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We have previously shown that properly designed lysine and valine-rich peptides undergo a random coil to
â-hairpin transition followed by intermolecular self-assembly into a fibrillar hydrogel network only after the
peptide solutions are heated above the intramolecular folding transition temperature. Here we report that
these hydrogels also undergo a stiffening transition as they are cooled below a critical temperature only when
boric acid is used to buffer the peptide solution. This stiffening transition is characterized by rheology, dynamic
light scattering, and small angle neutron scattering. Rheological measurements show that the stiffening transition
causes an increase in the hydrogel storage modulus (G′) by as much as 1 order of magnitude and is completely
reversible on subsequently raising the temperature. Although this reversible transition exhibits rheological
properties that are similar to polyol/borax solutions, the underlying mechanism does not involve hydroxyl-
borate complexation. The stiffening transition is mainly caused by the interactions between lysine and boric
acid/borate anion and is not driven by the changes in the secondary structure of theâ-hairpin peptide. Addition
of glucose to boric acid and peptide solution disrupts the stiffening transition due to competitive glucose-
borate complexation.

Introduction

Gelation of biomacromolecules in water has been studied
extensively because of its importance in the food and petroleum
industries1 as well as for biomedical applications such as tissue
engineering2and drug delivery.3 In addition to covalent crosslink-
ing of biomolecules, gelation can also be achieved through
temperature changes that induce secondary structure changes
followed by intermolecular association and network formation.1

The intermolecular physical association is driven by molecular
forces such as hydrogen bonding, hydrophobic, and van der
Waals interactions. Gelation of biopolymers, especially polysac-
charides, can also be achieved physically via complexation with
mono- or multivalent electrolytes that form ionic bridges
between the backbones of the chains.4,5

The complexation of borate anions with polysaccharides and
polyols in aqueous solutions has been widely studied by
rheology,6-12 scattering,13-15 and NMR.16-19 This complexation
leads to an increase in the viscosity of the solution due to the
formation of physical cross-link points between the hydroxyl
groups of the polymer. The industrial and scientific interest in
boric acid, B(OH)3 and other related boron containing com-
pounds is diverse ranging from glucose sensors,20,21 supramo-
lecular chemistry,22 and cancer-tumor treatments.23 For example,
these molecules have significant roles in some biological
processes through complex formation with saccharides, glyco-
proteins, and proteins.24-27 It has been demonstrated that wounds
treated with boric acid solutions exhibit faster healing rates.28

Since10B, with a 20% natural abundance, has a large neutron

absorption cross-section, its related chemical compounds have
been used for boron neutron capture therapy (BNCT) for cancer
treatments; these compounds are specifically targeted to tumor
cells and generate heat after interacting with neutrons to destroy
the cell. Boric acid, B(OH)3 with a pKa value of 9.2 and a
triganol-planar structure in aqueous solution, is a weak Lewis
acid in equilibrium with tetrahedral borate anion B(OH)4

-. At
low concentrations it is monomeric in aqueous solution but it
can also form polyborate species, especially at high concentra-
tions (>0.15 M).29 Figure 1 shows the structures and equilibrium
between boric acid and borate anion in aqueous solution. In
the studies presented herein, rheological measurements revealed
that complexation is favored at basic conditions and, thus, one
can assume that borate ion is the reactive species (vide infra).
However, some studies have also considered the ability of boric
acid to form complexes.11 Since the complexation reaction is
exothermic, temperature has drastic effects on the gelation times
and viscoelasticity of polymer solutions.6 As discussed later,
the rheological behavior of peptide-boric acid solutions shows
significant similarities to the borate ion complexation with
polyols or polysaccharides.

In addition to high molecular weight biomolecules for gel
network formation, there has been a recent significant interest
in the self-assembly of de-novo-designed, relatively short
peptides, not only for materials synthesis such as hydrogels,30-33
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Figure 1. Equilibrium between boric acid and borate anion.
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templates,34 and coatings,35 but also for model systems to help
understand the structure of amyloid-like precipitates that are
related to some diseases such as Alzheimer’s.36,37 These
amphiphilic peptides can self-assemble via noncovalent interac-
tions intoâ-sheet rich fibrillar or tubular structures in solution
or two-dimensional sheets at interfaces.38-40 We have recently
reported that designed peptides known asâ-hairpins form
hydrogels via self-assembly when the intramolecular random-
coil to â-sheet transition is triggered by pH,41 temperature,42

