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Hypothesis: The cationic tripeptide glycylalanylglycine (GAG) self-assembles into long, thick crystalline
fibrils in an ethanol/water solution. At sufficiently high concentrations, the fibrils form a volume span-
ning hydrogel network. We report an extensive rheology and microscopy-based study regarding the
self-assembly of GAG in ethanol/water solutions to understand the conditions for fibril formation as well
as the thermal stability for future developments of this material.
Experiments: By systematically varying GAG concentration and ethanol fraction, we observe a two-
dimensional fibril aggregate phase diagram. Microscopy studies shed light on the shape and size of fibrils
as well as the macroscopic packing depending on conditions. The kinetics and evolution of the macro-
scopic fibril microstructure was investigated using rheology.
Findings: The mechanism of fibril formation is put into the context of a solubility framework, where etha-
nol reduces peptide solubility and induces self-assembly. The rate of fibril formation and strength of the
gel can be controlled by peptide concentration and ethanol fraction. The faster rate of fibril formation
leads to inhomogeneous packing of fibrils denoted by discrete dense fibril clusters. The solubility of
the fibrils can be manipulated by temperature making the gel thermo-switchable, a property of interest
for biomedical systems.
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1. Introduction

From an engineering perspective, peptide hydrogels offer a plat-
form with tunable mechanical properties such as rigidity, bio-
efficacy, and stimuli responsiveness, e.g. the gel can be turned
on/off via external stimuli such as pH and temperature [1,2]. Very
short, unblocked peptides have the added benefits of biodegrad-
ability, scalability, and low production costs [3-7]. While peptide
hydrogels remain strong candidates for drug delivery applications
and tissue scaffolding, very little is understood regarding the self-
assembly of peptides into volume spanning networks [8]. In fact,
theories predicting peptide self-assembly into amyloid-type fibrils
and/or higher order structures are not complete, and there still
remain noteworthy exceptions to the leading hypotheses, such as
the unblocked zwitterionic glycyl-histidyl-glycine (GHG) and
cationic glycyl-alanyl-glycine (GAG).

The study of peptide self-assembly was originally motivated by
the study of amyloid fibrils, which have been implicated in several
disorders, such as Parkinson’s disease, Huntington’s disease, and
so-called polyalanine diseases [9-13]. For example, Gazit and
coworkers used short peptides as model systems and showed that
unblocked dipeptides can self-assemble into supramolecular struc-
tures such as fibrils, colloids and nanotubes, depending on the
choice of solvent. Moreover, they linked self-assembly to the
hydrophobicity of the peptides and specifically the presence of aro-
matic functions [14-17]. The addition of blocking groups, such as
the aromatic Fmoc (fluoroenylmethoxycarbonyl) and t-boc (tert-
butyloxycarbonyl), considerably increased the propensity for self-
aggregation [3,18-22]. The fibrillization process could also be
achieved by incorporating p-amino acid residues into aromatic
tripeptides. However, using p-amino acids and bulky end groups
inherently increases the production cost and decreases the
sought-after solubility [23].

Some studies have used molecular dynamic simulations to
define the propensity for self-aggregation of tri-peptides. For
example, Frederix et al. worked towards designing rules for a pep-
tide’s propensity to form nanostructures under aqueous, pH-
neutral conditions [24,25]. They studied all combinations of the
twenty common amino acid di- and tripeptides. The peptides were
ranked in order of hydrophobicity and aggregation propensity. The
result is a weak correlation between the two. Notably, histidine
does not have as large of a propensity to aggregate as the other nat-
ural aromatic residues, F, Y, and W. Additionally, alanine and gly-
cine were found to exhibit some of the lowest aggregation
propensity scores overall. These results further support the
hypothesis that for peptides to form a hydrogel, they require alter-
nating or complimentary charges, or a large fraction of aromatic
residues [24].

