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Abstract

It is found that the elastic modulus of a peptide hydrogel increases linearly with the logarithm of
its ionic strength. This result indicates that the elastic modulus of this class of hydrogels can be
tuned by the ionic strength in a highly predictable manner. Small-angle X-ray scattering studies
reveal that higher ionic strength leads to thinner but more rigid peptide fibers that are packed more
densely. The self-diffusion coefficient of small molecules inside the hydrogel decrease linearly
with its ionic strength, but this decrease is mainly a salt effect rather than diffusion barriers
imposed by the hydrogel matrix.

Introduction

Hydrogels are viscoelastic materials which can find use in tissue engineering, cell culture
and drug delivery.1-> For these applications, the mechanical and transport properties of the
hydrogels are important considerations. Mechanical properties are important not just for
structural support purposes, but also for functional purposes. For example, shear-
responsiveness is required for injectable hydrogels.® Another example is that stem cell
specification is very sensitive to the elasticity of the hydrogel matrix.” & Transport
properties are important because nutrients and metabolites need to pass through and drugs
should have their diffusion retarded in a controlled manner. For these reasons, the
mechanical and transport properties of hydrogels have been extensively investigated.5: 9-14

lonic strength is an effective way to induce hydrogelation and to modulate hydrogel
properties, including mechanical and transport properties.2-1%-17 In synthetic hydrogels, it is
often observed that the elastic modulus of the hydrogel, G, increases with ionic strength.
For example, Schneider and Pochan found that when the ionic strength of a peptide hydrogel
increased from 20 to 400 mM, the elastic modulus G’ increased from 100 Pa to 3000 Pa.16
Skouri and co-workers reported that the shear modulus of poly(acrylic acid) gel increases
with the addition of salt and the authors attributed this effect to the screening of the
electrostatic repulsions.18 In a nanocomposite hydrogel formed by Laponite and
poly(ethylene oxide), Schexnailder and co-workers observed a linear increase of the elastic
modulus G” from 0.8 to 1.7 kPa as the concentration of added NaCl increased from zero to
0.1 M. The authors attributed this phenomenon to increased heterogeneity in the spatial
distribution of the nanoparticles (Laponite) and the polymers (PEO).19
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Hydrogels extracted from animal sources often display a trend opposite of synthetic
hydrogels. For example, Johnson et a/. observed that the elastic modulus G’ of a hydrogel
extracted from porcine myocardial tissue decreased to 1/2~1/3 of its original value when the
ionic strength increased from 0.5xPBS to 1.5xPBS.20 The authors implied that ionic
strength impacts fibrillogenesis, which leads to changes in G’. Jin and Grodzinsky found
that the elastic modulus G’ of bovine calf cartilage decreased monotonically when the NaCl
concentration in the surrounding bath increased from 0.01 to 1.0 M.21 They assumed that the
elastic modulus of cartilage tissue has two contributions, electrical and nonelectrical. NaCl
screens the electrical contribution, thus decreasing the elastic modulus.

To achieve a better understanding of the ionic strength effect of on hydrogel elasticity, it is
imperative that a wide ionic strength range is covered. To this end, we use a pair of
oppositely charged oligopeptides which co-assemble into hydrogels upon mixing.? Unlike
self-assembling peptides where slight variation in ionic strength can induce hydrogelation,
in the co-assembling system each individual peptide solution can withstand large ionic
strength variation without undergoing gelation. This allows us to study gelation over a wide
ionic strength range (0.1 — 2.1 M in this work). Further, such mixing-induced gelation
allows precise control of the pH and the ionic strength of the hydrogels.

To gain a mechanistic understanding of how ionic strength impacts hydrogel elasticity, we
integrate mechanical studies with structural studies in this work. Gelation is monitored in
parallel by dynamic rheometry, which provides mechanical information, and small-angl e X-
ray scattering (SAXS), which provides structural information. Additionally, the diffusion of
small molecules inside the hydrogels is assessed by NMR spectroscopy.

Materials and methods

Peptide design and synthesis

Two undecapeptides, E11 and K11 (Table 1), were designed based on our previous work.22
E11 carries negative charges at pH 7.4, while K11 is positively charged under the same
condition. The A- and C-terminal blockage produces neutral ends in both peptides, which
simplify electrostatic interactions between the peptide pair. Each peptide contains two
tryptophans. The motivation is to strengthen the hydrogel through the stacking of aromatic
side chains positioned at the terminals of the peptides. It has been reported that aromatic
residues can promote hydrogelation of oligopeptides through stacking.2® And at the same
time, the UV absorption of the tryptophan residues at 280 nm could be used to measure
peptide concentration in solution.24