salt,43 or light.44 For example, the structure of MAX1, a well
studied peptide in our labs, and its self-assembly mechanism is
given in Figure 2. The peptide is composed of two strands of
alternating valine and lysine amino acids flanking a tetrapeptide
turn sequence (VDPLPT). Temperature can be used as a folding
trigger for MAX 1, and, thus, an intermolecular self-assembly
trigger, at basic conditions (∼pH 9). When the temperature is
raised above the folding transition, hydrophobic interactions
drive â-hairpin folding and intermolecular self-assembly into
fibrillar nanostructures as shown in Figure 2.15 The fibril cross-
section, which is dictated by the strand length of the molecules
and is, therefore, monodisperse in diameter,41,43,45consists of a
bilayer of folded peptide with lysines on the periphery exposed
to solvent and collapsed hydrophobic valine faces constituting
the fibril cores. A network of these fibrillar nanostructures is
eventually formed from permanent, but noncovalent, cross-links
due to both fibril entanglements as well as self-assembled cross-
links where defects in the packing of the valine faces of
opposing folded hairpins allow the formation of daughter fibrils
that branch from parent fibrils. If the pH of the MAX1 solution
is not altered, decreasing the temperature below the original
folding transition of the peptide does not induce unfolding and

dissolution of the peptide network structure (see Figure 3, vide
infra). Moreover, rheological measurements demonstrate that
the modulus of the hydrogel is not affected while cooling; the
material still preserves its self-supporting, solid-like elastic
properties at low temperatures.

We have discovered that the inertness of gel stiffness relative
to temperature no longer exists when boric acid is used as a
buffer salt in MAX1 solutions. In this report a new type of
transition is introduced for theâ-hairpin hydrogels that is
accessible through complexation of boric acid/borate anion with
the fibrillar network. We have discovered that when boric acid
is used as a buffer-salt, the hydrogel goes through areVersible
stiffening transition below a critical temperature without exhibit-

Figure 2. (a) 20 residue primary sequence and proposedâ-hairpin secondary structure of MAX1. (b) Conformationally unordered (random-coil)
peptide and proposed folding/intermolecular self-assembly pathway of MAX1. The intramolecular folding event is triggered via application of a
stimulus resulting in MAX1 folding and consequent self-assembly intoâ-sheet-rich fibrillar structures. The long axis of the fibrils corresponds to
the hydrogen-bonding,â-sheet formation direction. The cross-section of the fibrils are formed via hydrophobic collapse of the valine-rich, hydrophobic
face of the folded peptide, and the surface of the fibrils that is exposed to water is covered by lysine residues. Depending on the solution conditions
(peptide concentration, ionic strength, pH, temperature) network structure, and, thus, the stiffness of the hydrogels, can be controllably varied. The
stiffness of the network arises from physical cross-link points that are permanent in nature. These cross-links can be formed by simple entanglements
between the fibrils and as well as by self-assembled cross-links where defects in the packing of the valine faces of opposing folded hairpins allow
the formation of daughter fibrils that branch from parent fibrils. The stiffening of the network on cooling occurs with the presence of boric acid in
the hydrogel. Below a critical temperature boric acid/borate anions serve as additional physical cross-link points within the network.

Figure 3. Temperature-dependent CD measurements of 0.08 wt %
MAX1 solution at pH 9.1 with 125 mM boric acid and 10 mM NaCl.
[θ]216 monitored between 5 and 80°C while heating (O) and cooling
(b). 10 min equilibration time was used at each temperature step.
Inset: Spectra at 5°C, warmed to 80°C, and then cooled back to 5
°C.
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ing detectable short or long range changes in the network
structure. Importantly, this lack of structural change on stiffening
of the fibrillar hydrogel network implies that boric acid/borate
species locally complex with lysine-coated fibrils to increase
the overall stiffness of the network. The increase in the stiffness
and transition temperature can be varied by pH, boric acid
concentration, and ionic strength and provides tunable control
over network rigidity with temperature.