Previously, we have shown that unblocked zwitterionic glycyl-
histidyl-glycine (GHG) was shown to form fibrils on the millimeter
scale in water upon deprotonation of the imidazole side chain at
centimolar concentrations [26]. The most surprising finding was
the discovery that cationic glycyl-alanyl-glycine (GAG) forms a
strong hydrogel in 55 mol% ethanol/45 mol% water at a peptide
concentration of 220 mM [27]. The gel was found to be underlined
by a spanning network of crystalline fibrils on a sub-millimeter
scale. Vibrational circular dichroism (VCD) revealed two different
gel phases, i.e. phase I below 16 °C composed of right-handed
twisted fibrils and phase Il between 16 °C and the melting temper-
ature at ca. 36 °C comprised of a network of left-handed twisted
fibrils above 16 °C [8]. While generally short peptide aggregates
form B-sheet tapes [14,18,22,28], the respective wavenumber posi-
tions of the amide I’ bands indicate that this is not the case for GAG
fibrils [27]. Results from density functional theory (DFT) support
this notion and suggest that the GAG oligomers can contain a mix-
ture of B-strand, polyproline II, and gamma-turn structures [29].

This goes against the notion that peptide fibrillar structures must
exhibit a cross B- sheet structure [22].

More recently, we explored the thermal stability and reforma-
tion process of 200 mM GAG in 55 mol% ethanol/45 mol% water
[30]. Our results show that the fibrils do not completely reform
and are not thermally reversible. GAG hydrogels are highly tunable
and subjecting the gel to a temperature above the melting point for
various amounts of time and reforming the gel can be used to
adjust the final strength of the system. While the peptides
self-assembles into fibrils rather quickly (ca. 10-40 min), the fibril-
lar state is metastable. After sitting for a sufficiently long time at
the annealing temperature, the peptides no longer form fibrils
when cooled below the transition temperature, and instead form
smaller oligomer aggregates whose chirality is determined by the
reformation temperature.

Our team initially investigated GAG hydrogels composed of
220 mM GAG in 55 mol% ethanol/45 mol% water. The choice of this
mixture occurred more or less by chance, because the gelation pro-
cess was first observed at these conditions [27]. There are many
open questions regarding the thermal stability, thermodynamics,
and mechanical properties of GAG hydrogels. For example, the
effect of peptide concentration and ethanol fraction on fibrillar net-
work dynamics, and the mechanical properties and thermal stabil-
ity of final hydrogels have yet to be determined. Indeed, the ability
to tune hydrogel properties, such as rigidity, formation kinetics,
and melting temperature would be very useful in many biomedical
applications, such as drug delivery [31].

In this study, we determine a two-dimensional phase diagram
of macroscopic aggregate formation as a function of peptide con-
centration and ethanol fraction. We used microscopy to study
the overall fibril microstructure at steady state along various path-
ways. We then studied the kinetics of microstructure evolution of
the same solutions via rheology. The steady state hydrogels were
then melted under a microscope to understand the effect of tem-
perature on microstructure and fibril stability. Moreover, rheology
was used to examine the effect of temperature on hydrogel
microstructure and fibril connectivity for various peptide concen-
trations and ethanol fractions. The mechanisms of fibril formation
are cast into a solubility framework that captures the observed
trends with peptide concentration, ethanol fraction, and tempera-
ture. It should be noted that for the sake of readability we focused
our efforts on the so-called phase II of the gel which is formed in a
temperature region between 16 °C and 30 °C [27].

2. Materials and methods
2.1. Materials

Unblocked glycyl-alanyl-glycine (H-Gly-Ala-Gly-OH) was pur-
chased from Bachem with > 99% purity and used without further
purification. The gel samples were prepared by mixing varying
amounts of peptide, ethanol (200 proof, Pharmco-Aaper) and
deionized water. Hydrochloric acid (ACS grade, Ricca Chemical
Company) was added to the solutions to ensure complete protona-
tion of GAG. The protocol for the gel preparation was the following:
(1) the appropriate amount of distilled water was added to the
peptide powder, (2) the pH was adjusted to around 2 with HCI,
and (3) ethanol was added last. The sample was thoroughly mixed
after each addition. The final sample solution was clear.

2.2. Gel plate experiment

A systematic experiment was carried out to identify composi-
tions whereby macroscopic fibrils/aggregates were observed. To
this end we prepared 96 gel samples with the fraction of ethanol
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and concentration of peptide varying simultaneously from one
sample to another. The peptide concentration was varied between
50 mM and 350 mM with 25 mM increments. The ethanol fraction
ranged from 12 mol% to 100 mol%. The 96-well microplate was
monitored over a one-week time period. Fibril formation was indi-
cated by observed macroscopic fibrils using microscopy and the
consistency of solution was pasty rather than fluid-like.

