Modulating the Gelation Properties
of Self-Assembling Peptide

Amphiphiles

Joel M. Anderson, Adinarayana Andukuri, Dong Jin Lim, and Ho-Wook Jun*

Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, Alabama 35294-2182

ith ever expanding research

into synthetic biomaterials, the

importance of recapitulating the
innate characteristics of biological tissue
microenvironments, including the bio-
chemical and mechanical properties, has
gained greater importance. In particular,
synthetic microenvironments need to pro-
vide both the spatial and temporal com-
plexities necessary to guide cell-specific tis-
sue development and function.! Peptide-
based hydrogels offer one such promising
biomaterial, crafted to simplistically mimic
the native extracellular matrix (ECM). The
ECM is vital for directing cell fate processes,
as many different amino acid ligands are
presented in the dynamic network of col-
lagens, proteoglycans, and adhesion pro-
teins.? Capturing these biological cues
within peptide-based biomaterials holds
great promise for controlling many tissue-
specific cell—ECM interactions, which ini-
tiate intercellular signaling pathways such
as adhesion, proliferation, migration, and
differentiation.? In addition to directing the
cellular response, the mechanical properties
of three-dimensional hydrogels must also
be explored in depth to completely mimic
the ECM microenvironment. Hence, the
modulation of mechanical properties within
peptide-based hydrogels has been investi-
gated for this study.

Polymer hydrogels commonly synthe-
sized from materials such as polyethylene
glycol can be easily modified with peptides
and have been frequently studied.* ® These
types of polymer hydrogels allow for strong
gelation control. However, they are typically
cross-linked into gel networks by ultraviolet
or redox initiation, thereby presenting cyto-
toxicity concerns for cell encapsulation.’
Other classes of peptide-based hydrogels in-
clude biomaterials that can naturally self-
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ABSTRACT Peptide amphiphiles (PAs) are self-assembling molecules that form interwoven nanofiber gel
networks. They have gained a lot of attention because of their excellent biocompatibility, adaptable peptide
structure that allows for specific biochemical functionality, and nanofibrous assembly that mimics natural tissue
formation. However, variations in molecule length, charge, and intermolecular bonding between different
bioactive PAs cause contrasting mechanical properties. This potentially limits cell-delivery therapies because
scaffold durability is needed to withstand the rigors of clinician handling and transport to wound implant sites.
Additionally, the mechanical properties have critical influence on cellular behavior, as the elasticity and stiffness
of biomaterials have been shown to affect cell spreading, migration, contraction, and differentiation. Several
different PAs have been synthesized, each endowed with specific cellular adhesive ligands for directed biological
response. We have investigated mechanical means for modulating and stabilizing the gelation properties of PA
hydrogels in a controlled manner. A more stable, biologically inert PA (PA-S) was synthesized and combined with
each of the bioactive PAs. Molar ratio (M, = PA/PA-S) combinations of 3:1, 1:1, and 1:3 were tested. All PA
composites were characterized by observed nanostructure and rheological analysis measuring viscoelasticity. It
was found that the PAs could be combined to successfully control and stabilize the gelation properties, allowing
for a mechanically tunable scaffold with increased durability. Thus, the biological functionality and natural
degradability of PAs can be provided in a more physiologically relevant microenvironment using our composite
approach to modulate the mechanical properties, thereby improving the vast potential for cell encapsulation and
other tissue engineering applications.

