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Abstract

Peptide-based hydrogels are an important class of biomaterials finding use in food industry and
potential use in tissue engineering, drug delivery and microfluidics. A primary experimental
method to explore the physical properties of these hydrogels is rheology. A fundamental
understanding of peptide hydrogel mechanical properties and underlying molecular mechanisms is
crucial for determining whether these biomaterials are potentially suitable for biotechnological
uses. In this critical review, we cover the literature containing rheological characterization of the
physical properties of peptide and polypeptide-based hydrogels including hydrogel bulk
mechanical properties, gelation mechanisms, and the behavior of hydrogels during and after flow.

[. Introduction

Highly hydrated and porous materials, biopolymer hydrogels have been widely used in the
food and pharmaceutical industries! in addition to current and future applications in tissue
engineering,2~ drug delivery>7 and microfluidics.8:° A large number of these hydrogels
were made from either natural occurring proteins, like collagen and gelatin, or synthetic
polypeptides. The use of amino acids as material building blocks allows the designer to
easily incorporate possible biofunctionality, biocompatibility and biodegradability into the
hydrogel.

While these biologically relevant properties are certainly important for potential biomaterial
applications, the mechanical and viscoelastic properties of peptide and polypeptide-based
hydrogels are of growing interest relative to their uses in new technologies. Herein we
specifically focus on rheological characterization of peptide and polypeptide-based
hydrogels relative to aspects of bulk mechanical and viscoelastic properties, observations of
gelation mechanisms, and the behavior of hydrogels during and after flow. Fundamental
principles and applications of hydrogels in general have already been discussed thoroughly
in a number of comprehensive reviews,2~710.11 and so this material won’t be repeated here.
Mechanical properties are criteria growing in importance as to judge the feasibility of a
hydrogel for a specific biological application.3:12:13 For example, the gel has to be rigid
enough to sustain itself as a scaffold for cell growth while appropriate mechanical stiffness
is essential for regulation of cell phenotype, cell adhesion and cell gene expression.14 Proper
flow properties allow hydrogels to be excellent candidates for injectable therapeutic delivery
vehicles if they shear-thin upon the application of a proper shear stress and rapidly self-heal
into solids once the stress is removed. In this case, solid, preformed gels are capable of being

TPart of the peptide- and protein-based materials themed issue.
© The Royal Society of Chemistry 2010
pochan@udel.edu; Fax: +1 302-831-4545; Tel: +1 302-831-3569.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yan and Pochan

Page 2

delivered to a targeted in vivo site by simple syringe injection. Upon removal of injection
shear, immediate recovery of gel stiffness enables payloads (e.g. therapeutics) that were
encapsulated during hydrogel formation to remain localized against in vivo biological
forces.1315 Finally, fundamental understanding of gelation mechanisms helps unveil the
pathways of forming a network, inspiring further development of hydrogels for tissue repair
and drug delivery.16

The primary experimental method with which researchers explore the viscoelastic properties
of hydrogels is rheology. Importantly, equipment to perform the basic rheological
exploration of hydrogel materials is inexpensive (<$100k) and fits on the bench top of any
biomaterials laboratory. The field of rheology theory, measurements and equipment is well
introduced in books on the subject, e.g. by Macosko!” and Mezger.1® However, we would
like to briefly describe the very basics of what hydrogel properties can be measured with
rheology as these properties are frequently discussed in the remainder of the article. To
assess mechanical properties quantitatively, primarily small deformation rheology
experiments are performed on biopolymeric hydrogels.1® By small deformation, the
measurement is meant to be carried out within linear viscoelastic region of a material,
ensuring the measured hydrogel properties are independent of the magnitude of imposed
strain or stress.17:18 Typical small deformation tests are small amplitude oscillatory shear
(SAOS) measurement as well as creep and creep recovery tests. The principle of SAOS is
illustrated in Fig. 1.

For controlled-strain rheometers, shear strain is applied to the sample in a sinusoidal
oscillation, y(t) = yo(sin wt), and the measured shear stress is a phase-shifted sine wave with
1(t) = 1p(sin wt + 3) in which w is the applied angular frequency and 6 is the phase difference
between the two waves. For stress-controlled rheometers, the shear stress is applied as t(t) =
1o(Sin ot) and the resulting shear strain is measured as y(t) = yo(sin ot + 3). For a purely
elastic material, the strain and stress waves are in phase (6 = 0°) while a purely viscous
response has the two waves out of phase by 90°(6 = 90°). Viscoelastic materials give rise to
a phase-angle somewnhere in between.18.20

In small amplitude oscillatory shear measurements, the shear storage modulus, G', loss
modulus, G” and loss factor, tan 6, are critical hydrogel properties monitored against time,
frequency and strain. If complex notation is used to describe an applied sinusoidal strain, g =
go exp(iwt), then the complex modulus of the tested material is G*(w) = s*/g* = G’ + iG"
with G’ and G” as the real (i.e. elastic or in phase) and imaginary (i.e. viscous or loss or out
of phase) components of G*, respectively.2! The loss factor, tan §, is defined as G"/G'. To
re-emphasize, G’ measures the deformation energy stored during shear process of a test
material (i.e. the stiffness of the material) and G” is representative of the energy dissipated
during shear (i.e. the flow or liquid-like response of the material). If G” > G’ (tan 6 > 1), the
sample behaves more like a viscous liquid while, conversely, when G’ > G”, and, thus, tan &
< 1, the sample behaves more like an elastic solid.1”.18