2.3. Rheology

Rheology measurements were obtained on a DHR-3 (TA instru-
ments) using a Peltier plate for temperature control with a parallel
top plate of diameter 25 mm. 500 to 600 uL of peptide material
was deposited on the Peltier plate (held at 20 °C). To avoid solvent
evaporation, safflower oil was added as a solvent trap around the
free surface of the sample. The ethanol/water solutions were con-
firmed to have little to no solubility in the oil phase. All samples
were prepared one to three minutes prior to loading onto the Peltier
plate. Time equal to zero is considered when the ethanol is added to
the peptide solution. The exact time between ethanol addition and
beginning of the experiment was recorded and accounted for during
data treatment. A strain of 0.03%, an angular frequency of 1 rad/s,
and a gap of 700 um were used for the small amplitude oscillatory
shear measurements. The storage and loss moduli, and tan & were
recorded as a function of time over a period of a hundred minutes.

Samples for measurement were prepared at constant ethanol
fraction of 55 mol% with varying peptide concentration from
100 mM to 300 mM in 50 mM increments to assess the impact of
peptide concentration on the kinetics of microstructure evolution.
Similarly, to investigate the impact of ethanol fraction, the peptide
concentration was set to 200 mM and 300 mM while varying the
ethanol fraction from 55 mol% to 74 mol% and from 42 mol% to
64 mol%, respectively. Finally, concentrations of peptide and frac-
tions of ethanol near the sol-gel transition were also studied to
assess the simultaneous impact of ethanol fraction and peptide con-
centration on the gelation kinetics and storage modulus of the gel.

Once the fibril microstructures reached steady state, we per-
formed temperature studies to determine the effect of temperature
on fibril microstructure. We used the same small amplitude condi-
tions as before: i.e. 1 rad/s at 0.03% strain. The temperature was
raised at a rate of 0.25 °C per minute. The softening point coincides
with the “knee” observed in the complex modulus versus temper-
ature plot. To find the precise value, the initial modulus plateau, as
well as the region of sharp modulus decrease, were fit by exponen-
tial functions (since the traces are linear on a semi-log y plot). The
softening temperature is defined as the intersection of the two
lines (see Fig. S1). In a second experiment, a 200 mM GAG,
55 mol% ethanol sample was brought from 20 °C to 40 °C in 2 °C
increments. After reaching each temperature, the modulus data
were collected over a period of 5 min.

2.4. Microscopy

Pictures of the gels were captured on a Nikon Eclipse TE2000-S
inverted microscope using the 4X/0.13 Nikon Plan Fluor lens
equipped with a Point Grey FL3-U3 camera. Monitoring of the fib-
rils formation during the gel plate experiment was carried out with
an Amscope 7X-45X Trinocular Stereo Zoom microscope equipped
with an Amscope Mu130 camera.

3. Results and discussion
3.1. Peptide phase diagram

We determined the critical conditions that caused the self-
assembly of cationic GAG into large-scale fibril aggregates as a

function of peptide concentration and ethanol fraction. Fig. 1
shows a graphical representation of the 96-well microplate, where
the x-axis and y-axis reflect the concentration of peptide and frac-
tion of ethanol, respectively. The samples were formed and moni-
tored over a one-week period and the wells were distinguished
visually by noting whether the solution became opaque and visible
macroscopic fibrils were observable. The crystalline nature of these
fibrils was investigated by wide-angle X-ray scattering. Fig. S2
shows that the gel exhibits an amorphous region, that we attribute
to the solvents, and discrete peaks corresponding to the crystallo-
graphic planes found in the unit cell of the fibrils. The red-line
crossing diagonally through the phase diagram in Fig. 1 is desig-
nated the fibril formation phase boundary line where peptide solu-
tions below the line are still stable and above are visually opaque
and show macroscopic fibril formation. The asterisks indicate the
samples measured in microscopy and rheology.