KEYWORDS: peptide amphiphile - hydrogel - viscoelasticity - biomimetic
material - ECM (extracellular matrix)

assemble into nanofibrous gels. For example,
Zhang and co-workers have developed a
peptide hydrogel characterized by alternat-
ing hydrophobic and hydrophilic residues,
which is induced to self-assemble by chang-
ing the pH.8~ "% Peptide amphiphiles (PAs) are
also prevalently used as peptide-based hy-
drogels, offering inherent biocompatibility,
versatility within the internal peptide struc-
ture, natural degradability, and easily acces-
sible bioactivity. However, these types of self-
assembling biomaterials often present
difficulties for precisely controlling the gela-
tion and mechanical properties. Therefore,
methods to modulate the mechanical prop-
erties of PA hydrogels have been investigated
for this study.
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PAs are self-assembling molecules with a very adapt-
able composition that allows for the concurrent con-
trol of nanostructure and biochemical functionality.'
The general structure consists of a hydrophilic peptide
segment attached via an amide bond to a hydrophobic
aliphatic tail.’? The self-assembly of PAs into nanofi-
bers can be induced by lowering the pH or adding
multivalent ions.” Driven by the molecular shape and
ampbhipathic nature, the self-assembled PAs configure
into a cylindrical micelle nanofibers, each with a highly
packed hydrophobic core of radially aligned alkyl tails
and peptide regions exposed to the outside.'>'*15 A vis-
coelastic three-dimensional hydrogel is formed when a
sufficient concentration between the interwoven
nanofibers is reached.'®'” The applications for PAs are
far-reaching and include such uses as nanoelectronics,
drug delivery, and tissue engineering.'® Moreover, PAs
have been studied as a biomaterial across many differ-
ent cell and tissue types, including osteogenic, neu-
ronal, and dental lineages.'~2° However, in the current
landscape, stability issues limit the clinical practicality of
self-assembled PA gels because of concerns for clini-
cian handling and the durability of cell-loaded scaffolds
after implantation for wound regeneration.?® In addi-
tion to stability needs, precise control of the PA gela-
tion properties is critical for influencing cellular behav-
iors. Recent literature has shown that the mechanical
properties of biomaterials, such as elasticity and stiff-
ness, directly affect cell spreading, migration, contrac-
tion, organization of intracellular structures, and
differentiation.?’~2° Therefore, more attention to the
gelation properties is warranted, particularly the need
to better define and control the three-dimensional en-
vironment through mechanical modulation.

Previous means to modulate the mechanical proper-
ties of peptide-based hydrogels include phospholipid
inclusions and chemical ligation. Paramonov et al. suc-
cessfully combined PA nanofibers with phospholipids at
the optimal ratio to maximize the storage modulus.>
Jung et al. were able to manipulate the stiffness of self-
assembling peptide hydrogels by chemically produc-
ing bonds between the termini of the fibrilized B-sheet
peptides.>’ However, a composite system that com-
bines multiple PAs to modulate the gelation mechani-
cal properties has yet to be fully investigated. Previ-
ously, the main efforts to combine two distinct PAs
focused on self-assembly mechanisms using binding
electrostatic attraction or polarity, but no mechanical
evaluations were performed.32-34

We propose to combine two functionally specific
PAs with differing mechanical properties to create a
composite system. This approach would allow for in-
creased stability, easy optimization, and provide the
greater control needed for creating cell encapsulating
microenvironments within the ECM-mimicking gels.
Thus, the goal of this study is to control the mechani-
cal properties of self-assembled PA hydrogels using a
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simple mixing approach to obtain the necessary stabil-
ity and practicality. In particular, we aim to ensure that
stability is maintained across many different PA se-
quences, provide an unbiased starting point for poten-
tial cellular evaluations by bestowing comparable me-
chanical properties despite containing differing peptide
ligands, and impart the corresponding stiffness and vis-
coelasticity of native ECMs. For this study, different PA
molecules, each functionalized with an isolated ligand
sequence from the ECM, have been separately com-
bined with a stronger gelating, nonbiologically active
PA molecule (PA-S) at different molar ratios (M, = PA/
PA-S). To be combined with PA-S, four different bioac-
tive PAs, each inscribed with a specific ligand in the
peptide headgroup, were synthesized to mimic the
wide range of cell—ECM interactions. The functional-
ized PAs by themselves exhibit differing physical prop-
erties after gelation is induced because of the disparity
in length, shape, and charge between the
molecules.'*'73> Consequently, the design of our adapt-
able system is to control these variations by introduc-
ing the stronger PA-S in combination with the function-
alized PAs to better regulate the mechanical
environment and achieve practical stability of the self-
assembled gels, while still maintaining the presence of
the specific biological functionality.