For gel samples, these parameters are often measured as a function of time, strain and
frequency. By monitoring the temporal evolution of G’ and G” one can actively observe
gelation. By monitoring the moduli vs. strain one can determine the linear viscoelastic
region within which G’ and G” are independent of shear strain. By measurement of the
moduli vs. frequency one can easily observe the behavior of the hydrogel at short vs. long
time scales. The frequency dependence of the moduli is a critical hydrogel characteristic to
observe and appreciate since a single material can look quite solid-like (G’ >> G”) at a high
frequency/fast timescale but behave much more liquid-like (G” > G’) at low frequency/long
time scales. Gelation kinetics and final gel stiffness are critical hydrogel material properties
that directly impact final uses of the materials such as successful, homogeneous
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encapsulation of a mammalian cell payload and the desired behavior of a cultured cell
population, respectively. In addition, the appropriate strain and frequency range for linear
visco-elastic behavior is critical to be assessed initially.

Measuring principles of tensile tests and compression tests resemble those of oscillatory
shear tests except that the gels undergo uniaxial deformation during elongation or
compression rather than a displacement gradient across a shear gap, as illustrated in Fig. 2.

As an alternative to SAOS measurements, creep and creep recovery testsl’ are also adopted
to investigate the time-dependent evolution of compliance which helps understanding long-
term viscoelastic behavior of hydrogels.22:23 The characterization of compliance is
important since various mammalian cell types exert stress on hydrogel scaffolds and exhibit
different behaviors in response to the compliance of the gel scaffolds.242° In principle,
creep and creep recovery tests are often performed in consecutive order (Fig. 3a); there is an
instantaneous step raise of stress from 0 to 11 that is then kept constant from tg to t; in the
creep phase. Then the stress is completely removed in the following recovery phase. The
resulting strain is recorded as a function of time (g <t <ty) in both tests.

In Fig. 3b, temporal evolution of strains for a viscoelastic material and an elastic solid is
illustrated. In the creep phase, the strain curves basically overlap, displaying an immediate
strain jump of y, due to pure elastic response to sudden application of 71 at ty and a
subsequent time-dependent increase of strain. When steady state is reached at later stages of
creep, the strain versus time curve is linear and the slope equals the applied stress t, over
zero-shear viscosity ng. However, in the following recovery phase, the elastic solid manages
to recover completely while the viscoelastic material only recovers part of the deformation
ve (here we assume the interval between t; and t, is sufficiently long). Hence, the permanent
deformation, vy, represents the viscous portion of a material and y, the elastic portion. As
practical examples, polymer melts are observed to behave like a viscoelastic material with
some solution-like properties while different types of crosslinked gels can exhibit elastic,
solid-like behavior.18:22 Hydrogels from peptidic molecules can display behavior anywhere
between solid-like and solution-like behavior depending on the hydrogel design.

The creep compliance is defined as J(t) = y(t)/tg which has a unit of reciprocal modulus (1/
Pa). Within the linear viscoelastic region, like all other measured parameters, the creep
compliance is independent of applied stress and therefore all J(t) curves obtained under
various stresses should overlap with each other. Sometimes creep compliance is compared to
reciprocal shear modulus measured in small amplitude oscillatory shear tests in order to
judge if the sample displays pure elastic behavior.22.23

In addition to the measurements described above, it is essential to assess the properties of
hydrogels during flow as well as their abilities to retain or recover their solid form
morphology and rigidity after experiencing shear flow or large strain. As stated previously,
shear-thinning and self-healing hydrogels can be excellent candidates for injectable
therapeutic delivery vehicles. Monitoring rheological behavior and structural evolution of
these gels during and after flow can help evaluate encapsulated therapy retention and
delivery during syringe injection and the ability of the material to stay localized after
injection against possible biological forces in vivo.14.15

In the literature to be discussed in this review, peptide and polypeptide molecule chemistry
as well as sample conditions are varied in order to examine whether gel rheological behavior
is dependent on factors like peptide sequence, peptide concentration, temperature, pH and so
on. For various gel systems, research efforts have been devoted to establish models derived
from theories in order to explain the relation among these experimental parameters. These
theories and modeling will only be discussed here in detail if necessary. Instead, we present
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recent progress on the design and observation of peptide and polypeptide hydrogel
rheological behavior. While we will briefly discuss the properties of peptidic hydrogels
during and after flow, the review will not focus generally on the broader field of non-linear
viscoelasticity that measures and models properties such as shear thinning and strain
hardening in polymeric systems. We will focus on linear viscoelastic properties observed
with rheology. In addition, while we’re focusing on bulk rheology characterization of
peptidic materials, there is also the growing field of manipulation and observation of probe
particles embedded in desired gels or solutions to determine microrheological properties.
While not the focus of this review, there are other reviews that thoroughly discuss the uses
of micro-rheology.26:27 We primarily focus on recent peptide-based gelling systems but also
discuss several classic studies. For organizational purposes throughout the remainder of the
review, peptidic and polypeptidic hydrogels are categorized with respect to their molecular
origin and design. First, natural protein-based hydrogels are discussed. Next synthetic
peptide and polypeptide-based gelling systems are discussed by class, e.g. hydrogels
stabilized by interactions between helices, coiled coils or B-sheet; elastin-like polypeptides;
peptide amphiphiles; and, lastly, short peptides.