There are three conclusions that can be drawn by comparing the
gels obtained with various compositions. The first is that the previ-
ously observed mixture of 220 mM GAG in 55 mol% ethanol/water
is close to the fibril transition line [27]. The second is that as con-
centration of peptide increases, the critical fraction of ethanol to
induce the formation of fibrils decreases. Finally, extrapolation of
the solubility data (see Fig. S3) suggests insolubility of all peptide
concentrations for solutions with >88 mol% ethanol. For low etha-
nol fractions, more experiments are necessary to determine
whether the curve is diverging, such that below a critical fraction
of ethanol all peptide concentrations are in the sol phase.

3.2. Microscope images

A sample of microscopic images of gels obtained in different con-
ditions, indicated in Fig. 1, are analyzed to validate and understand
the nature of the fibril microstructure. Fig. 2 shows images of the
peptide fibril solutions with the respective conditions indicated
below. It is evident that, in all cases, there is a clear formation of very
large fibrils. However, different conditions have an effect on the way
that the fibrils are packing within solution and thus change the
microstructure. For example, the solution of 150 mM GAG in
55 mol% ethanol shows relatively homogeneously dispersed fibrils
with a few dense centers. As the peptide concentration increases,
the fibril aggregate regions are significantly denser and accompanied
by voids. The microstructure is also altered by a change in ethanol
fraction (Fig. 2, bottom row). 200 mM of GAG in 55 mol% ethanol
shows clusters, but the network spans the whole picture, whereas
increasing the fraction of ethanol to 74 mol% induces the formation
of a seemingly discontinuous network of very dense fibril regions.

These observations lead to an important hypothesis regarding
the interplay between kinetics of fibril formation, and the equilib-
rium between peptides self-assembling and peptides dissolved in
solution. If the solubility of peptide is constant for a given ethanol
fraction, then an increase in peptide concentration induces the for-
mation of more fibrils. This hypothesis is supported by the first and
second rows of images in Fig. 2, which show higher local density of
fibrils for increasing peptide concentration at constant ethanol
fraction. The kinetics of peptide self-assembly into fibrils is rather
complex, but it can be expected that its rate increases non-linearly
with the concentration of peptide dissolved in solution. A higher
kinetic rate of fibril formation would lead to less homogeneous
packing of fibrils, known as diffusion-limited aggregation in col-
loidal science [32]. Furthermore, if we argue that the peptide solu-
bility decreases with increasing ethanol fraction, then the higher
density of fibrils and decreasing homogeneity observed in the mid-
dle and bottom rows of Fig. 2 are explained by more peptides par-
ticipating in self-assembly.

Fig. 3 shows additional microscopy images that support the
above arguments. If the arguments above hold, then similar
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Fig. 1. Phase diagram describing the conditions for visible GAG fibrils at 20 °C.
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Fig. 2. Microscope images of gels formed at 20 °C with various GAG concentrations and ethanol fractions.

microstructures should be observed by both decreasing peptide
concentration and increasing ethanol fraction. For example,
Fig. 3a shows long fibrils with spatial gradients in fibril density.
Fig. 3b shows a very similar fibril length and packing, but at a lower
concentration of peptide and higher fraction of ethanol. Fig. 3¢ and
3d present a further decrease in peptide concentration and ethanol
fraction. The microstructure is less homogeneous which points to
faster kinetics. This supports the hypothesis that the fibril
microstructure depends on the kinetic rate and concentration of
peptide.

The formation of fibrils, potentially leads to a percolated
network that induces gel-like properties. Rheology was used to

determine whether the formation of fibrils induce a volume span-
ning network. The different samples that were examined near and
across the phase boundary are indicated in Fig. 1.

3.3. Rheology

We used oscillatory shear rheology to probe the microstructure
of the macroscopic fibrils in solution. This measurement provides
both the elastic, G’, and viscous, G”, contributions to the bulk mod-
ulus. The formation of a percolated network, i.e. gel, is defined as
occurring once the elastic modulus is larger in magnitude than
the viscous modulus. The measure of the elastic modulus is inter-
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c) 150 mM GAG, 64 mol% EtOH

200 pm

250 mM GAG, 48 mol% EtOH

d) 100 mM GAG, 74 mol% EtOH

Fig. 3. Microscope images of GAG gels formed at 20 °C.

preted here as the relative connectivity of the network, while the
viscous modulus is a measure of the friction between fibrils in
the network [33].