Including the nonbiologically active PA-S, five differ-
ent PAs were synthesized for this study. The basic PA
structure of each can be divided into three regions, con-
sisting of a functional ligand site, enzyme-cleavable se-
quence sensitive to matrix metalloproteinase-2 (MMP-
2), and hydrophobic aliphatic tail. The PA organization
remained the same for all molecules, except for PA-S,
which did not include an isolated ligand motif. The four
different ligands separately inscribed into PAs encom-
passed a broad scope of cell—ECM interactions and in-
cluded the following peptide sequences: (1) Arg-Gly-
Asp-Ser (RGDS), (2) Val-Ala-Pro-Gly (VAPG), (3) Asp-Gly-
Glu-Ala (DGEA), and (4) Tyr-lle-Gly-Ser-Arg (YIGSR).
RGDS is an integrin-mediated binding site found in
many ECM molecules, such as fibronectin and laminin,
and it has been well-established to increase general cell
adhesion.33” VAPG is an elastin-derived sequence, spe-
cific for smooth muscle cell adhesion via non-integrin
binding.3® DGEA is an adhesive ligand for collagen type
|, interacting with osteoblasts through the alpha2-
betal integrin receptor.3 The YIGSR moiety is isolated
from laminin and has been found to influence endothe-
lial cell attachment and morphology.**4' The enzyme-
cleavable sequence (Gly-Thr-Ala-Gly-Leu-lle-Gly-GIn)
was incorporated into all of the PAs, and its inclusion
is essential for potential cell encapsulation studies be-
cause it enables cell migration and ECM remodeling
within the PA network."” Each of the functionalized PAs
(i.e., PA-RGDS, PA-VAPG, PA-DGEA, PA-YIGSR) was
mixed with PA-S at molar ratios (M, = PA/PA-S) of 3:1,
1:1, and 1:3 to modulate the mechanical properties of
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Scheme 1. Experimental design for combining (1,4a) functionalized PAs
with (2,4b) PA-S at different molar ratios (M, = PA/PA-S) of 3:1, 1:1, or 1:3

age moduli (G'). The storage modulus is
an indicator of elastic behavior and mea-
sures the ability to store deformation en-
ergy that can be recovered after remov-
ing the load cycle.*? As shown in Figure 2,
a diverse spectrum of storage modulus
values was observed for the different PAs
after induced self-assembly. The PA-S hy-
drogel had the highest storage modulus,
exhibiting strong gelation properties at
least 2—3 times greater than the other
PAs. The PA-RGDS and PA-VAPG hydro-
gels followed behind PA-S with storage
moduli approaching 150 Pa. The two re-
maining gels of PA-DGEA and PA-YIGSR
demonstrated minimal storage modulus
values that were close to zero. In general,
a certain gel stability can be assumed if
G' = 10 Pa; however, stability in relation
to practical use is almost always lacking if
G’ = 1 Pa.*® Thus, the same mechanical

to form (3,4c) self-assembled composite gels with greater controlled stabil-

ity and maintained cell adhesive ligands.

the self-assembling gels as shown in Scheme 1. The
nanostructure formations were observed under trans-
mission electron microscope (TEM) imaging. The gela-
tion performance, including viscoelasticity, was evalu-
ated by dynamic oscillatory rheometry.