The peptides were synthesized on Rink-amide MBHA (aapptec Inc., USA) resin using a
CEM microwave synthesizer with standard Fmoc-chemistry method.2® The A-terminal of
each peptide was acetylated by acetic anhydride. After cleavage by a TFA cocktail (TFA/
TIS/water, 95/2.5/2.5, volume ratio), the crude peptide was purified by reverse-phase HPLC
method. The final products were characterized by mass spectrometry and analytical HPLC.
(ESI)

Peptide stock solution preparation

For NMR measurements, all peptide solutions were prepared in D,O buffers so that the
peptide 1H signals can be observed with little background interference. This also prevents
the 1H,0 signal from overflowing the spectrometer receiver when determining water
diffusion coefficient (D,O contains trace amount of H,O). To facilitate comparison of
results from different methods, peptide samples for rheological and SAXS measurements
were also prepared in DO buffers.
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Stock solutions containing 32 mM E11 or K11 peptide was prepared in 50 mM sodium
phosphate in D,O. This stock solution also contains 16 mM 4,4,4-trifluorophenylalanine
(tfF, from Chem-impex, Inc. USA). tfF is used as a probe to evaluate small molecule
diffusion inside hydrogels.1! The advantage of using tfF is that its diffusion can be measured
through the 1°F signal without interference from the peptide gelators. Peptide concentration
was determined based on the UV absorption of Trp (egp = 5690 M~1.cm™1).24 tfF
concentration was determined based on weight. tfF has no interference with the UV
absorption of Trp at 280 nm. The pH of the stock solution was adjusted to 7.4 using NaOH
or HCI (without pD correction). To make solutions of different ionic strength, 50 mM
sodium phosphate solutions containing 0, 0.2, 1.0, 2.0 and 4.0M NaCl were prepared, also at
pH 7.4 (without pD correction). The 32 mM peptide stock solution was then mixed with
equal volume of NaCl solution to obtain solutions containing 16 mM peptide gelator (E11 or
K11), 8 mM tfF, 50 mM sodium phosphate, and NaCl of various concentrations: 0, 0.1, 0.5,
1.0 and 2.0 M. The five E11 solutions are denoted as A-1, A-2, A-3, A-4 and A-5,
respectively, while the five K11 solutions are denoted as B-1, B-2, B-3, B-4 and B-5,
respectively (Table 2). Solution A-i is mixed with solution B-i to form hydrogel Gel-i (i =,
1, 2, 3, 4, and 5). Note that in SAXS samples, tfF was not added to minimize background
scattering. The ionic strength (x) of each hydrogel is calculated as below:

- .72
H== 'ZICiZi 1)

where ¢ is the molar concentration of the i-th ion (in M), £ is the charge number of that ion,
and the sum is taken over all the ions in the solution. This includes contributions from
sodium phosphate (50 mM) and NacCl (various concentrations). However, peptides are not
included in ionic strength calculation since in the gelled state there is hardly any free peptide
left.22 tfF is also not included in the ionic strength calculation since it is a zwitterion with a
net charge of zero. To dispel doubt about this practice, the actual conductivity of each
peptide solution was measured prior to mixing (Table 2). Experimental results will be
analyzed both in terms of hydrogel ionic strength (1) and solution conductivity (A).

In NMR experiments, five control solutions of pH 7.4 were also made. These control
solutions have the same composition as the hydrogels except peptides: each control solution
contains 50 mM sodium phosphates, 8 mM tfF, and the same amount NaCl as the
corresponding hydrogel.

UV and NMR spectroscopy studies indicate that even at the highest ionic strength (2.1 M),
there is no peptide aggregation (see Figures S4-S6 in ESI). This is the benefit obtained by
separating the positive and negative charges into separate modules. Note that in
oligopeptides with similar sequences but where the positive and negative charges reside in
the same peptide, slight elevation of the ionic strength (< 5 mM) can induce gelation.28

