Abstract

Development of Multidomain Peptide Hydrogels for Tissue Engineering Applications
by
Amanda N. Moore

Over the past decade, multidomain peptides (MDP) have been designed,
synthesized, and customized for tissue engineering applications. The goals of this work
were twofold: 1) to develop novel MDP hydrogels with unique chemical properties 2) to
evaluate previously developed MDP hydrogels for biocompatibility. By utilizing the
principle of covalent capture, an MDP hydrogel with enhanced rheological properties was
developed and characterized. The incorporation of cysteine residues into the MDP
sequence allowed for covalent bonding between adjacent peptide nanofibers, which
ultimately resulted in a hydrogel with increased rheological properties. Through in vitro,
ex vivo, and in vivo experimentation, biological response to several MDP hydrogels was
evaluated. This work highlights the immense importance of systemic factors in the
physiological response to the MDP. Ex vivo experiments performed on the dental pulp of
extracted rat mandibles showed little cellular infiltration, and sequestration of key proteins
in the MDP hydrogel was noted. Hydrogels injected near odontoblast cells absorbed dentin
sialophosphoprotein, a protein with key applications in regenerative dentistry. When MDP
hydrogel was injected into the core of pulpal soft tissue, extracellular matrix deposition,
scaffold remodeling, and biodegradation were seen. These results support potential use of
the MDP as a scaffold for tissue engineering of the dental pulp. In vivo subcutaneous

injection experiments contrasted ex vivo results with rapid cellular infiltration of the MDP
hydrogel. The MDP hydrogel quickly becomes highly vascularized, and a high density of
nerve fascicles from the peripheral nervous system are found within the MDP implant. A
cytokine array elucidated key proteins secreted by cells into the MDP hydrogel that may
be responsible for these effects, and it is hypothesized that the immune system plays a
significant role in defining these responses. Lastly, an attempt to mimic the function of
bone morphogenetic protein-2 (BMP-2) using the MDP hydrogel is described. The BMP2 mimetic MDP hydrogel demonstrated cytocompatibility with pre-osteoblast cells, but
failed to induce ectopic calcification after subcutaneous injection. Through a variety of
experiments, including ex vivo, in vitro, and in vivo analysis, advances were made in
understanding the physiological response to MDPs and its dependency on MDP sequence.
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Chapter 1: Introduction*

While primarily composed of water, hydrogels can be prepared from both natural
and synthetic materials, including both small molecules and polymers. Perhaps the most
complex hydrogel of all is the extracellular matrix (ECM), which plays a critical role in
determining tissue architecture and cellular behavior. Because the ECM has a large role in
cell adhesion, cell survival, cell proliferation, cell signaling, cell differentiation, and
nutrient/waste exchange, many attempts have been made to mimic its structure, materials
properties, and ultimately its function. Among these attempts, peptide hydrogels1 and
peptide-derivatized hydrogels2 have been particularly successful. While peptide hydrogels
can utilize various structural motifs to drive supramolecular assembly and hydrogel
formation, perhaps the most explored category for tissue regeneration purposes is the βsheet peptide hydrogel. Several β-sheet hydrogels have been developed, synthesized, and
characterized for biomedical applications, including multidomain peptides (MDPs)
developed by our lab. Other key examples include peptide amphiphiles from the Stupp
lab,3 RADA-16 and derivatives from the Zhang lab,4 and β-hairpin peptides from the
Schneider and Pochan labs.1,5-10
For the past decade, our lab has worked to engineer a class of self-assembling
peptide hydrogels that we call multidomain peptides. With solely the 20 naturally occurring
amino acids as building blocks, these peptides are synthesized using standard solid-phase
chemistry and require no special functionality for supramolecular assembly or
hydrogelation. By relying on principles of supramolecular chemistry, we have designed

*Chapter adapted from: Moore, A. N.; Hartgerink, J. D. Self-Assembling Multidomain
Peptide Nanofibers for Delivery of Bioactive Molecules and Tissue Regeneration. Acc.
Chem. Res. 2017, DOI: 10.1021/acs.accounts.6b00553.
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this class of β-sheet peptides to self-assemble into nanofibers using the composition of the
aqueous solution as the trigger for assembly. The design of the peptide primary sequence
enables cross-linking of peptide nanofibers either ionically or covalently to induce
hydrogelation. The MDP hydrogel has demonstrated great promise as a bioengineering
scaffold, as the triggering conditions for peptide self-assembly and cross-linking are
compatible with physiological conditions. We have demonstrated that the MDP hydrogel
is biocompatible with multiple cell types, can be used to effectively deliver cells or various
types of bioactive molecules, and can be altered to include bioactive amino acid sequences
that direct cell behavior. Through simple changes in the chemical sequence of the peptide,
we can dictate the formation of nanofibers through self-assembly, the formation of a
hydrogel through entanglement of the formed fibers, and the mechanical properties of the
formed hydrogel. Ultimately, this allows us to also dictate the in vivo response to the MDP
hydrogel through a combination of these properties and associated biological signals
encapsulated within the hydrogel or incorporated into the assembling peptide. In principle,
therefore, engineering of the MDP primary sequence allows for manipulation of the
scaffold to suit any specific biological application. While other related peptide hydrogels
have some of these features, the combination of all of them make MDPs uniquely suited to
biological applications.
1.1 Peptide design

Initial studies performed by our laboratory revealed how the peptide sequence can
be designed to allow for the supramolecular assembly of individual peptides to form fibers.
All MDPs exhibit the same general chemical design, with the core of the peptide consisting
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of alternating hydrophilic and hydrophobic amino acids and the termini of the peptide
consisting of charged amino acids (Figure 1.1A&B).11 As shown in Figure 1.1A, we have
investigated a variety of different amino acids to compose each motif within the MDP. By
using glutamate or lysine as the charged terminal residues, we have generated peptides with
net negative or positive charge, respectively.12 Hydrophilic residues have included
glutamine, serine, threonine, and cysteine, while hydrophobic residues have included both
aliphatic and aromatic side chains.11-14 Regardless of the specific amino acids selected to
compose the peptide, the chemical design of the MDP causes these peptides to adopt a βsheet secondary structure with hydrophobic residues on one face of the peptide and
hydrophilic residues on the other. Arising from the alternating hydrophilic and
hydrophobic residues in the core of the MDP, this facial amphiphile is key for the
supramolecular assembly of peptides to form nanofibers.
Because of the amphiphilic nature of MDPs, they self-assemble to form nanofibers
in aqueous solution. Each fiber consists of a bilayer of peptides with the hydrophilic peptide
faces exposed to the surrounding aqueous solution and the hydrophobic peptide faces
sequestered into the core of the MDP. Intellectually, it is convenient to divide the fibers
into repeating units to understand why MDPs undergo supramolecular assembly. We call
the repeating unit of the MDP nanofiber a “hydrophobic sandwich”, and it comprises four
peptides (Figure 1.1C).15 In this sandwich, the hydrophobic faces of the MDPs pack against
one another to minimize contact with surrounding water molecules. When aligned,
hydrogen bonding between adjacent peptide backbones can occur, further stabilizing the
assembled peptides (Figure 1.1D). Our lab has also discovered methods of defining the
peptide orientation within the nanofibers, specifically the formation of parallel or
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antiparallel hydrogen-bonding networks. For instance, most MDPs contain leucine
residues as their hydrophobic core, and all of these sequences exhibit antiparallel packing
of the β-sheet peptides.11-14,16,17 However, by the use of tryptophan or tyrosine in place of
leucine, it is possible to change this orientation to parallel packing of the peptides.
Modeling suggests that this is the case because the side chains of these two amino acids
form stronger interactions in the hydrophobic sandwich when fibers self-assemble in a
parallel rather than antiparallel fashion, thus defining the hydrogen-bonding orientation.14
While not mechanistic in nature, the idea of the hydrophobic sandwich illustrates the
concepts driving self-assembly of MDPs. Theoretical studies by other groups have also
been performed in attempts to elucidate the actual step-by-step process of peptide
assembly.18 Regardless of the mechanism of supramolecular assembly, the final result is a
nanofiber, exhibiting the width of the peptide sequence, the height of the MDP dimer, and
“infinite” length after charge screening (Figure 1.1E).11

Figure 1.1: Self-Assembly of MDPs. A) General composition of multidomain peptides B)
the primary sequence of an example MDP, K2(SL)6K2 C) the repeating unit of the MDP
nanofiber D) depiction of an MDP nanofiber E) vitreous ice cryo-TEM image of selfassembled MDP, K2(QL)6K2. Figure adapted from references 11 and 15.
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To characterize MDPs, we confirm successful synthesis using mass spectrometry; the
secondary structure using circular dichroism spectroscopy and infrared spectroscopy; selfassembly using atomic force microscopy, scanning electron microscopy, and/or
transmission electron microscopy; and hydrogel formation using oscillatory rheology.
With the goal of creating self-assembled nanofibrous structures while maintaining
solubility, the proper balance of charged residues to hydrophilic−hydrophobic residue
repeats was determined experimentally. Through circular dichroism (CD) spectroscopy
and transmission electron microscopy (TEM), it was found that multidomain peptides
typically require at least 3 times more hydrophilic−hydrophobic repeats than charged
residues to form nanofibers.11 When too few charged residues are included in the design,
the peptides have very poor solubility and are difficult to handle and purify. However, if
the peptide contains too many charged residues, fibers fail to form as a result of like-charge
repulsion at the peptide termini. In terms of hydrophilic−hydrophobic amino acid repeats,
a peptide without a sufficient number will either fail to form fibers or form fibers
contaminated with amorphous aggregates of assembled peptides. By properly balancing
the number of charged residues with the number of hydrophilic− hydrophobic residue
repeats, it is possible to consistently obtain self-assembled nanofibers of relatively uniform
length and diameter (Figure 1.1E).
MDPs are further engineered at the primary sequence level to allow for simple and
biologically compatible hydrogelation through cross-linking of peptide nanofibers (Figure
1.2A,B). The inclusion of charged residues at the peptide termini serves two purposes: first,
to increase the solubility, and second, to enable non-covalent cross-linking between peptide

6
fibers. In aqueous solution, the charged residues at the peptide termini oppose fiber selfassembly; however, the addition of multivalent oppositely charged salts triggers
hydrogelation by using these charged residues as locations to cross-link fibers. For
positively charged peptides, we typically use a phosphate buffer for cross-linking, while a
magnesium or calcium salt is appropriate for cross-linking of negatively charged peptides.
Monovalent salts such as NaCl also work but require much higher concentrations. If
desired for a specific application, it is also possible to cross-link peptides using drug
molecules of the appropriate charge.19 Significantly, these non-covalent interactions are
capable of reformation after disruption, allowing the MDP hydrogel to be a thixotropic
material that liquefies under a shearing force and regels when the shearing force ceases.
We have demonstrated this using oscillatory rheology. When a shearing force is applied,
the storage and loss moduli invert, signifying liquification. Following removal of the
shearing force, the storage and loss moduli recover to approximately 75% of their initial
values nearly immediately and to 100% over 15 min (Figure 1.2C). In practical terms, the
ability to shear thin and shear recover is an extremely valuable property of the MDP
hydrogel, as it enables the material to be easily delivered via injection. We have relied on
this property for several of our biological studies, and we have successfully delivered the
MDP hydrogel using as small as a 33 gauge needle.20
While our lab most commonly uses non-covalent cross-linking with salt solutions to
trigger hydrogelation, we have extensively investigated other methods of cross-linking as
well. With the motivation of manipulating the rheological properties of the MDP hydrogel,
we have studied covalent cross-linking of peptide nanofibers. Because covalent crosslinking forms stronger interactions between peptide fibers, a dramatic increase in storage
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modulus is observed for covalently cross-linked MDP hydrogels.12,21 One method of
covalent cross-linking uses cysteine residues as hydrophilic amino acids in the core of the
MDP. For this strategy, general oxidation results in intrafiber and interfiber covalent
disulfide bonds. The disulfide bonds formed between two cysteine residues result in a
dramatic increase in gel storage modulus (Figure 1.2D).12

Figure 1.2: A) Various methods to cross-link MDPs using non-covalent or covalent
interactions B) Cross-linking results in a clear hydrogel C) Strain sweep analysis of a
covalently cross-linked MDP hydrogel versus a non-covalently cross-linked MDP
hydrogel D) Shear recovery of the MDP hydrogel. At time=-1, a shearing force is applied
to liquefy the hydrogel, and at time=0 the shearing force is released. Figure adapted from
references 12 and 29.

It is also possible to utilize enzymes to covalently cross-link peptide fibers. For instance,
lysyl oxidase is an enzyme found in nature that functions to cross-link ECM components.
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In nature, it acts by oxidizing an amine to an aldehyde, which can then react with another
amine to form a Schiff base or undergo an aldol condensation reaction with another
aldehyde. In our system, lysyl oxidase acts on the lysine side chains of the MDP and
covalently cross-links peptide nanofibers. This increases the storage modulus by over an
order of magnitude in comparison to the non-covalently cross-linked system of the same
MDP.21
While MDPs are relatively short in length, typically between 18 and 30 amino
acids, careful selection of these amino acids results in the desired chemical and mechanical
properties. Alternation of hydrophilic and hydrophobic residues drives β- sheet formation
in either a parallel or antiparallel orientation. Charged residues at the peptide termini
determine the overall scaffold charge and therefore which molecules can be used to noncovalently cross-link the peptide nanofibers. To influence the mechanical properties, noncovalent or covalent cross-linking can be used. Through the design of the peptide primary
sequence, we have created a self-assembling nanofibrous scaffold capable of delivery via
syringe injection.