Experimental Section

Sample Preparation. The synthesis of theâ-hairpins is
described elsewhere.41 The preparation of peptide solutions
involves two steps; the homogeneous dissolution of the peptide
in water and subsequent adjustment of the solution conditions
to desired pH, salt concentration and temperature. For example,
for 0.5 wt % MAX1 solution at pH 9 with 125 mM boric acid
and 10 mM NaCl, 1 mg of lyophilized peptide was first
completely dissolved in 100µL of cold (∼5 °C) water with
gentle mixing. A 100µL amount of cold (∼ 5 °C) buffer
solution containing 250 mM boric acid and 20 mM NaCl, was
subsequently added to the peptide solution followed by gentle
pipet mixing. The resulting solution is kept at∼5 °C (using an
ice-bath) until intramolecular folding, and consequent intermo-
lecular self-assembly, is initiated by raising the temperature.

Circular Dichroism. CD spectra were collected using a Jasco
J-810 spectropolarimeter. Wavelength scans were collected
between 190 and 260 nm. Random coil toâ-sheet transitions
were monitored by collecting a series of wavelength scans with
time. Mean residue ellipticity [θ] was calculated from the
equation, [θ] ) θobs/(10× l × c × n) whereθobsis the measured
ellipticity (millidegrees),l is the path length of the cell (cm),c
is the concentration (molar), andn is the number of residues.
Temperature scans were performed with 5°C increments and
10 min equilibration time at each temperature.

Infrared Spectroscopy. IR spectra were taken on a Nicolet
Magna-IR 860 spectrometer. The spectrometer was operated at
1 cm-1 resolution, and the spectrum recorded was an average
of 100 scans. Measurements were taken employing a zinc-
selenide flow cell. The temperature of the cell was controlled
between 5 and 40°C using a water bath. For FTIR measure-
ments, the peptide was first dissolved in 0.1 M HCl and then
lyophilized to exchange the TFA counterions with Cl. Then
MAX1 × nHCl was deuterated by dissolving in D2O and
subsequent lyophilization.

Rheology.Dynamic rheological experiments were performed
on a TA AR-2000 rheometer. In all experiments, a 25 mm
diameter parallel plate geometry and 0.5 mm gap distance were
used. The dynamic time and frequency sweep experiments were
performed within the linear viscoelastic regime. Gels for
rheological experiments were prepared in the rheometer as
follows. The lyophilized peptide was dissolved in cold DI water
and cold buffer solution and then loaded into the rheometer,
which was also set to 5°C. After the gap was set, the
temperature of the rheometer was adjusted to the desired
temperature by a Peltier element, mounted as the bottom plate,
to trigger the folding and self-assembly. The evaporation of
water from the hydrogel was avoided by covering the sides of
the plate with low viscosity mineral oil. Control experiments
were performed to ensure that the measurements were unaffected
by the added oil. Heating-induced gelation and cooling-induced
stiffening tests were performed with a solvent trap mounted
around the bottom and top plates without the use of a mineral
oil. No changes were observed in both transition temperatures.

Small-Angle Neutron Scattering.SANS experiments were
performed on the NG3 30 m beamline, at the National Center

for Neutron Research, National Institute of Standards and
Technology, Gaithersburg, MD. The neutron beam was mono-
chromated to 6 Å with a velocity selector having a wavelength
spread of∆λ/λ ) 0.15. The resulting data were corrected for
detector background electronic noise and background radiation,
detector inhomogeneity, empty cell scattering and buffer scat-
tering. Intensities were normalized to an absolute scale relative
to main-beam transmission measurements through the sample.
Peptides were first dissolved in D2O and lyophilized to exchange
hydrogen atoms with deuterium. The peptide was then dissolved
in D2O and buffer salt-D2O solution was added to adjust the
pH and salt concentration. After gentle mixing for about 10 s,
the peptide solution was transferred into the sample cells by a
syringe. The cells were made of quartz with 0.1 cm path length.
The samples were kept at least 2 h atroom temperature before
the measurements.

Dynamic Light Scattering. DLS measurements were per-
formed on a Brookhaven laser light scattering system using BI-
9000AT type digital autocorrelator, goniometer, and solid-state
laser with a wavelength of 532 nm. The measurements were
performed at 90°. 200 channels were used with variable channel
spacing. The temperature of the sample chamber was controlled
with a circulating water bath. To get rid of dust from the
lyophilized peptide, it was first dissolved in water, filtered, and
then the filtered buffer solution was added to the peptide
solution. The peptide concentration for the measurements was
chosen as 0.1 wt % to be able to probe the dynamics of the
self-assembled peptidic network structure. When higher peptide
concentrations (>0.5 wt %) are used the system becomes highly
nonergodic, and the decay function cannot be observed. The
intensity-time correlation function (ITCF),C(τ) ) 〈I(0)I(τ)〉/
〈I(0)〉2, of the peptide solution was measured first at 40°C
(above the peptide folding and self-assembly transition) and then
at 10°C (below the stiffening transition).