Rheological experiments

All hydrogels (Gel-1 to Gel-5) were prepared and measured at 25 °C. The peptide solutions
were prepared as described above. To prepare hydrogel Gel-i, gelator solutions A-i and B-i
were centrifuged separately for 10 min at 8,000 rpm followed by degassing at house vaccum
(1-2 min at 21 Torr). Centrifugation is necessary to remove any suspended impurities which
might cause the inhomogeneous gelation. Degassing helps to remove excess gases from the
solutions otherwise capable to form bubbles during gelation and affect the formation of
hydrogels and the results. 200 pL of each A-i and B-i solutions were mixed through a Y-
shaped connector in the sealed cell of the rheometer. Rheological measurements started
immediately after the sample is loaded.
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Dynamic rheological measurements were performed using a NOVA Rheometer
(REOLOGICA Instruments, Inc., Sweden) with a null balance system which allows for
nano-torque and nano-strain measurement and analysis. The instrument is also equipped
with a sealed-cell geometry which prevents dehydration of water-based samples during
prolonged measurements. In addition, to exclude possible dehydration of the samples at 25
°C, a simple in-house designed system was used to humidify the incoming air used for the
sealed-cell bearing. Rheological characterizations of the samples were performed using a 25
mm diameter cone-and-plate steel geometry (4° angle). Detailed descriptions of the
rheological measurements can be found elsewhere.2” Briefly, time-sweep measurements
were conducted at 0.2% strain amplitude and 1 rad/s angular frequency. Time-sweep was
followed by frequency-sweep at 0.2% strain amplitude, with the angular frequency varying
from 0.01 to 100 rad/s in a log mode with 18 data points per frequency decade (not shown).
After frequency-sweep but before strain-sweep, a time-sweep of 3 h was performed on each
hydrogel at 0.2 % strain amplitude, 1 rad/s angular frequency to confirm that the gel remains
undisturbed by the frequency-sweep (see ESI). Strain-sweep measurements were then
performed with a single integration cycle at 1 rad/s angular frequency, within the range of
strain amplitudes varying from 0.1% to 100% in a log mode with 23 data points per decade.

Small Angle X-ray Scattering (SAXS) experiments

Peptide solutions were prepared as described above. To prepare hydrogels for SAXS
experiments, equal volumes of each peptide solution (10-15 L) were centrifuged (20 sec at
500 RPM) into a cylindrical glass capillary (Charles Supper Co.) with a diameter of 1.0 mm
and a wall thickness of 0.01 mm. Scattering data were collected at 0.5, 1.5, 3, 5, 7, 24, 48,
and 72 h after mixing for Gel-1 — Gel-5.

SAXS data were collected using the beamline 121D-B of the Advanced Photon Sources
(APS) at the Argonne National Laboratory. For every measurement, the monochromic X-ray
beam (A = 0.689 A) with a cross-section size of 0.07 mm x 0.20 mm was adjusted to pass
through the centers of the capillaries. The exposure time for all samples was set to 0.2 sec to
avoid detector saturation and radiation damage to the samples. X-ray scattering intensities
were collected using the 2D detector Pilatus 2M (DECTRIS Ltd). The 2D scattering images
were converted into 1D scattering profiles of Q) vs. Qin the Q-range from 0.007 A1 to
0.6 A~1 by means of azimuthal averaging after solid angle correction. The resulting 1D
profiles were normalized over the intensity of the transmitted X-ray beam, using the
software package at the beamline 12ID-B. /A Q) is the scattering intensity of X-rays, and Qs
the scattering vector amplitude which is related to the X-ray wavelength A. and the scattering
angle @by Eqgn. (2):

Q=47nsin ©/2) @

Subtraction of the solvent scattering involved normalization based on the ratio of incident
and transmitted X-ray photon counts. This is to account for the slight differences in capillary
thickness. Additional background scattering correction was performed in accordance with
the generally accepted published procedure.?® The SAXS instrument has a pinhole geometry
and the high flux of the X-ray beam from the synchrotron reduced the data collection time
down to 0.2 sec, thus allowing the use of SAXS to monitor the gelation process in real time.

Model functions for IGOR Pro 6.2 developed by the NIST Center of Neutron Research??
were used to analyze the persistence length of the fibers underlying Gel-1 — Gel-5. The
persistence length L, is obtained from the simulations of semi-flexible worm-like chain
model where an individual hydrogel fiber is approximated by the chain of connected locally
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stiff segments of length Lp.3° For simplicity, these locally stiff segments are approximated
by cylinders. The persistence length Ly, is the length over which the cylinder could be
considered a rigid rod.30: 31

The ATSAS software32 33 PRIMUS was used to estimate the zero-angle scattering intensity
/(0) from the Guinier analysis of /n/(Q) vs. ¢? plots. Since /0) characterizes the mass of the
scattering particles, it was used to monitor the gelation process of all hydrogels over time.
The linearity of Guinier plots for rod like particles /nQ/(Q) vs. Q? suggests that the fibers in
Gel-1 - Gel-5 have one dimension (length) much longer than the other two. This longest
dimension is beyond the resolution limit (@, of the scattering data (in our case Q ;i ~
0.007 A=1 which means the maximum dimension we can reliably characterized is ~500 A).
We therefore analyzed the scattering data in terms of the cross-sections of the scattering
particles. This is achieved by multiplying Q) by @, a procedure that effectively removes
information about the longest dimension (length) of the scattering particle.34 A simulated
annealing algorithm used for restoring the 3D shape of scattering objects,3® was used to
restore the 2D cross-sections for Gel-1 — Gel-5. Here, we model the 2D cross-sections of the
fibers formed by Gel-1 — Gel-5 using the algorithm in a purpose-written program that is
described elsewhere.36 In SAXS data processing, the spherical dummy atoms were arranged
on a flat grid of 20 x 20 close-packed dummy atoms, each 3 A in diameter. The program
calculated the pair distance distribution function, P.(7), for the model cross-section
composed of the dummy atoms. P{/) is the distribution of distances between two random
area elements in the cross-section, weighted by the scattering density at each radial distance,
r. The optimization procedure is in general described elsewhere.28: 34 After optimization, the
radius of gyration of the cross-section /. and the maximum cross-sectional dimension
dmax, both in A, were determined from P{7). The second moment of P{/) yields R,, which
is the contrast-weighted mean distance of all area elements from the center of scattering
density. daxis the rvalue at which P.(7) goes to 0. The program also outputs the model
cross-sections as atomic coordinate files in the Protein Data Bank format which allowed
their pictorial presentation. Corrections for scaling and incoherent background were applied
to the34mode| scattering profile so it could be compared directly with experimental scattering
data.