Il. Gel systems based on natural polypeptides

Natural polypeptide-based hydrogels are potentially good candidates for tissue engineering
and drug delivery as they meet a majority of the design criteria for biomaterials.3-10 Some of
these molecules, such as gelatin, are derived from natural protein sources,?8 therefore
displaying possible biocompatibility and biodegradability. Other natural polypeptides, such
as silk sequences, have the mechanical properties desired for scaffolds to support tissue
constructs.2? Although relevant studies have been ongoing for decades, these natural gel-
forming materials are not fully understood. For instance, the exact kinetic pathway of
gelation, as well as the precise gel point, for many natural proteins remains unclear.
However, the significant efforts being made to understand the rheological properties of
natural protein hydrogels clearly reveal the potential of these natural materials as
biomaterials in the future.

(a) Gelatin gels

In addition to commercial applications in food, pharmaceutical and photographic industries,
gelatin gels have been utilized for biomedical applications such as protein delivery3%:31 due
to their biocompatibility and thermo-responsive gelation. Gelatin is usually produced by
denaturing naturally derived collagen in solution through either acidic or alkaline process,?8
during which the triple-helical tropocollagen is separated into three single-strand gelatin
molecules. When dissolved in warm water, these molecules have a random-coil
conformation but undergo a coil-helix transformation when cooled.32:33 On formation of
helices, gelation takes place leading to a thermo-reversible physical gel if the protein
concentration is above a threshold value, the critical gelling concentration, Co.32-34 It is now
generally accepted that the thermal stability of gelatin is closely relevant to the amount of
the different amino acids proline, hydroxyproline and glycine in the original collagen
source.35-37 A lower content of these amino acids produces a lower propensity of
intermolecular helix formation, therefore leading to a higher Cy and a lower temperature of
sol-gel transition.38 This coincides with observed gelling behavior of fish gelatins in
contrast to that of mammalian gelatins due to different content of the three amino
acids.22:38:39 Through small amplitude oscillatory shear measurements, Gilsenan and Ross-
Murphy investigated how gelatin concentration and molecular weight affected gel melting
temperature and the effects of gelatin concentration on equilibrium gel modulus. The
rheological results were modeled in order to summarize the relation between these
parameters.38:39 In addition, creep and creep recovery measurements were performed to
observe long-term viscoelastic behavior of gelatin gels.22 The initial creep compliance
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obtained at the beginning of creep measurements (representative of pure elastic response)
was compared to the inverse of the equilibrium gel modulus in dynamic oscillatory
measurements, as illustrated in Fig. 4.22 The two parameters were similar in value and
almost overlapped at higher gelatin concentrations, a strong indication that these physical
gels possibly behave like elastic solids. However, there was a part of the deformation
unrecovered at the end of recovery phase that indicates the gelatin gels possibly behave like
a viscoelastic solution.1” To date, this contradiction of displaying both elastic solid and
polymer liquid behavior remains and further attempts are needed to properly model this
particular gel system.

protein-based hydrogels

Gelation of globular proteins is of practical industrial importance to structure fluids. To
reduce problems arising in commercial production of foods and pharmaceuticals, it is
essential to understand the fundamental mechanisms of gelation.4°

Heat-induced gelation of globular proteins is often adopted in the production of food.
During heat denaturation, globular proteins unfold allowing individual protein molecules to
aggregate due to interactions including hydrogen bonding, hydrophobic effects, etc.
Aggregation will lead to formation of a gel if the protein concentration equals or exceeds the
critical gelling concentration. Generally there are two types of heat-set globular protein-
based gels: particulate gels and fine-stranded gels. The former is often formed in a solution
where the pH is close to isoelectric point (pl) which causes proteins to aggregate, ultimately
forming a turbid gel composed of large aggregates.*1=44 If the solution pH is far from pl,
heat-induced gelation can give rise to a fine-stranded gel*245-51 comprised of either curved,
flexible strands or rigid, linear fibrils#24552-54 sometimes termed as “amyloid” fibrils due to
their resemblance of amyloid protein fibrils.53:

Over the years, comprehensive studies have been performed on a number of globular
proteins such as bovine serum albumin, p-lactoglobulin and ovalbumin to correlate their
rheological properties with structural and molecular characteristics.#1:°2:56-59 Based on
experimental results, extensive efforts were taken to develop gelation models to further
explain gelation processes. Most models try to summarize and predict effects of protein
concentration, pH, temperature and ionic strength on gelation time, critical gelation
concentration and equilibrium gel modulus. In the work of Clark, Ross-Murphy and related
scholars, several models were applied to describe the gelling behavior of fibrillar -
lactoglobulin gels formed at both acidic and basic pH.6%-66 Through comparison, these
models were judged in their ability to describe experimental data.5°:66 van der Linden et al.
demonstrated an adjusted random contact model that described well the dependence of
critical percolation concentration on ionic strength for a couple of fine-stranded
gels.54:55.67.68 Other comprehensive studies involved establishing models that consider data
on the aggregation process and hydrogel rheology but that also adopted techniques
complementary to rheology such as light scattering.52:69-73

Lysozyme is a small globular protein existing in hen egg white and an interesting, recently
considered, biomaterial candidate. The uniqueness of this protein is that lysozyme-based
hydrogels are cytocompatible to living fibroblast cells, suggesting that globular protein-
based hydrogels may be useful as scaffolds for tissue engineering.”*"> Miller and colleagues
primarily focused on thermoreversible lysozyme-based gels formed in mixtures of water and
dithiothreitol. They reported that gelation of lysozyme was achieved by heating the protein
solution up to 85 °C and then slowly cooling back to room temperature, during which
lysozyme proteins were denatured and formed B-sheet-rich fibrils that further entangled into
a gel network. The resulting lysozyme-based hydrogel was reversed to the solution state
upon heating.”4~76 Gelation behavior and mechanical properties were monitored in dynamic
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oscillatory measurements. It was found that the critical gelation concentration of lysozyme
was around 3 mM and gel of higher lysozyme concentration had a higher melting
temperature.’ 76 The plateau elastic modulus was found to be dependent on lysozyme
concentration in a power law relation.”>76

