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Abstract

B-Hairpin peptide-based hydrogels are a class of injectable hydrogel solids with significant
potential use in injectable therapies. B-hairpin peptide hydrogels can be injected as preformed
solids, because the solid gel can shear-thin and consequently flow under a proper shear stress but
immediately recover back into a solid on removal of the stress. In this work, hydrogel behavior
during and after flow was studied in order to facilitate fundamental understanding of how the gels
flow during shear-thinning and how they quickly recover mechanically and morphologically
relative to their original, pre-flow properties. While all studied p-hairpin hydrogels shear-thin and
recover, the duration of shear and the strain rate affected both the gel stiffness immediately
recovered after flow and the ultimate stiffness obtained after complete rehealing of the gel. Results
of structural analysis during flow were related to bulk rheological behavior and indicated gel
network fracture into large (>200 nm) hydrogel domains during flow. After cessation of flow the
large hydrogel domains are immediately percolated which immediately reforms the solid hydrogel.
The underlying mechanisms of the gel shear-thinning and healing processes are discussed relative
to other shear-responsive networks like colloidal gels and micellar solutions.

Introduction

Researchers are working diligently to develop injectable therapies, such as cell therapy and
drug delivery systems, that can be delivered to a targeted in vivo site via simple syringe or
catheter injection, a benign treatment!~3 relative to traditional surgical implantation.*—6 Ever
increasing efforts have been dedicated specifically to the design and development of
hydrogel systems as the delivery vehicles for injectable therapeutics.1~3:7:8 While the
hydrogel scaffolds will have physical and chemical requirements unique to the desired use
(e.g. a chemotherapeutic drug-eluting hydrogel for glioblastoma treatment in the brain
would have different biological and physical requirements than a delivery scaffold for stem
cell delivery to the dynamic environment of infarcted myocardial tissue), all designed
hydrogels must generally be biocompatible; the scaffolds should cause acceptable, limited
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levels of inflammation and immunogenic response in the host. It may also be advantageous
for some hydrogel systems to be biodegradable and/or resorbable by the host. Particularly
crucial for potential injectable drug delivery and tissue regeneration therapies is the ability
of an injected system to stay localized at the region of injection; the material must
adequately resist biological flows and forces in vivo that work to move or dilute the injected
system so as to provide the therapy to the desired, specific area.2:2-10 Mechanical properties
are, therefore, particularly important in the design of injectable scaffolds since the ability of
the injected system to remain localized as a well-defined material is directly related to
stiffness and network structure of the scaffold.®10 In addition, hydrogel mechanical
properties are key biological criteria to address’-210 since the transplanted gel matrix
stiffness can directly impact local cell adhesion and morphology, viability and gene
expression,11-18

The most prevalent strategy for injectable hydrogel scaffolds is to design a free flowing
solution that easily can be injected as a low viscosity liquid and subsequently form a solid
hydrogel in vivo. It should be emphasized that before injection these materials are easily
flowing solutions ex vivo. Once these solutions reach in vivo, a sol-gel transition can be
triggered by physiological cues such as enzymes,19-23 salt24-30 or a temperature
change.31-39 Additionally, the gel network can be formed via photo-initiated polymerization
or cross-linking.4%-45 Since these in vivo-forming gel systems are injected as free flowing
solutions, they can easily fill well-defined defects and cavities of arbitrary shape.l However,
the free flowing property that allows easy injection also can lead to unwanted leakage of
these gelprecursor solutions into neighboring tissue or the blood stream unless the filled
defect has a natural boundary to contain the injected liquid.48 Leakage and flow can be
minimized with higher viscosity precursors* or fast in situ gelation kinetics. Once injected,
it is difficult to unambiguously characterize the in vivo material properties of hydrogels
formed from cross-linkable liquids. This is because after the precursor solutions experience
flow into the in vivo environment*’ the injected solutions can be diluted by local bodily
fluids and/or affected by the local environment prior to, or during, crosslinking.

An alternate, more recent strategy for injectable hydrogel therapies is the development of
new, solid hydrogel scaffolds that can shear-thin and consequently flow under a proper shear
stress but recover back into solids upon removal of the stress. To reemphasize, this strategy
involves the ex vivo formation of a desired solid gel with desired mechanical,
morphological, and biological properties. The shear-thinning property enables the
preformed, solid gel to be injected as a low viscosity, flowing material. Once injection shear
is removed, restoration of gel rigidity allows the hydrogel, together with the desired
payloads that were encapsulated during the original hydrogelation, to remain localized at the
point of injection.®10 The phenomenon of gel networks shear-thinning, flowing and
reforming is something that has been studied significantly in colloidal gels. Colloidal gels,
gel networks comprised of percolated, colloidal particles,*849 can also undergo a reversible
gel-sol transition upon application of shear and, thereby, display shear-thinning rheological
behavior®%-52 and interesting aging behavior.3354 A large area of current research is the
investigation of colloidal gel network microstructure at rest and under flow,50-52.55-61
Recent work also attempts to relate results of colloidal gel structural analysis to bulk
rheological behavior in order to understand how networks are disassembled and
reformed.50:51.56 While colloidal gel materials are quite different physically to the gel
networks to be discussed herein (e.g. colloidal microscale particles vs. peptidic nanofibers),
there are many similarities between the yielding, flow and network reformation
mechanisms.30-52:55-62 \we will invoke colloidal network mechanisms of network break-up,
flow and network reformation (or lack thereof) when we discuss these phenomena in our
peptide hydrogel networks later in the paper.
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Over the past decade, Pochan and Schneider and coworkers have developed a class of self-
assembling B-hairpin peptides®:63-69 to create physical hydrogels as injectable therapeutic
delivery vehicles.®70 Beginning in 2002, shear-thinning and self-healing behavior was first
observed from these peptide hydrogels when assembled at basic pH.%3 After experiencing
oscillatory 1000% strain in a parallel plate rheometer, the shear-thinned gel material
immediately recovered into a solid gel with the original gel rigidity rapidly restoring over
time. Subsequently in 2004, similar shear-reversibility was reported from B-hairpin
hydrogels formed under physiological conditions.”t Furthermore in 2007, hydrogels formed
in syringes were found to be capable of being shear-thin delivered to a target position with
high precision where, after injection, these materials immediately formed solids and
remained localized.® Concurrently, these hydrogels were demonstrated to display
fundamental properties critical for use as biomaterials such as cytocompatibilty towards
several model cell lines,%7273 inability to activate macrophages in an in vitro model,’* and
even an innate antimicrobial activity.5”:"> The unique physical gelation and shear-thinning/
rehealing behavior, coupled with preliminary, benign biological properties, suggest that
these hydrogels are excellent candidates for injectable hydrogel scaffolds that can be
injected as preformed solids.