Similar two-dimensional approach was used to compare the cross-sectional correlation
length L. of Gel-1 — Gel-5. 2D scattering data (Q/A Q) vs. Q) were processed using the IGOR
Pro 6.2/IRENA software3” to estimate the cross-sectional mesh size of the cross-linking
networks in the hydrogels, by means of the Debye-Bueche model38 in the following form:

L
1(Q) x m ®)

where L is the cross-sectional correlation length, which provides a measure of the spatial
extent of the cross-linking regions in the imaginary plane cross-cutting the fibrous network
and reflects the average cross-sectional mesh size. Larger cross-sectional correlation length
correlates with larger average cross-sectional mesh size.3?

NMR experiments

In NMR experiments, gelator solutions A-i and B-i (see Table 2), 250 L each, were mixed
ina 1.5 mL centrifuge tube and then quickly transferred to a 5-mm NMR tube as shown in
Figure 1. All the NMR experiments were carried out on a Varian INOVA 500 MHz
spectrometer, equipped with a 1H/29F/{13C/15N} 5-mm triple resonance probe. BPP-LED40
technique was used to monitor the diffusion coefficients of H,O and tfF. The self-diffusion
coefficient D was extracted from the experimental data using the following equation:4°
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A=Ay -exp(-y’g*°D (A - 6/3)) ()

where A and A are the signal amplitude at gradient g and the initial signal amplitude
(without gradient), respectively. y is the gyromagnetic ratio (267.5 x 106 rad-s~2.T~1 for 1H,
and 251.7 x 10% rad-s~1.T~1 for 19F). gis strength of the pulsed-gradient, & is the pulsed-
gradient width and A is the diffusion time. Dis the self-diffusion coefficient. In Dy
measurement, the gradient changed from 0.018 to 0.430 T-m~1 in 24 steps, A was set to
0.002 s, A was setto 0.1 s. In the Dyater measurement, the gradient changed from 0.018 to
0.219 T-m~1in 12 steps, with A =0.002sand A = 0.1 s.

Results and discussion

Physical appearance

Figure 1 shows the physical appearance of Gel-1to Gel-5in 5-mm NMR tubes. All the
samples formed a hydrogel which can hold its own weight. As the ionic strength increases,
the hydrogel becomes increasingly transparent. Such visual observation indicates that these
hydrogels are likely to have very different mechanical and structural properties.

lonic Strength Effect on the Mechanical Properties of Hydrogels

Figure 2 shows the time- and strain-sweep results of the gelation process at different ionic
strength. As the ionic strength increased from 0.1 to 2.1 M, the plateau G’ value increases
more than 12 times, from 7.6 kPa (Gel-1) to 94.6 kPa (Gel-5). The plateau G’ value of the
hydrogel was obtained by averaging the G’ values taken during last hour of the gelation
process.

When the plateau G’ values are plotted against Inu and InA, a linear dependency is observed
in both cases (Figure 3). The agreement between ionic strength and conductivity plots
indicate that either one can be used to analyze experimental data. This linear relationship
between G’ and Inu shows that the stiffness of this class of peptide hydrogels can be tuned
by the ionic strength in a highly predictable manner.

Previously, a linear dependency of G’ on w was reported for the Laponite and poly(ethylene
oxide) nanocomposite hydrogel in the NaCl concentration range of 0 — 0.1 M.1° Considering
that the current work covers a much wider NaCl concentration range (0 — 2 M), the
previously observed linear dependency of G’ on i might be a limiting case of the linear
dependency of G’ on Ing. While the plateau G’ value increases monotonously with the ionic
strength , the growth of G’ displays a more complex pattern. As w increases from 0.1 M to
1.1 M, the growth of G’ slows down, in the order of Gel-1 > Gel-2 > Gel-3 > Gel-4 (Figure
2A inset). However, when p further increases to 2.1 M, there is a rebound in the growth of
G’ and Gel-5is faster than Gel-3 and Gel-4. Hence the overall order of gelation speed has
the following order: Gel-1 > Gel-2 > Gel-5 > Gel-3 > Gel-4.