(c) Fibrous protein-based hydrogels

Silks are extensively studied fibrous proteins that can produce fibers with mechanical
properties superior to almost any other biopolymer or synthetic polymer in aspects of higher
Young’s modulus and ultimate tensile strength.”’=79 In addition, silk proteins are
biocompatible and degradable,8%-82 motivating various studies to explore silk gels as
scaffolds for tissue engineering®3-8% or blends with gelatin for purposes of drug
delivery.86.:87

Studies on natural silk protein usually focus on the fibroin material in silkworm cocoon and
spidroin in dragline silk produced by spiders.88:89 Silk fibroin is the major protein found in
natural silkworm fibers.%0 At high enough concentration, silk fibroin starts to assemble in
solution leading to a physical hydrogel of B-sheet-rich fibrils.% Extensive studies have
validated that silk fibroin hydrogel is cytocompatible and biodegradable.29.83.84.92-95 |t \as
found that raising silk fibroin concentration or temperature resulted in gels with higher
compressive strength and moduli.%8 Gelation kinetics of fibroin was observed to be faster at
low pH (<5), high temperature (>60 °C), or at appropriate ionic strength.83.84.91,96-98
Research by Kang et al. and Yoo et al. showed that stability% and rigidity190 of silk fibroin
hydrogel were affected by the amount of the polymer, poloxamer 407.99.100 Recently, Wang
et al. successfully speeded up gelation of silk fibroin under physiological condition (37 °C
and pH 7.4), enabling homogeneous encapsulation of living mesenchymal stem cells in
three-dimensions.101 Yucel et al. showed that at a lower fibroin concentration, the vortexing
of the protein solution also reduced the time needed for complete sol-gel transition.
Moreover, these vortex-induced silk hydrogels shear-thinned upon syringe delivery and
recovered their rigidity immediately after removal of injection shear.192 Synthetic silk-
elastin-like hydrogels will be discussed later together with elastin-like polypeptide-based
hydrogels.

Vollrath et al. reported that gelation of spidroin proteins was initiated at pH 5.5 and the
resulting hydrogel was reverted to a solution at pH 7.103 Synthetic spidroins can also
undergo a sol-gel transition and form fibrillar networks stabilized by chemical or physical
cross-links. The physical spidroin gels were reported to be easily disrupted due to the fibril
entanglement nature of crosslinks04-106 while the chemically crosslinked gels were much
stiffer with elastic moduli up to around 1000 Pa.106

Fibrin is another natural, fibrous protein that has been shown to be useful as a biomaterial
for wound healing and potentially as a vehicle for growth factor delivery.107:108 \When an
injury occurs to a blood vessel, fibrinogen is covalently crosslinked by thrombin, forming
fibrin, which is further crosslinked by factor XIII into a network (fibrin clot) that coagulates
the blood.199 As early as 1970’s, Fukada and Kaibara adopted various techniques!19111 to
study dynamic rheological properties of fibrin clots as well as mechanism of blood
coagulation.112-118 Ryan et al. performed a detailed investigation on the fundamental
rheological behavior of fibrin clots and related that to structural characteristics, discovering
that mechanical rigidity of fibrin clots was dependent on the concentration of thrombin,
calcium, fibrinogen and, therefore, network and crosslink densities.11% By adopting
inhibitors that prevent certain types of cross-links, the same group found that some species
of crosslinked fibrin chains helped stiffen fibrin clots and proposed a mechanism to explain
how this happened.120 Urech et al. reported that a high concentration of the ligand L11g6
incorporated into a fibrin matrix lowered the crosslink density of the resulting fibrin clot.
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However, this effect was neutralized by adding more factor XIII at a low concentration of
the ligand.121 One unique property of fibrin hydrogel is strain stiffening.108 Shah and
Janmey observed that with increasing shear strain the G’ of fibrin clots remained constant
first but then started to grow sharply (Fig. 5). G’ at 50% strain was almost 20 times higher
than that at small strain (<10%). However, the strain stiffening behavior of fibrin gels was
obscured by the addition of platelets that raised the storage modulus at small strain.122
Parallel theoretical work was also carried out to yield rational explanations responsible for
the strain hardening behavior of fibrin gels.123

lll. Synthetic biomimetic-polypeptide hydrogels

Although hydrogels from natural polypeptides can display excellent biocompatibility and
biodegradability, limitations of their use as biomaterials do exist. For instance, these self-
assembling physical gels are generally weak and lack batch-to-batch consistency regarding
gel properties since it is difficult to maintain identical sample composition from natural
sources.32 As an alternative approach, sequences of synthetic polypeptides can include
segments mimicking those of natural polypeptides so that resultant materials inherit natural
biofunctionality. For example, functional epitopes can be included to provide a biological
function as well as to promote the formation of secondary bonds, thereby enhancing both
mechanical and biological performance of resulting hydrogels. Hydrogels based on synthetic
polypeptides are, therefore, promising since structural features and functionalities of the gel
network can be manipulated as desired simply by further engineering the peptide sequence.