One important point is that the nature of fibril formation can
lead to kinetic processes that yield the uneven fibril distributions
shown in Figs. 2 and 3. Thus, it is not clear whether rheological
measurements are reproducible or specific to a particular sample.
Therefore, we checked the reproducibility of two sample types:
(1) 200 mM GAG in 55 mol% ethanol and (2) 300 mM GAG in
55 mol% ethanol. Note that (1) and (2) were chosen as they repre-
sent homogeneous and inhomogeneous microstructure formation,
respectively (cf. images in Fig. 2). Fig. S4 shows G’ and tan § as a
function of time for triplicates of 200 mM GAG in 55 mol% ethanol.
We observe that all three samples have similar initial transient
slopes and reach a modulus plateau of similar magnitude; the
average steady state storage modulus is 80 + 26 kPa. There is a lar-
ger variability in G’ values for the 300 mM GAG gels. Fig. S5 shows
G’ and tan § as a function of time for triplicates of 300 mM GAG in
55 mol% ethanol; the average maximum storage modulus is
510 % 390 kPa. This variability could be due to either the stochastic
nature of network formation and the heterogeneities observed in
microscopy or to experimental difficulties. Since gelation of these
samples is fast, shear and extensional flows imposed on the sample
during mixing and loading might have caused the formation of dif-
ferent microstructures and thus different G’ values. We conclude
that the kinetics measured in rheology are reproducible for quan-
titative analysis, while steady state G’ values vary from sample to
sample. Interestingly, the tan § values derived from G’ and G” exhi-
bit a high degree of reproducibility (Fig. S4) with an average tan §

after 100 min of 0.340 = 0.008 and 0.358 + 0.032 for respectively
the 200 mM and 300 mM gels.

Fig. 4 shows the effect of varying GAG concentration, ethanol
fraction, and both parameters on the kinetics of microstructure for-
mation. Fig. 4a displays the effect caused by a change in GAG con-
centration. We observed that as the concentration of GAG
increases, the rate of microstructure formation increases, suggest-
ing that the concentration of peptide participating in fibrillization
increases. Furthermore, at low peptide concentration the gel is sig-
nificantly weaker than it is for the other cases, suggesting a lower
number of fibrils forming with 150 mM GAG. Fig. 4b shows the
effect of ethanol fraction on microstructure formation kinetics in
log-log scale to accentuate the differences in kinetics. We observe
faster kinetics and higher steady state moduli with increasing
ethanol fraction. Fig. 4c shows kinetics traces observed by varying
both ethanol fraction and peptide concentration. We observed that
both variables can be manipulated to achieve similar kinetics of
formation for different concentrations of peptide and ethanol frac-
tions. Indeed, if the peptide concentration is low (100 mM) and the
ethanol content is high (e.g. 74 mol% ethanol), the time to plateau
is similar to the one observed for a sample with 250 mM GAG and
55 mol% ethanol. Furthermore, a sample with high GAG concentra-
tion and low ethanol fraction (250 mM GAG, 48 mol% ethanol) has
similar kinetics to the 150 mM, 55 mol% ethanol sample. These
results are in support of our hypothesis regarding Fig. 3, i.e. slow
and fast gelation kinetics yield homogeneous and inhomogeneous
microstructures, respectively.

We analyzed the kinetic traces of the storage modulus in terms
of a heuristic sigmoidal model, given by:[30]
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G = _ Gmax (1)

1+ ()

where G'qx is the maximum or asymptotic value of the storage
modulus at long time, Tge is an effective time constant given by
the inflection point of the trace, and a is a measure of the coopera-
tivity of the gelation process. Equation (1) was fit to the kinetic
traces in Fig. 4 by using a non-linear least square routine. The
parameters and the corresponding statistical errors obtained from
fitting equation (1) to the experimental data are listed in Table 1.
Note that the value of 1/tge is equivalent to a kinetic rate constant
of microstructure evolution.