The first peptide studied, MAX1 (VKVKVKVK-VPPPT-KVKVKVKV-NH,), was
comprised of two [ strands with alternating hydrophobic valine (V) and hydrophilic lysine
(K) residues covalently bonded to a central tetra-peptide turn sequence (VPPPT).83 When
dissolved in neutral pH solution with low ionic strength, MAX1 peptide remains unfolded
and random coil-like because of repulsion between positively charged lysine side groups.
The electrostatic repulsion can be mitigated by deprotonation of the lysines at basic pH,53 a
rise in temperature to induce hydrophobic collapse,®* or the addition of salt solution or salt
in a cell culture medium to screen electrostatic interactions.”? In response, the peptides
undergo a conformational change and fold into B-hairpins causing consequent self-assembly
into a rigid, fibrillar hydrogel stabilized by physical crosslinks’:76.77 that allow them to
shear-thin. In order to tailor properties for a specific biomedical use (e.g. controlled release
of desired therapeutics), gel stiffness and porosity can be changed by manipulation of
peptide assembly kinetics through alteration of peptide concentration, solution ionic
strength, temperature and/or by modification of the peptide sequence.®70.76.78 For example,
a more recent peptide, MAX8 (VKVKVKVK-VPPPT-KVEVKVKV-NH,), was designed
to have the same primary structure as MAX1 except that the lysine residue at position 15
was replaced with a glutamic acid (E) residue. Due to a change in overall peptide charge,
this sequence modification enabled gelation kinetics under physiological condition faster
than the original MAX1 sequence, important for desired, homogeneous, three-dimensional
cell encapsulation for injectable delivery of cells.® The shear-thinning property allowed the
MAXS8 gel-cell construct to be delivered via a syringe needle while the self-healing behavior
enabled the construct to remain localized after syringe injection. It was also observed that
shear-thin delivery had little or no effect on encapsulated cell viability and three dimensional
cell distribution.® To re-emphasize, these results reflect the potential of this strategy to form
final gel material in vivo that will retain the same properties as the hydrogel exhibited ex
vivo. Therefore, one can establish direct bioproperty/gel structure relationships in vivo and in
vitro.

From the beginning of the p-hairpin hydrogel studies, rheological property has been
highlighted as an important material characteristic to address for injectable hydrogels.%63-82
This rheological perspective has also been appreciated by other groups that have more
recently used rheology to observe the viscoelastic behavior in different biomaterial hydrogel
systems.24:25.28,29,36,83-91 \ost of these studies included oscillatory rheological
measurements in order to determine whether molecule chemistry, sample conditions or
environmental factors affected gelation kinetics or gel rigidity. Some recent studies have
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also begun to probe shear-thinning behavior in different biomaterial hydrogel systems with
oscillatory shear rheology.28:92 As stated earlier, we have identified that solid p-hairpin
peptide hydrogels shear-thin and flow under mechanical shear and immediately recover back
into solid gels upon cessation of shear. However, to date, B-hairpin peptide hydrogel gel
shear-thinning and healing behavior was only examined in limited rheological conditions
with the underlying mechanisms unexplored. In this work, we investigate hydrogel structure
and mechanical behavior during and after flow in order to understand how these gel
materials flow and how they recover relative to their original, pre-flow properties. These
measurements essentially relate gel network structure during shear to the bulk rheological
behavior, which unveils the underlying mechanisms of shear-thinning and recovery
processes. The results help explain the ability of the (B-hairpin peptide hydrogels to
immediately recover into solids after injection flow as well as how encapsulated payloads
are affected by flow, a critical consideration for biomedical applications.

Experimental session

Hydrogel preparation

Rheology

MAX1 (VKVKVKVK-VPPPT-KVKVKVKV-NH,) and MAX8 (VKVKVKVK-VPPPT-
KVEVKVKYV-NH,) peptides were synthesized, respectively, on Rink amide resins with an
automated SONOTA peptide synthesizer employing standard Fmoc-protocol and HCTU
activation. Detailed description of peptide synthesis and purification is available in a
previously published protocol.83:93 To prepare a MAX1 hydrogel sample, pure MAX1
peptide was first dissolved in chilled DI water to produce a peptide stock solution. Then an
equal volume of chilled 100 mM bis-tris-propane (BTP) buffer solution (pH 7.4) was added
to adjust peptide concentration, pH and ionic strength to desired final conditions (1 or 2 wt
%; pH 7.4; 150 or 400 mM NacCl). Similarly, 0.5 wt% MAX8 hydrogel was prepared by
dissolving 2.5 mg pure MAX8 peptide in 250 pL 25 mM HEPES buffer (pH 7.4) and by
subsequent addition of 250 uL 1X DMEM with 25 mM HEPES (pH 7.4). While MAX8 gels
were studied under physiological mimicking conditions, MAX1 was studied under
physiological as well as high salt conditions. These high salt conditions allow the control of
MAX1 hydrogel physical properties in order to observe their affects on the shear thinning
and rehealing behavior.

Oscillatory rheology experiments were performed on an AR-2000 rheometer (TA
Instruments) using a 40 mm-diameter acrylic, cross-hatched parallel plate geometry tool.
Each buffered peptide solution was prepared in ice-chilled solutions to prevent thermal
gelation. To study gel restoration Kinetics after shear disruption, hydrogels were formed
either directly on the rheometer or within a syringe. In the former situation, the buffered
peptide solution was quickly transferred to the rheometer bottom plate that was pre-
equilibrated at 5 °C. The parallel plate geometry tool was then lowered to a desired gap
height, 0.2 mm for MAX1 and 0.25 mm for MAX8, in order to delay edge effects.%* A NIST
traceable standard S3 mineral oil (Cannon Instruments, n ~ 3 mPa s at 22 °C) was applied
around the plate geometry tool to prevent sample drying. Then the temperature was ramped
linearly and quickly to either 20 °C for MAX1 or 37 °C for MAX8 to initiate gelation. First,
a dynamic time sweep was performed to measure the time-dependent evolution of storage
(G") and loss (G”) moduli during gelation at a frequency of 6 rad s~ and 0.2% strain until
the gel equilibrated. Then steady shear flow was applied to disrupt the gel in situ with the
shear treatment (shear duration and shear rate) varied from sample to sample. Once the shear
flow was ceased, restoration of gel rigidity was immediately monitored over time in a
subsequent dynamic time sweep (6 rad s~ and 0.2% strain). In addition, dynamic frequency
sweeps (0.1-100 rad s~1, 0.2% strain) and dynamic strain sweep (6 rad s~* and 0.1-1000%
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strain) were also performed on equilibrated gels formed directly on the rheometer, the
results of which are provided in the ESL¥ For injection studies of hydrogel formed within a
syringe, the buffered peptide solution was equilibrated in the syringe at the desired
temperature for two hours to ensure stabilization of the expected solid hydrogel. Then the
hydrogel was injected through a 26 gauge needle onto the bottom plate of the rheometer that
was pre-equilibrated at 20 °C for MAX1 gel or 37 °C for MAX8 gel. After quickly lowering
the upper tool to the desired gap height (0.2 mm for MAX1 and 0.25 mm for MAX8 gels)
and applying the S3 mineral oil to prevent sample evaporation, a dynamic time sweep (6 rad
s~1and 0.2% strain) was immediately started to measure restoration of gel stiffness over
time.