1.2 Loaded Hydrogels

The fibrous nanostructure of the MDP enables these hydrogels to be effective
vehicles for culture and/or delivery of cells and other bioactive molecules. During
formation of the hydrogel, these substances can easily be included, resulting in a 3D
injectable hydrogel containing the substance of interest. Because of differences in relative
size, cells tend to remain trapped within the MDP fibrous matrix, while molecules typically
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diffuse out of the hydrogel. Because of this, the MDP hydrogel can serve as an effective
material to evaluate cell behavior in a 3D environment, and this constitutes an important
advantage because there is wide consensus in the literature that cell behavior differs
drastically in 2D and 3D culture methods.22 We have completed several studies with a
variety of cell types, such as stem cells and monocytes, to confirm the biocompatibility of
the MDP hydrogel and evaluate cell behavior in 2D versus 3D culture (Figure 1.3A). For
many cell types, the MDP hydrogel suggests a high level of biocompatibility, showing cell
adhesion to the scaffold, cell proliferation, and adoption of characteristic cell morphology.
In addition to cell culture and delivery, we have also evaluated the potential for the
MDP hydrogel to effectively carry and deliver hydrophilic bioactive molecules. We have
previously published MDP release data for a wide variety of bioactive molecules, including
IL-4,23 MCP-1,23,24 VEGF,25 TGFβ1,25 FGF2,25 PlGF-1,24 EGF,24 and batroxobin,26 but in
theory the MDP hydrogel could be used to deliver virtually any bioactive molecule. The
motivations driving different release studies vary greatly; we have examined treatment of
perioperative bleeding, kidney injury, and tooth decay (Figure 1.3B), modulation of
inflammation (Figure 1.3C), and promotion of angiogenesis.17,23-28 While the biological
applications of these studies differ significantly, the results consistently show that the MDP
hydrogel can effectively load and release bioactive molecules and that these molecules
remain functional and are able to provoke a biological response after delivery. For reasons
not yet entirely understood, the release rates of molecules from the hydrogel differ
depending on molecule identity. For instance, MCP-1 exhibits burst release from the MDP
hydrogel, while release of IL-4 is sustained over a few weeks.23 We have speculated that
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hydrodynamic volume or molecular mass play a role in defining the release profile, but
other factors such as specific binding interactions must also impact the release kinetics.

Figure 1.3: A) Confocal images of stem cells from human deciduous teeth (SHED) cells
after 11 days of 3D culture in K2(SL)6K2 hydrogel. Cell nuclei are stained with DAPI and
appear blue, while the actin cytoskeleton is stained with AlexaFluor 488 and appears green.
B) H&E image of pulp-like tissue formed with concurrent delivery of dental pulp stem
cells (DPSCs) and VEGF, TGFb1, and FGF2 growth factors. C) Immunohistological
analysis of a subcutaneous K(SL)3RG(SL)3KGRGDS hydrogel excised 1 week after
implantation. Cell nuclei appear blue, CCR7+ appear green, CD163+ appear purple, and
CD68+ appear red. Figure adapted from references 13, 23, and 25.

Changes in MDP primary sequence can also be used to engineer the types of
molecules that can be effectively loaded and delivered by the MDP hydrogel. Because the
MDP design incorporates charged, hydrophilic, and hydrophobic amino acids, we are able
to deliver molecules of varying polarity. In some ways this is counterintuitive, as a
hydrogel is by definition aqueous and therefore should be more suited to deliver
hydrophilic molecules. However, each MDP fiber contains a hydrophobic core, and
hydrophobic molecules can be successfully encapsulated within MDP fibers. Thus,
hydrophilic molecules are encapsulated external to the MDP fibers, while hydrophobic
molecules are encapsulated within the actual MDP fiber itself (Figure 1.4A,B). To allow
for encapsulation of hydrophobic molecules, we engineered a gap into the core of the MDP,
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and we refer to this design as the “missing-tooth” model (Figure 1.4C,D).29 Essentially,
one or two of the leucine residues in the core of the peptide is altered to an alanine residue.
Because alanine has a smaller side chain than leucine, this creates space along the core of
the MDP fiber into which hydrophobic materials can be successfully loaded while not
preventing fiber formation or gelation. For instance, the unmodified K2(SL)6K2 hydrogel
has a storage modulus of 191 Pa, and the storage moduli of the K2(SL)2SA(SL)3K2 and
K2(SL)2(SA)2(SL)2K2 hydrogels are each roughly equivalent at 142 and 158 Pascals,
respectively.29 We have demonstrated hydrophobic loading and delivery using SN-38,
diflunisal, and etodolac, which suggests that this strategy should allow for the entrapment
and delivery of virtually any appropriately sized molecule with poor water solubility
(Figure 1.4E).29

Figure 1.4: A&B) Typical repeating unit of an MDP which results in fast release of drugs
C&D) Missing-tooth MDP repeating unit allowing for encapsulation of drug in the
nanofiber core and resulting in prolonged drug release E) Data showing rapid release of
etodolac from PBS (black), slower release of etodolac from the K2(SL)6K2 hydrogel, and
prolonged etodolac release from the missing tooth K2(SL)2SA(SL)3K hydrogel. Figure
adapted from reference 29.
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In addition to defining the types of materials that can be delivered by the MDP
hydrogel, it is also possible to alter the MDP hydrogel structure to engineer the release rate
of encapsulated materials. To accomplish this, our lab has introduced an orthogonal level
of supramolecular assembly by incorporating liposomes into the MDP hydrogel (Figure
1.5A,B). Liposomes and peptide nanofibers are distinct supramolecular assemblies, but
they can be mixed together without interrupting the integrity of either structure (Figure
1.5C).24 Furthermore, this design engineers a system for biphasic release of molecules from
the MDP hydrogel. Material loaded inside the MDP hydrogel but outside the liposomes is
released more rapidly than material loaded inside the liposomes. This is the case because
liposomal degradation takes time to occur and has to take place prior to diffusion of
material from the MDP hydrogel. We have demonstrated the proof of concept by loading
PlGF-1, MCP-1, and EGF either into liposomes or directly into the MDP; when loaded into
liposomes, all three molecules show a sigmoidal release profile, while direct loading into
the MDP hydrogel results in burst release (Figure 1.5D).24 Biologically speaking, the
capability of biphasic release has important implications in the applicability of MDP
hydrogels. Most biological processes involve signaling molecules released in a specific
temporal order, and we have engineered a scaffold capable of delivering materials in a
temporally distinct manner by creating these liposome−MDP composite hydrogels.
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Figure 1.5: A) Schematic showing self-assembly of peptide hydrogels with growth factors
loaded inside of liposomes B) Schematic of self-assembly with one growth factor loaded
inside of liposomes and another loaded into the MDP nanofibrous hydrogel. C) Cryo-TEM
of the liposome-MDP composite hydrogel D) Release of EGF directly from the hydrogel
(blue) or from liposomes encapsulated within the hydrogel (red). Figure adapted from
reference 24.

The design of the peptide primary structure ultimately results in a 3D material
capable of effectively delivering and releasing bioactive molecules and supporting cell
viability. Although our studies have involved a variety of different cell types, bioactive
molecules, and applications, the supramolecular engineering of MDPs to form nanofibrous
hydrogels is collectively responsible for effective loading and delivery. While the base
MDP hydrogel is capable of delivering water-soluble materials, small alterations in the
peptide primary structure allow for MDP-based delivery of hydrophobic molecules as well.
Furthermore, temporal control over material delivery can be achieved through
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incorporating additional structures within the hydrogel matrix. Importantly, delivering
materials using MDP hydrogels preserves the bioactivity of molecules and vitality of cells
and offers a method for localized application through injection.

1.3 Bioactivity and Biomimicry

While MDP hydrogels can be designed to effectively deliver exogenous growth
factors, cytokines, and drug molecules, these materials can also be synthesized to have
distinct biofunctionality of their own through alteration of the peptide primary sequence.
Researchers have identified short bioactive amino acid sequences, typically derived from
biological molecules, that are capable of initiating specific responses from cells. Because
of the modular nature of solid-phase peptide synthesis, these short sequences can easily be
attached to the termini of the MDP and in some cases incorporated into the middle of the
MDP sequence. Because of the robust and well-understood assembly of MDPs, the
incorporation of these types of short signaling motifs can typically be accomplished
without interrupting the characteristic and desirable properties of MDP hydrogels, such as
their fibrous nanostructure and rheological properties. For example, our lab has
investigated MDPs designed to promote cell adhesion, aid in material degradation, and
drive angiogenesis.
In order to preserve vitality and other basic cellular functions, many cell types
require adherence to their environment, the ECM. Because the MDP hydrogel mimics the
native ECM in terms of its fibrous nanoscale structure, cells are capable of adhering to the
MDP fibers; furthermore, this response by cells can be stimulated through the addition of
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a bioactive amino acid sequence specifically designed to aid in cell adhesion. Derived from
the ECM protein fibronectin, RGD has been widely cited for its ability to increase cellular
adhesion to biomaterial scaffolds both in vitro and in vivo. We have incorporated this
sequence at the C-terminus of the base MDP and evaluated its impact on the responsiveness
of cells to the matrix.13,17,20,25 In in vitro experiments, we have found that inclusion of RGD
promotes cell viability, spreading, and proliferation, suggesting increased vitality of cells
in the bioactive scaffold (Figure 1.6).13,25

Figure 1.6: Confocal microscopy images of stem cells from human exfoliated deciduous
teeth (SHED) cells after 11 days of 3D culture in A) K2(TL)6K2 and B) K2(TL)6K2GRGDS.
Cell nuclei are stained with DAPI and appear blue, while the actin cytoskeleton is stained
with AlexaFluor488 phalloidin and appears green. Figure adapted from reference 13.

Gel responsiveness to cellular degradation signals can also be engineered into MDP
hydrogels through manipulation of the peptide primary sequence. Cellular remodeling of
the ECM is a common occurrence in healthy tissue, and the remodeling of scaffolding
materials into healthy, functional tissue constitutes the ultimate goal in our tissue
engineering strategy. Therefore, a successful MDP hydrogel will be responsive and

16
susceptible to cellular cues for material degradation, and we have engineered this property
into MDP hydrogels by including the short amino acid sequence LRG. Without major
disruption of the material and handling properties, this sequence has been incorporated into
the core of the MDP to allow for scission of the peptide bond by the enzyme matrix
metalloprotease-2.25 After treatment with MMP-2, cryo-TEM shows that MDP fibers
containing the LRG sequence are degraded into amorphous aggregates, while the fibers of
peptides without the LRG motif remain intact (Figure 1.7).16

Figure 1.7: Cryo-TEM images of K(SL)3RG(SL)3K nanofibers showing nanofiber
degradation before (A) and after (B) incubation with MMP-2.

In both in vitro and in vivo environments, cells secrete MMP-2 as they attempt to degrade
and remodel the MDP hydrogel, and the responsiveness of the hydrogel to cellular cues
stimulating degradation has important consequences for cellular viability and function. We
have shown that cells grown in a monolayer on top of the MDP hydrogel are able to migrate
into the hydrogel only when the LRG motif is present (Figure 1.8).16 This has significant
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implications for tissue regeneration strategies, where infiltration of host cells is imperative
for success.

Figure 1.8: A) Cell Tracker Green-labeled SHED cells cultured in a monolayer on top of
a K2(SL)6K2GRGDS hydrogel after 1 day of culture B) Cell Tracker Green-labeled SHED
cells cultured in a monolayer on top of a K2(SL)6K2GRGDS hydrogel after 5 days of
culture. C) Cell Tracker Green-labeled SHED cells cultured in a monolayer on top of a
K(SL)3RG(SL)3KGRGDS hydrogel after 1 day of culture. D) Cell Tracker Green-labeled
SHED cells cultured in a monolayer on top of a K(SL)3RG(SL)3KGRGDS hydrogel after
5 days of culture. Figure adapted from reference 16.

Incorporation of either a cell adhesion motif or an enzymatic cleavage domain
serves to create an environment more amenable for cellular functions such as proliferation
and matrix remodeling. Essentially, by inclusion of these amino acids the scaffold has been
designed at the primary sequence level to respond to the cells’ needs and the cues received
by cells. In contrast, MDPs can also incorporate bioactive sequences to actively induce a

18
desired cellular process. Through attachment of short bioactive amino acid sequences
derived from growth factors, the MDP hydrogel itself can actually bind to and activate cellsurface receptors. While proteins are large and structurally complex molecules, several
research groups have sought to identify specific regions of proteins responsible for
activation of their target receptors. One specific growth factor mimic of vascular
endothelial growth factor (VEGF) has been attached to the C-terminus of the MDP during
peptide synthesis. This particular MDP, which we call SLanc, includes both the VEGF
mimic to promote angiogenesis and the MMP-2 cleavage site to promote scaffold
degradation.
Chemical and material characterization of SLanc demonstrates that this mimic can
be attached to the MDP without preventing supramolecular assembly, fiber formation, or
hydrogelation, suggesting MDP flexibility and tolerance of relatively lengthy mimic
sequences. Despite incorporation into the MDP sequence, the VEGF mimic sequence
retains its bioactivity, and the SLanc hydrogel itself can activate VEGF receptors to a
similar degree as exogenously added growth factor. Subcutaneous injection of the SLanc
hydrogel results in mature blood vessels containing an endothelial cell lining, an αSMA
muscle layer, and pericytes located within SLanc implants (Figure 1.9).30 In a subsequent
injury model of hind-limb ischemia, the femoral artery of mice was ligated to prevent blood
flow, and SLanc peptide was injected into the quadricep and gastrocnemius muscles 24
hours later. It was shown that this peptide aided in the resolution of hind-limb ischemia, as
animals injected with this peptide exhibited a higher perfusion ratio of blood in the
ischemic limb and increased treadmill distance running compared with control animals.31
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Figure 1.9: A) A schematic showing infiltration of cells and blood vessel formation after
subcutaneous injection of the SLanc hydrogel. B) Immunohistochemical analysis of the
SLanc implant 7 days after injection. Smooth muscle cells appear red (aSMA+), pericytelike cells appear purple (Nestin+), and endothelial cells appear green (CD31+). Figure
adapted from reference 31.