Table 1 lists the obtained time constant and steady state mod-
ulus values for the chosen ethanol fractions and peptide concentra-
tions. There is a strong correlation between the kinetic timescale,
modulus, and microstructure for the peptide solutions considered.
For example, 150 mM and 200 mM in 55 mol% ethanol samples
exhibit the most homogeneous microstructures in Fig. 2 and the
longest T, (i.e. slowest kinetic rates). Furthermore, the time scale
decreases (the kinetic rate increases) when increasing the peptide
concentration to 250 mM and 300 mM which produces dense clus-
ters of fibrils, see Fig. 2, middle row. This reasoning also applies to
an increase of the ethanol fraction from 55 to 74 mol%. We know
from observing the formation of fibrils in microscopy that peptides
first self-assemble into nuclei that induce the formation of long
straight fibrils, see Fig. 5. Fast formation kinetics lead to jamming

of growing fibrils and the dense regions observed in Fig. 2, middle
and bottom row. This is very similar to clusters that are shown to
form during diffusion limited colloidal aggregation (DLCA) in hard
sphere self-assembly [34,35]. We also observe that the modulus is
a strong function of the microstructure. For example, by increasing
the peptide concentration from 150 mM to 300 mM in 55 mol%
ethanol, we observe first an increase followed by a decrease of
the maximum modulus., The increase most likely arises from the
increase in the number of fibrils, while the decrease reflects a loss
of homogeneity in the sample volume: dense aggregates with poor
inter-connectivity are formed.

The above results support our hypothesis that the number of
peptides participating in fibrilization increases with increasing
peptide and ethanol fraction. In other words, the rate of gelation/
microstructure formation depends on the concentration of peptide
and ethanol fraction. GAG is completely insoluble in pure ethanol
at room temperature. We prepared a solution with 25 mM GAG
in 100 mol% ethanol at 75°C and observed precipitation when
cooled down to 20 °C (see Fig. S6). In 100 mol% water, GAG is sol-
uble in the range of concentrations studied here. Apparently, the
addition of ethanol to peptide-water samples lowers the solubility
limit of GAG. In other words, for a given ratio of ethanol in water,
there is a critical concentration of peptide soluble in solution. From
the phase diagram depicted in Figs. 1 and S3, the solubility limit of
GAG monomers for a given fraction of ethanol is the phase bound-
ary. Any additional peptide added to solution is free to self-
assemble into fibrils. We therefore expect that the rate of gel for-
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Table 1

Parameter values obtained from fitting Eq. (1) to the gelation kinetics and tan$ of the obtained hydrogels.
Ethanol fraction (mol%) GAG concen-tration (mM) G’ max [kPa] Tan &8100min Tgel [min] a
Variations of GAG concentration
55 150 45+05 0.26 87.69 £ 0.44 —4.24+0.03
55 200 112.1+£0.1 0.34 39.12+0.17 —4.85 +0.05
55 250 380.1+1.1 0.48 11.37 £ 0.06 —4.69 +0.08
55 300 161.0+1.1 0.36 6.33+0.13 —1.00 +0.03
Variations of ethanol fraction
55 200 112.1+0.1 0.34 39.12+0.17 —4.85 +0.05
64 200 562.9+6.5 0.35 3.84+0.06 -2.61£0.10
74 200 535.8+2.6 0.18 2.63+£0.02 —-2.87+0.04
42 300 - 0.49 - -
55 300 161.0£ 1.1 0.31 6.33+0.13 —1.00 +0.03
64 300 163.7+1.1 0.34 2.70+0.04 —0.94 +0.04
Simultaneous variations of GAG concentration and ethanol fraction
42 300 - 0.49 - -
48 250 1.3+0.1 0.25 100.58 + 1.05 -5.53+0.07
55 200 112.1£0.1 0.34 39.12+0.17 —4.85+0.05
64 150 7.6+0.1 0.23 27.95+0.31 —3.23+0.05
74 100 29.8+0.1 0.28 8.96 +0.03 -3.68 +0.04

Fig. 5. Microscope image of GAG fibrils formed around an initial nucleus.

mation and growth increases with increasing peptide concentra-
tion, as observed in Fig. 4a and Table 1. Furthermore, as the ethanol
fraction increases for a given concentration of peptide, the solubil-
ity limit decreases; allowing more peptide to participate in self-
assembly, ultimately increasing the kinetic rate as observed in
Fig. 4b and Table 1. Figs. 3 and 4c validate our arguments since
decreasing peptide concentration and increasing ethanol fraction
lead to similar rheology kinetics and microstructure.