Results and Discussion

Thermally Irreversible Folding Behavior of MAX1. The
stiffening transition of MAX1 hydrogel on cooling when in the
presence of boric acid is related to ion complexation (vide infra).
Therefore, it is crucial to demonstrate that this effect is not
related to, or induced by, changes in the conformation of the
peptide. Figure 3 shows the changes in the molar ellipticity at
216 nm ([θ]216) of 0.08 wt % (0.25 mM) MAX1 aqueous
solution at pH 9.1 with 125 mM boric acid, heating from 5 to
80 °C and cooling back to 5°C. Initially at 5 °C, below the
intramolecular folding and consequent intermolecular self-
assembly transition temperature, the peptide is in random coil
conformation as indicated by a characteristic minimum at
approximately 196 nm (Figure 3 inset). By monitoring [θ]216,
the characteristic minimum exhibited byâ-sheet structure in
the CD spectrum, one can observe the random coil toâ-sheet
folding transition of MAX1 to be around 25°C. Above 40°C
[θ]216 values remain constant indicating that the transition is
complete. As the solution is cooled from 80 to 5°C, the [θ]216

values do not change. It can be seen that the full wavelength
spectrum at 5°C (Figure 3 inset), measured after cooling the
solution from 80°C, is very similar to the spectrum at 80°C;
they both exhibit minima at 216 nm. Thus, CD data reveal that
at this solution condition the folding andâ-sheet transition of
MAX1 is triggered with increasing temperature and is irrevers-
ible on cooling down to 5°C. The irreversible folding of MAX1
at pH 9 is also supported by FTIR measurements. Figure 4a
shows the change in absorbance with time at 40°C for 0.5 wt
% MAX1 solution at pH 9. The first scan shows a pronounced
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peak at 1644 cm-1, which corresponds to the amide I band,
and suggests that MAX1 is in a disordered conformation. As
the folding and consequent self-assembly proceeds this band
shifts to 1615 cm-1 due toâ-sheet formation. In addition, at
1680 cm-1 a relatively weaker band is observed in theâ-sheet
rich hydrogel that some have attributed to antiparallelâ-sheet
formation and/orâ-turn structure.46 The solution was cooled to
10 °C and heated back to 40°C to investigate reversibility
(Figure 4b). The spectrum at 10°C looks identical to the spectra
at 40°C. These results are in accordance with CD measurements
and show that MAX1 has a thermally irreversibleâ-sheet
transition at pH 9 solution conditions.

Stiffening Transition Observed by Rheology and DLS.CD
and FTIR measurements (Figures 3 and 4) reveal that when a
â-sheet rich, dilute MAX1 solution is cooled below the
intramolecular folding transition, secondary structure is not
affected. When a similar cooling process is employed in the
rheometer on aâ-sheet rich hydrogel, an interesting behavior
is observed. Figure 5 shows the change ofG′ with temperature
during dynamic time sweep measurements for 0.5 wt % MAX1
solution at pH 9.1 with 125 mM boric acid. When the
temperature is initially and suddenly increased from 5 to 40
°C, G′ immediately increases due to peptide folding and
hydrogel network self-assembly and eventually plateaus at∼600
Pa after 2 h. When the hydrogel temperature is subsequently

decreased from 40 to 5°C with a rate of 1°C/min, the original
stiffness of the gel does not change until a critical temperature,
or stiffening transition, is reached (∼21 °C) whenG′ begins to
increase eventually reaching 2000 Pa at 5°C. This low-
temperature stiffening transition is reversible; the stiffness of
the hydrogel decreases as the temperature is increased back to
40 °C and reaches its initialG′ value at 40°C. As can be seen
from Figure 5, one more temperature cycle was subsequently
applied, andG′ exhibited the same behavior indicating that this
hydrogel stiffening process is repeatable and reproducible.