(a) Hydrogels based on coiled coil structures

The coiled-coil is one of the major structural motifs for proteins and normally involves a
seven-residue heptad periodic unit (abcdefg), as illustrated in Fig. 6.124 Positions a and d are
generally occupied by hydrophobic residues responsible of interhelical hydrophobic
interaction. Putting responsive residues in positions a, d, e and g results in peptide molecules
responsive to various environmental stimuli and that can self-assemble into supramolecular
nanostructures,124

Hydrogelation of many synthetic peptidic systems can be driven by coiled-coil formation.125
A major approach involves putting coiled-coil-forming segments like leucine zippers into
block copolymer polypeptides.125-133 Tirrell and colleagues designed a multidomain protein
AC10A composed of a middle random coil block (C) flanked by two associative leucine
zipper blocks (A) at both ends.132:134 Self-assembly of the leucine zipper domains led to a
transient hydrogel network above the critical gelling concentration. However, these
hydrogels were reversed to solutions at high pH or high temperature due to denaturation of
the leucine zipper domains.131:132 Detailed rheological characterization was performed to
investigate the relationship between the equilibrium gel modulus and the concentration, pH
as well as ionic strength. The impact of these factors on equilibrium gel modulus was
fundamentally attributed to network topology.13° Also, this leucine zipper hydrogel
exhibited a sharp pH-dependent transition in viscosity due to the dynamic properties of the
network.13¢ Similar coiled-coil-containing block copolypeptides were presented in recent
work by Xu and Kopecek, in which the gelation process was monitored by microrheology,
and the sol—gel transition was found reversible on addition or removal of guanidine
hydrochloride that denatured the coiled-coil domains.237 These responsive hydrogel systems
can be potentially applied for controlled release of DNA and protein delivery, 131132137

Woolfson and colleagues reported that by incorporating characteristics of two secondary
structures, the a-helix and B-hairpin, into one peptide sequence, the resulting peptides were
capable of transforming from an a-helix into a B-hairpin upon heating. Following the
conformational change, a fibrous gel was formed which was then turned back to a solution
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at pH 2.124 Recent work from the same group presented an a-helical peptide-based hydrogel
system comprised of self-assembled fibres.138 All the peptides studied were based on a
coiled-coil heptad repeat motif (abcdefg), and an earlier design for enhancing dimer stability
was maintained.13% However, the amino acids at positions b, ¢ and f that are exposed on the
surfaces of coiled-coil assemblies were replaced with three alanine residues to promote
intermolecular interaction. After complementary peptides were mixed at ice-cold
temperature or room temperature, self-supporting physical gels were observed to be stable
up to 95 °C. Such a hydrogel system was found to promote both growth and differentiation
of neural cells, indicating potential applications for tissue engineering.13°

Deming and coworkers studied hydrogelation of polypeptide diblock copolymers that were
composed of a hydrophilic charged segment and a hydrophobic segment.140-142 By varying
polypeptide sequence, it was found that the charged polyelectrolyte block was responsible
for sol—gel transition determination and the equilibrium gel modulus was dependent on
hydrophilic to hydrophobic ratio and block length. Factors like conformational differences
in the hydrophobic segment and solution ionic strength affected the critical gelling
concentration. In addition, these hydrogels were responsive to mechanical shear. After being
disrupted under high shear strain (1000%), these gels were capable of recovering 80-90% of
initial rigidity in a rapid manner.149-142 The fast recovery was attributed to two possible
reasons. First, under high strain, only the interconnections between some gel domains were
broken while the rest remained intact, thus enabling faster bulk gel recovery. Second, the
hydrophobic segments (polyleucine) were interconnected in a layer of packed a-helices,
which required less molecular alignment to reform than hydrogen bonds for p-sheet.143
More shear-thinning and self-healing hydrogels will be discussed in the following section.

(b) Hydrogels based on B-sheet structures

In addition to the coiled coil, B-sheet is another structural motif of peptides ubiquitous in
natural proteins such as silk fibroin®! and amyloid fibrils formed as a consequence of
neurodegenerative diseases.1#* The p-sheet motif is also exploited to design responsive
peptidic materials, some of which form amyloid-like fibrils45146 while others self-assemble
and form hydrogel networks that are being studied as injectable hydrogels for tissue
engineering and drug delivery.13.147

Messersmith and coworkers designed a 16-amino acid peptide, FEK16, consisting of
alternating hydrophobic and hydrophilic residues.1#8 Above a concentration of 10 mg mL™1,
FEK16 peptides formed a B-sheet fibrillar gel in aqueous solution, and gelation was largely
accelerated when exposed to monovalent or divalent ions. To initiate hydrogelation,
temperature-responsive or light-responsive liposomes were adopted to release CaCl, at 37
°C or when exposed to near-infrared light.148

In early work by Aggeli and colleagues, the polypeptide K24 was designed according to the
transmembrane domain present in the IsK protein. In 2-chloroethanol, K24 was capable of
self-assembling into B-sheet tapes that entangled with each other and formed a hydrogel
(~300 Pa) at low peptide concentration. Interestingly, both G’ and G” displayed an
immediate growth in value (Fig. 7) after the hydrogel was sheared at 5/s for ten seconds.
The storage modulus settled around 1700 Pa after ten minutes. The authors attributed this
unusual rheological behavior to the “annealing of structural defects” induced by shear flow,
which remains to be verified.149