Rheo-small-angle neutron scattering (SANS)

Rheo-SANS experiments were conducted on a 30 m SANS instrument, NG7, equipped with
a Paar Physica UDS 200 rheometer at the National Center for Neutron Research at the
National Institute of Standards and Technology.%° The instrumental set-up is illustrated in
Fig. 1. The neutrons were monochromated to a wavelength of 6 A with a wavelength spread
AMXL = 0.12. Scattering patterns of samples during shear flow were obtained at two sample-
to-detector distances (1.7 m and 15.3 m) in the radial direction (on-axis),%6:%7 covering a
scattering vector range of 0.003 A~1 < q < 0.3 A~ where q = (4n/A)sin(6/2) and 6 is the
scattering angle. This g range enables observation of gel structure at a length scale between
2 nm and 200 nm in real space. Pure MAX1 and MAX8 peptides were dissolved in D,0 and
then lyophilized in order to ensure all the exchangeable peptide protons were exchanged
with deuterons. Buffered MAX1 and MAX8 peptide solutions were prepared as described
earlier except that DI water previously used to prepare peptide stock solutions and buffers
was replaced by D,O to ensure sufficient scattering contrast. After mixing, each buffered
peptide solution was quickly transferred to the quartz Couette shear cell (49 mm inner-
diameter, 0.5 mm gap) that was pre-equilibrated at 5 °C. Then the temperature was ramped
linearly and quickly to either 20 °C for MAX1 or 37 °C for MAX8 to initiate gelation. After
three hours of gelation, the scattering measurement was first conducted on the equilibrated
hydrogel at rest. Then the gel was subject to a steady shear flow (10, 100 or 1000 s™1), and
corresponding scattering data was collected when the shear viscosity was stable over time.
Resulting SANS data were corrected for background electronic noise, detector
inhomogeneity, and empty cell scattering according to published protocol.?8 Two different g
regimes were covered in two separate scattering experiments with 0.003 A~1 < q<0.01 A1
results shown in Fig. SI-11 and SI-12 (ESI¥) and 0.01 AL < q < 0.3 AL results shown in
Fig. 11 and 12.

Small-angle X-ray scattering (SAXS)

SAXS experiments were performed at BioCAT beamline, Advanced Photon Source (APS),
Argonne National Laboratory (ANL). The instrumental sketch is illustrated in Fig. 2. The
flow cell is a cylindrical quartz capillary (1.5 mm inner-diameter) placed vertically and
connected to a programmable dual Hamilton syringe pump which drives the sample up and
down inside the capillary. The X-ray beam was aimed perpendicular through the capillary
cross-section. The wavelength of the synchrotron source was monochromated to 1.033 A.
Scattering patterns of samples during capillary flow were obtained at one sample-to-detector
distance of 1.54 m that covered a scattering vector range of 0.012 A1 < q< 0.6 A1,
Buffered MAXS peptide solutions were prepared as described earlier and quickly drawn into
the flow cell pre-equilibrated at 37 °C. After two hours of equilibration, SAXS was first
performed on the quiescent gel. Then the syringe pump was programmed to make the gel

*Electronic supplementary information (ESI) available: Additional rheology results (gelation kinetics and gel restoration kinetics) and
small-angle neutron scattering measurements. See DOI: 10.1039/c0sm00642d
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flow at a constant rate, 10 uL. min~1, and a scattering measurement was simultaneously
performed on the gel during capillary flow. The shear rate at the capillary wall can be

calculated from the equation:¥w= 4Q;, in which Q is volumetric flow rate, r is inner radius of
the capillary,® where we assumed MAX8 gels behave like Newtonian fluid in laminar flow
with no slip at the boundary of capillary. This assumption is reasonable since the shear
viscosity of MAX8 gel at 1000/s was measured to be a constant value very close to that of
pure water.

Therefore, the shear rate at capillary wall is ~1800 s~ for flow rate of 10 uL min=1.
Resulting 2D SAXS data were corrected for background capillary and solvent scattering by
using the software Fit2D, available at website of European Synchrotron Radiation Facility
(ESRF),100 and radial scattering intensity was obtained from 2D scattering pattern via the
MATLAB-based software SAXSGUI (Rigaku, Inc).

Cell culture conditions, cell encapsulation and confocal microscopy

MGB63 cells, a progenitor osteoblast cell line from rat osteosarcoma, were cultured in
DMEM cell culture media supplemented with 10% fetal bovine serum and 50 pl mL™1
Penicilin-Streptomycin. For cell encapsulation experiments the cells were detached from
tissue culture flasks with Trypsin-EDTA, counted and resuspended in DMEM with 25 mM
HEPES at a concentration of 5 x 106 cells mL~1. An equal volume of this solution was
added on top of a peptide solution prepared by dissolving MAX8 in DI water buffered to pH
7.4 with 25 mM HEPES. The cell/gel construct was immediately loaded into a syringe
through an 18% gauge needle. The syringe was placed into the humidified incubator
maintained at 37 °C and 5% CO, to allow the system to undergo hydrogelation for 5 min.
After 5 min, the gel with encapsulated cells inside the syringe was shear-thin delivered onto
an 8-well borosilicate confocal chamber (~100 pL gel per well). The cell/gel constructs were
overlaid with 300 pL of complete cell culture medium. After 3 h the cell culture medium
was removed and overlaid with complete cell culture medium containing 2 mM of calcein
acetoxymethylester (calcein AM, cytoplasmic dye) and 4 mM of propidium iodide (P,
nuclear stain) to assess cell viability. The cell/gel constructs were observed with confocal
microscopy (LSCM, Zeiss LSM 510 NLO).