Similar rheological experiments were performed with nine
other buffers at different pH and ionic strength. Examples of
rheological tests on some of the peptide solutions with different
buffers are shown in Figure 6. At 40°C elasticity of the
hydrogels varied significantly with different buffers, depending
on the pH, ionic strength, and buffering capacity. There are
continuous, however slight, increases inG′ values for almost
all hydrogels on cooling. No other buffer produces the hydrogel
reversible stiffening transition observed with borate buffer.
Therefore, these results strongly suggest that the stiffening of
the hydrogels on cooling is directly related to interaction of self-
assembled peptides with boric acid or borate anion. To our
knowledge, this type of reversible stiffening transition has not
been reported for any peptide-based hydrogel.

Rheological experiments show that boric acid/borate peptide
complexation is kinetically fast, reversible, and occurs at lower
temperatures. Reports that have studied the complexation of
borate anions with hydroxyl group-containing macromolecules
show similar rheological behavior. The only hydroxyl group
present in MAX1 is on the threonine residue that is located in
the turn region. We have synthesized a controlâ-hairpin by
replacing the threonine residue in the turn with a gylcine residue
to test if the stiffening transition is affected with the removal
of the OH group. Figure 7 shows temperature sweep data for
this control peptide (VK)4VDPLPG(KV)4 at pH 9. The 0.5 wt
% peptide solution with borate buffer was kept at 40°C to first
form the hydrogel and was subsequently cooled down to 5°C.
The results show that the stiffening transition is not affected
by OH removal; the hydrogel withG′ values around 100 Pa at
40 °C stiffens to around 5000 Pa at 5°C. This experiment
eliminates the possibility of exclusive hydroxyl group com-
plexation causing stiffening of the network. This suggests that
the gel stiffening transition is related to specific interactions
between the lysine side chains of the fibrillar peptide network
and boric acid and/or borate ion. Since boric acid and borate

Figure 4. FTIR spectra for 0.5 wt % MAX1 at pH 9 (125 mM boric
acid) (a) Kinetics of peptide folding/self-assembly measured at 40°C.
(b) â-sheet formation is irreversible; peptide solution was heated to (i)
40 °C to induce folding/self-assembly then, it was cooled to (ii) 10°C
and it was again heated back to (iii) 40°C, showing practically identical
FTIR scans.

Figure 5. Dynamic time sweep measurements (6 rad/s, 0.2% strain)
for 0.5 wt % MAX1 at pH 9.1 with 125 mM boric acid and 10 mM
NaCl. Gelation was monitored for 2 h at 40°C and then, 2 thermal
cycles were employed with a rate of 1°C/min between 40 and 5°C.

Figure 6. Dynamic temperature sweep measurements (6 rad/s, 0.2%
strain) for 0.5 wt % MAX1 hydrogels with different buffers. Hydrogels
were first formed at 40°C and were cooled to 5°C with a rate of 1
°C/min.
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anion have three and four interaction sites per molecule,
respectively, they can act as a physical crosslinker between
lysine side-chains of theâ-hairpin peptides. This physical
crosslinking due to complexation can introduce two stiffening
effects in the self-assembled peptide fibrils. First, in addition
to the interfibril cross-link points that already exist from the
original hydrogel self-assembly, additional interfibril junction
points may be forming due to complexation of lysine side chains
on the periphery of neighboring fibrils with the same boron-
containing molecule, especially in the vicinity of the existing
cross-link points due to the close proximity of neighboring
fibrils. Second, the complexation can also occur across the
surface of individual fibrils by forming junctions between lysine
residues. Since the surface of the fibril will be covered with
such an interaction, the locking of neighboring lysine residues
via complexation along the surface of individual fibrils may
increase the fibril stiffness and, thus, increase the network
stiffness.

In addition to significant changes in the network stiffness
observed rheologically, the complexation at low temperature is
also clearly indicated by a significant change in the dynamics
of the self-assembled peptide network as observed by DLS
measurements. Figure 8 shows the intensity-time correlation
functions (ITCF) of 0.1 wt % MAX1 solution (pH 9, 125 mM
boric acid,10 mM NaCl) at 10 and 40°C. The solution was
first kept at 40°C to induce the folding and self-assembly
process. The ITCF at 40°C shows the presence of large

