydrogel (red). (Data are on a relative scale and the area under the curves
is proportional to the Ic(0) values which are in turn proportional to the mass-per-unit length
of the fiber).
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Table 1

Sequences of oligopeptides a

Peptide Sequence Molecular Weight (Da) Molar Conc.(for 1% wt/wt)

OAW6 formyl-WOAOAO-amide 715 13.6 mM

OAW10 formyl-WOAOAOAOAO-amide 1,086 8.9 mM

OAW14 formyl-WOAOAOAOAOAOAO-amide 1,456 6.6 mM

Peptide Sequence Molecular Weight (Da) Molar Conc.(for 1% wt/wt)

EAW6 formyl-WEAEAE-amide 760 13.6 mM

EAW10 formyl-WEAEAEAEAE-amide 1,161 8.9 mM

EAW14 formyl-WEAEAEAEAEAEAE-amide 1,561 6.6 mM

a
The numbers represent the chain length of peptides. Modular material assembly is achieved by pairing a positive module with a negative module.

A, alanine; E, glutamic acid; O, ornithine; W, tryptophan. Tryptophan serves as a spectroscopic probe to determine concentration and to monitor
gelation. The N-, C-termini of each peptide were formylated (formyl-) and amidated ( amide), respectively.
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Table 2

Fluorescence emission lifetimes τ, rotational correlation times Θ from time-resolved anisotropy measurements
a

Sample τ (ns) Θ (ns)

EAW10:OAW10 gel

0.222± 0.02 (32.6%)

1.252 (73.4 %)
4.031 (26.6 %)

0.389± 0.03 (33.1%)

> 50 (34.3%)

EAW14:OAW14 gel

0.248 ± 0.02 (38.0%)

1.237 (69.8 %)
3.967 (30.2 %)

0.563 ± 0.03 (45.1%)

> 50 (16.9%)

OAW10 Solution

0.532 ± 0.04 (44.5%)

0.881 (55.1 %)
1.606 (44.9 %)

2.243 ± 0.20 (52.0%)

11 ± 3.6 (3.5%)

EAW10 Solution

0.633 ± 0.04 (43.8%)

0.932 (56.8 %)
1.847 (43.2 %)

2.287 ± 0.2 (52.9%)

11 ± 3.6 (3.3%)

OAW14 Solution

0.425 ± 0.03 (73.4%)

0.939 (43.3 %)
1.678 (56.7 %)

6.847 ± 0.3 (8.3%)

12 ± 5.2 (18.3%)

EAW14 Solution

0.466 ± 0.03 (63.5%)

1.010 (47.8 %)
1.947 (52.2 %)

11.8 ± 5.2 (20.9%)

22 ± 7.5 (15.6%)

a
All lifetime measurements were performed at 25°C; τ is the average lifetime of the tryptophan fluorescence; Θ is the rotational correlation time

from time-resolved anisotropy measurements. In gels, the component with the longest Θ value (> 50 ns) is very poorly defined because the
fluorescence lifetime τ is much shorter than 50 ns. The percentage numbers in the parentheses mean the relative contributions of each individual
component.
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