RESULTS AND DISCUSSION

All five PAs were synthesized and verified to have the
correct molecular weight values as follows: PA-RGDS
[CH5(CH,)14CONH-GTAGLIGQ-RGDS; MW = 1369.97], PA-
VAPG [CH3(CH,)14,CONH-GTAGLIGQ-VAPG; MW =
1278.97], PA-DGEA [CH3(CH,)4,CONH-GTAGLIGQ-DGEA;
MW = 1326.92], PA-YIGSR [CH3(CH,);4,CONH-GTAGLIGQ-
YIGSR; MW = 1531.09], and PA-S
[CH5(CH;)14CONH-GTAGLIGQ-S; MW =
1041.82]. The nanostructure of each PA
was characterized by TEM imaging after
adding divalent calcium ions to induce
nanofiber self-assembly (Figure 1). De-
spite differences in chemical composi-
tion and sequence length, each of the
PAs self-assembled into uniform nanofi
ber networks with nanoscopic diam-
eters (~10 nm) and extended lengths
approaching several micrometers. This
qualitatively confirms successful self-
assembly similar to previous PA hydro-
gel studies.'>'617

The mechanical properties of the
individual PAs were next analyzed by
dynamic oscillatory rheometry. The
oscillatory tests were performed at
variable frequencies, providing dy-
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properties in regard to viscoelasticity are

not maintained across all of the PAs, fluc-
tuating as different cell adhesive ligand sequences are
incorporated and limiting the potential applicability.

These differences are further demonstrated by vi-

sual inspection of the macroscopic PA gels, as de-
picted in Table 1. The physical gelation of each PA var-
ied in the same manner as observed under oscillatory
rheometry. After inducing self-assembly, moderately
stable hydrogels were formed with PA-RGDS and PA-
VAPG, only viscous solutions resulted for PA-DGEA and
PA-YIGSR, and PA-S displayed the strongest gel charac-
ter. Among the bioactive PAs, the moderate hydrogels
offer potential for cell encapsulation and other tissue
engineering applications, but no such practical claim

Figure 1. TEM images of the individually self-assembled PAs: (a) PA-RGDS, (b) PA-VAPG, (c) PA-
namic mechanical analysis of the stor-  DGEA, (d) PA-YIGSR, and (e) PA-S. Scale bar represents 20 nm.
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tained a consistent nanofibrous net-
e work (Figure 3). In all cases, the
nanoscopic appearances for the PAs
self-assembled with PA-S (M, = 1:1 and
1:3) were comparable to previous obser-
vations involving only one PA sequence.
While the nanostructure remained un-
changed, the viscoelastic properties of
the composite PA hydrogels were drasti-
cally altered as evaluated by dynamic os-
cillatory rheometry (Figure 4). Two sub-
sets of mechanically similar PA
hydrogels were created at M, = 1:1,
and all of the composites were stabi-
lized to the same relative storage modu-

>

TABLE 1. Modulating Macroscopic Gelation Properties of Peptide Amphiphile Composite

¢PA-RGDS

Figure 2. Measure of storage modulus (G’) over frequency using dynamic oscillatory rheom-
etry. Individual PAs exhibited different viscoelastic properties after induced self-assembly.

T T T T T T T T

1 2 3 4 5 6 7 8
Frequency (Hz)
APA-VAPG XPA-DGEA OPA-YIGSR

can be justified for the PAs that only self-assembled
into viscous solutions. Therefore, PA-S was mixed with
each of the PAs at molar ratios (M, = PA/PA-S) of 3:1,
1:1, and 1:3 to improve and better control the gelation
parameters. The 3:1 molar ratio combination did not
produce any major changes in the physical appearance
of the PA hydrogels (see Supporting Information). How-
ever, the gelation character was greatly improved for
all PA mixtures at both 1:1 and 1:3 molar ratios. Each of
the composite PAs self-assembled into much more
structurally stable gels with a better defined cylindrical
shape and increased durability for handling and
transport.