assembled structures with a relaxation time aroundτ ≈ 10 µs.
As the temperature is decreased to 10°C, the ITCF becomes
flat and an exponential decay cannot be observed within the
studied time scale. At both temperatures the initial amplitude
of ITCF is significantly less than 1 suggesting that the system
is nonergodic even at these low concentrations due to cross-
links between fibrils.47,48This effect becomes more pronounced
at 10°C; the initial amplitude of the ITCF further deviates from
unity. Since the self-assembled fibrillar structures are highly
crosslinked with a high polydispersity in length, no quantitative
analysis of the light scattering data has been made. However,
the results in Figure 8 qualitatively show that the dynamics of
the fibrillar assemblies are quenched at lower temperature due
to complexation and, therefore, are in agreement with the
increases observed in the rigidity of the hydrogels. Although
some change in the ITCF is expected at low temperatures due
to a decrease in thermal energy, such a dramatic decrease in
the dynamics of the fibrillar particles and increase in the
nonergodic behavior as shown in Figure 8 can only be achieved
via formation of new physical cross-link points and/or local
stiffening of individual fibrils via complexation favored at low
temperatures.

Viscoelasticity and Network Structure below the Stiffening
Transition. To investigate the changes in the rigidity of the
hydrogels below the stiffening transition, a complex temperature
history was employed as shown in Figure 9. First, to trigger
folding and self-assembly to initially form hydrogel withG′ )
450 Pa, MAX1 solution was kept in the rheometer at 40°C
(not shown). After stable hydrogel was formed, the temperature
was decreased to 15°C with a rate of 1°C/min. At ap-
proximately 21°C theG′ starts to increase. When the hydrogel
was kept at 15°C theG′ reached a plateau of approximately
1200 Pa. Below the stiffening transition at∼21°C G′ is strongly
related to the changes in temperature. For instance, a sequential
gradual drop in temperature from 15 to 10°C then sudden drop
in temperature from 10 to 5°C cause a gradual increase then
sudden increase in the stiffness of the hydrogel, respectively,
to a finalG′ of ∼2200 Pa. In addition, after a number of thermal
steps, when the hydrogel was again equilibrated at 15°C (t )
120 min),G′ reached similar values that existed at 15°C prior
to the thermal processes. The dependence ofG′ on the
temperature below the stiffening transition was also investigated
by employing step changes and equilibration periods, as shown
in Figure 10. First, the gelation was triggered at 40°C and then
the hydrogel was cooled to 20°C with a 1 °C/min rate. The
temperature was further decreased from 20 to 4°C with 2°
increments, and at each step the temperature was kept constant
for 10 min. Figure 10 shows that the trend inG′ follows the
temperature curve; at every temperature incrementG′ increased

Figure 7. Dynamic temperature sweep for 0.5 wt % MAX1 peptide
with modified turn sequence, VDPLPG, at pH 9 with 125 mM boric
acid and 10 mM NaCl. The hydrogel was formed at 40°C and it was
cooled to 5°C with a rate of 1°C/min.

Figure 8. ITCFs of 0.1 wt % MAX1 solution at pH 9.1 with 125 mM
boric acid and 10 mM NaCl at 40 and 10°C.

Figure 9. Dynamic time sweep measurements (6 rad/s, 0.2% strain)
of 0.5 wt % MAX1 at pH 9.1 with 125 mM boric acid and 10 mM
NaCl with variable temperature (hydrogel was initially formed at 40
°C).
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accordingly reaching a plateau within the equilibration time. In
addition, the stiffening process of the hydrogels is not affected
by the cooling rates. Figure 11 shows that both the transition
temperature andG′ values of the hydrogels are very similar
during both 1°C/min and 10°C/min cooling rates. All these
results strongly suggest that below the stiffening transition
temperature the number and/or the strength of the interactions
increase with decreasing temperature and are responsive.

Figure 12 shows frequency and strain sweep rheology
experiments for the hydrogels measured above and below the