We hypothesize that protein-mimicking peptides, such as SLanc, may be able to
more robustly drive biological processes than exogenously added growth factor because
they present a significantly higher concentration of bioactive signal. Typically, scaffolds
used for angiogenesis are loaded with exogenous VEGF at concentrations in the nanomolar
range; SLanc, however, presents the bioactive mimic at concentrations in the millimolar
range.30 Economic feasibility prevents delivery of exogenous growth factor at these
concentrations. However, while commercial purchasing of growth factors is rather costly,
the cost of including additional amino acids during MDP synthesis is practically negligible.
Additionally, as described earlier, growth factors diffuse out of the MDP; in contrast, when
the signal is actually contained in the MDP hydrogel itself, the signal remains localized
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until the material degrades. The success of SLanc suggests that through engineering of the
MDP primary sequence we are able to drive specific cellular processes.
Including biomimics into the MDP primary sequence offers a cost-effective method
of driving specific biological responses. We have previously investigated cell adhesion,
material degradation, and angiogenesis, but MDPs can be used to drive any process for
which a mimic exists. New biological mimic sequences are consistently being identified in
the literature, and MDP-mimic hydrogels could be explored for potential use in other
applications such as wound healing, resolution of chronic inflammation, and neural
development.
The biological studies performed on MDPs have included in vitro, ex vivo, and in
vivo analyses. The response to the MDP, molecules delivered by the MDP, or bioactive
sequences incorporated into the primary sequence differs drastically depending on the
environment. For instance, in vitro studies suggest that incorporation of an enzymatic
cleavage motif is necessary for cellular infiltration of the scaffold.16 In contrast, hydrogels
with or without inclusion of the enzymatic cleavage domain are rapidly populated with
cells in in vivo studies.23,28,30 Although in vivo cellular infiltration appears to be
independent of this motif, the rate of material degradation appears to occur much more
rapidly when the motif is present. We speculate that the immune and vascular systems are
imperative for defining the interaction between cells and our material. This hypothesis is
supported through ex vivo experiments, where the MDP appears biocompatible but not
highly interactive with native tissue.20 While ex vivo studies maintain the complexity of
tissue architecture, they lack systemic influences by the immune or vascular systems,
suggesting that these systems are key players in defining in vivo results.
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1.4 Conclusion

As a versatile and highly customizable material, MDPs can be tailored to suit a
wide range of biological applications. By altering the amino acid composition of the
peptide used for hydrogel formation, it is possible to define the chemical, mechanical, and
biological properties of the MDP hydrogel. Through the incorporation of multiple bioactive
domains, it is possible to create a “smart” scaffold capable of communicating with the
biological environment in a complex manner. Ideally, these materials will be able to both
respond to cellular signals and influence cell behavior. As biologists gain greater
understanding of specific signaling pathways, the molecules involved in these signaling
pathways, and the bioactive portions of these molecules, chemists will be able to better
design peptide-based materials capable of influencing these pathways. Through an
interdisciplinary effort of chemists, biologists, and materials scientists, peptide-based
materials have great potential to improve drug delivery and tissue regeneration efforts.
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Chapter 2: Manipulating the Rheological Properties of Multidomain Peptides

Within the field of tissue engineering, it is commonly accepted that the mechanical
properties of a tissue engineering scaffold should closely match the mechanical properties
of the target tissue. In the human body tissue mechanical properties vary extensively, with
muscle, skin, and tendons providing examples of soft tissue and bone providing an example
of hard tissue. To make the MDP hydrogel widely applicable to the various tissues found
within the human body, it is therefore necessary to develop methods of manipulating the
mechanical properties of the MDP hydrogel. This chapter describes a method of increasing
the rheological storage modulus of the MDP hydrogel through altering the types of
chemical bonds utilized for nanofiber cross-linking. While most MDPs form nanofibers
and hydrogels solely through non-covalent interactions, relatively stronger covalent bonds
can be incorporated to enhance the storage modulus of the MDP hydrogel. The MDP
discussed in this chapter, K2(CLSL)3K2, utilizes covalent disulfide bonds between cysteine
residues to increase gel storage modulus in comparison to the non-covalent counterpeptide, K2(SL)6K2.

2.1 Strategy

As described in Chapter 1, the self-assembly and hydrogelation of MDPs is
typically dictated solely by non-covalent interactions. In brief, hydrogen bonding coupled
with the hydrophobic effect explains the aggregation of peptides, while molecular
frustration from peptide termini results in solubility and a fibrillar structure after self-
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assembly. The addition of an oppositely charged ion screens charge repulsion at peptide
termini, resulting in longer nanofibers, and also allows for cross-linking of two peptides if
a multivalent salt is used. A hydrogel is formed as a result of cross-linking, and the
mechanical properties of the resulting hydrogel are characterized using oscillatory
rheology. In general, increasing storage modulus can be correlated with increasing number
and strength of crosslinks.
Because most of the previously developed MDP hydrogels rely on non-covalent
interactions for fiber self-assembly and gelation, the rheological properties of these gels
are rather similar with storage moduli ranging between approximately 100 and 500
Pascals.1 For comparative purposes, Figure 2.1 provides the published storage moduli for
a few MDP hydrogels.1-3 Many applications, however, require a hydrogel with a
significantly greater storage modulus in order to match the target tissue. To address this
need, the principle of covalent capture was utilized with the goal of enhancing the
rheological properties of the MDP hydrogel.
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Figure 2.1: Storage moduli of previously published MDP hydrogels formed through
solely non-covalent interactions.
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Covalent capture is a method by which a supramolecular structure is stabilized
through covalent bond formation. For covalent capture strategies, it is crucial to allow selfassembly to occur prior to covalent bonding. Without pre-organization of molecules,
covalent bond formation often produces the incorrect aggregate or the correct aggregate in
low yields. Allowing supramolecular assembly to occur first ensures that the desired
structure is stabilized by covalent bonding.4 Therefore, the principle of MDP covalent
capture utilizes a three-step mechanism for hydrogelation. First, peptides self-assemble to
form nanofibers using the non-covalent interactions described previously. Next, the
nanofibers are cross-linked using oppositely charged multivalent salts to form a hydrogel.
Lastly, covalent bonds are formed between peptide nanofibers to form additional and
comparatively stronger crosslinks.
The strategy of covalent capture has previously been utilized in both natural and
synthetic systems. For instance, it has been shown that biology uses disulfide bonds to
stabilize the folding of the enzyme RNase5 and lysine cross-linking to stabilize collagen
and elastin.6 In synthetic systems, it has been used to cross-link coiled coils7 as well as
peptide amphiphiles.8,9 Our lab has previously utilized covalent capture for the peptide
E(SLCL)3E which resulted in a negatively-charged peptide with increased hydrogel storage
modulus after oxidation.1 We have also found that an enzyme present in cell culture media,
lysyl oxidase, covalently cross-links lysine-based MDPs during cell culture resulting in an
increase in storage modulus over time.10
The goal of this work was to create a positively-charged peptide capable of covalent
capture to increase storage modulus. Most of the peptides currently investigated by our lab
for tissue engineering purposes are based on lysine; therefore, it was desirable to have a
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system that differed solely in its ability to form disulfide bonds. The MDP, K2(CLSL)3K2
self-assembles under the mechanism previously described for other MDPs.11 Under
reducing conditions of dithiothreitol (DTT) or glutathione (GSH), K2(CLSL)3K2 possesses
rheological properties similar to previously developed MDPs, with slight variation from
the serine-based peptides. Exposure to oxidizing conditions (iodine or air) promotes intrafiber and inter-fiber disulfide bond formation, thus stabilizing peptide nanofibers and the
hydrogel structure. Without interrupting the desirable ability of MDPs to form nanofibrous
scaffolds, covalent capture can dramatically increase the rheological properties of the
K2(CLSL)3K2 hydrogel.

2.2 Synthesis

K2(CLSL)3K2 was manually synthesized at a 0.15 mmol scale using low loading
Rink Amide MHBA resin and techniques previously reported by our lab.10 Briefly, all
reagents were prepared in a 50/50 mixture of DMF and DMSO, except for DiEA which
was prepared in DMF only. Amino acids were added in a 4:1 molar ratio, and HATU and
DiEA were used as coupling agents in 4:1 and 6:1 molar ratios respectively. Deprotection
of amino acids was performed using 25% piperidine. The N-terminus of the peptide was
acetylated, and the peptide cleaved from the resin using TFA, ethanedithiol,
triisopropylsilane, MilliQ water, and anisole at a 36:1:1:1:1 volume ratio. TFA was
removed from the cleaved peptide using rotary evaporation, and the peptide precipitated
out of solution using cold diethyl ether. The peptide was recovered via centrifugation and
allowed to dry overnight to remove any remaining ether. Liquid chromatography-
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electrospray ionization-time of flight-mass spectrometry (LC-ESI-TOF-MS) was used to
verify the proper mass of K2(CLSL)3K2. K2(CLSL)3K2 was successfully synthesized with
the desired peptide mass confirmed by mass spectrometry (Figure 2.2).

Figure 2.2. Example LC-ESI-TOF mass spectrum of K2(CLSL)3K2 Expected Mass: 456.0
[M+4H+]4+, observed mass: 456.0.

The peptide was dissolved in Milli-Q water to a concentration of 5 mM peptide and
25 mM DTT. This solution was placed into dialysis bags with a molecular weight cut off
of 1000 Da, and dialyzed against 25 mM DTT in Milli-Q water for seven days to remove
any residual TFA or cleavage scavengers. The dialysis bath was replaced twice daily. The
dialyzed solution was lyophilized to obtain a peptide powder upon the completion of
dialysis.

30
2.3 Characterization of Peptide Secondary Structure

So long as the ratio of charged to hydrophilic-hydrophobic residue repeats is
balanced properly, MDPs exhibit a characteristic b-sheet secondary structure that is largely
independent of primary sequence amino acid identity. During peptide characterization of
K2(CLSL)3K2, it was necessary to confirm that this characteristic secondary structure was
not altered by the incorporation of cysteine residues. Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR FT-IR) allows for determination of peptide
secondary structure. In ATR FT-IR, an amide I∥ absorbance seen between 1610 cm-1 and
1630 cm-1 indicates a β-sheet secondary structure. It has been previously published that
K2(SL)6K2, the non-covalently cross-linked peptide upon which K2(CLSL)3K2 is based,
folds into a b-sheet secondary structure.

Furthermore, this particular MDP has an

antiparallel β-sheet secondary structure, as shown by the amide I⊥ absorbance seen at 1695
cm-1.1 These absorbances were expected to be seen in K2(CLSL)3K2 as well.
Characterization by ATR FT-IR confirmed the presence of both expected absorbances; an
absorbance at 1623 cm-1 indicates a β-sheet secondary structure, while the absorbance at
1696 cm-1 defines an antiparallel peptide orientation within the β-sheet (Figure 2.3A).
These results indicate that the substitution of cysteine for three hydrophilic serine residues
does not disrupt the characteristic β-sheet secondary structure of MDPs. Additionally, the
similar spectra for both reduced and oxidized K2(CLSL)3K2 demonstrates that the oxidation
process does not impact secondary structure.

31

Figure 2.3: IR (A) and CD (B) spectra of K2(CLSL)3K2

To confirm that ATR FT-IR results were not confounded by drying effects, circular
dichroism (CD) spectroscopy was also performed and allowed for the determination of
peptide secondary structure in solution. In CD spectroscopy, a b-sheet secondary structure
is confirmed by a characteristic minimum near 216 nm and a characteristic maximum near
195 nm. As shown in the CD spectra of Figure 2.3B, K2(CLSL)3K2 exhibits a maximum at
196 nm and a minimum at 216 nm in both the reduced and oxidized states. Furthermore,
the K2(CLSL)3K2 spectra are consistent with the previously published K2(SL)6K2 spectrum,
further confirming that utilization of cysteine does not alter MDP secondary structure.