Pochan and Schneider et al. previously presented B-hairpin peptides that were designed to
fold into B-hairpins by exposure to a desired environmental stimulus and consequently
assemble into a highly physically crosslinked hydrogel network.13:150-154 The original
twenty-amino acid peptide, MAX1, ((VK)4-VPPPT-(KV)4-NH,) has a tetra-peptide turn
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group in the middle of the sequence and two neighboring strands of alternating hydrophobic
valine residues and hydrophilic lysine residues. When dissolved in solution at pH 7.4 and
low ionic strength, MAX1 peptide is in a random coil conformation because the positively
charged lysine residues prevent intramolecular folding of the two strands. The addition of
salt screens this electrostatic repulsion and allows the peptides to fold into -hairpins and
then, subsequently, self-assemble into a rigid fibrillar gel network. MAX8 peptide
(VKVKVKVK-VPPPT-KVEVKVKV-NH,) was designed based on the sequence of MAX1
by replacing the lysine residue at position 15 with a glutamic acid residue.1® This
substitution reduced the total positive charge to be screened and enabled swifter folding and
self-assembly kinetics. Therefore, at the same peptide concentration and buffer conditions,
MAXS8 undergoes faster gelation yielding a gel more rigid than MAX1.13.147.155 For hoth
peptides, self-assembly kinetics can be manipulated by varying peptide concentration, ionic
strength and temperature.16:147.152,155156 Correspondingly, gel stiffness and network
properties can be optimized for homogeneous cell encapsulation in three-dimensions!3 and
controlled release of therapeutics.247 It was also validated that both MAX1 and MAX8
hydrogels are cytocompatible3:154.155 and potentially noninflammatory, 57 strongly
indicating promise as candidates for biomedical applications and biotechnology.

Yucel et al. successfully elucidated mechanisms of early-time hydrogelation for -hairpin
peptides via comprehensive analysis and characterization by rheology, dynamic light
scattering (DLS) and cryo-TEM.18 According to Chambon and Winter, the critical gel point
corresponds to the timepoint at which the fibril clusters “first span the whole sample
volume”,158 corresponding to the moment when G’ and G” display the same power-law
frequency dependence (Fig. 8) and the loss factor, tan 8, remains constant within the
frequency range studied (Fig. 9).16 The gelation point in the system Yucel et al. studied was
determined to be 56 min after self-assembly was initiated, which was consistent with
observations by DLS.16 It should be pointed out that to evaluate the gelation point in the
context of Chambon and Winter, it is critical to examine the frequency dependence of G’, G”
and tan & rather than simply looking for the crossover point of G’ and G” in a dynamic time
sweep. However, for practical reasons of requiring a stiff gel for use as a biomaterial, having
a material with G’ > G” at all frequencies is usually qualitatively sufficient to characterize
how a particular gel will behave in an application.

Importantly, both MAX1 and MAX8 hydrogels are highly responsive to mechanical shear.
When exposed to a proper shear stress, they shear-thin and flow with very low
viscosity.13:152 However, once the stress is removed the gels immediately self-heal into
solids and eventually restore their original rigidity with short time relative to the shear rate
and duration applied. This unique shear-reversibility indicates the possibility of in vivo
delivery by syringe injection of a solid gel construct with a desired therapeutic payload. The
power of this strategy is that the well understood material ex vivo has the same properties as
the final material in vivo. Therefore, direct correlation of biological properties with material
attributes can be made. We are currently both using and studying the hydrogel behavior
during and after flow in order to demonstrate that they are excellent candidates for injectable
therapeutic delivery vehicles and tissue regeneration substrates. We hope to exactly
elucidate the underlying mechanisms that explain the shear-thinning and self-healing
behavior.

The decapeptides designed by Yu et al., KVW10 and EVW10, were composed of
alternating hydrophobic valines and cationic lysines (for K\VVW10) or anionic glutamic acids
(for EVW10), giving rise to their self-repulsive but intermolecularly attractive nature. Upon
mixing these peptides, gelation occurred even at the low peptide concentration of 0.25 wt
%.159.160 The resulting decapeptide hydrogel was capable of recovering around 90% of its
pre-shear rigidity after being disrupted repeatedly (200% shear strain for 2 min).159.161 gy
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varying peptide sequence, it was found that values of equilibrium gel modulus and yield
strain were dependent on hydrophobicity of the apolar residue. Also by varying sequence
length, hydrogels based on a shorter sequence were found to be stiffer than those based on a
longer sequence.

Recently, Aulisa et al. presented their work on triblock copolypeptides that self-assembled
into a hydrogel of B-sheet-rich fibrils under physiological conditions. After these
multidomain peptide-based hydrogels experienced 100% shear strain for 60 seconds, they
quickly recovered their mechanical rigidity upon removal of shear. It was found that values
of plateau gel modulus and ratio of rigidity recovery varied among different peptide
sequences.162