We previously reported on the thermal reversibility of GAG fib-
ril formation by thermally cycling 200 mM GAG in 55 mol% etha-
nol. One surprising result was that after melting the fibrils at
50 °C, fewer fibrils formed upon subcooling the solution. In fact,
four to five cycles of heating and cooling resulted in the formation
of too few fibrils to constitute a volume spanning network. This
implies that the formation of the large crystalline fibrils underlying
the gel phases of GAG is highly dependent on the initial phase of
peptide aggregation in solution. Furthermore, the state of a peptide
in solution is temperature dependent. In an attempt to better
understand the melting process and how it fits our solubility
hypothesis, we performed temperature sweeps to observe the loss
of fibril contacts as a function of temperature.

3.4. Effect of temperature

We first observed the fibril network as a function of tempera-
ture using microscopy. Fig. 6 shows four images taken at different
temperatures for 220 mM peptide in 55 mol% ethanol. As noted
above, these conditions produce a rather homogeneous sample
spanning network. We observed at increasing temperature a
steady decrease in the number of macroscopic fibrils. In other
words, as we increased temperature, we increased the solubility
of the peptide and the equilibrium shifted to less self-assembled
peptide fibrils. At 40 °C, the peptide fibrils were completely dis-
solved and the solution was clear.

The loss of fibrils was also probed using rheology. Fig. 7 shows
the complex modulus as a function of time from 20 °C to 40 °C in
2 °C increments. The complex modulus was chosen as it captures
any changes in either G’ or G” as a function of temperature. In all
cases, we observed an almost immediate drop in modulus and a
constant steady state modulus over the observed 5 min measure-
ment window. The complex modulus decreases only slightly up
to 24 °C. Then at 26 °C a visible softening occurs followed by a
sharp modulus decrease at 28 °C. We were interested in determin-
ing the softening point as a function of formation conditions. To
this end temperature ramps were conducted at 0.25°C/min to
ensure steady state was reached at each temperature.

Fig. 8 shows the effect of temperature on the fibril microstruc-
ture from 20 °C to 65 °C for (a) variations of GAG concentration, (b)
ethanol fraction variations and (c) simultaneous variations of GAG
concentration and ethanol fraction. We can see that all curves dis-
play (1) an initial plateau or quasi-plateau where the complex
modulus is slightly decreasing, (2) a “knee” which corresponds to
a point where the complex modulus sharply decreases, and (3) a
temperature zone where the signal is no longer measurable. Note
that none of the gel samples display a clear melting temperature,
but rather a continuous spectrum over which G* decreases and
the fibrils dissolve back into solution confirming our observations
from Figs. 6 and 7. The “knee”, which we denote as the softening
point temperature Tsof, iS @ point of interest since it marks a large
enough loss of fibrils that the modulus becomes a strong function
of temperature. We know from microscopy that some fibrils do in
fact dissolve below Ty, but it seems not enough fibrils disappear
to decrease the modulus.

We analyzed the reproducibility of the complex modulus as a
function of temperature for three distinct gel samples. Fig. S7
shows G* as a function of time for 200 mM GAG in 55 mol% etha-



506

LJ. Thursch et al./Journal of Colloid and Interface Science 564 (2020) 499-509

Fig. 6. Microscope images of the progressive melting of a 220 mM GAG and 55 mol% ethanol gel sample.
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Fig. 7. Complex modulus of a gel with 200 mM GAG and 55 mol % ethanol: 5 min isotherms at increased temperatures from 20 °C to 44 °C.

nol. We observe some variability from sample to sample reflecting
the stochastic effects in the melting of the fibrils. The average soft-
ening temperature of these triplicates is 24.3 £+ 1.4 °C. This is in
line with data from Fig. 7, showing an increase in the loss of fibrils
after 24 °C.