Results and discussion

Gel behavior after flow

To elucidate mechanisms of gel recovery after shear-thinning, it is essential to investigate
how the hydrogels recover relative to their original, pre-shear rigidity. Previously, it was
observed that both MAX1 and MAX8 gels quickly restored their stiffness as a function of
time after being deformed by 1000% oscillatory shear strain.®63.71 In this work, different
shear conditions, rheometer-induced shear flow and syringe injection shear, were adopted to
disrupt the gels and, once shear treatment was removed, the restoration of gel stiffness was
immediately monitored with an oscillatory measurement over time. For the situation of the
rheometer-induced shear treatment, hydrogelation of buffered peptide solutions was initiated
in situ on the rheometer, and the storage modulus (G’) and loss modulus (G") were observed
as a function of time until they equilibrated (see the ESI*). The average storage modulus of
2 wt% MAX1 (pH 7.4, 50 mM BTP, 400 mM NaCl) and 0.5 wt% MAX8 (pH 7.4, 25 mM
HEPES, DMEM cell culture medium) gels were 2900 + 200 Pa (as a representative in Fig.
Sl-li) and 400 £ 50 Pa (as a representative in Fig. SI-2¢), respectively, based on 30 samples
of each peptide. Hence, equilibrated gels of the same peptide origin were of uniform
mechanical stiffness prior to shear treatment. A constant shear rate was then applied to
disrupt the stable, solid gel to a low-viscosity, flowing material. Upon cessation of steady
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flow shear, restoration of G’ and G”, representative of gel recovery, was immediately
monitored over time.

To study effects of shear rate and shear duration on gel restoration kinetics, shear treatment
applied on each gel sample was varied either by shear duration while holding shear rate
constant, or by shear rate while holding shear duration constant. In the first scheme, three
MAX1 gels formed on the rheometer were individually subject to a constant shear rate of
1000 s~ that lasted for 5, 40 or 120 s. Fig. 3 exhibits corresponding post-shear restoration
of G’ over time. Immediately after cessation of shear, all three MAX1 samples exhibited
solid gel responses with appreciable G’ values close to 100 Pa or greater and significantly
higher than G” (Fig. SI-3¢) in all cases with this difference between G’ and G” increasing
with time and further network healing. The inset of Fig. 3 indicates that the initial G’
measured right after shear flow was stopped is dependent on shear duration applied. For the
three MAX1 hydrogel samples sheared for 5, 40, 120 s at 1000 s1, the corresponding value
of immediately restored G’ was 440 Pa, 180 Pa, 86 Pa, respectively. Also, two hours later, G
" of recovering MAX1 gels was 95%, 76%, 65% that of the original equilibrated modulus
prior to shear flow, respectively (2900 Pa, Fig. Sl-li). These results altogether indicate that
restoration of gel solid-like properties is immediate albeit with lower initial G’ values
relative to pre-shear values. The long time recovery of the gel stiffness is less complete after
a longer length of shear duration, but short shear treatments, similar to what would be
expected during an injection, leave the final material after flow almost unchanged from the
original, pre-flow material rheological properties.

In the second scheme, MAX1 gels formed on the rheometer were individually subject to a
constant shear rate of 10 s71, 100 s™1, 1000 s~ that lasted for 40 s. Fig. 4 exhibits
corresponding post-shear restoration of G’ over time. Right after cessation of shear, all three
MAX1 samples immediately exhibited solid gel network behavior (initial G’ > G", as shown
in Fig. SI-4,% with all G’ values > 180 Pa). The inset of Fig. 4 indicates that the initial G’
assessed immediately after shear flow was stopped is dependent on the shear rate applied.
For the three MAX1 hydrogel samples sheared at 10 s™1, 100 s™1, and 1000 s~ the
corresponding value of initial G’ is 1223 Pa, 430 Pa, and 180 Pa, respectively. After two
hours of restoration, G’ of recovering MAX1 gels is 82%, 78%, 76% that of original
equilibrated modulus (2900 Pa, Fig. SI-1¢). These results indicate that restoration of gel
rigidity will start from an initial G’ that is lower than the original, preshear G’ value, but yet
clearly indicative of solid-like gel behavior. In addition, the ultimate gel storage modulus
will be lower than the preshear value, and the magnitude of ultimate modulus is dependent
on the shear rate during the gel flow.

For the situation of shear induced by syringe injection, hydrogelation of buffered 2 wt%
MAX1 peptide solution was initiated in a 5mL syringe and allowed to equilibrate at 20 °C
overnight. After the MAX1 hydrogel was injected through a 26 gauge needle onto the
rheometer, measurement of G’ (Fig. 5) as a function of time was performed immediately. On
initiation of the oscillatory measurement, the MAX1 sample had recovered into a solid gel
(Fig. SI-5¢) with G’ further evolving with time (Fig. 5), which is similar to self-restoring
behavior of MAX1 gels in the situation of rheometer-induced shear treatment. The fact that
MAX1 hydrogels displayed consistent recovery properties despite difference of shear
conditions (rheometer vs. syringe injection) clarifies that the observed shear-thinning and
recovery behavior after flow is representative of authentic bulk gel properties rather than, for
example, a simple result of rheometer artifact such as wall slip during large strain treatments
on the rheometer. This will be addressed further later in the discussion.

Self-healing behavior of MAXS8 gels was also investigated under the same shear conditions.
Although 0.5 wt% MAXS8 hydrogels (average G’ of 400 Pa, Fig. SI-2¢) are less stiff than 2
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wt% MAX1 hydrogels (average G’ of 2900 Pa, Fig. SI-l*), all the samples studied were
capable of recovering into solid gel networks immediately after shear treatment was
removed. Like MAX1 gels, the resulting recovery of MAX8 hydrogels is dependent on
shear duration applied (Fig. 6). The inset of Fig. 6 indicates that for the three MAX8
hydrogel samples sheared for 5, 40, 120 s, the corresponding value of initial G’ is 21 Pa, 10
Pa, 4 Pa, respectively. Also, two hours later, G’ of recovering MAX8 gels is 89%, 80%, 77%
that of original equilibrated modulus prior to shear flow, respectively (400 Pa, Fig. SI—Zi).
Recovery of MAX8 hydrogels also depends on shear rate applied (Fig. 7). The inset of Fig.
7 indicates that for the three MAX8 hydrogel samples sheared at 10 s71, 100 s™1, and 1000
s1 the corresponding value of initial G’ is 199 Pa, 72 Pa, and 10 Pa, respectively. After two
hours of restoration, G’ of recovering MAX8 gels is 98%, 86%, 80% that of original
equilibrated modulus. These results demonstrate that, like MAX1 gels, MAX8 gels also
exhibit immediate post-shear G’ lower than the preshear G’ value but they immediately
attain solid gel behavior after shear (Fig. SI-6 and SI-7¢). The stiffness recovery of MAX8
gels after shear is similarly incomplete under longer shear duration or higher shear rate.
Importantly, MAX8 hydrogels displayed consistent time-dependent hydrogel recovery from
shear conditions induced both by the rheometer and syringe injection (Fig. 8). Again, it is
reasonable to believe that the flow and recovery gel behaviors observed in the two different
geometries represent authentic bulk gel properties.