(c) Elastin-like polypeptide-based hydrogels

Elastin is a natural protein ubiquitous in elastic tissues like artery, skin and vocal fold.163.164
Elasticity and mechanical reversibility of elastin allow these tissues to extend upon the
addition of a stress and recover once the stress is released.164.165 To inherit these
characteristics, many elastin-like polypeptides (ELP) were either chemically synthesized or
expressed in E. coli with the characteristic pentapeptide repeat unit, valine-proline-glycine-
X-glycine (where X is any residue but proline), retained in the primary sequence. The choice
of the guest residue determines the critical temperature of inverse phase transition, above
which the solubility of ELP in solution decreases and consequent ELP aggregation
occurs.166:167 This thermodynamic characteristic was utilized to develop thermal-reversible
gelling systems for cartilage repair.168.169 Although ELP coacervates were demonstrated to
be cytocompatible,168-170 they were mechanically too weak!68 to function like natural
connective tissues.1’1 Therefore, various attempts were taken to fabricate ELP hydrogels in
order to enhance their mechanical and rheological properties. The major approach is to
design the amino acid sequence of ELP with more covalent cross-link sites incorporated.
Cross-linked ELP hydrogels did display improved mechanical properties over ELP
coacervates.170:172-175 Among these works, Chilkoti and coworkers performed detailed
studies on how temperature, ELP molecular weight, concentration, and lysine content
affected the swelling ratio and dynamic shear modulus of ELP hydrogels cross-linked by
tris-succinimidyl aminotriacetate.1’2 It is worth mentioning that these chemical ELP
hydrogels were not only cytocompatible but also comparable to natural connective tissue
with respect to shear modulus or Young’s modulus.11

A second approach to enhance mechanical properties of ELP hydrogels is to reduce the
propensity of phase separation in ELP solutions.11:174-177 These ELPs were triblock
copolymer polypeptides, derived from an elastin-mimetic sequence, composed of a central
hydrophilic block with a lower critical solution temperature (LCST) well above 37 °C and
two hydrophobic end blocks with an LCST below 37 °C. At physiological temperature, the
ELP solution underwent gelation instead of phase separation due to the bridging effects of
the middle block. Since mechanical and rheological properties were dependent on factors
like polypeptide sequence and ionic strength, the range of accessible rheological and
mechanical properties were thus expanded.11.174-177

Incorporating residue repeats derived from silk into ELP sequences gives rise to silk—elastin-
like polypeptides (SELPs), hydrogels that have been employed for release of drugs!’8 and
DNA.179 Through rational design, SELPs can undergo an irreversible sol-gel transition, the
kinetics of which can be accelerated at elevated temperature. Several studies reported in situ
physical gelation of SELP solution after it was delivered via syringe injection, indicating
potential application of SELP as an injectable gel-forming system.180-183 Since the
sequence of SELP is characteristic of both silk and elastin, one can control properties like

Chem Soc Rev. Author manuscript; available in PMC 2011 May 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yan and Pochan

Page 11

gelation kinetics, gel rigidity and environmental responsiveness of the resulting SELP-based
hydrogels, which is very promising for controlled release of therapeutics,180-183

(d) Hydrogels based on peptide amphiphiles

The fundamental sequence of a designed peptide amphiphile (PA) is a hydrophilic peptide
sequence covalently bonded to a hydrophobic aliphatic segment. The PA hybrid motif is
being studied for tissue repair and the controlled release of therapeutics8 since PA systems
form hydrogel materials and can be further functionalized simply by the use of a biological
ligand as a head group of the peptidic segment of an individual PA.185 In addition, amino
acids in the peptidic segment and monomers in the alky! tail can be varied to modify the
pathway of self-assembly and the physical features of the final self-assembled structure.186
Varieties of peptide amphiphiles have been designed to function as templates for
biomineralization87:188 or as injectable scaffolds for therapeutic delivery189-191 and tissue
regeneration,185-192

Due to molecular amphiphilicity, PAs self-assemble into nanofibers185.187-201 or
nanobelts.186 As mentioned above, at higher concentration the PA-based nanofibers further
assemble into fibrillar hydrogel networks,185:187,192-194,198-201 gt n and colleagues
demonstrated that the sol—gel transition was triggered upon mixing acidic and basic PAs at
physiological pH.198 It was also shown that in a PA-based gel network the nanofibers were
connected by reversible cross-links offered by cysteine residues.187 With the cell-binding
ligand IKVAYV as the head group, a resultant PA solution mixed with neural cells was
injected in vivo of a rat and a solid gel was formed.18°

Gelation behavior and viscoelastic properties of PA-based gels were also studied via
dynamic oscillatory measurements. Stendahl et al. performed a detailed investigation on
effects of pH, ionic strength and type of metal ions on mechanical stiffness of PA gels.194
The Hartgerink group found that mechanical stiffness of PA-based hydrogels first grew but
then decreased with increasing calcium concentration. The authors attributed the decrease of
storage modulus to possible phase separation that occurred within the gel.2%0 They also
found that stability and mechanical strength of PA-based hydrogels were dependent on the
number and position of glycine residue that can hydrogen bond.2% The PA design motif is
certainly a rich area of study that is only beginning to be explored.

(e) Hydrogels based on low-molecular-weight peptidic gelators

Hydrogel systems discussed in the previous sections are all based on polypeptides with at
least ten amino acid residues in the sequence. As an alternative, oligopeptides of low
molecular weight, such as fluorenylmethoxycarbonyl (Fmoc)-protected amino acids, can
self-assemble into supramolecular hydrogels and be studied by rheology. Parallel biological
studies indicate that these gels are potentially useful for biomedical applications like tissue
regeneration?02-204 and drug delivery.205-207 Hydrogelation of these short peptides can
either be driven by their responsiveness to pH and temperature,203.205.208-211 o jnitiated
due to the presence of a natural enzyme,206.207,212,213,215-217