Tsofc for the different initial conditions are tabulated in Table 2.
Fig. 8 shows that T increases with increasing peptide concentra-
tion and also with increasing ethanol fraction. Fig. 9 shows a 3D
softening point diagram as a function of GAG and ethanol fraction
from the data in Table 2. The increase in Tsof With increasing etha-
nol fraction and peptide concentration is clearly visible. Note that
by decreasing peptide concentration and increasing ethanol frac-
tion, the softening point remains relatively constant.

The results of these measurements provide direct evidence for
the notion that higher peptide concentrations lead to a higher den-
sity of fibrils. The observed increase of Tsor With increasing peptide
concentration and ethanol fraction can be explained in the above
introduced solubility framework. If we accept the hypothesis that
the solubility limit of GAG in solution depends only on the fraction
of ethanol, then higher concentrations of peptide in the same etha-
nol/water solution result in more peptides self-assembling into fib-
rils. Furthermore, if we now propose that an increase in
temperature increases the solubility limit of GAG, then a more con-
centrated peptide solution would require a higher temperature to
achieve the same concentration of undissolved peptide (peptide
fibrils) as a lower concentration of peptide. Likewise, increasing
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Table 2

Softening temperature of GAG hydrogels obtained by oscillatory rheological measurements for varyiing peptide concentration and ethanol fraction.

Variations of GAG concentration

GAG concentration (mM) 150 200 250 300
Ethanol fraction (mol%) 55 55 55 55
Softening point (°C) 28.6 254 31.8 46.3
Variations of ethanol fraction
GAG concentration (mM) 200 200 200 300 300 300
Softening point (°C) 25.4 24.5 41.2 28.9 46.3 44.0
Simultaneous variations of GAG concentration and ethanol fraction
GAG concentration (mM) 300 250 200 150 100
Ethanol fraction (mol%) 42 48 55 64 74
Softening point (°C) 28.9 22.2 254 254 37.2

ethanol fraction increases undissolved peptide (peptide fibrils) and
thus a higher temperature is required to increase the solubility
such that a critical number of fibrils (i.e. softening point) is
reached. Note that these arguments hinge on the fact that there
is a critical number of fibrils at the softening point such that adding
more fibrils to solution has a weak effect, and reducing the number
of fibrils has a strong effect on G*. Microscopy measurements
strongly indicate that this is the case; however additional quanti-
tative microscopy studies are needed to validate these arguments.

4. Conclusion

The current study provides a fundamental understanding of the
self-assembly of GAG into macroscopic fibrils. We argue that much
of the phenomena observed can be explained via peptide solubility.
Ethanol reduces the solubility of peptide in solution and therefore
induces self-assembly at a critical point of peptide concentration
and ethanol fraction. The kinetics of fibrilization and microstruc-
ture evolution scale with the concentration of peptide available
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to form fibrils. A higher kinetic rate of fibril formation leads to a
less homogeneous packing of fibrils similar to DLCA in colloidal
aggregation physics [32,35]. We showed that, via these mecha-
nisms, the initial conditions control the rate of self-assembly, the
final fibril density, and the heterogeneity of fibril microstructure.
GAG hydrogels can be tailored to form a biomaterial with selected
network density, rigidity, rate of gelation, and dissolution temper-
ature [36-39]. We expect that these materials can be optimized to
be used as a drug or cell delivery system [40-43] or incorporated in
a scaffold for tissue engineering [44-47]. Furthermore, the results
here will undoubtedly motivate molecular dynamics simulations
[24,25] to better understand the self-assembly process and the
importance of ethanol to induce the formation of macroscopic
fibrils.

The thermal stability of the gel network is related to solubility
dynamics. Increasing solution temperature increases the solubility
of peptide in solution and thus reduces the number of fibrils. We
showed that there is no critical melt temperature, but a continuous
loss of macroscopic fibrils with increasing temperature. We
describe a critical temperature Tsog, such that the modulus of the
fibril network sharply decreases beyond this point. Ty is a strong
function of peptide concentration and ethanol fraction. These
results demonstrate that GAG hydrogels can be engineered to
maintain a modulus above a critical temperature. The development
of this material would address the need for delivery systems pre-
cisely controlled by temperature [48]. The application of such
hydrogels is the focus of future studies.
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