In addition to impact of shear treatment on gel recovery behavior, we also studied the role
that pre-shear gel stiffness plays in gel restoration by varying peptide concentration and
ionic strength. Previously, it was observed that MAX1 hydrogel self-assembled at higher
peptide concentrations had higher equilibrated moduli.”8 Also, it was demonstrated that
higher ionic strength gave rise to faster self-assembly kinetics and, therefore, a stiffer
hydrogel.”! To vary peptide concentration, two MAX1 hydrogels of 1 and 2 wt% peptide
(all with pH 7.4, 50 mM BTP, 400 mM NaCl) were prepared directly on the rheometer
resulting in hydrogels with G’ = 1227 and 2900 Pa, respectively. To vary ionic strength,
another two 2 wt% MAX1 gel samples were prepared directly on the rheometer with ionic
strength of 150 mM and 400 mM of added NaCl (pH 7.4, 50 mM BTP) resulting in
hydrogels with G’ = 579 and 2900 Pa, respectively. After initial gel formation and
equilibration, all four of these samples were subjected to a constant shear rate of 1000 s~1
for 40 s. Upon cessation of shear flow, every sample immediately recovered into a solid
hydrogel network as indicated by appreciable G’ values well above corresponding G” values
(Fig. SI-9 and SI—10¢). For the 1 wt% and 2 wt% MAX1 hydrogel samples, the
corresponding value of immediate G’ recovered post-shear was 139 Pa and 180 Pa, 11% and
6% that of original equilibrated modulus, respectively (Fig. 9b). After two hours of
restoration, G’ of the recovering MAX1 gels was 79% and 76% (Fig. 9a) that of original
equilibrated modulus, respectively. For the two MAX1 hydrogel samples with 150 mM and
400 mM NacCl, the corresponding value of G’ immediately post-shear was 47 Pa and 180 Pa,
8% and 6% that of original equilibrated modulus respectively (Fig. 10b). After two hours of
restoration, G’ of the recovering MAX1 gels was 88% and 76% (Fig. 10a) that of the
original, equilibrated modulus prior to shear flow, respectively. These results demonstrate
that for stiffer hydrogels due to higher peptide concentration (Fig. 9) or higher ionic strength
(Fig. 10), restoration of gel rigidity started with higher G’ measured right after shear flow
with higher, final recovered moduli than gels that were initially less stiff due to lower
peptide concentration or lower ionic strength. However, in all cases after shear, the
hydrogels recovered approximately the same percentage of stiffness relative to their original,
preshear values after two hours of recovery clearly indicative of similar shear-thinning and
recovery mechanisms for the gels with different stiffness. This will be discussed further later
in the paper.
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Dynamic network morphology during flow

Hydrogel structure during steady shear flow was investigated by SANS on hydrogels of
MAX1 and MAX8 formed individually in a quartz Couette shear cell. The neutron beam
was directed radially towards the Couette cell. The key observation to make is to check
whether there is any anisotropy displayed in the resulting 2D scattering patterns. If, for
example, the gel network is broken into individual fibrils under shear flow, these fibrils will
align along the shear direction resulting in 2D patterns with highly anisotropic features
concentrating most scattering intensity perpendicular to the aligned fibril axes.

Radial 2D scattering patterns were collected for MAX1 (Fig. 11 and Fig. SI-11%) and MAX8
(Fig. 12 and Fig. SI-12%) hydrogels at rest and then under steady shear flow within the
scattering vector range of 0.003 A=1 < q < 0.3 A™1, This q range enables observation of
hydrogel structure with length scale between 2 nm and 200 nm in real space. To summarize
the SANS results, essentially no anisotropy was observed in any observed scattering
patterns. The lack of anisotropy indicates that there is little or no hydrogel fibril
nanostructure alignment during steady shear flow. The degree of fibril alignment can be

- . . . . 3<cos’g> —1
quantified by Herman’s orientation function, 1% f, which takes the form f=———— in

o O I(¢)cos*¢ sing dp
<cos ¢p>= o
which [21(¢) sing dgp

For each hydrogel sample studied, the annular averaged scattering intensity 1(¢) was
obtained from resulting 2D SANS patterns (Fig. 11 and 12) at q = 0.03 A~ as a function of
the azimuthal angle, ¢, with the corresponding values of the orientation function listed in
Table 1. At all shear rates investigated, values of the orientation function are within the
narrow range from 0 to —0.1. By definition, the orientation function equals 1 for complete
alignment of the fiber axes parallel to the direction of interest (i.e. flow direction), —0.5 for
complete alignment of fiber axis normal to that direction, and 0 for randomly oriented
fibers.191 The orientation results clearly show that fibrils in gel samples under shear flow are
essentially randomly oriented, just as in the case of static gels. For comparison’s sake, a
good example of significant shear alignment during flow is acicular precipitated calcium
carbonate particles suspended in poly-(ethylene glycol). These suspensions were observed to
display a significant degree of alignment in the flow direction when subjected to the same
shear field as used on the p-hairpin peptide hydrogels.192 Azimuthally integrated, one-
dimensional neutron scattering curves of the two-dimensional data, corresponding to
hydrogels under various shear rates, overlap well with each other and clearly indicate the
identical nanofibrillar structure underlying all of the p—hairpin hydrogels studied here (Fig.
SI-13, 14, and 15*). The 1D scattering curves were fit with the summed model, a linear
combination of the cylinder form factor, used to describe local structure below ~ 50 nm as
determined by the g ranges used for the fit, and the power-law model to describe higher-
order network structure at larger length scales greater than ~ 50 nm. The cylinder form
factor model describes scattering from a cylindrical solid with radius r and length L, which
is defined as

scale™?
f f 2(q, a)sin @ da
chl 0

P(q)=

and
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Ji(grsin @)

fg, @)=2(pcy1 — Psolv)chle(qH cosa) -
(grsina)

in which the volume of cylinder, V¢y = 2L, jo(X) = sin(x)/x, L = 2H, Peyl and psopy are
scattering length densities of cylinder and solvent respectively, a is the angle between the
cylinder axis and the scattering vector, q.98 The power law model takes the form of

Iq)=log™" >

Therefore, the summed model has the function of Igym = k1P(q) + K»1(q) + incoherent
background, in which kq, ko are arbitrary constants.