TEM imaging of the nanostructure was again per-
formed to ensure that each of the composite PAs still re-

lus at M, = 1:3. For the M, = 1:1 hydro-
gels, PA-RGDS and PA-VAPG both
exhibited approximately the same stor-
age modulus (G" = 150 Pa), and the pre-
viously viscous solutions of PA-DGEA
and PA-YIGSR had greatly improved
their viscoelasticity (G’ =~ 50 Pa). Additionally, the stor-
age moduli for all of the composite PAs became in sync
at the 1:3 molar ratio. Within this molar combination,
the values for PA-RGDS and PA-VAPG remained un-
changed, while the storage modulus for both PA-DGEA
and PA-YIGSR increased to meet the same level.

To further illustrate the modulating of mechanical
gelation properties using this composite approach, the
ratio of storage modulus to loss modulus was compared
for all PA combinations at the molar ratios (M, = PA-S/
PA) of 1:0, 3:1, 1:1, and 1:3 (Table 2). The loss modulus
(G'') is a measure of deformation energy dissipated as
heat and friction during the shearing process.** A ratio
of storage modulus to loss modulus (G'/G"’) greater
than 1 is commonly used to in-
dicate gel formation.** As shown
in Table 2, the G'/G'’ ratios

®PA-S

Hydrogels trended upward as the fraction
—_— — R ——— — of PA-S in the composite hydro-

PA-RGDS PA-VAPG PA-DGEA PA-YIGSR PA-S gels increased. The G'/G'’ ratios

'\?;7;:;;0 Moderate gel Moaderate gel Viscous solution | Viscous solution Strong gel for both PA-RGDS and PA-VAPG

increased gradually from M, =
1:0 to M, = 1:1, but there was a
generally larger jump at M, =
1:3. Conversely, a large increase
in the G'/G'’ ratios for PA-DGEA
and PA-YIGSR was first detected
at M, = 1:1, corresponding to
the rapid improvement in the
macroscopic gel quality.

While a ratio of G'/G"" =1
has often been used to define
technical gel formation, it is very
evident from these studies that
this rationale cannot be relied

“Not mixed with any other PA solution before gelation.

| /@) . .
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upon exclusively. PA-DGEA and
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physical appearance and durability of
the PA hydrogels must be the deciding
factor to ensure that the requisite level
of practical gel stability is achieved for
biomedical applications. However, the
G'/G'' ratio still has some merit as a ge-
lation indicator because the observed
values did rise as the fraction of PA-S in-
creased, displaying the highest ratios at
M, = 1:3 for all hydrogels.

The mechanisms behind PA-S dem-
onstrating stronger gelation mechani-
cal properties are not fully understood.
It is believed that the lack of a ligand se-
quence in the outer domain of PA-S al-
lows for self-assembly into a hydrogel
with stronger mechanical properties be-
cause the core interactions between
the peptide monomers are not weak-
ened by extended peptide chains neces-
sitated by the inclusion of functional
ligand motifs. This phenomenon is be-
lieved to occur because the amino
acids closest to the hydrophobic nanofi-
ber core have been shown as the most
critical for forming higher order PA as-
semblies.'* While the molecular length
and critical bonding between the core
amino acids definitely affect the self-
assembly interactions, several other
variables may also factor into the gela-
tion process. Within the PA composition,
the hydrophobicity, bulkiness, and con-
formational flexibility of the amino acids
have all been shown to affect PA gel
character.®® Also, the surrounding local
environment, properties of the counter-
ions (e.g., concentration, valence), and
intermolecular forces all significantly

Figure 3. TEM images of the functionalized PAs of (a,e) PA-RGDS, (b,f) PA- factor into th If bly kineti
VAPG, (c,g) PA-DGEA, and (d,h) PA-YIGSR separately combined with PA-S at ~ 'aCtOr INtO the sefiassembly Kinetics
a molar ratio (M, = PA/PA-S) of (a—d) 1:1 or (e—h) 1:3. Scale bar represents and gel mechanical properties for

20 nm.