2.4 Characterization of Nanostructure

Previously developed MDPs self-assemble to form nanofibers which can be
visualized using multiple microscopy techniques, including atomic force microscopy
(AFM), transmission electron microscopy (TEM), and scanning electron microscopy
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(SEM).1-3,10-21 First, AFM is performed to determine nanofiber height. Next, negativelystained TEM is utilized to determine nanofiber length and width in the presence and
absence of phosphate ions. Lastly, SEM allows for visualization of the network of fibers
on the surface of the hydrogel. Importantly, all three of these microscopy techniques were
performed on reduced and oxidized peptide to verify that covalent bond formation did not
disrupt the self-assembled nanofibers.
AFM on gelled and non-gelled samples of reduced K2(CLSL)3K2 was performed,
and the presence of nanofibers was confirmed. While nanofibers were seen in both
conditions, the gelled samples exhibited a much higher concentration of fibers and an
apparent increase in the cross-linking of fibers in comparison to the non-gelled samples
(Figures 2.4A&B). This is consistent with data for previously published MDPs showing
that phosphate ions allow for fiber elongation and cross-linking due to alleviation of charge
repulsion between peptide termini.11 AFM of oxidized K2(CLSL)3K2 was more difficult to
perform. Consistent with covalent cross-linking, the nanofibers form large coagulates of
fibers rather than a disperse solution of nanofibers (Figure 2.4C). Figures 2.4A&B
demonstrate that neither the incorporation of cysteine nor the presence of DTT in the gel
interrupt the self-assembly process, while Figure 2.4C shows that oxidation leads to
changes in nanofiber cross-linking. All three conditions indicate a nanofiber height of 2
nm which is consistent with previously published results.11 Although varying
concentrations were evaluated, the optimum concentration for visualizing nanofibers was
determined to be 0.01% by weight.
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Figure 2.4: AFM images of 0.01 wt% K2(CLSL)3K2. A) Peptide reduced and in water B)
Peptide reduced and PO43- ions added C) Peptide oxidized with I2 after addition of PO43ions
TEM of the reduced (Figure 2.5A) and oxidized (Figure 2.5B) peptide also allows
for visualization of nanofibers. Interestingly, Figures 2.5A&B show bundling of nanofibers
that is not typically seen for MDPs. In the reduced state, the bundles are more apparent and
separation and alignment of nanofibers is clear. In the oxidized state, fiber bundling is also
evident; however, it is more difficult to view individual nanofibers clearly. This is most
likely due to the dense cross-linking between cysteine residues. Both images suggest an
“infinite” fiber length, where fiber termini are difficult to identify, and this has been
reported for previous MDPs as well.11 Fiber width in Figure 2.5A, appears to be on the
order of 10 nm which is consistent with the self-assembly mechanism described in Chapter
1. In the oxidized state, fiber bundling made it impossible to determine individual nanofiber
width accurately.
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Figure 2.5: TEM images of K2(CLSL)3K2 in the reduced (A) and oxidized (B) state.

SEM of K2(CLSL)3K2 also supports the self-assembly of peptides to form
nanofibers. As shown in Figures 2.6A&B, the surface of the K2(CLSL)3K2 hydrogel
consists of a dense network of nanofibers both prior and subsequent to oxidation.
Importantly, these gels are fixed prior to critical point drying and sputter coating to improve
the sample preparation process; therefore, the degree of cross-linking seen in the SEM
images most likely does not exemplify the degree of cross-linking in the K2(CLSL)3K2
hydrogel.

Figure 2.6: SEM of 1 wt% K2(CLSL)3K2 hydrogel in the reduced (A) and oxidized (B)
state.
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2.5 Characterization of Hydrogel Rheological Properties

Oscillatory rheology was used to examine the effect of covalent cross-linking on
hydrogel storage modulus. The storage (G’) and loss moduli (G”) for a reduced and
oxidized K2(CLSL)3K2 hydrogel were determined. In order to classify as a hydrogel, there
has to be approximately an order of magnitude difference between G’ and G” at low percent
strain. A strain sweep experiment, shown in Figure 2.7, was performed over strains varying
between 0.01% to 200%. When reduced with DTT, the K2(CLSL)3K2 hydrogel has a G’ of
660 Pa and a G” of 50 Pa, and the G’ is therefore over an order of magnitude greater than
the G” of this gel which is indicative of hydrogel formation (Figure 2.7A). Also, a G’ of
660 Pa is larger than most previously reported MDP hydrogels, suggesting that
incorporation of cysteine may in fact lead to hydrogels with increased mechanical
strength.1 Upon the application of 30% strain, the G” value exceeds G’ indicating the
breakdown of hydrogel structure. Following oxidation with iodine, the G’ and G” values
of the K2(CLSL)3K2 hydrogel increased drastically. In a strain sweep analysis, a 1% by
weight hydrogel had a G’ slightly over 10,000 Pa and a G” of approximately 600 Pa after
oxidation, and the inversion of G’ and G” occurs at 10% strain (Figure 2.7B). These results
indicate that covalent cross-linking of MDP hydrogels offers an effective method of
increasing hydrogel storage modulus.
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Figure 2.7: Strain sweep of 1 wt% K2(CLSL)3K2 hydrogel with DTT prior to oxidation
(A) and after oxidation with iodine (B).
The thixotropic nature of MDP hydrogels is one of the key advantages of this
synthetic biomaterial. Because the hydrogel can both shear thin and shear recover, MDPs
could potentially be clinically administered non-invasively via injection. In oscillatory
rheology, the inversion of G’ and G” at high percent strain signifies the gel’s ability to
shear thin. For an injectable scaffold, the property of shear recovery proves equally as
important as the ability to shear thin. In a shear recovery experiment, a shearing strain is
applied to the hydrogel, and the gel’s ability to recover its initial G’ is evaluated after the
shearing force is removed. Non-covalently cross-linked MDP hydrogels nearly recover
their initial storage modulus within one minute of shearing. Prior to these experiments,
however, the effect of covalent cross-linking on shear thinning and shear recovery of MDP
hydrogels was unknown.
The results of a shear recovery experiment of a 1% by weight K2(CLSL)3K2
hydrogel prior to oxidation are shown in Figure 2.8. Prior to the application of 100% strain,
G’ equaled 660 Pa which is consistent with the strain sweep analysis of this gel. One minute
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following the application of 100% strain, the hydrogel’s storage modulus had recovered to
over 80% of its initial value. By 20 minutes after the shearing event, the hydrogel had
recovered 95% of its initial G’ demonstrating the hydrogel’s ability to shear recover (Figure
2.8A). The oxidized hydrogel showed similar results, demonstrating that covalent crosslinking does not prevent MDP injectability. The shear recovery analysis demonstrates that
within 20 minutes, the oxidized hydrogel recovers to 90% of its original value (Figure
2.8B).

Figure 2.8: Shear recovery analyses of 1 wt% K2(CLSL)3K2 hydrogel with DTT prior to
oxidation (A) and after oxidation with iodine (B).
The results shown in Figures 2.7 and 2.8 examine a reduced hydrogel in the
presence of DTT, and an oxidized hydrogel that has been covalently captured by exposure
to iodine. While DTT is a very effective reducing agent and useful for chemical
characterization of the MDP, it is not cytocompatible. Therefore, the use of DTT as a
reducing agent prevented the K2(CLSL)3K2 hydrogel from being used in biological studies,
and GSH was investigated as an alternative and naturally occurring reducing agent.
Although not as powerful of a reducing agent, glutathione is tolerated by cells and naturally
present in eukaryotic cells at concentrations up to 10 mM.22
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When DTT is substituted for the cytocompatible reducing agent glutathione, the
K2(CLSL)3K2 hydrogel has a significantly lower storage modulus of approximately 30 Pa
(Figure 2.9). This decrease in storage modulus may be attributable to the chemical structure
of glutathione. Glutathione is a tripeptide consisting of cysteine, glutamic acid, and glycine,
and this peptide may interrupt self-assembly of the MDP. Even if this is the case, there is
still an order of magnitude difference between G’ and G”, indicating that this peptide forms
a hydrogel. After oxidation with iodine, G’ increases to the same value as is seen when
DTT is used as the reducing agent (Figures 2.7B & 2.9B).

Figure 2.9: Strain sweep of 1 wt% K2(CLSL)3K2 hydrogel with GSH prior to oxidation
(A) and after oxidation (B).
While all of the previously shown results intentionally oxidized the K2(CLSL)3K2
hydrogel prior to analysis, it is also possible to allow this hydrogel to naturally oxidize and
covalently crosslink over time. In terms of handling properties, it is easier to use and
manipulate the MDP hydrogel when the storage modulus is low. As the storage modulus
increases, phase separation during injection becomes a greater concern. Because of this, it
is desirable to exploit the naturally oxidizing extracellular environment of the human body
as the oxidizing agent for the K2(CLSL)3K2 hydrogel. Ideally, the material could be injected
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in the reduced state and allowed to oxidize in situ. Figure 2.10 shows a temporal increase
in storage modulus due to natural oxidation. After 10 days, the hydrogel has still not
reached the maximal storage modulus seen in Figure 2.9B, indicating that there may be
some remaining glutathione that has not yet been removed during solvent exchange.
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Figure 2.10: Strain sweep analysis of the K2(CLSL)3K2 hydrogel (initially reduced with
GSH) over time.

2.6 Conclusions

The data shown in this chapter confirms that covalent capture is an effective
strategy for increasing the storage moduli of MDP hydrogels. CD and ATR FT-IR spectra
both indicate that the β-sheet secondary structure consistent with MDPs is exhibited by
K2(CLSL)3K2. Through various microscopy techniques, the ability of this peptide to selfassemble to form nanofibers has also been confirmed. Furthermore, every technique
utilized supports that neither secondary structure nor fiber formation are hindered by
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oxidation. In contrast, the rheological properties of the hydrogel are dramatically
influenced by oxidation, leading to a large increase in storage modulus as anticipated and
desired. This increase can either be triggered immediately by the addition of iodine or
allowed to occur naturally over time. By using glutathione as a reducing agent, it is possible
to utilize this material in cell culture studies. In future studies, this peptide could be used
as a tissue engineering scaffold for firmer tissues or perhaps even as a method to induce
stem cell differentiation as storage modulus increases with time.

2.7 Methods used for Characterization Techniques

Peptide Synthesis, CD, IR, AFM, Oscillatory Rheology: See Appendix 1

Reduced and Oxidized Sample Preparation: Prior to lyophilization of the peptide, DTT
was added at a concentration of 25 mM. The resulting powder was diluted in 298 mM
sucrose in Milli-Q water to 2 wt%. For non-gelled samples, serial dilutions of this 2 wt%
solution were performed until the desired concentration was reached. For gelled samples,
the 2 wt% solution was diluted 50:50 with HBSS to a resulting peptide concentration of 1
wt%. Serial dilutions of this 1 wt% solution were performed until the desired concentration
for analysis was reached. To convert to GSH as the reducing agent, DTT was dialyzed out
of the peptide using 1000 Da dialysis tubing, and GSH was added at a concentration of 30
mM prior to re-lyophilization of the peptide. Non-gelled and gelled samples using GSH
were prepared analogously to the DTT-containing samples. Oxidation with iodine was
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performed by adding an excess of iodine to the sample, while air oxidation was allowed to
occur naturally overtime.

SEM: 1 wt% hydrogels were prepared and fixed for 30 minutes in 4% paraformaldehyde.
After fixation, the gels were dehydrated in 30%, 70%, 80%, 90%, and 95% ethanol for 15
minutes each. The samples were left in 100% ethanol for 12 hours. Using an Electron
Microscopy Sciences EMS 850 Critical Point Dryer, the gel was critical point dried, and
sputter coated with 10 nm of gold using a Denton Desk V Sputter system. All samples were
imaged using a JEOL 6500F Scanning Electron Microscope.

Oscillatory Rheology: For the results shown in Figures 2.9 & 2.10, the DTT was dialyzed
out of the peptide using 100-500 kDa dialysis tubing and 30 mM GSH was added as a
reducing agent. For 2.11, 200 µl hydrogels containing GSH were cast into a 96 well plate
and 350 µl of a-MEM media was added above the gels. The media did not contain FBS to
ensure that oxidation of lysine residues by lysyl oxidase would not confound results.

2.8 References
(1)

Aulisa, L.; Dong, H.; Hartgerink, J. D. Self-Assembly of Multidomain Peptides:
Sequence Variation Allows Control over Cross-Linking and Viscoelasticity.
Biomacromolecules 2009, 10, 2694-2698.

(2)

Kang, M. K.; Colombo, J. S.; D'Souza, R. N.; Hartgerink, J. D. Sequence Effects
of Self-Assembling MultiDomain Peptide Hydrogels on Encapsulated SHED Cells.
Biomacromolecules 2014, 15, 2004-2011.

(3)

Galler, K. M.; Aulisa, L.; Regan, K. R.; D'Souza, R. N.; Hartgerink, J. D. SelfAssembling Multidomain Peptide Hydrogels: Designed Susceptibility to

42
Enzymatic Cleavage Allows Enhanced Cell Migration and Spreading. J. Am. Chem.
Soc. 2010, 132, 3217-3223.
(4)

Hartgerink, J. D. Covalent capture: a natural complement to self-assembly. Curr.
Opin. Chem. Biol. 2004, 8, 604-609.

(5)

Anfinsen, C. B.; Haber, E. Studies on the Reduction and Re-formation of Protein
Disulfide Bonds. J. Biol. Chem. 1961, 236, 1361-1363.

(6)

Reiser, K.; McCormick, R. J.; Rucker, R. B. Enzymatic and nonenzymatic crosslinking of collagen and elastin. FASEB J. 1992, 6, 2439-2449.

(7)

Bilgicer, B.; Xing, X.; Kumar, K. Programmed self-sorting of coiled-coils with
leucine and hexafluoroleucine cores. J. Am. Chem. Soc. 2001, 123, 11815-11816.

(8)

Hartgerink, J. D.; Beniash, E.; Stupp, S. I. Self-assembly and mineralization of
peptide-amphiphile nanofibers. Science 2001, 294, 1684-1688.

(9)

Hartgerink, J. D.; Beniash, E.; Stupp, S. I. Peptide-amphiphile nanofibers: a
versatile scaffold for the preparation of self-assembling materials. Proc. Natl. Acad.
Sci. 2002, 99, 5133-5138.

(10)

Bakota, E. L.; Aulisa, L.; Galler, K. M.; Hartgerink, J. D. Enzymatic Cross-Linking
of a Nanofibrous Peptide Hydrogel. Biomacromolecules 2011, 12, 82-87.

(11)

Dong, H.; Paramonov, S. E.; Aulisa, L.; Bakota, E. L.; Hartgerink, J. D. SelfAssembly of Multidomain Peptides: Balancing Molecular Frustration Controls
Conformation and Nanostructure. J. Am. Chem. Soc. 2007, 129, 12468-12472.