The summed model fit the intensity curves well, and the fitting results are listed in Table 2.
For both MAX1 and MAX8 hydrogels studied, fitting results demonstrate that the fibril
radius is ~16 + 2 A and agrees well with previous scattering and transmission electron
microscopy observations.83.71.72.76-78 These results indicate that the local fibril structure
that constitutes the gel network remains cylindrical fibrils with homogeneous diameter
despite shear flow.

In order to observe hydrogel structural changes in a geometry similar to actual potential
therapeutic uses involving syringe or catheter injection, network morphology at length
scales < 50 nm was also probed by SAXS when MAX8 hydrogel flowed through a quartz
capillary. As illustrated in Fig. 13, 2D scattering patterns of MAX8 hydrogel at rest and
during capillary flow (flow rate = 10 uL min~2, wall shear rate ~1800 s, total q range of
0.012 A"l < q < 0.6 A1) are isotropic. For both conditions, the value of Herman’s
orientation function at g = 0.03 A1 is —0.08 and —0.105, indicative of minimal fibril
alignment during capillary flow. A good contrast in the lack of alignment can be seen in the
case of B-lactoglobulin fibers which were found to be strongly aligned under capillary flow
via small-angle X-ray scattering.103

Mechanisms of shear-thinning and self-healing processes

To summarize the experimental results presented earlier, we have studied B-hairpin peptide
hydrogel structure and rheological behavior during and after flow. All studied p-hairpin
hydrogels shear-thin and flow as a low viscosity material. In shear recovery experiments, all
hydrogels immediately recovered into solids after shear treatment regardless of different
shear conditions and attained different immediate stiffness after cessation of shear
depending on the specific shear rate and duration. Rheology results also indicated that
ultimate restoration of gel rigidity was less complete and/or slower in gels that experienced
longer shear duration or higher shear rate during gel flow. In rheo-SANS scattering
measurements, no anisotropy was displayed in gel network structure from local fibril length
scales of several nanometres up to 200 nm at all shear rates studied. In capillary SAXS, no
anisotropy was displayed in gel network structure from local fibril length scales of several
nanometres up to 50 nm. These scattering observations exclude the possibility of fibril
alignment along the flow direction. In addition, one-dimensional neutron intensity curves at
all shear rates investigated overlap well with each other and lead to uniform values of fibril
diameter via fitting. These analyses indicate that the local fibril structure that constitutes the
gel network remains cylindrical fibrils with homogeneous diameter despite shear flow.

By relating bulk gel mechanical behavior to structural characterization of dynamic network
morphology, a model is proposed (Fig. 14) in order to explain how B-hairpin hydrogel shear-
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thin flows and immediately recovers into a stiff network. In fact, the data reveal that the
hydrogel network fractures during shear-thinning allowing for flow. The fractured domains
provide for subsequent, immediate recovery after flow and continued network self-healing
processes over time. Fig. 14 illustrates various stages of gel network structure before, during
and after flow. Initially, the equilibrated hydrogel has a fibrillar network structure stabilized
by physical crosslinks of fibrillar branching and fibrillar entanglements.”2:’7 The application
of shear flow fractures the physical, fibrillar network into domains that allow gel flow into a
capillary or syringe and subsequent flow along the capillary. The fractured domains must be
greater in size than ~200 nm, the largest length scale probed during the scattering
experiments in which minimal morphology change or alignment was observed in a flowing
gel relative to a pre-sheared, static gel. On removal of the shear stress and consequent flow,
the gel domains are immediately percolated and thus form a macroscopic network spanning
the entire gel giving a solid-like mechanical response (G’ > G"). With time elapsed, gel
rigidity is further restored via healing of the network structure, primarily through relaxations
and interpenetration among the fibrils at the boundaries of percolating domains.

This model also can help explain how gel recovery and healing behavior are affected by
shear treatment; specifically, why both the initial G’ value after thinning, and final, healed
gel rigidity, depend on shear duration or shear rate applied to make the gel flow. These
dependencies can be explained by the likelihood that certain amounts of small network
fragments and/or even smaller fibril fragments break off from gel domains during shear and
are no longer network components of the final, restored network. As stated earlier, once
flow stops, the network domains immediately percolate with each other, forming a gel
network spanning the entire gel. With time, these domains further relax and interpenetrate
along domain boundaries, thus further stiffening the gel. If small fragments of network and
fibrils have broken off from the large hydrogel domains during shear, then they can simply
become trapped within pores of existing gel network structure and no longer contribute to
the network structure and resultant stiffness. The population of these fragments seems to
grow with increasing shear duration and/or shear rate, therefore leading to lower initial G’
and lower ultimate recovered gel rigidity, both observed trends in the rheology data in Fig.
3,4,6 and 7 for both MAX1 and MAX8. The model also explains the impact of pre-shear gel
rigidity on post-shear gel recovery. Recovery of hydrogels exhibiting higher pre-shear G’
produced gels with both higher initial G’ after cessation of flow as well as higher ultimate
recovered gel rigidity. This is possibly because stiffer gels have higher cross-link density, as
do their descendent gel domains after fracture. Therefore, the network reformed from
domains of higher crosslink density should always be more rigid throughout the recovery
process.

One can gain further insight into the applicability of the above model to the fibrillar, B-
hairpin peptide hydrogels by considering shear phenomena of percolated colloidal systems.
As mentioned earlier, colloidal systems composed of percolated colloidal particles can also
undergo reversible transitions between the solid gel or glassy state and flowing, solution
state upon application of shear. Colloidal systems display rheological phenomena like shear-
thinning,50‘52v54 yielding,58,59,61,104 jammingﬁzvlof’ and shear banding.104,106 \1ost of these
studies combined structural investigation of colloidal gels at rest and under flow with
rheological measurements in order to understand how the colloidal gel networks are
disassembled and reformed. In some cases, shear causes dynamical structural transitions of
colloidal suspensions leading to the hindrance or complete lack of flow properties such as
jamming®2.105 or shear thickening.107 However, most similar to the B-hairpin peptide
hydrogels presented herein, the application of shear frequently breaks colloidal gel networks
and consequently enables the material to yield, shear-thin and flow.50-5258.59.61 For some,
but not all, colloid systems this gel-sol transition is reversible once flow is ceased. The
aspect of this colloidal gel behavior most similar to the B-hairpin peptide gels is that not all
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network junction points are lost during shear-thinning, and colloidal gels can still contain
large particle aggregates during flow,50-52.58,59,61