stiffening transition. The frequency sweep data shows that in
both states the hydrogelG′ values are an order of magnitude
greater than the correspondingG′′ values and insensitive to
frequency with crossover points betweenG′ andG′′ not existent
within the studied frequency range. As expected, the stiffness
of the hydrogel is higher at 5°C compared to that of 40°C.
Therefore, MAX1 hydrogels exhibit a soft-solid behavior both
before and after the complexation-induced stiffening transition.
The extent of the linear regime in both states was studied via
strain sweep experiments at a constant frequency, 6 rad/s. At
40 °C, the linear regime extends up to 40% strain (regions A
through C). Immediately before entering the nonlinear regime
slight increases in bothG′ and G′′ are observed (region C),
which can be attributed to the strain-hardening effect.49 When
the hydrogel is cooled below the stiffening transition, new
features arise in the strain sweep measurements. First, at 5°C
the nonlinear regime is entered around 1.0% strain, an order of
magnitude smaller compared to that of the gel at 40°C. This
transition is also indicated by a small local maximum inG′′
values. As the strain is increased further (region B) another
maximum inG′′ appears around the point where strain-hardening
is observed for the hydrogel at 40°C. In region C, the nonlinear
deformation effect increases and the hydrogel is ruptured around
30%. The decrease in the linear regime suggests that the
hydrogel becomes more brittle below the stiffening transition.
The additional cross-link points and/or stiffer fibrils that are
introduced via cooling can be broken at small strain values as
observed in region A with a further increase in the strain
magnitude resulting in steady softening as observed in region
B (Figure 12b). Importantly, theG′ values in region C for both
5 and 40°C are similar. Therefore, the cross-link points that
are formed at 40°C during the initial self-assembly and gelation
process are not affected at 5°C and can still withstand up to
around 40% strain. The differences in the rheology data at these
two temperatures emphasize that there are two types of cross-
links present below the stiffening transition; those formed during
cooling-induced boric acid/borate complexation that are weaker
and different in nature to those that are formed during the initial
peptide folding and self-assembly process.

SANS measurements were performed to probe the differences
in the nanostructure and network structure of the hydrogels
above and below the stiffening transition. SANS data for 1 wt
% MAX1 hydrogel at pH 9 with 125 mM boric acid above (25
°C) and below (5°C) the stiffening temperature (∼20 °C) are

Figure 10. Dynamic time sweep measurements (6 rad/s, 0.2% strain)
of 0.5 wt % MAX1 at pH 9.1 with 125 mM boric acid and 10 mM
NaCl. The changes in G′ (storage modulus) below the transition
temperature were followed during stepwise decreases in temperature.

Figure 11. Effect of rate of cooling, 1°C/min and 10°C/min, on the
stiffening transitions for 0.5 wt % MAX1, pH9, 125 mM boric acid
and 10 mM NaCl.

Figure 12. (a) Frequency sweep (0.2% strain) and (b) Strain sweep (6 rad/s) of 0.5 wt % MAX1 at pH 9.1 with 125 mM boric acid at 40°C (G′:2,
G′′:4) and 5°C (G′: b, G′′: O).
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given in Figure 13. The features of both SANS spectra are very
similar at all values of scattering vectorq ) (4π/λ)sinθ where
θ is the scattering angle. Therefore, it can be concluded that
the complexation does not induce any changes in the local
network density or nanostructure, even though DLS measure-
ments showed that the dynamics change significantly after
complexation.

The putative lysine-based complexation occurring in this
system that underlies the gel stiffening transition is not
unprecedented. In fact, studies in the literature have focused
on the complexation and hydrogen-bonding capability of boric
acid/borate ion and boronic acid with lysine residues or other
amine containing amino acids for a variety of biological
systems.25-27,50,51 For example, Taler et al. investigated the
hydrogen bonding of borate ion with lysine using1H and11B
NMR as a model system for studying the binding of phosphate
ions to cytochrome c, a protein that has many lysine residues
on its surface.52-54 Their studies showed that borate ion formed
hydrogen bonds with the lysine amine nitrogen and also formed
salt bridges between other residues. In addition to biological
systems, others have shown that the hydrogen-bonding capability
of boric acid with amines, such as melamine, can be used in
supramolecular chemistry.55 Cheruzel et al. studied the cocrys-
tallization of a polyimidazole compound with boric acid and
showed that the boric acid hydrogen atoms form strong hydrogen
bonds with nitrogen atoms of imidazole rings.22 It has also been
shown that boron can form adducts with nitrogen.56-58 When
amine groups are adjacent to boronic acids, a complex is formed
between boron and nitrogen that alters the pKa of the acid. This
type of complex has been investigated for developing glucose
sensors that can operate at physiological pH conditions.21,59,60

These studies suggest that the boric acid/borate complexation
with MAX1 may involve the side chains of lysines presented
in MAX1.