The co-assembly of the negatively charged E11 peptide and the positively charged K11
peptide into hydrogels is mainly driven by three forces: electrostatic attractions between
oppositely charged amino acids (Lys and Glu), hydrophobic interactions between neutral
amino acids (Trp and Ala), and hydrogen bonding between peptide backbones.® High ionic
strength screens electrostatic attractions but enhances hydrophobic interactions. Specifically,
variation of the ionic strength of the media will result in significant changes of the Debye
screening length, x™1.41
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K—lz(grSOkBT)l/z ®)
2N, e2u

where « is the Debye-Hiuickel reciprocal thickness, in m; & is the vacuum permittivity,
8.85x10712 C2.N"1.m=2; & is the dielectric constant of a solvent, for water at 298 K, & =
78.54: kg is the Boltzmann constant, 1.38x10723 N-m-K~1; T'is the absolute temperature,
298 K; eis the elementary charge, 1.602x107° C; N4 is the Avogadro number, 6.022x1023
mol~1; and u is the ionic strength of the sample, in mol-m=3, In our case, the Debye
screening length defines the distance over which the electrostatic attraction is effective.
Indeed, the estimates using eq. (5) show that within the range of our ionic strength values,
significant changes in the Debye screening length could be expected—substituting 0.1 M,
0.2M, 0.6 M, 1.1 M and 2.1 M into eq. (5) results in consistent drop in x~1 values from 9.6
A 68A.39A 29A to2.1A, respectively.

At lower ionic strength, the Debye screening length 1 is longer, and the electrostatic
attraction dominates. The oppositely charged peptides quickly form clusters, so G’ increases
quickly and reaches the plateau earlier (about 32 h for Gel-1 and Gel-2). As the NaCl
concentration increases, electrostatic attractions are screened and the Debye screening length
x~1 becomes shorter. As a result, gelation becomes slower (Gel-3, Gel-4 and Gel-5 reach
plateau after 72 h). On the other hand, at high ionic strength, the hydrophobic interaction is
enhanced, which seems to promote the co-assembly of the peptides through the so-called
“salting out” effect.#2: 43 This leads to a rebound in gelation kinetics, making G’ of Gel-5
growing faster than that of Gel-3 and Gel-4 (Figure 2A). Of note, significant decrease in the
Debye screening length at higher ionic strength down to almost 2 A implies that mutually
repulsive identically charged peptide modules could pack closer to each other inside the
fiber thus increasing the compaction of the fiber. This is consistent with evident mechanical
strengthening of the gels at higher ionic strength (Figure 3A).

lonic Strength Effect on the Structural Properties of Hydrogel Networks

The influence of the ionic strength on hydrogel structures can be assessed using the SAXS
scattering intensity profiles of Q) vs. Q (Figure 4). Preliminary analysis of the scattering
data was based on the Guinier approximation.* Guinier plots allow one to conclude on the
probable morphology of the scattering objects and to estimate the zero-angle scattering
intensity reflecting the mass of the scattering objects. The insets in Figure 4 (A, B, C, D, F)
demonstrate the linearity of the Guinier plots for rod-like particles, /1QN Q) vs. (2,
suggesting that as early as 30 min after mixing, the peptides start to assemble into elongated
asymmetrical fibers with one dimension (length) much greater than another.