We propose that the shear-thinning mechanism through which the B-hairpin peptide
hydrogels yield and begin to flow, as described earlier, is similar to the colloidal gel shear-
thinning mechanisms mentioned above. Namely, physical crosslinks are disrupted (i.e. some
peptide fibrils are broken and some peptide fibril entanglements are destroyed) due to
applied shear providing for the fracture of the network and material flow. However, the
network does not break down into individual fibrils or small bundles/fragments of fibrils that
align with the flow direction, as clearly indicated by the lack of alignment up to ~200 nm in
the SANS and SAXS results. The gel does fracture into domains, larger than ~200 nm, that
can then flow during shear, similar to the flow of disrupted colloidal particles. The fibrils
within these domains are still randomly distributed and physically crosslinked in contrast to
some shear banding wormlike micellar solutions that display distinct alignment in their
shear-thinning regime.1%8 In addition, the SANS reveals that the geometry and diameter of
fibrils remain unchanged within the domains at various shear rates. An important difference
can be seen between the network recovery behavior of the B-hairpin peptide hydrogels and
most colloidal gels. Once flow has ceased, the recovery of solid-like behavior of the -
hairpin hydrogel is immediate and much faster than many colloidal gels®? due to the
immediate percolation and packing of the crosslinked peptide fibril domains in space and the
lack of any requirement for the gel domains to rearrange or relax over longer time scales in
order to percolate again. The colloidal gel literature does inspire future work to attempt to
directly image gel domains during flow in order to monitor domain size dependence on
variables such as initial gel stiffness and shear rate and duration. These studies are
forthcoming.

Live—dead assay of injected cells

We have demonstrated how and proposed the mechanisms by which the B-hairpin peptide
hydrogels flow and immediately recover solid gel properties and eventually heal relative to
their original, pre-shear state. For future application purposes, it is also essential to know
how encapsulated payloads such as macromolecular therapeutics’® or a desired cell type®
will be affected by flow or will affect the gel flow property. Previously we have shown that
C3H10t1/2 mesenchymal stem cells could be evenly encapsulated within MAX8 B-hairpin
hydrogel and shear-thin delivered without obvious effects on the viability of the
encapsulated payload.® To show the generality of this overall strategy of cell delivery,
MG63 cells, a progenitor osteoblast cell line from rat, were homogeneously encapsulated in
0.5 wt% MAX8 hydrogel ex vivo and then injected onto a borosilicate confocal chamber via
an 18% gauge needle. The homogeneous encapsulation was made possible by the fast
gelation kinetics of MAX8 with cell growth culture media which ensured an even
distribution of cells when kinetically trapped from suspension.® Three hours after injection,
a live-dead assay was performed on the shear-thin delivered MG63 cells by staining the
living cells green with calcein acetoxymethylester and dead cells red with propidium iodide.
The gel-cell construct was examined under the confocal microscope as shown in Fig. 15.
The vast majority of the MG63 cells remained alive with minimal cell death. Also the cells
were still evenly distributed in three dimensions within the gel scaffold. It can be inferred
that after injection, the rapid gel restoration Kinetics enables the cells to retain their even
distribution within the hydrogel without significant rearrangement or settlement of the cells
that would occur if the gel network had broken down into small, fibrillar fragments during
shear. Therefore, similar to previous studies,® shear-thin delivery by syringe injection had
little impact on cell viability and cell distribution, which further suggests that these
hydrogels can be excellent candidates for injectable therapeutic delivery vehicles due to
their unique shear-thinning and recovery properties. In the near future, studies of these
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hydrogels will be expanded to examine gel biocompatibility and whether they can properly
function as a scaffold in vivo.

Conclusion

In summary, behavior of MAX1 and MAX8 B-hairpin peptide hydrogels during and after
flow was studied in order to understand mechanisms of gel shear-thinning and rehealing
properties. After shear flow, the hydrogels displayed immediate recovery behavior into a
solid after being shear-thinned by rheometer or syringe injection. Gel restoration kinetics
was observed to be dependent on shear rate, shear duration and pre-shear gel rigidity.
Through scattering measurements, the hydrogel fibril network structure (< 200 nm as probed
by SANS, <50 nm as probed by SAXS) was found unchanged from the static gel state at
various shear rates investigated. Based on these results, a model was proposed to explain
how the gel network fractured into domains during shear-thinning and flow but could
immediately percolate back into a solid hydrogel after cessation of shear and subsequently
heal to a stiffer hydrogel. Finally, it was demonstrated that the shear-thin delivery process of
syringe injection had little impact on cell viability and cell spatial distribution, an indication
that these peptidic hydrogels are excellent candidates for injectable therapeutic delivery
vehicles.

B-Hairpin hydrogel behavior after shear-thinning through either syringe injection or parallel
plate rheometer shearing, was studied. Importantly, the hydrogels behave the same after both
types of shear-thinning treatments, thus clarifying that the observed shear-thinning and
rehealing after flow is representative of authentic bulk gel properties. The structural
characterization performed in capillaries and the rheological characterization performed
after capillary injection are of particular practical importance since they enable the
observation of hydrogel behavior in a geometry similar to actual potential therapeutic uses
involving syringe or catheter injection as well as the direct investigation of the ability of the
hydrogels to recover from syringe injection.

Although the model proposed here well explains bulk p-hairpin peptide hydrogel shear-
thinning and immediate recovery behavior, several things remain to be solved. For example,
it is essential to validate whether the domain size during flow varies with shear treatment
and/or original gel rigidity prior to shear flow. Also, the exact cause for fibrillar network
aging/healing post-shear needs to be elucidated. Future studies will focus on the above as
well as critical assessment of B-hairpin peptide hydrogel in vivo. Hopefully, the mechanisms
discussed here for B-hairpin peptide solid hydrogel shear-thinning flow and immediate
recovery may enlighten researchers to help understand network flow and reformation in
other shear-thinning hydrogels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Instrumental sketch of rheo-SANS: scattering measurement was performed on fibrillar
gel networks subject to steady shear flow in the Couette shear cell. The neutron beam was
directed in the radial direction (on-axis). (b) If the fibrils are aligned in the flow direction
that points to horizontal right in the rheometer, then the detector will display scattering
intensity anisotropy with higher intensity orthogonal to the alignment direction. On the
contrary, if the fibrils are randomly oriented under shear flow, the resulting scattering
pattern is isotropic as observed when these fibrillar gels are at rest.
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Fig. 2.