PA-YIGSR both exhibited G’/G'’ ratios exceeding 1 at
every molar combination, but only stable gel forma-
tions were observed at M, = 1:1 and 1:3. Thus, the

TABLE 2. Ratio of Storage Modulus to Loss Modulus for
Peptide Amphiphile Composite Hydrogels

6/6'"

molar ratio (PA/PA-S) PA-RGDS PA-VAPG PA-DGEA PA-YIGSR
1:0° 4.17 5.94 3.54 4.03
31 429 6.28 3.25 4.03
11 457 6.21 443 6.25
13 5.83 7.05 521 6.52

“Ratio of storage modulus (G') to loss modulus (G'') at 1.26 Hz. *Not mixed with
PA-S at M, = 1.0.
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PAs."*1> Regardless, the resulting effect

of controlling the mechanical modula-
tion of peptide-based hydrogels has many potential
benefits for tissue regenerative treatments.

All of the different PA mixtures were found to self-
assemble into nanofiber networks after adding cal-
cium. On the basis of the TEM imaging, it is unclear if
the PA composites consisted of two distinctly separate
nanofibers or as mixed nanofibers in which the bioac-
tive PAs and PA-S molecules self-assembled within the
same structures. Previous literature, however, strongly
suggests that a homogeneous mixture occurs and that
the PA molecules are not mutually exclusive during
composite nanofiber self-assembly.3%3 In any case, the
nature of self-assembly within this composite approach
is not believed to limit the functionality of the bioac-
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Figure 4. Storage moduli (G') of composite gels mixed with PA-S at different mo-
lar ratios. Individually combining the functionalized PAs with PA-S at a molar ra-
tio (M, = PA/PA-S) of (a) 1:1 or (b) 1:3 stabilized viscoelasticity of the self-
assembled gels.

tive PAs, while the added benefit of a more tunable
nanomatrix is gained.

The ECM produces many different mechanical en-
vironments that vary according to tissue, resulting
in altered force levels within the cell-ECM adhe-
sions that produce changes in the intracellular bio-
chemistry and govern cell fate.*® Therefore, control-
ling the mechanical properties of peptide-based
hydrogels is crucial for developing an instructive cel-
lular microenvironment that mimics the natural ECM.
By employing our composite approach, PAs can be
modulated to serve as a scaffold for many different
cell types by matching the mechanical properties re-
quired for the desired tissue engineering applica-
tion. This is of particular importance for culturing
stem cells within the PA hydrogels because Engler
et al. have shown that stem cell lineage specification
can be directed by changing the substrate elasticity
to correlate the matrix stiffness to native ECM
stiffness.*”® Additionally, the ligand density pre-
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sented by the two combined PAs could poten-
tially be controlled by altering the mixture ra-
tios. This will allow for even greater biological
control within the PA composites because the
density and spatial arrangement of ligand sig-
nals are central for guiding the localized cellu-
lar responses.*o~52

Overall, the modulation of PAs by combin-
ing two sequences has great potential for many
future tissue-specific cell encapsulation and in-
jection studies. By merging bioactive and me-
chanical properties, the adhesive ligand signal-
ing can be maintained while still providing the
most biomimetic surroundings. The other added
benefits include a more durable PA hydrogel
that is able to withstand the rigors of clinician
handling for transport and implantation at trau-
matized wound sites via in situ formation or in-
jection delivery. Also, PAs functionalized with
different ligand moieties can be evaluated to-
gether under the same mechanical conditions
after adjusting with the stronger, biologically in-
ert PA, thereby evaluating the cell-responsive
signals on their merit alone and without me-
chanical variation. This will provide a biologi-
cally relevant comparison between the PA hy-
drogels and natural tissue microenvironments.

CONCLUSION

PAs offer a very versatile biomaterial that is ca-
pable of biochemical adaptation to support many
types of cells and tissues by interchanging peptide
adhesive ligands sequences within the internal
structure. To better facilitate and promote cell-
based therapies, however, the nanofibrous PA
microenvironment must also provide the same
physical environment as native tissue and ECM.