All of these possible interactions are local and can introduce
either additional interfibrillar physical cross-links or additional
intrafibrillar stiffness into the fibrillar network. Our rheological
experiments demonstrate thatG′ values are directly responsive
with temperature and that the stiffening process is reversible.
The reversible stiffening transitions observed by rheology
suggests that there are no long-range structural changes in the
network structure. SANS data also support this idea of no

significant structural changes occurring on stiffening. In addition,
no turbidity is observed on cooling the solutions. Therefore,
the stiffening of the hydrogel must be achieved by the
introduction of new interfibrillar and intrafibrillar complexation
points that are dynamic and reversible with temperature and
that do not disrupt the original network structure.

Effect of Glucose on the Stiffening Transition. Borate
anions form complexes with diols and sugars, and there are
many reports in the literature that have studied the equilibrium
complexation constants of various compounds.16,18,61,62 It is
expected that if glucose is added to MAX1-boric acid solution
the complexation of borate ions with glucose will be in com-
petition with the complexation of boric acid/borate ion with the
peptide. This competition might affect the stiffening transition.
To test this hypothesis, rheological experiments were performed
on glucose containing MAX1 solutions. The mere presence of
glucose in the solution during initial peptide self-assembly re-
sulted in slight decreases in the rigidity of the MAX1 hydrogels.
It is known that sugars and polyols affect protein denaturation
transitions by enhancing hydrophobic interactions.63-65 There-
fore, the folding transitions or the self-assembly kinetics of the
â-hairpins may be affected by the presence of glucose. However,
despite all these possible effects, 0.5 wt % MAX1 solutions
still form hydrogels (G′ ∼ 200 Pa) after 30 min indicating that
the self-assembly and initial network formation is still achieved
in the presence of glucose. Figure 14 shows temperature sweep
measurements for 0.5 wt % MAX1 hydrogels preformed with
125 mM boric acid and 5, 25, and 50 mM glucose. It can be
seen that the hydrogel stiffening transition is still observed for
5 mM glucose solution. However, the hydrogel stiffening
transition is not observed with 25 and 50 mM glucose. These
findings suggest that when enough glucose is present in the
hydrogel the stiffening transition is not observed. This effect is
probably due to consumption of significant amounts borate anion
in glucose complexation.

Conclusions

The reversible stiffening transition ofâ-hairpin hydrogels that
is caused by boric acid/borate anion peptide complexation has
been studied. The stiffness of the hydrogels can increase more
than 1 order of magnitude due to this complexation on cooling.
Below the stiffening transition the rigidity of the hydrogel is
very responsive to changes in temperature. Although the
dynamics of the fibrillar network are significantly slowed down
by this complexation, SANS experiments reveal that the network
structure is not changing which suggests that the complexation
affects network stiffness via other local mechanisms. In the
literature, possible interactions have been proposed between

Figure 13. SANS spectra of 1 wt % MAX1 solution at pH 9 with
125 mM boric acid at 25 and 5°C.

Figure 14. Effect of glucose concentration on stiffening transition.
Temperature sweep measurements for 0.5 wt % MAX1, pH 9, 125
mM boric acid with 5, 25, and 50 mM glucose concentration.
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boron/boric-acid/borate and nitrogen/oxygen/hydrogen. Here, it
is shown that the well-known hydroxyl-borate interaction is
not responsible for the abrupt increase in the modulus of the
MAX1 hydrogels. The results suggest that interaction between
boric-acid/borate-anion and lysine residues drive this stiffening
transition. It is proposed that the increase inG′ may be driven
by both (1) the introduction of new, physical, interfibrillar cross-
link points to the hydrogel network originally formed during
initial self-assembly and (2) the increase in the stiffness of
individual fibrils due to decoration of boric acid/borate anions
on the lysine-rich surface of the fibrils. The stiffening transition
temperature can be increased from 7 to 30°C by increasing
boric acid concentration from 70 to 200 mM (see the Supporting
Information). It is also found that the cooling rate does not alter
the stiffening temperature significantly. The pH dependence of
the complexation shows that the stiffening transition is observed
only when MAX1 is in self-assembled state; when MAX1 is
not folded, and thus not assembled into fibrillar structures,
cooling the peptide solution does not alter its liquid-like
behavior. When glucose is present in MAX1-boric acid solution,
although initial gelation on heating is achieved, the stiffening
transition is not observed due to glucose-borate complexation.
Although the exact mechanism of the gel stiffening process is
not yet fully understood, the boric-acid/borate-anion complex-
ation provides tunability of both rigidity and stiffening temper-
ature of peptide hydrogels on cooling.
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