(a) Instrumental sketch of small-angle X-ray scattering: scattering measurement was
performed on gel when flowing through the quartz capillary flow cell. The X-ray beam was
aimed perpendicular through the capillary cross-section. (b) If the fibrils are aligned in the
vertical flow direction, the detector will display anisotropic scattering intensity along the
horizontal axis. On the contrary, if the fibrils are randomly oriented under capillary flow, the
resulting scattering pattern is isotropic just as in the static gel network.

Soft Matter. Author manuscript; available in PMC 2011 May 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 20

5 seconds

40 seconds— o

_ '
120 seconds

!
‘
|
|
|
I
o4
=
ra
L=
-
&n

time (min)

Fig. 3.

Gel restoration Kinetics: storage modulus, G', restored as a function of time after shearing
three 2 wt% MAX1 gels formed on the rheometer (pH 7.4, 50 mM BTP, 400 mM NaCl at
20 °C) at a constant shear rate of 1000 s~1 for 5 (square), 40 (circle) and 120 s (up triangle),
respectively. The inset expands the initial five minutes of gel restoration directly after shear
is ceased.
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Fig. 4.

Gel restoration kinetics: storage modulus, G', restored as a function of time after shearing
three 2 wt% MAX1 gels (pH 7.4, 50 mM BTP, 400 mM NacCl at 20 °C) formed on the
rheometer at a constant shear rate of 10 s~1 (square), 100 s~1 (circle), 1000 s=1 (up triangle)
for 40 s, respectively. The inset expands the initial five minutes of gel restoration directly
after shear is ceased.
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Gel restoration Kinetics: storage modulus, G, restored as a function of time after a 2 wt%
MAX1 gel (pH 7.4, 50 mM BTP, 400 mM NacCl at 20 °C) was subject to shear induced by
syringe injection (grey down triangle) relative to the shear in the rheometer replotted from
Fig. 3.
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Fig. 6.

Gel restoration kinetics: storage modulus, G’, restored as a function of time after shearing
three 0.5 wt% MAXS8 gels (pH 7.4, 25 mM HEPES, 37 °C) formed on the rheometer at a
constant shear rate of 1000 s~1 for 5 s (square), 40 s (circle) and 120 s (up triangle),
respectively. The inset zooms in the initial five minutes of gel restoration right after shear is
ceased.
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Fig. 7.

Gel restoration kinetics: storage modulus, G’, restored as a function of time after shearing
three 0.5 wt% MAXS8 gels (pH 7.4, 25 mM HEPES, 37 °C) formed on the rheometer at a
constant shear rate of 10 s~1 (square), 100 s™2 (circle), 1000 s~1 (up triangle) for 40s,
respectively. The inset zooms in the initial five minutes of gel restoration right after shear is

ceased.
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Gel restoration Kinetics: storage modulus, G’ restored as a function of time after a 0.5 wt%
MAX8 gel (pH 7.4, 25 mM HEPES, 37 °C) was subject to shear induced by syringe
injection (grey down triangle) relative to the shear in the rheometer replotted from Fig.6.
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Fig. 9.

Gel restoration kinetics: (a) storage modulus, G’ restored as a function of time after shearing
two MAX1 gels (1 and 2 wt% at pH 7.4, 20 °C with 400 mM NaCl) at 1000 s~ for 40 s. (b)
Initial five minutes of G’ and G” restoration right after shear is ceased.
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Fig. 10.

Gel restoration kinetics: (a) storage modulus, G’ restored as a function of time after shearing
two 2 wt% MAX1 gels (pH 7.4, 20 °C with 150 mM and 400 mM NaCl) at 1000 s~ for 40
s. (b) Initial five minutes of G’ and G” restoration right after shear is ceased.
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Fig. 11.

Radial 2D scattering patterns obtained from rheo-SANS measurements (0.01 A~1<q<0.3
A1) of (a—d) 1 wt% and (e-h) 2 wt% MAX1 (pH 7.4, 400 mM NaCl at 20 °C) gels under
shear rate of 0571, 10 s71, 100 s~ and 1000 s™1. The flow direction points to the horizontal
right.
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(a) 0.5 wt%, atrest  (b) 0.5 wt%, 1000/s

Fig. 12.

Radial 2D scattering patterns obtained from rheo-SANS measurements (0.01 A~1<q<0.3
A1) of 0.5 wt% MAXS8 (pH 7.4, 37 °C) gels under shear rate of 0 s~ and 1000 s~1. The
flow direction points to the horizontal right.
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Fig. 13.

2D scattering patterns obtained from SAXS measurements (0.012 A~ <q<0.6 A™1) of 0.5
wt% MAXS8 (pH 7.4, 25 mM HEPES, 37 °C) gel (a) at rest and (b) under a constant flow
rate of 10 L min~1. The flow direction points to the horizontal right.
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Aging

Fig. 14.

Network structure evolution of B-hairpin peptide-based hydrogel during shear-thinning and
recovery processes. Under shear, the gel network is fractured into domains that allow the gel
to flow. Once the shear has ceased, these domains immediately percolate into a network
leading to the immediate recovery of a solid gel response after cessation of shear. Gel
rigidity close to values prior to shear is recovered via fibrillar network relaxation at the
boundaries between previously fractured domains.
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Fig. 15.

Three-dimensional confocal microscope (LSCM) image showing a live—dead assay of
MG63 cells encapsulated in 0.5 wt% MAX8 hydrogel. This image was taken three hours
after this gel-cell construct was shear-thin delivered via an 18-gauge syringe needle. (Red
means dead cells and green means living cells).
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Herman’s orientation function, f, for 1 wt% and 2 wt% MAX1 hydrogels (pH 7.4, 50 mM BTP, 400 mM NaCl
at 20 °C) as well as 0.5 wt% MAX8 hydrogels (pH 7.4, 25 mM HEPES, 37 °C) under various shear rates

Herman’s orientation function

Shear rate  1wt% MAX1 2wt% MAX1 0.5 wt% MAXS8
0st —-0.02 —0.02 —-0.03

10s-1 -0.01 —0.05 -

100 s-1 —0.06 —0.04 -

1000571 —-0.07 —-0.09 —0.09
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Table 2

neutron scattering fitting results: fibril radius for 1 wt% and 2 wt% MAX1 hydrogels (pH 7.4, 50 mM BTP,
400 mM NacCl at 20 °C) as well as 0.5 wt% MAX8 hydrogels (pH 7.4, 25 mM HEPES, 37 °C) under various
shear rates

Fibril radius

Shear rate  1wt% MAX1 2 wt% MAX1 0.5 wt% MAX8
0st 147 A 16.3 A 147 A
1000571 13.8 A 174 A 185 A
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