(12)

Wang, Y.; Bakota, E. L.; Chang, B. H. J.; Entman, M.; Hartgerink, J. D.; Danesh,
F. R. Peptide Nanofibers Preconditioned with Stem Cell Secretome are
Renoprotective. J. Am. Soc. Nephrol. 2011, 22, 704-717.

(13)

Bakota, E. L.; Wang, Y.; Danesh, F. R.; Hartgerink, J. D. Injectable Multidomain
Peptide Nanofiber Hydrogel as Delivery Agent for Stem Cell Secretome.
Biomacromolecules 2011, 12, 1651-1657.

(14)

Bakota, E. L.; Sensoy, O.; Ozgur, B.; Sayar, M.; Hartgerink, J. D. Self-Assembling
Multidomain Peptide Fibers with Aromatic Cores. Biomacromolecules 2013, 14,
1370-1378.

(15)

Bakota, E. L.; Aulisa, L.; Tsyboulski, D. A.; Weisman, B. R.; Hartgerink, J. D.
Multidomain Peptides as Single-Walled Carbon Nanotube Surfactants in Cell
Culture. Biomacromolecules 2009, 10, 2201-2206.

43
(16)

Tsyboulski, D. A.; Bakota, E. L.; Witus, L. S.; Rocha, J.-D. R.; Hartgerink, J. D.;
Weisman, B. R. Self-Assembling Peptide Coatings Designed for Highly
Luminescent Suspension of Single-Walled Carbon Nanotubes. J. Am. Chem. Soc.
2008, 130, 17134-17140.

(17)

Kumar, V. A.; Shi, S.; Wang, B. K.; Li, I.-C.; Jalan, A. A.; Sarkar, B.;
Wickremasinghe, N. C.; Hartgerink, J. D. Drug-Triggered and Cross-Linked SelfAssembling Nanofibrous Hydrogels. J. Am. Chem. Soc. 2015, 137, 4823-4830.

(18)

Li, I. C.; Moore, A. N.; Hartgerink, J. D. "Missing Tooth" Multidomain Peptide
Nanofibers for Delivery of Small Molecule Drugs. Biomacromolecules 2016, 17,
2087-2095.

(19)

Kumar, V. A.; Taylor, N. L.; Shi, S.; Wickremasinghe, N. C.; D'Souza, R. N.;
Hartgerink, J. D. Self-assembling multidomain peptides tailor biological responses
through biphasic release. Biomaterials 2015, 52, 71-78.

(20)

Wickremasinghe, N. C.; Kumar, V. A.; Hartgerink, J. D. Two-Step Self-Assembly
of Liposome-Multidomain Peptide Nanofiber Hydrogel for Time-Controlled
Release. Biomacromolecules 2014, 15, 3587-3595.

(21)

Kumar, V. A.; Taylor, N. L.; Shi, S.; Wang, B. K.; Jalan, A. A.; Kang, M. K.;
Wickremasinghe, N. C.; Hartgerink, J. D. Highly Angiogenic Peptide Nanofibers.
ACS Nano 2015, 9, 860-868.

(22)

Fujii, J.; Ito, J. I.; Zhang, X.; Kurahashi, T. Unveiling the roles of the glutathione
redox system in vivo by analyzing genetically modified mice. J. Clin. Biochem.
Nutr. 2011, 49, 70-78.

44
Chapter 3. Ex Vivo Modeling of Multidomain Peptide Hydrogels with Intact Dental
Pulp*

Consisting of both soft and mineralized tissues, the tooth is a structurally complex
organ and the target of numerous tissue regeneration efforts. The vital portion of the tooth,
the dental pulp, is responsible for tooth maintenance and imperative for tooth health over
time. Currently, there is a clinical need for biocompatible scaffolds capable of supporting
and healing dental pulp tissue. Dental cavities lead to infection of the dental pulp, and
untreated infections cause necrosis of pulpal tissue. Treatment options for infected or
necrosed pulp are extremely limited, with the most common procedure being removal of
the infected tissue. While tissue removal resolves the issue of infection, it leaves the tooth
devitalized, brittle, and prone to structural damage. In contrast, the ideal tissue engineering
scaffold will help resolve dental pulp infections. In situations where tissue removal is
necessary, the scaffold will be able to support regrowth of healthy tissue. Here we describe
the use of MDPs as a scaffolding material for tissue engineering of the dental pulp. We
evaluated MDP hydrogels using an ex vivo organ culture model, allowing us to examine
the interaction between MDP hydrogels and intact dental pulp tissue.

3.1 Introduction

Regenerative endodontic therapies aim to create healthy microenvironments that
promote the natural healing of dental pulp and timely formation of a tertiary dentin bridge
beneath exposed dentinal tubules. Dental caries result from damage to the mineralized
*Chapter adapted from: Moore, A. N.; Perez, S. C.; Hartgerink, J. D.; D’Souza, R. N.
Colombo, J. S. Ex Vivo Modeling of Multidomain Peptide Hydrogels with Intact Dental
Pulp. J. Dent. Res. 2015, 94, 1773-1781.
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tissues of the tooth by attached bacterial biofilms (Figure 3.1).1-3 The dentin-pulp complex
has an innate capacity to respond to injury, and this property has provided the basis for the
design of various endodontic therapies. Studies aimed at regenerating functional tissues
through tissue engineering approaches are increasingly prevalent in the literature, and there
has been significant interest in applying these concepts in dentistry.3-8

Figure 3.1: Normal pulp contrasted with diseased pulp. In the normal pulp, odontoblasts
are supported and renewed by a population of multipotent mesenchymal progenitor cells.
This pool of cells can be drawn upon to regenerate pulp tissues and odontoblasts that are
damaged by the formation of carious lesions or trauma. In the diseased pulp, bacterial
biofilms form on the surface of the tooth, destroying the matrix of the enamel. When
bacteria reach the fluid-filled dentinal tubules, they rapidly spread through the dentin,
enlarging the lesion and bringing the pulp in contact with LPS. LPS-activated immune cells
(e.g., macrophages) produce a number of inflammatory cytokines, causing widespread
destruction of the pulpal tissues and impairing the recruitment and differentiation of the
mesenchymal progenitor cells. Therefore, inflammation is a significant barrier to dental
pulp regeneration. Reprinted from ref 3. Copyright 2014 Elsevier.
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Pulp capping is a restorative technique employed in an attempt to protect the pulp
in the case of full or near exposure by carious lesions. Materials employed in pulp capping
include calcium hydroxide–based pastes and mineral trioxide aggregate (MTA), both of
which have been offered as the “gold-standard” of pulp capping.9-11 These materials have
been shown to effectively stimulate tertiary dentin formation, but they can have a
deleterious effect on the vitality of pulp tissues, although mineral trioxide aggregate is
much less problematic in this regard than calcium hydroxide.9-12 Calcium hydroxide pastes
such as Dycal are highly cytotoxic, with one study reporting >80% cytotoxicity to the
pulp.13 Other materials less commonly proposed in the literature include zinc oxide
eugenol, glass ionomers, and various adhesive systems.14-16 Despite efficacy in driving
mineralization, these materials are unlikely to be successful in initiating the regeneration
of dental pulp, due to their pulpal cytotoxicity, limited biodegradability, and the fact that
they bear little structural resemblance to native tissues.17-19
There is a pressing need to develop biocompatible and bioactive materials to
provide more effective, biologically based therapies. Multidomain peptide (MDP)
scaffolds have demonstrated promise as injectable, bioactive, and biodegradable hydrogel
scaffolds for tissue regeneration.6,20-22 In terms of structure, MDPs consist of short
sequences of amino acids that self-assemble to form fibers in aqueous solution. Through
noncovalent cross-linking of these fibers, a hydrogel is formed bearing structural
resemblance to the native extracellular matrix. Alteration of peptide primary sequence
allows for easy customization of the hydrogel scaffold, and loading of the hydrogel with
various bioactive factors has provided successful delivery of these factors in previous
studies.6 These materials have also been shown to have an inherent level of bacterial
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toxicity while remaining harmless to mammalian cells.23 Aiding clinical applicability of
these scaffolds, MDP hydrogels shear recover, providing an injectable scaffolding material
that can easily be delivered to the tissue of interest while invoking minimal damage on the
surrounding tissue. Sequence K(SL)3RG(SL)3KGRGDS (Figure 3.2) has demonstrated
biocompatibility with NIH-3T3 fibroblasts, dental pulp stem cells (DPSCs), and stem cells
from human exfoliated deciduous teeth (SHED) cells.6 The primary sequence of this
peptide hydrogel offers susceptibility to matrix metalloproteinase 2 (MMP-2) enzymatic
degradation and promotes cell attachment via integrin binding; the incorporation of these
bioactive motifs has resulted in increased viability, migration, and spreading in in vitro
studies of SHED cells.20,24 In an in vivo study involving immunocompromised mice, this
MDP hydrogel loaded with vascular endothelial growth factor (VEGF), transforming
growth factor b1 (TGFβ1), and fibroblast growth factor 2 (FGF2) has regenerated pulplike
connective tissue within dentin cylinders implanted subcutaneously in the mouse.6 Thus,
we propose that these scaffolds provide a highly tunable, easily loaded, biocompatible
scaffold with optimal physical properties for introduction to pulp tissues, particularly in
pulp-capping procedures. Through the use of a biomimetic material, we aim to preserve
and enhance native biological responses within pulp tissue.

Figure 3.2: MDP with sequence K(SL)3RG(SL)3KGRGDS used for ex vivo analysis.
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Ideally, to determine the efficacy of a tissue engineering material in driving the
regeneration of a given tissue, the material should be placed in contact with the tissue that
it seeks to regenerate. Thus, central to the development of regenerative dental materials is
the development of model systems that reflect the complexity of the specialized tissues of
the oral cavity. There currently exist three main methods of conducting biological studies,
in vitro, ex vivo, and in vivo experiments. In vitro experiments use cells, while ex vivo
experiments utilize intact tissue structures harvested from an animal. In contrast, in vivo
studies use entire organisms for studies. For in vitro studies cell types are cultured in
isolation, typically using two-dimensional culture methods. As the field of bioengineering
progresses, it is becoming increasingly evident that cell behavior in 2D culture is often
non-representative of cell behavior in 3D culture. For this reason, many groups have begun
using biocompatible hydrogels, such as MDPs, for 3D culture of cell types. While 3D
culture is more representative of cell behavior, it still often fails to create the tissue
architecture and structural complexity of the ECM.
Smith and colleagues25 extensively characterized an ex vivo rat mandible slice
organ culture model that gives access to the mandibular bone, periodontal ligament, and,
critically, dental pulp tissue. Slices can be cultured for up to 21 days, maintaining viability,
normal tissue architecture (including a distinct odontoblast layer), and active synthesis and
deposition of collagen by odontoblasts. It has also been used as an organ culture system to
examine the migration and behavior of labeled mesenchymal progenitor cells.26 A similar
model system has been employed to investigate osteoclast development during periodontal
inflammation using mouse mandibles.27 These models give a unique ability to examine and
characterize the interactions of novel bioactive pulp-capping materials with complex pulp
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tissue. While this model does not replace preclinical models, as it notably lacks a blood
supply, it is ideal for investigating odontoblast and pulpal fibroblast cell interactions with
tissue engineering scaffolds within their native extracellular matrix environment.
Here, we aim to use a complex ex vivo mandible slice organ culture system to
evaluate MDP scaffolds in the localized pulp of the odontoblast space and core. We
hypothesize that MDP hydrogels demonstrate cellular compatibility in pulp tissue,
preserving tissue-specific and biologically appropriate activity in these tissues.

3.2 MDP Hydrogel Interaction with the Pulp Core

Using a 33-gauge needle, delivery of MDP hydrogel to both the odontoblast space
and the pulp core was achieved with minimal disruption of surrounding pulp tissue. Figure
3.3 shows the overall tissue architecture of the mandible slice, as well as the odontoblast
space and pulp core after delivery of MDP. Throughout the culture period, the tissue
architecture of the dental pulp, periodontal ligament, and bone are maintained.

Figure 3.3: Anatomy of the mandible slice and delivery of MDP hydrogel to specific
regions within the mandible.
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After injections into the pulp core were performed, the mandibles were cultured for
1, 4, 7, or 10 days following injection. Degradation of the MDP hydrogel can be seen
histologically, as the amount of gel present decreases over time (Figure 3.4). Additionally,
the MDP demonstrates biocompatibility with the dental pulp tissue. The area immediately
surrounding the injection looks healthy and exhibits the appropriate tissue architecture. No
signs of necrosis induced by the MDP hydrogel are evident in H&E stained tissue sections.

Figure 3.4: H&E images of MDP hydrogel delivered to the pulp core of mandible slices
after 1, 4, 7, or 10 days of culture. Scale bars = 50 µm.
The extracellular matrix of the pulp core also appears largely undisturbed by the
injection of MDP. The distribution of collagen III associated with pulp core–injected MDP
was roughly the same at all time points (Figure 3.5). While present in the pulp core at days
1 and 4 post-injection, collagen III staining intensity noticeably increases at days 7 and 10
post-injection, particularly at the interface with the injected MDP, suggesting higher levels
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of expression in these areas. Primary excluded controls show no signal. The pulp tissue
remained positive for collagen III over the culture period, suggesting maintenance of
normal pulp matrix in the presence of MDP scaffolds.