There are a few examples of the former gelation mechanism. The Ulijn group reported
hydrogelation of Fmoc-functionalized amino acids initiated under physiological conditions.
Fmoc- diphenylalanine (Fmoc—F,) molecules were found to self-assemble into fibrous
hydrogels that support 3D cell culture of living cells.202204 Mechanical rigidity of Fmoc—F,
gels were tunable via functionalization of the network with different chemical moieties. The
resulting gel networks displayed optimized compatibility with various cells.29% Xu and
coworkers also presented a series of Fmoc—dipeptides, of which the sol—gel transition was
reversible in response to shift in temperature and pH.29%-211 |n addition, the same group
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reported hydrogelation in response to the binding of vancomycin where gel stiffness was
observed to increase significantly.214 Mahler et al. demonstrated that diluting an Fmoc—F»
stock solution in water to a proper concentration initiated sol—gel transition, leading to
Fmoc-F, gels that were shear-thinning.21> Recently, Adams et al. reported that gelation of
Fmoc—dipeptides was induced by hydrolysis of glucono-5-lactone. The resulting hydrogels
were homogeneous and their mechanical properties were reproducible regardless of the pre-
shear history they experienced.216

Several groups have also studied enzyme-induced gelation of low molecular weight
peptides. Specifically, the Ulijn group demonstrated that hydrogelation of Fmoc-tyrosine—
OH was triggered under physiological conditions by the presence of alkaline phosphatase,
the concentration of which determined gelation kinetics as well as final gel stiffness.27 Xu
and coworkers studied alkaline phosphate-induced hydrogelation of Fmoc—-tyrosine at 37 °C,
pH 6.029% and pH 9.6.210 The final gels were reversed to a solution with kinase.2!1 Other
enzymes like thermolysin,213 B-lactamase?18 and MMP-9219 have been used to trigger
hydrogelation of various hydrogelators.

V. Conclusions

Peptide-based hydrogels are a class of biomaterials growing in importance for uses in tissue
engineering, drug delivery and microfluidics, and the primary experimental method to
explore mechanical properties is rheology. A fundamental understanding of peptidic
hydrogel mechanical properties and underlying formation and deformation mechanisms is
crucial for determining whether these biomaterials are potentially suitable for
biotechnological uses.

In this article, we reviewed rheological properties of peptide and polypeptide-based
hydrogels by summarizing bulk mechanical properties, gelation mechanisms, and the
behavior of hydrogels during and after flow. Although these rheological results alone can be
informative and, with further modeling, yield a rational understanding, rheological studies
should always be considered in conjunction with structural characterization data (e.g.
microscopy and scattering) in order for better understanding of the observed gel properties.
As a matter of fact, techniques combining rheology with microscopy or scattering have been
adopted to investigate behavior of shear-thinning gels during and after shear flow.

In the future, studies of hydrogel rheology will not be limited to the characterization of
fundamental gel properties. More and more focus will be placed on the interplay of hydrogel
mechanical and morphological properties with the behavior of cells and/or tissues in contact
with the material. Therefore, rheology will be a critical technique to couple with biological
and chemical assays in order to understand any new or established biomaterial, particularly
those constructed of peptides.
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Fig. 1.
Principle of a small amplitude oscillatory shear measurement.
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Fig. 2.

(a) Elongational deformation in a tensile test. (b) Compressional deformation in a
compression test. (c) Displacement gradient across the shear gap in an oscillatory shear test.
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Fig. 3.

(a) Creep test—stress is suddenly raised to t; which lasts from tg to tq; creep recovery—
stress is removed completely at t; and t = 0 between t; to ty. (b) Resulting strain as a
function of time. y(t) is different at creep recovery phase for a viscoelastic material (solid
line) and an viscoelastic solid (dash line).
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Fig. 4.

Log Jg (closed symbols) and log 1/G’ (open symbols) plotted against log concentration
tilapia-derived gelatin (triangles), bovine gelatin OC1 (stars), and two cod gelatin samples,
IC (circles) and 2747 (squares).22 (Reprinted from G. M. Gilsenan et al., Shear creep of
gelatin gels from mammalian and piscine collagens,?? permission from Elsevier).
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Storage Modulus, G' (Pa)

Fig. 5.

Strain dependent storage modulus of fibrin gels with platelets (filled circles) and without
platelets (open circles).122 (Reprinted from J. V. Shah et al., Strain hardening of fibrin gels
and plasma clots, 22 permission from Springer).

Chem Soc Rev. Author manuscript; available in PMC 2011 May 31.



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

1duosnuey JoyIny vd-HIN

Yan and Pochan

Fig. 6.

A coiled-coil dimer based on heptad sequence repeat (abcdefg).124 (Reprinted from B. Ciani
et al., A designed system for assessing how sequence affects a to B conformational
transitions in proteins,124 with permission from the American Society for Biochemistry and
Molecular Biology).
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Fig. 7.

Increasing shear storage modulus (closed circles) and loss modulus (open circles) after the
hydrogel was sheared at 5/s for 10 seconds.149 (Reprinted from A. Aggeli et al., Responsive
gels formed by the spontaneous self-assembly of peptides into polymeric p-sheet tapes,14°
with permission from Nature Publishing Group).
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Fig. 8.

Dynamic oscillatory rheology frequency sweep data collected at different time points (y =
10%): G’ (filled symbols) and G” (open symbols).16 (Reprinted from T. Yucel et al., Direct
observation of early-time hydrogelation in p-hairpin peptide self-assembly,16 with
permission from American Chemical Society).
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Fig. 9.

Frequency dependence of the loss factor at different time points (y = 10%).16 (Reprinted
from T. Yucel et al., Direct observation of early-time hydrogelation in B-hairpin peptide
self-assembly,16 with permission from American Chemical Society).
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