Previously, this has proven difficult because varying me-
chanical properties result after inducing hydrogel self-
assembly of PAs inscribed with different cell-specific
ligands. Consequently, while capable of invoking spe-
cific bioresponsive activity based on the cellular adhe-
sive ligands, the PAs are often lacking in practical stabil-
ity and the durability needed for cell loading,
handling, and transport. To overcome these limita-
tions, this study modulated the mechanical proper-
ties by combining biologically functionalized PAs
with a stronger, biologically inert PA. It was found
that the viscoelasticity and overall gel character
could be directly controlled and stabilized by adjust-
ing the molar ratio fraction between both PA mol-
ecules. Therefore, this composite approach allows
for the simultaneous control of bioactivity and me-
chanical properties within PA hydrogels, which will
be vitally important for the continued development
of biomaterial regenerative strategies.
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MATERIALS AND METHODS

Peptide Amphiphile Synthesis. All peptide sequences were syn-
thesized using standard Fmoc chemistry on an Advanced
Chemtech Apex 396 peptide synthesizer as described
previously.'”195354 Briefly, the peptides were alkylated at the
N-termini with palmitic acid in a mixture of o-benzotriazole-
N,N,N',N'-tetramethyluroniumhexafluorophosphate (HBTU), di-
isopropylethylamine (DiEA), and dimethylformamide (DMF).
Alkylation was performed twice for two 12 h intervals at room
temperature. Cleavage and deprotection followed for 3 h, using
a mixture of trifluoroacetic acid (TFA), deionized (DI) water, triiso-
propylsilane, and anisole (40:1:1:1). The collected samples were
rotoevaporated to remove excess TFA, precipitated in ether, and
dried under vacuum using lyophilization. Successful PA synthe-
ses were confirmed by matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry.

Self-Assembly of Peptide Amphiphile Gels. For each PA, 2% (weight/
volume) stock solutions were prepared and buffered to neutral
pH (~7) with NaOH. The functionalized PAs (i.e., PA-RGDS, PA-
VAPG, PA-DGEA, PA-YIGSR) and nonbiologically active PA-S were
prepared to be individually self-assembled. Additionally, differ-
ent PA combinations were prepared between the functionalized
PAs and biologically inert PA-S based on molar ratios (M, = PA/
PA-S) of 3:1, 1:1, and 1:3. Self-assembly for all PAs, including the
mixed solutions, was induced by combining 50 p.L of PA solution
with 50 L of deionized (DI) water containing 0.1 M CaCl, in 12-
well silicone flexiPERM cell-culture chambers attached to glass
coverslips. The molar ratio between PA and calcium ions (M, =
Ca?*/PA) was held constant at M, = 2 for all self-assembled gels.

TEM Imaging of Peptide Amphiphiles. The different PA combina-
tions were prepared and self-assembled as described in the pre-
vious section. A 5 pL self-assembled sample was applied to a
carbon-coated Formvar copper grid (400 mesh) for 1 min. Ten
microliters of 20% phosphotungstic acid (PTA) buffered to pH 7
was added to the grids for negative staining. The PTA solution
was allowed to stain for 30 s before the excess was wicked off.
The samples were examined on a Tecnai T12 microscope by FEI
operated at 60 kV accelerating voltage.

Rheological Characterization. The viscoelastic properties of the
PA hydrogels were analyzed on an AR 2000 rheometer (TA Instru-
ments, UK). All PA mixture combinations characterized were pre-
pared as described previously. Dynamic oscillatory shear was
measured on a flat-plate circular construct with 10 mm diam-
eter. For each characterization, pre-sheer was applied to obtain
equilibrium. The storage modulus (G') and loss modulus (G"")
was evaluated over a wide frequency range (0.1—10 Hz) at
25 °C.
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