From the Guinier analysis for particles of arbitrary shape (or so-called globular particles),
InK Q) vs. G2, the zero-angle scattering intensity /0), which represents the mass of the
scattering particles, can be estimated (Figure 4(E)). Fully consistent with the growth of the
elastic modulus G’ in the time-sweep rheological monitoring (Figure 2(A)), the growth of
K0) also follows the order Gel-1 > Gel-2 > Gel-5 > Gel-3 > Gel-4. The lengths of the
hydrogel fibers in all gels exceed the maximum observable size of our SAXS instrument (~
500 A). However, we were able to model the 2D cross-sections of the fibers and to monitor
the changes of their structural parameters during the gelation process over time. Figure 5
shows the evolution of the dimensional characteristics of fiber cross-sections (radius of
gyration of the cross-section, A; and maximum dimension of the cross-section, dqmayx) over
time at different ionic strengths.
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As seen from Figure 5, the trend in the growth of both cross-sectional parameters (<, and
Omax) over time also follows the order Gel-1 > Gel-2 > Gel-5 > Gel-3 > Gel-4 which was
observed from the rheological (Figure 2(A)) and /0) (Figure 4(E)) data. On the other hand,
at the time of gelation completion (72 hrs), the values of the radii of gyration of the cross-
section, R, and maximum cross-sectional dimensions, dmax, consistently decrease with
ionic strength increase (Figure 5, Gel-1 > Gd-2 > Gel-3 > Gel-4 > Gel-5). Such contraction
of the fiber’s cross-sectional dimensions with increasing ionic strength is also pictorially
demonstrated by the changes in the 2D shapes of fiber cross-section over gelation time
(Figure 6, top panel). This overall dimensional compaction of the cross-section with ionic
strength growth is also evident from the narrowing of the pair-wise distance distribution
functions of the cross-section pair distribution function ~.(7) (Figure 6, bottom panel). In
Figure 6 (bottom panel), at higher ionic strength £.(7) comes to 0 at ~50 A, illustrating the
shrinking of the cross-sectional dyay by more than 25 A (cf. with dmax ~ 77 A at the lowest
ionic strength, 0.1 M). Note that the observed shrinking of the fiber cross-section is
consistent with the above mentioned possibility of the fiber compaction due to significant
drop in the Debye screening length at higher ionic strength. Moreover, the formation of less
compact, more tenuous fibers with bigger cross-section at lower ionic strength results in
more turbid hydrogels as compared to those assembled at higher ionic strength (Figure 1).

It also stands to mention that as seen from the top panel of Figure 6, at lower ionic strength,
the increase in the cross-sectional dimensions, dmax, is rather fast as opposed to the higher
ionic strength case, where the changes in ghax Within first 7 hours of gelation appear to be
insignificant. One might possibly suggest that at lower ionic strength, the cross-sectional and
longitudinal assemblies of the fibers are almost simultaneous, while at higher ionic strength,
the longitudinal growth of the fiber to a certain extent outpaces the cross-sectional growth.
However, this suggestion still needs to be verified based on the data of fiber length which,
unfortunately, are beyond the limits of the maximum resolved size of our SAXS setup.

Interestingly, the same Gel-1 > Gel-2 > Gel-5 > Gel-3 > Gel-4 growth order appears to be
characteristic not only to linear dimensions of the fibers cross-section (/, dmax) but also to
the fibers cross-sectional area S. (Figure 7(A)). However, as opposed to consistent drop in
Re, Gmax With increasing u at the end of gelation after 72 hours (Figure 5 and Figure 6), the
final values of S; also stand in the same Gel-1 > Gel-2 > Gel-5 > Gel-3 > Gel-4 order
(Figure 7A).

Possible explanation of the observed effects of ionic strength could be based on the
consideration of the interplay between electrostatic and hydrophobic interactions which
control the assembly of the oppositely charged individual peptide modules into the fibrous
hydrogel network. At low ionic strength, the electrostatic attraction between negative E11
and positive K11 will define the assembly, and the peptides aggregate quickly and form
thicker fibers. When the ionic strength goes up, the peptides aggregation will be slower and
the fibers will be thinner. At much higher ionic strength (our highest value of 2.1 M for
Gel-5), electrostatic attractions become even less relevant whereas hydrophobic interactions
become strong enough to control the fiber formation. Such qualitative explanation is
consistent with the dependence of the fiber cross-sectional area S; on gelation time and ionic
strength, as represented by the 3D surface shown in Figure 7 (B).

Here, the evident trough in S; in the w range from 0.7 M to 1.4 M could be attributed to the
situation where electrostatic attractions become mostly shielded, while hydrophobic
interactions are still not strong enough to control the assembly—this slows down the
gelation and defines the formation of thinner fibers. Whereas with the increase of ionic
strength up to 2.1 M, hydrophobic interactions become strong enough to accelerate the
assembly and produce somewhat thicker fibers (Figure 7B).
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One would expect that larger fiber cross-sections of the fiber translate into higher elastic
modulus G” (Figure 2A). However, while the radius of gyration of fiber cross-section
follows the order, Gel-1 > Gel-2 > Gel-3 > Gel-4 > Gel-5, the plateau elastic modulus
follows the opposite order Gel-5 > Gel-4 > Gel-3 > Gel-2 > Gel-1. This result suggests that
structural features other than the dimensional parameters of individual fiber cross-sections
also contribute to the elastic modulus of hydrogels. One such structural feature is the
arrangement of individual fibers, which is represented by the cross-sectional correlation
length L. L. reflects the average “mesh size” between fibers in the section plane of the fiber
network. As seen from Figure 8, InL. decreases linearly with Ing. This implies that the
network density increases with the ionic strength. Another structural feature is the
persistence length of individual fibers, L, which describes their rigidity. As seen from
Figure 8, InL, increases linearly with the ionic strength. Therefore, hydrogels of higher ionic
strength comprise of thinner (smaller A and dmax) but more rigid fibers (larger Lp) of higher
fiber network density (smaller L.).