Figure 3.5: Immunohistochemistry for type III collagen. Positive expression is shown in
red, and cell nuclei are shown in blue. Scale bars = 100 µm.
Degradation of the MDP hydrogel in the pulp core is consistent with the chemical
design of the MDP. Through incorporation of the LRG amino acid motif, enzymatic
degradation is possible by the action of MMP-2. Immunohistochemistry for MMP-2
reveals expression by cells around the margins of MDP scaffolds injected into the pulp
core at days 1 and 4 post-injection (Figure 3.6). This corresponds with histological
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evidence of hydrogel degradation around the margins of the scaffold over time. At days 7
and 10, MMP-2 expression around injected scaffolds is substantially reduced. MMP-2
expression is not present around MDP scaffolds injected into the odontoblast space at any
time point. Primary excluded controls show no signal.

Figure 3.6: MMP-2 expression at the periphery of MDP hydrogel scaffolds injected into
the pulp core. Positive expression is shown in red and indicated by arrows. DAPI-stained
cell nuclei appear blue. Scale bars = 100 µm.

3.3 MDP Hydrogel Interaction with the Odontoblast Space

Injections of MDP hydrogel were also performed between the odontoblast cell layer
and the dentin (Figure 3.7). At day 1 post-injection the odontoblast layer appears to be
retracted from the dentin, but still intact as columnar odontoblast cells are clearly visible
in apposition to the injected scaffold. Odontoblasts appear at all other time points, with
columnar cell bodies in close contact with the MDP scaffold (Figure 3.7). One of the more
interesting results is the preservation of a histologically correct odontoblast layer in
apposition to the MDP scaffold at all time points. It appears that, despite the distention of
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the odontoblast layer caused by the injection of the scaffold, odontoblast viability is
preserved, which is not the case with PBS injected controls (Figure 3.8).

Figure 3.7: H&E images of MDP hydrogel delivered to the odontoblast space of mandible
slices after 1, 4, 7, or 10 days of culture. Scale bars = 50 µm.

As substantial disruption of the odontoblast layer is not observed at days 1 or 4 postinjection, it is probable that the odontoblasts seen in apposition to MDP scaffold at days 7
and 10 are not newly recruited but rather are pre-existing.

Figure 3.8: H&E images of PBS injections into the pulp core resulting in loss of pulp
vitality by 10 days post-injection.
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Odontoblasts are responsible for secreting predentin which becomes mineralized
over time. Therefore, an Alizarin red stain for mineralization was performed to evaluate if
odontoblast activity was retained after injection of the MDP. Light red staining indicating
an increase in local calcium is present in the odontoblast layer as early as day 1 postinjection (Figure 3.9). By day 4 post-injection, bright red staining appears in both the
odontoblast layer and the adjacent injected MDP, forming a zone of increased calcium
within the gel most closely associated with the odontoblast layer. Images at days 7 & 10
post-injection demonstrate the continued presence of this high calcium zone within the
injected MDP in apposition to the odontoblast layer.

Figure 3.9: Alizarin red staining of MDP hydrogel injected into the odontoblast space of
mandible slices. Scale bars = 50 µm.
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DSPP Expression
DSPP immunohistochemistry reveals expression of DSPP in both the odontoblast cell layer
and the adjacent MDP scaffold at all time points (Figure 3.10). The intensity of staining
increases with culture time, with relatively high levels of expression observed at days 7
and 10 post-injection. The distribution of DSPP expression corresponds with the large
fibrillar structures in the MDP scaffold apparent in the histology at days 7 and 10 postinjection.

Figure 3.10: DSPP expression by odontoblasts after injection of MDP hydrogel into the
odontoblast space. Scale bars = 100 µm.
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Dentin tubules stain positive for DSPP at all time points and serve as a positive control.
Due to the relative brightness of the signal from the gel, it was difficult to show odontoblast
layer expression of DSPP using fluorescence, as the signal was relatively weaker in this
region. Therefore, odontoblast layer expression of DSPP was confirmed by
diaminobenzidine peroxidase staining with the same anti-DSPP primary antibody and is
consistent at both injected and uninjected sites (Figure 3.11).

Figure 3.11: Diaminobenzidine peroxidase staining confirming DSPP expression. Scale
bar = 50 µm.

DSPP expression is not evident at any post-injection time point in MDP scaffolds injected
into the pulp core, which are not in contact with the odontoblast layer (Figure 3.12).
Primary excluded negative controls show no staining in either odontoblast space, pulp core
injected MDP hydrogels, or dentin tubules.
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Figure 3.12: DSPP expression with MDP hydrogel injected into the pulp core. Positive
expression of DSPP is shown in red, while cell nuclei are DAPI-stained and appear blue.
Scale bar = 100 µm.

3.4 Discussion of Pulp Core and Odontoblast Space Results

We previously demonstrated cytocompatibility between dental pulp–derived
mesenchymal cells and MDP scaffolds in vitro.20,24 Results from these studies have been
valuable in assessing the biocompatibility, biomechanical properties, shear recovery
capacity, and biodegradable nature of these scaffolds. However, such in vitro approaches
are limited and cannot provide a method of studying interactions between MDP scaffolds
and intact tissues. Ex vivo mandible organ culture allows for robust modeling of the
detailed interactions between biomaterials and dental tissues, as it permits the placement
of biomaterials into a 3-dimensional pulp environment. We have demonstrated that MDP
hydrogels can be injected into the incisor pulp without destruction of the native tissue and
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that local responses to a biomaterial can be examined for up to 10 days of culture.
Since primary odontoblasts are difficult to isolate and culture under physiological
conditions, it is challenging to accurately assess their response to dental materials or
examine their behavior under an altered local environment. Therefore, the injection of
MDP in columns through the mandible slices maximizes the contact between intact
odontoblasts and the scaffold while observing the reaction of a heterogeneous population
of pulpal cells.
An interesting finding of our studies is the observation of an intact layer of
odontoblasts in apposition to the MDP scaffold at all time points (Figure 3.7). It appears
that, despite the distention of the odontoblast layer caused by the injection of the scaffold,
odontoblast viability is restored and sustained. The deleterious effects of PBS injection into
the odontoblast layer do not result from a directly cytotoxic effect of PBS but possibly from
the mechanical detachment of odontoblasts from the dentin, thereby compromising the
structural integrity of the tissue (Figure 3.8). In contrast, PBS injection into the pulp core
does not have a deleterious effect on pulp vitality.26 It may be that the continued vitality of
dental pulp is dependent on mechanical support provided by the odontoblasts in association
with dentin, here provided by the injected MDP scaffold. Similarly, preliminary
experiments involving the insertion of Dycal into the odontoblast space resulted in cell
death within the odontoblast layer and pulp core.
Expression of DSPP within MDP scaffolds injected into the odontoblast space
(Figure 3.10), along with evidence of mineralization at the edges of injected MDP scaffolds
(Figure 3.9), suggests that the odontoblasts in apposition to scaffolds are synthetically
active and are attempting to remodel the scaffold into dentin matrix. While DSPP could be
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leaching from the dentin into the scaffold, continued expression of DSPP in the odontoblast
cell layer shows that these cells remain synthetically active at all post-injection time points.
Furthermore, the lack of DSPP expression within hydrogels injected into the pulp core
implies that DSPP immunostaining in MDPs injected beneath odontoblasts is not an artifact
or the result of nonspecific staining. The structure of the MDP hydrogel selected for use in
these studies resembles that of type I collagen, suggesting that the hydrogel provides a
suitable substrate for the deposition and sequestration of noncollagenous proteins such as
DSPP, as is known to occur during primary dentin formation.
Cells within the pulp core appear to respond differently to the MDP hydrogel when
compared with the more peripherally located odontoblast population, indicated by a lack
of DSPP signal within hydrogels delivered to the pulp core rather than the odontoblast
space (Figure 3.12). While a mineralizing response by odontoblasts is desirable in the
marginal pulp, ectopic tertiary dentin production in the pulp core could result in pathologic
conditions such as pulp stones. In contrast, the MDP hydrogel appears biocompatible with
native pulp tissue, with no deleterious effects to surrounding tissue architecture observed.
Expression of extracellular matrix proteins at the interface between hydrogel and native
pulp seems to increase over time, suggesting hydrogel remodeling and pulp soft tissue
matrix deposition at this interface. The expression of MMP-2 around the pulp core–injected
MDP scaffolds supports this, indicating cellular-mediated degradation of the hydrogel at
earlier post-injection time points.
In contrast to materials such as calcium hydroxide or MTA, the MDP scaffold
appears to provoke mineralization by odontoblasts without inflicting tissue damage or
notable cytotoxicity. In previous in vitro and in vivo studies, it has been shown that MDP
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hydrogels are capable of absorbing and delivering the secretome of embryonic stem cells,28
and the MDP appears to play a similar role in the pulp tissue. Injected scaffolds appear to
act as a reservoir for DSPP, retaining it after active secretion by odontoblasts. The clinical
implications for these findings are significant when considering the MDP as a material that
could be applied underneath a restoration to encourage dentin bridge formation by
interacting with resident odontoblasts, without damaging pulp tissue in contact with the
scaffold.
To effectively restore tissue structure and function, biomaterials must promote
healing and regeneration while having minimal deleterious effects. Ideally, the material
should also be degraded during tissue remodeling. Using a model that allows detailed
characterization of intact pulp tissue, we now demonstrate that injectable MDP hydrogel
scaffolds exhibit biocompatibility and the capacity to undergo differential remodeling at
separate anatomic locations within the pulp. The preserved native response of the
odontoblast layer to directly applied MDP scaffolds in particular has interesting
implications for clinical use in restorative dentistry. Due to the physical properties and
biocompatibility of MDP scaffolds, they can easily integrate bioactive factors and enriched
populations of mesenchymal progenitor cells for delivery into pulp tissues, a potentially
significant advantage over current pulp-capping materials. Furthermore, the ex vivo organ
culture system developed here can be used to assess whether the delivery of bioactive
factors from these matrices optimizes a tissue regenerative response.
While this study elucidates the local effects and tissue response to this biomimetic
scaffold, it stops short of examining the systemic responses mediated by the cardiovascular
and immune systems. MDP scaffolds injected into the dorsal space of rats have been shown
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to be highly permeable to cells from the blood supply, highlighting the importance of the
vasculature to the healing response.21 The ex vivo model system provides a critical
framework for more translational in vivo pulp-capping experiments by validating the
compatibility of the MDP scaffold with intact pulp tissue. This system can also be
employed to test the effectiveness of the MDP scaffold as a delivery vehicle for
regenerative bioactive materials into specific target tissues.29

3.5 Conclusions

This

ex

vivo

organ

culture

model

system

has

shown

that

the

K(SL)3RG(SL)3KGRGDS MDP scaffold is compatible with the dental pulp and promotes
differential responses depending on cell type. When the scaffold is delivered into the
odontoblast space, the odontoblasts remain intact and synthetically active, possibly
remodeling the injected scaffolds and preserving mineralizing activity at their margins.
Furthermore, the MDP scaffold appears to act as a reservoir for a key dentin-specific matrix
protein. The scaffold can alternatively be delivered to the pulp core without triggering
mineralization or interfering with the native tissue architecture, and it appears to partially
undergo degradation and remodeling.

3.6 Materials and Methods

Peptide Synthesis and Hydrogel Preparation: See Appendix 1
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Mandible Harvest, MDP Delivery, and Organ Culture: Male Wistar rats (Charles River
Laboratories) approximately 28 days old were obtained, and their mandibles harvested.
Using a Buehler Isomet low speed saw, the ramus, condyle, and incisor were removed from
the mandible, and the remaining portion was cut into 2 mm thick sections. A 33-gauge
needle was used to inject approximately 5 microliters of MDP hydrogel scaffold into either
the pulp core or the odontoblast space (Figure 3.13). Elapsed time from mandible harvest
to completion of injection was under 45 minutes for all samples, and samples were kept in
a-MEM media containing 10% FBS, 10% penicillin/streptomycin, and 1% L-ascorbic acid
2-phosphate during preparation. Samples were cultured in a-MEM media containing 10%
FBS, 1% penicillin/streptomycin and 1% L-ascorbic acid 2-phosphate at 37 °C and 5%
CO2 with media exchange performed every 48 hours.

Figure 3.13: Schematic showing mandible harvest, MDP injection, and sectioning
orientation.
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Histology: Mandible sections were cultured for 1, 4, 7, or 10 d. These time points were
selected due to reported decreases in pulp core cell numbers after 14 days25 and to
correspond with previous in vitro studies using this scaffold system.24 Subsequently,
samples were fixed in 10% buffered formalin overnight and partially demineralized in 10%
formic acid for 48 to 72 h to allow for sectioning of the tissue. To preserve the hydrogel
during cryosectioning, samples were soaked in HistoPrep overnight at 4 °C.31 The
following day, samples were rinsed and embedded in OCT Compound and flash-frozen in
dry ice/ethanol slurry. Ten-micrometer-thick tissue sections were obtained via
cryosectioning and adhered to SuperFrost Plus Microscope Slides. Hematoxylin and eosin
staining was performed to visualize tissue architecture. Alizarin red S (2% w/v in MilliQ
water, pH 4.2) was applied for 3 min to stain calcium.32,33 After staining, slides were
mounted with DPX mountant and imaged with an Evos XL Core microscope.

Immunohistochemistry: Antigen retrieval was performed by immersing tissue sections in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 100 °C for 30
minutes. Subsequently, tissue sections were permeabilized in 0.5% Triton-X, and blocked
in 1% BSA for 30 minutes. Immunostaining for dentin sialophosphoprotein was performed
using a 1:125 dilution of anti-rat DSPP antibody. Components of the extracellular matrix
were detected using an anti-rat type-III collagen antibody in a 1:250 dilution and an antirat osteopontin antibody at a 1:75 dilution. Matrix metalloproteinase-2 (MMP-2)
expression was visualized using anti-rat MMP-2 antibody at a 1:50 dilution. For DSPP
and type-III collagen immunostains Alexa Fluor® 555 Donkey Anti-Mouse IgG antibody
was used as the secondary antibody, while Alexa Fluor® 568 Donkey Anti-Rabbit IgG
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antibody was used as the secondary antibody for MMP-2 detection. Secondary antibodies
were used at a 1:500 dilution. Sections were mounted using ProLong Gold with DAPI
solution prior to imaging using a Nikon A1-Rsi confocal system. Instrument gain and
settings were set for each immunostain and kept constant while imaging sections from all
time points.
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Chapter 4: In Vivo Evaluation of the Physiological Response to K2(SL)6K2 Hydrogel

4.1 Introduction

The field of tissue engineering emerged in the 1980s to address the clinical need
for methods of developing healthy functional tissue following injury or disease. In a
multidisciplinary effort, biologists have sought to identify optimal cell types and signaling
molecules for tissue regeneration, while chemists and materials scientists have worked to
develop scaffolds capable of supporting cells and delivering signaling molecules. With this
goal, numerous materials derived from both natural and synthetic sources have been
investigated. Hydrogels, in particular, have demonstrated great promise as scaffolds for
tissue regeneration efforts, and can be constituted of synthetic polymers, synthetic peptides,
or naturally-derived materials. Exhibiting a high water content and wide versatility in
mechanical properties, hydrogels have been proposed as scaffolds for a gamut of clinical
applications including cardiac, neural, bone, and skin tissue engineering.
Regardless of clinical application, there exists a consensus on the key properties
imperative for scaffold success in general, and applicable for hydrogels in particular.
Biocompatibility is a major factor impacting scaffold success, as cells must be able to
attach, grow, and proliferate on a scaffold for tissue regeneration to be successful. For these
cells to remain vital, the scaffold must be capable of supporting the exchange of nutrients
and waste, and scaffold porosity must therefore be sufficient to allow for vascularization.
In order to promote regeneration of the desired tissue, scaffolds must exhibit bioactivity
that directs cell behavior. This can be accomplished by attaching bioactive ligands to the
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scaffold surface, releasing bioactive factors from the scaffold, or through material
properties of the scaffold itself. Ideally, once the scaffold has produced its desired effect,
it will undergo non-toxic biodegradation leaving solely vital, functional tissue in its place.
Immunogenicity of the scaffold is also a key consideration as the development of chronic
inflammation will obstruct development of healthy tissue.
One class of hydrogel, the self-assembling peptide (SAP) hydrogel, has shown
immense promise in a wide variety of tissue engineering applications. With compositional
and structural similarity to the native extracellular matrix, these materials have
demonstrated the ability to support cell viability, growth, and proliferation. Furthermore,
SAP hydrogels are made of the ideal building block for a biomaterial, the amino acid.
Because amino acids are naturally occurring within the body, these materials are inherently
biocompatible and biodegradable. Biodegradation of the material reduces short peptides
into peptide fragments or individual amino acids, and therefore no toxic byproducts are
formed. While biocompatibility and biodegradability are key characteristics of the SAP
hydrogel, perhaps the most advantageous aspect of the peptide hydrogel is the ease in
which bioactivity can be introduced within the material. Not only is it possible to load and
deliver exogenous cargo such as drugs, proteins, or cells using SAP hydrogels, but the
scaffold itself can be designed to manipulate cell behavior. Through incorporating short
sequences of amino acids derived from growth factors or cytokines, protein-mimetic SAP
hydrogels control cell behavior by activating the respective cell-surface receptor for their
target. Several b-sheet peptide hydrogels have been designed and characterized for use in
biomedical applications, including RADA-16 from the Zhang lab,1 b-hairpin peptides from
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the Pochan and Schneider labs,2 peptide amphiphiles from the Stupp lab,3,4 and
multidomain peptides (MDPs) by our lab.5-20
Over the past decade, our lab has created, characterized, and modified multidomain
peptide hydrogels to serve as tissue engineering scaffolds. This class of self-assembling
peptide amphiphiles consists of an alternating sequence of hydrophilic and hydrophobic
amino acids flanked by charged residues at each peptide termini. As a consequence of this
design, multidomain peptides exhibit a b-sheet secondary structure, high solubility, and
supramolecular assembly to form nanofibers in aqueous solution.5,8 Crosslinking of peptide
nanofibers, using either noncovalent interactions or covalent bonds, forms an injectable
nanofibrous hydrogel with structural similarity to the native extracellular matrix (ECM).5,6
Previously, we have demonstrated that MDP hydrogels can be loaded to effectively deliver
bioactive molecules including drug molecules, proteins, and cytokines.15,19,20 Additionally,
recent work has centered on incorporating bioactive amino acid sequences into the MDP
to create a tissue engineering scaffold capable of driving specific cellular processes. For
instance, we have incorporated an RGD motif derived from fibronectin to support cell
adhesion, as well as the amino acid sequence LRG to allow for enzymatic degradation of
the peptide by matrix metalloproteinase 2 (MMP-2).13 Another peptide, SLanc incorporates
a portion of the growth factor VEGF to drive angiogenesis.17 The robust mechanism
governing self-assembly and hydrogelation of MDPs allows for customization of material
properties and biological effect to suit a particular clinical application.
Previous studies performed by our laboratory have viewed the simple K2(SL)6K2
hydrogel as relatively biologically inert. In vitro studies have shown unimpressive results
in cell viability, spreading, and morphology when compared to counterpart hydrogels with
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designed bioactivity.10,13 Because of these results, we have focused on delivering
biologically active molecules using MDP hydrogels, or modifying the MDP hydrogel itself
to incorporate biologically active amino acid sequences. Successful hydrogels in in vitro
experiments progressed to more complex and costly in vivo experiments, while peptides
showing less success in vitro were eliminated from consideration for in vivo studies.
However, there is a wide and growing consensus in the scientific community that in vitro
results often fail to accurately predict the in vivo effect of a material, and in vivo results
recently obtained using the K2(SL)6K2 hydrogel appear to support this hypothesis.
Subcutaneous injection of the K2(SL)6K2 hydrogel results in progressive degradation and
dramatic cellular infiltration and vascularization of the material, despite the lack of
biological signals intentionally incorporated into the scaffold. Furthermore, the K2(SL)6K2
hydrogel appears to support and increase innervation by the peripheral nervous system, a
property that is previously unreported in the literature to our knowledge. Because
degradation, cellular infiltration, vascularization, and innervation are imperative properties
for the success of any tissue regeneration effort, here we describe a simple MDP hydrogel
inherently suited for tissue engineering while also capable of further tailoring to drive a
specific biological response.

4.2 Cellular Infiltration

Ideally, cells will interact with the MDP hydrogel to produce a desired
physiological response, and therefore we hope to see cellular infiltration of our scaffold in
in vivo studies. Subcutaneous injection of K2(SL)6K2 results in rapid cellular infiltration of
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the material, likely due to interaction between the MDP and the animal’s immune system
(Figure 4.1).

Figure 4.1: H&E staining of subcutaneous K2(SL)6K2 implants harvested from the dorsal
tissue of rats. Scale bars are equal to 50 µm.

By the earliest time point, 3 days post-injection, the MDP hydrogel contains
approximately 12,000 cells per mm2 of hydrogel area, and this value remains statistically
consistent for all other time points with the exception of 7 days post-injection (Figure 4.2).
At 3 days post-injection, it is likely that the implant contains both neutrophils and
macrophages. However, between day 3 and day 7 the population of neutrophils should
decline,21 and the decrease in cell density may be attributable to this decline. Additionally,
as shown in Figure 4.1, cells are not homogenously distributed throughout the material at
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3 days post-injection. However, by 1 week post-injection cells are more uniformly
distributed within the hydrogel which may influence quantification of cell density.

Figure 4.2 Quantification of cellular infiltration of K2(SL)6K2 hydrogel subcutaneous
implants.

Previous subcutaneous studies using MDPs with sequences K(SL)3RG(SL)3KGRGDS,15,16 K(SL)3RG(SL)3K,17 and K(SL)3RG(SL)3KGKLTWQELYQLKYKGI,17 all
showed rapid infiltration of the material by native cells. However, each of these peptides
contains the MMP-2 cleavage motif which has been shown to dramatically affect cellular
infiltration of the scaffold in in vitro studies. In a study comparing the response of SHED
cells to MDP hydrogels with sequence K2(SL)6K2GRGDS or K(SL)3RG(SL)3KGRGDS, it
was shown that the MMP-2 cleavage motif (LRG) was necessary for cellular penetration
of the hydrogel.13 Because of these results, subsequent in vivo studies by our laboratory
only focused on peptides containing the cleavage motif. Because the peptide investigated
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in this study does not include LRG, the degree of cellular infiltration seen for the K2(SL)6K2
hydrogel was surprisingly high.
Results from ex vivo analysis of the K(SL)3RG(SL)3KGRGDS hydrogel have led
to the hypothesis that systemic influences play a dramatic role in defining cellular
infiltration of the MDP hydrogel. Despite incorporation of the cleavage motif, cells failed
to infiltrate the K(SL)3RG(SL)3KGRGDS hydrogel in an ex vivo rat mandible organ
culture model.11 The lack of a circulatory system is a major difference between in vivo and
ex vivo experiments, and this most likely explains the conflicting in vivo and ex vivo
results for this peptide. When introducing a biomaterial in vivo, the foreign body response
of immune cells carried by the circulatory system is a key concern. We hypothesized that
the foreign body response largely contributes to cellular infiltration in vivo, regardless of
whether the MDP is designed to promote cell infiltration by including the MMP-2
degradation motif. To confirm our hypothesis, a cytokine array analysis was performed for
chemokines produced by immune cells at 3, 7, or 14 days post-injection (Figure 4.3).
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Figure 4.3: Relative protein levels of chemokines present in subcutaneous implants.
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Chemokines are chemoattractant cytokines that affect cell migration, and are
specifically responsible for recruiting leukocytes to sites of inflammation or injury.22
Classification of chemokines into protein families is based on both protein structure and
sequence.23 Figure 4.3 shows that subcutaneous implants contain members of both the CC
and CXC families of chemokines. The CC chemokines shown include MCP-1 and MIP3a, while the CXC chemokines shown include CINC-1, CINC-2a, CINC-3, LIX, and
CXCL7. All of these chemokines are identifiable within the implant by 3 days postinjection, and all chemokines showed an increase in relative protein level at 7 days postinjection. The comparatively high levels of chemokines seen at day 7 may explain the
statistically significant increase in cell density from day 7 to day 14 (Figure 4.2). By 14
days post-injection, the levels of most of these chemokines has declined or plateaued,
which is consistent with the statistically equal cell densities seen after day 14 (Figure 4.2).
All of the proteins identified in Figure 4.3 are considered integral to the innate
immune response:22 the CXC chemokines are mainly responsible for neutrophil
trafficking,24 while CC chemokines affect other immune cell types including monocytes,
macrophages, basophils, T lymphocytes, and eosinophils.23 MCP-1, in particular, attracts
monocytes while MIP-3a affects helper T cells. The presence of these molecules, which
affect immune cells in particular, suggests that the body is recruiting immune cells to the
MDP implant. This supports the hypothesis that the foreign body response contributes to
cellular infiltration of the implant.
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4.3 Scaffold Degradation

Biodegradability is an important property that affects the success of any tissue
engineering scaffold. Ideally, subcutaneous injection of the MDP hydrogel will resolve to
leave fully functional native tissue in its place without creating a chronic wound.
Alternatively, the MDP hydrogel may become fibrously encapsulated which is a protective
mechanism of the animal designed to effectively avoid interaction between native tissue
and the implant. In previous studies published by our laboratory, subcutaneously injected
MDP hydrogels containing the enzymatic cleavage motif resolved within 14 days without
fibrous encapsulation.16 Figure 4.4 shows Masson’s trichrome stained tissue sections of
K2(SL)6K2 implants harvested at 3, 7, 14, 21, or 42 days post-injection. As evidenced by
the lack of dark blue staining surrounding the implants, fibrous encapsulation of the
hydrogel is not seen at any time point.

Figure 4.4: Masson’s trichrome staining of subcutaneously injected K2(SL)6K2 hydrogel
showing that the material does not become fibrously encapsulated after infiltration. Scale
bars are equal to 50 µm.
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Although the MMP-2 enzymatic cleavage motif does not influence whether the
material becomes fibrously encapsulated, it has large effect on the persistence of the
hydrogel in vivo. While previous studies showed implant resolution after 14 days,
K2(SL)6K2 hydrogel implants were detectable as late as 6 weeks post-injection (Figure 4.5).
This difference in degradation rate may be attributable to different rheological properties
of the hydrogels13 or differences in susceptibility to enzymatic degradation. In general, the
degradation profile of K2(SL)6K2 implants is as expected with a continual decline in
hydrogel cross-sectional area over time. However, the day 7 time point shows a large and
statistically significant increase in hydrogel area in comparison to all other time points. The
explanation for this increase is under investigation; however, one hypothesis suggests that
this is the result of general inflammation occurring due to the foreign body response.
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Figure 4.5: Biodegradability of the K2(SL)6K2 hydrogel.