In terms of structural properties, InL and InL, display linear dependency on Inx (Figure
8A). In terms of mechanical properties, G’ displays a linear dependency on Ing (Figure 3A).
Thus one would expect certain correlation between G’ and InL or InLp. It has been
previously shown that ionic strength increase in protein hydrogels leads to noticeable
decrease in correlation length £..45 Figure 9A plots InL; and InLy vs. G* and Figure 9B plots
InLcand InLp vs. InG'. Indeed G’ decrease with L but increases with Lp.

The MacKintosh theory46 sheds light on the correlation between G’ on the one hand and L
and Lpon _the othe_r. Acgording to this theory, G’, Lc and L in a polymer hydrogel satisfy
the following relationship:
. Ly
LT

(6)

Eqn. (6) suggests that G” decreases with L but increases with Lp, as seen in Figure 9.
However, the MacKintosh theory implies a linear correlation between InG’ and InL. and
InLp. In our case, both InG” and G’ have good but not perfect linear correlation with InL¢
and InL (Figure 9). This indicates that although Lc and L, make significant contribution to
G’, there are other contributing factors. In other words, the MacKintosh theory captures the
main but not all aspects of this class of hydrogels. Possibly, at lower ionic strength, where
L, < L, the MacKintosh theory which is valid for semiflexible chains with L; < Lp,46
reduces to the case of flexible chains where?’

kT
O

Thus, the formation of more flexible fibers, more heterogeneous hydrogels at lower ionic

strength could explain the deviation from the MacKintosh theory and the loss of expected
linear correlation between G’ and InL. (or InLp) in Figure 9A.

In summary, it has been shown that higher ionic strength slows down the hydrogelation
process significantly because electrostatic attractions between the two oppositely charged
gelators are screened. On the other hand, higher ionic strength enhances the hydrophobic
interactions between the peptide gelators, leading to higher elastic modulus. Apparently,
electrostatic attraction plays a more dominant role in gelation kinetics while hydrophobic
interaction plays a more dominant role in hydrogel stiffness.
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Transport properties

Using the pulse-field gradient NMR technique, the self-diffusion coefficients of water
(solvent) and tfF (solute), Dyater aNd Dyr, in hydrogels and in solutions were measured.
Dyater and Dir both decrease linearly with the ionic strength in hydrogels and in solutions
(Figure 10). The slope of this linear dependency in hydrogels is ca. 10% larger in the
hydrogel than in the solution. This result indicates that ionic strength-induced decrease of
the self-diffusion coefficient is mainly caused by the interaction of water and tfF with NaCl,
with variations of hydrogel stiffness and structure playing only a minor role. This is hardly
surprising considering that the hydrogels contain only 2 wt% of peptides and that both water
and tfF molecules are much smaller than the mesh size of the hydrogels, which is ca. 30 A
(see L. values in Figure 8). Thus, this type of hydrogels allows essentially free diffusion of
small molecules inside its fiber network.

Conclusion

In our peptide hydrogel system, the elastic modulus G| increases linearly with the logarithm
of the ionic strength while the gelation process slows down as the ionic strength increases.
However, there is a rebound of gelation speed when the ionic strength is above 2M. SAXS
analysis indicates the higher ionic strength leads to thinner but more rigid peptides that are
more closely packed. The self-diffusion coefficient of small molecules inside the hydrogels
decreases linearly with the ionic strength, but such decrease is predominantly a salt effect
rather than barriers imposed by the hydrogel matrix.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Photos of hydrogels of different ionic strength (w2). From left to right, Gel-1 (i« = 0.1 M),
Ge-2 (u=0.2 M), Gel-3 (= 0.6 M), Gel-4 (= 1.1 M), and Gel-5 (u = 2.1 M).
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Time-sweep (A) and strain-sweep (B) of Gel-1 to Gel-5. Violet: Gel-1 (¢ =0.1 M), green:
Gel-2 (1 =0.2 M), blue: Gd-3 (1 =0.6 M), red: Gel-4 (x =1.1 M), brown: Gel-5 (i =2.1
M). The inset in (A) shows the gelation process in its first 4 h. From (B), the strain yield
value y slightly increases from ~2% to ~4% with the increase of the ionic strength from 0.1

to 2.1 M.
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Fig. 3.

The elastic modulus G| vs. the logarithm of ionic strength (A) and logarithm of conductivity
(B). wis in M and A is in mS-cm™L. The solid line represents linear fitting, and the goodness
of fitting (adjusted /2) is labeled. The slope and intercept of linear fitting in panel A is 30.76
kPa and 73.20 kPa, respectively; the slope and intercept of linear fitting in panel B is 35.04

kPa and —73.55 kPa, respectively.

Soft Matter. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Feng et al.

Page 15

-
£ 10 g €
3 E S
210" 210 E‘
£ [ £
= 107 £ 10 F]
2 8 =
% 10° © 10° :1
g g, . <)
= 0 S e =

KQ), arbitrary unit
KQ), arbitrary unit

o
o

Normalized /(0)
\\°\
M :

60

4 6 40
Time (hrs)

Fig. 4.

(A, B, C, D, F) SAXS scattering profiles Q) vs. Q of Gel 1 — Gel-5 over time. Insets in all
plots show the changes in the corresponding Guinier plots for rod-like particles, /nQx/(Q)
vs. (P, at the start (0.5 hr) and at the end (72 hr) of the monitoring period. (E) Time
dependence of the zero-angle scattering intensities /0) from Guinier analysis of /n/ Q) vs
¢ plots for the five hydrogels. To facilitate comparison, /0) in each case was normalized
by their maximum value (/(0) at 72 hrs); so all curves converge to 1. The lines represent a
basic B-spline fit of the data. Violet: Gel-1 (A); green: Gd-2 (B); blue: Gel-3 (C); red:
Gel-4 (D); brown: Gel-5 (F).
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Fig. 5.

Tigr]ne—evolution of the cross-sectional parameters of the hydrogel fibers formed at different
ionic strengths: (A) radius of gyration of the cross-section, A; (B) maximum cross-section
dimension, dhax. The lines represent a basic B-spline fit of the data. Violet: Gel-1; green:
Gel-2; blue: Gel-3; red: Gel-4; brown: Gel-5.
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SAXS monitoring of the ionic strength effects on the gelation process. Top panel shows the
time evolution of the 2D average cross-section of the peptide fibers. Bottom panel show the
changes in the corresponding pair-wise distance distribution function of the cross-section,
P.(n. Violet: Gel-1; green: Gel-2; blue: Gel-3; red: Gel-4; wine: Gel-5. P.(7) functions in
each case were normalized by their maximum zero-angle scattering intensity of cross-
section, /(0).
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0
10 21 A 4

(A). Growth of peptide fiber cross-section area, S, at different ionic strengths. The lines
represent a basic B-spline fit of the data. Violet: Gel-1, green: Gel-2, blue: Gel-3, red:
Gel-4, wine: Gel-5. (B). Dependence of peptide fiber cross-section area, S (z-axis), on time
and ionic strength (x- and y~axis). 3D plot is made using Origin 8.1 (OriginLab) software,
wireframe created using thin plate spline (TPS) algorithm.
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In(L¢) and In(Lp) vs. In(x) (A) and In(A) (B), the solid and dash line is the linear fitting
results. In panel A, the adjusted /2 of In(L¢) vs. In(w) is 0.962, the intercept is 3.291, and the
slope is —0.135; the adjusted /2 of In(Lp) vs. In(w) is 0.970, the intercept is 4.024, and the
slope is 0.192. In panel B, the adjusted /2 of In(L.) vs. In(A) is 0.965, intercept is 3.937, and
the slope is —0.154; the adjusted /2 of In(Lp) vs. In(A) is 0.975, the intercept is 3.105, and

the slope is 0.220.
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In(Lc) and In(Lp) vs. G’ (A); In(Lc) and In(Lp) vs. In(G’) (B).
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Fig. 10.

(A) Diffusion coefficients of H,O (Dyater) in solutions and hydrogels of various ionic
strengths. Hollow circles: Dyqger in solutions; solid circles: Dyqger in hydrogels. Dash and
solid lines are the linear fitting results. The goodness of fitting (adjusted A2) is 0.964 and
0.999, respectively. (B) Diffusion coefficients of tfF (D) in solutions and hydrogels of
various ionic strengths. Hollow squares: Dy in solutions; solid squares: Dy in hydrogels.
Dash and solid lines are the linear fitting results. The goodness of fitting (adjusted /) is
0.993 and 0.997, respectively.
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Table 1

a

Sequences and molecular weights (M.W.) of a pair of undecapeptides E11 and K11.

Gelators  peptides sequences M. W. (Da)
acety-Glu-Trp-Glu-Ala-Glu-Ala-
A Ell Glu-Ala-Glu-Trp-Glu-amide 1,419
B K11 acetyl-Lys-Trp-Lys-Ala-Lys-Ala- 1,413

Lys-Ala-Lys-Trp-Lys-amide

Page 22

aAIa, alanine; Glu, glutamic acid; Lys, lysine; Trp, tryptophan. The A-and C-termini of each peptide were acetylated (acety/) and amidated (-

amide), respectively.
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