Results of the cytokine array help elucidate the biological mechanism of hydrogel
degradation. Matrix metalloproteinases are the major class of enzyme implicated in ECM
degradation. In healthy, normal tissue there is negligible expression of MMPs; however,
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these enzymes can be activated by inflammatory cytokines.25 While 23 MMPs are known
to exist in humans, the cytokine array utilized in this study only examined relative protein
levels of MMP-8. MMP-8 is a collagenase enzyme capable of cleaving collagens type I, II,
and III as well other ECM proteins and soluble molecules.25 Also known as the neutrophil
collagenase, neutrophils both secrete and are chemoattracted by MMP-8.26 However,
equally important for the maintenance of tissue homeostasis are tissue inhibitors of
metalloproteinases (TIMPs). TIMPs are inhibitors of MMPs, and the balance between
MMP and TIMP levels is crucial for ECM remodeling and the prevention of fibrous
encapsulation.21,27 This cytokine array analyzed TIMP-1 specifically which is capable of
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Figure 4.6: Relative protein levels of MMP-8 and TIMP-1 in subcutaneous implants.

MMP-8 and TIMP-1 were detected in the implants at all evaluated time points.
Figure 4.6 shows that MMP-8 relative protein levels were nearly equal to those of the
positive control, suggesting a rather high concentration within the implant. The value peaks
at 7 days post-injection, which is consistent with Figure 4.5. In Figure 4.5, the hydrogel
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shows the largest decline in area between the 7 and 14 day time points. The change in
hydrogel area seen at later time points is smaller, consistent with the decrease in MMP-8
expression at day 14. TIMP-1 relative protein levels were lower than those obtained for
MMP-8; however, changes in TIMP-1 concentration mirrored those seen for MMP-8,
highlighting the intricate balance of hydrogel degradation and remodeling.

4.4 Vascularization of the Hydrogel

A major research goal of many tissue engineering efforts is to achieve
vascularization of the scaffolding material. This provides a means for exchanging nutrients
and waste with cells, thereby helping to preserve the vitality of tissue. Figure 4.7A
diagrams the structure of a blood vessel, with a smooth muscle actin wall lined with
endothelial cells surrounding a core of red blood cells. Figure 4.7B shows the histological
appearance of a cross section and a transverse section of a blood vessel. The blood vessels
depicted in Figure 4.7B were found within the MDP hydrogel, and the surrounding area in
the image is hydrogel implant.

Figure 4.7: Blood vessel structure. A) Cartoon depiction of blood vessel structure B) H&E
staining of a blood vessel found within the hydrogel at 6 weeks post-injection. Scale bar is
equal to 25 µm.
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The K2(SL)6K2 hydrogel becomes highly vascularized after subcutaneous
implantation. At 3 days post-injection few to no blood vessels are seen in the core of the
MDP hydrogel implant (Figure 4.8&4.9A). However, the implant is surrounded by a high
density of blood vessels, and occasionally blood vessels are seen within the hydrogel near
the edges of the implant.

Figure 4.8: Vasculature surrounding the K2(SL)6K2 implant at 3 days post-injection. Red
staining indicates positive expression of aSMA, while nuclei are counterstained with DAPI
and appear blue. Scale bar is equal to 200 µm.

As time progresses the scaffold becomes vascularized, with several blood vessels
seen in the center of the implant by 14 days post-injection (Figure 4.9B).
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Figure 4.9: Vascularization of hydrogel implants harvested A) 3 days post-injection B)
14 days post-injection. Red staining indicates positive expression of aSMA, while nuclei
are counterstained with DAPI and appear blue. Scale bars are equal to 50 µm.

Quantification of the histological staining produces the graph shown in Figure 4.10. The
subcutaneous space is not a highly vascularized tissue, and the density of blood vessels
seen at day 3 and day 7 are both statistically equal to that of native tissue. By 14 days postinjection there is a significant increase in blood vessel density which remains throughout
the course of the experiment. However, it is important to note that this graph plots density
of blood vessels per mm2 of MDP hydrogel, and therefore is affected by the decrease in
hydrogel area as time progresses (Figure 4.5).
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Figure 4.10: Blood vessel density within the subcutaneous implant.
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To address the implants’ decreasing area, the total number of blood vessels counted
within the implants was also plotted. The graph shown in Figure 4.11 plots the number of
vessels counted in an implant without dividing by the area of the implant. This graph shows
that the number of blood vessels counted within the implants decreases with time,
suggesting that the implant is resolving.

Number of
Blood Vessels

500

β

β

400

β, δ, γ

300
α, δ

200
100

α
42

ay

21
D

ay

14
D

7

ay
D

ay
D

D

ay

3

0

Figure 4.11: Total number of blood vessels counted within subcutaneous implants.

Previously injected MDP hydrogels have also become vascularized, which is a key
characteristic of MDPs. K(SL)3RG(SL)3K,17 K(SL)3RG(SL)3KGRGDS,19 and K(SL)3RG(SL)3KGKLTWQELYQLKYKGI17 have been reported to develop blood vessels within 1
week post-injection. The time points used for analysis of K(SL)3RG(SL)3KGRGDS were
not the same as those used for this study, and therefore a direct comparison could not be
performed. However, the density reported for K(SL)3RG(SL)3K was significantly lower
than the value obtained for K2(SL)6K2. In contrast, K(SL)3RG(SL)3KGKLTWQELYQLKYKGI implants became vascularized more quickly than K2(SL)6K2 implants,
with a substantial vessel density reported by 3 days post-injection. The vessel density
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obtained

for

K2(SL)6K2

implants

was

lower

than

that

reported

for

K(SL)3RG(SL)3KGKLTWQELYQLKYKGI implants at day 3, day 7, and day 14. The
persistence of K(SL)3RG(SL)3KGKLTWQELYQLKYKGI implants is not sufficient to
allow for day 21 or day 42 analysis. While the contrasting vessel density for
K(SL)3RG(SL)3K and K2(SL)6K2 implants is more difficult to explain, the difference
between K2(SL)6K2 and K(SL)3RG(SL)3KGKLTWQELYQLKYKGI can be more easily
understood. The lengthy sequence at the C-terminus of the latter peptide is designed to
mimic the activity of VEGF, a key cytokine involved in angiogenesis. Because K2(SL)6K2
does not contain this mimetic sequence, the high vascularization of this scaffold was
unanticipated and surprising.
A cytokine array examining cytokines associated with angiogenesis was performed
to elucidate the biological explanation for K2(SL)6K2 hydrogel vascularization. Relative
protein levels of the angiogenic growth factors VEGF29 and PDGF-AA30 were analyzed
with the results shown in Figure 4.12. Both growth factors were detected in subcutaneous
implants at all time points. An increase in the relative protein levels for both growth factors
was seen between 3 days and 7 days post-injection, which corresponds with the large
increase in vessel number between these time points. By day 14, the relative protein levels
of VEGF and PDGF-AA have both decreased, consistent with the decrease in vessel
number at later time points (Figure 4.11). Additionally, the CXC chemokines shown to be
present in the implant (Figure 4.3) have also been linked to angiogenesis.22,31 The presence
of these pro-angiogenic molecules within the MDP hydrogel provides an explanation for
the development of vasculature within the scaffold after implantation.
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Figure 4.12: Relative protein levels of VEGF and PDGF-AA in subcutaneous implants.

4.5 Interaction with the Peripheral Nervous System

Another key property of healthy tissue is innervation of the tissue by the body.
Scaffold innervation after subcutaneous injection is essentially not reported in the
literature. However, the K2(SL)6K2 hydrogel interacted with the peripheral nervous system,
and neural fascicles are identifiable within MDP hydrogel implants. Figure 4.13A depicts
the structure and terminology associated with nerves. A nerve consists of several neural
fascicles, and each neural fascicle contains several neurons. Neurons have axons which are
often myelinated to promote signal transmission. Additionally, blood vessels can be seen
within the nerve. Figure 4.13B shows two neural fascicles found within the core of the
MDP hydrogel at 6 weeks post-injection.
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Figure 4.13 Innervation A) Cartoon representation of a nerve B) Neural fascicles identified
within the subcutaneous implant at 6 weeks post-injection. Scale bar is equal to 50 µm.
Using immunohistochemistry, it has been confirmed that the structures located
within the implants are in fact neural fascicles (Figure 4.14A). All neural fascicles
identified within the implants stain positive for two markers unique to neurons: the
intermediate filament known as neurofilament protein (NFP) and the microtubule
component b-III tubulin. Additionally, the axons of the neurons composing the neural
fascicles are myelinated as shown through positive staining for myelin basic protein (MBP)
(Figure 4.14B). Schwann cells support neurons by performing many functions including
the production of myelin, and these cells are identifiable within fascicles through positive
staining for S100 (Figure 4.14B)
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Figure 4.14: Characterization of neural fascicles. A) Neural fascicle identity is positively
confirmed through immunostaining for NFP (green) and b-III tubulin (red). B) Axons are
shown to be myelinated (MBP: purple) with Schwann cell supporting cells present (S100:
cyan). Scale bars are equal to 25 µm.

Quantification of neural fascicles for all harvested implants produces the graph
shown in Figure 4.15. By 3 days post-injection the MDP hydrogel contains a statistically
equal density of neural fascicles as that seen for native tissue. At the 2 week and 3 week
time points, the hydrogel contains a statistically higher density of neural fascicles than
native tissue. By 6 weeks post-injection the implant is resolving, and the density of neural
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Figure 4.15: Quantification of neural fascicles found within the K2(SL)6K2 hydrogel.
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Innervation of MDP hydrogels after subcutaneous injection has never been
previously reported in the literature, or identified in unpublished data from our laboratory.
However, upon a detailed examination of tissue sections from previous studies, it was
found that neural fascicles are found within other MDP hydrogels. This suggests that while
innervation appears to be unique to MDPs, it does not show a dependency on MDP
sequence.
Cytokine array results provide a potential explanation as to why innervation of
MDPs occurs after subcutaneous injection. Both b-nerve growth factor32 (b-NGF) and
ciliary neutrotrophic factor33,34 (CNTF) are neurotrophic factors capable of promoting
innervation, and both were detected within K2(SL)6K2 implants at all time points examined
(Figure 4.16). While the relative protein levels of these growth factors is relatively low
compared to the positive control, the presence of these molecules within the implant
coupled with the ultimate phenotype of neural fascicles suggests that b-NGF and CNTF
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Figure 4.16: Relative protein levels of b-NGF and CNTF in subcutaneous implants.
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4.6 Comparison to Other Materials

MDP hydrogels, including the K2(SL)6K2 hydrogel exhibit rapid and extensive
cellular infiltration in comparison to many other scaffolds used for tissue engineering. For
instance, the synthetic polymer poly(ethylene glycol) (PEG) has been approved for
therapeutic use by the FDA as a biocompatible material;35 however subcutaneous
implantation of PEG hydrogels does not result in cellular infiltration of the material.36
Rather PEG hydrogels can be used to deliver bioactive molecules, without exploiting the
body’s ability to naturally create these molecules in response to biomaterial implantation.
Gelatin is a natural polymer used in tissue engineering that also shows lower cellular
infiltration after subcutaneous implantation. One study showed that gelatin cryogels
needed to be loaded with granulocyte-macrophage colony stimulating factor (GM-CSF) to
obtain substantial cellular infiltration of the scaffold.37 Another self-assembling peptide
material, heparin-binding peptide amphiphile nanofiber gels, has been investigated
subcutaneously. Although cellular infiltration was not quantified, it appears to be lower
than MDP hydrogels in the images provided.38 It is well known that surface chemistry can
affect the expression of chemokines,39 and molecular differences in materials may explain
why MDP hydrogels are so rapidly and densely infiltrated by cells. Regardless, we
hypothesize that cellular infiltration plays a key role in defining degradation,
vascularization, and innervation of the MDP hydrogel. For instance, many other materials
become fibrously encapsulated after implantation. We hypothesize that neutrophils located
within the hydrogel secrete MMP-8, and the balance between MMP-8 secretion and TIMP-
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1 levels is vital to prevent fibrous encapsulation. Although these molecules were evaluated
using a cytokine array, other MMPs or TIMPs may also be critically involved.
The vasculature density reported for K2(SL)6K2 is also higher than the values many
researchers report for their control scaffolds. In fact, it is more closely aligned to values
reported for materials specifically designed to promote angiogenesis. Heparin-binding
peptide amphiphile nanofiber gels (HPBA) have been conjugated to heparin sulfate (a
cofactor of VEGF) to promote angiogenesis.38 The control HPBA gel was conjugated to
phosphate rather than heparin sulfate, and showed no new vasculature 10 days after
subcutaneous injection which was the latest time point that the material could be evaluated.
In contrast, the HPBA-HS gel designed to promote angiogenesis had reported blood vessel
densities of 16 and 32 blood vessels per mm2 for 3 and 10 day time points, respectively.38
The values obtained for MDPs were higher, although comparable, even though the scaffold
is not designed to promote angiogenesis. However, it appears that the number of vessels in
HPBA hydrogels was counted using H&E stained tissue sections. It is often more difficult
to identify blood vessels in H&E staining than it is to identify blood vessels in aSMA
immunostained sections. This may partially account for the discrepancy between the values
reported for MDP and HPBA hydrogels.
The final key property discussed here is the interaction between the peripheral
nervous system and the MDP hydrogel. The property of scaffold innervation following
subcutaneous injection is largely unparalleled in the literature. Two comparable studies
were found: one using subcutaneous injection of a collagen hydrogel into nude mice and
the other looking at collagen membranes in the subcutaneous tissue of rats. The first study
required the use of nude mice due to implantation of stem cells. For collagen scaffolds
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loaded with stem cells, both increased vasculature and innervation were seen.40 However,
the results of the cytokine array lead us to hypothesize that the immune system impacts
innervation in our model, and it is likely that the conclusions drawn between our study and
this study are not relatable because of the use of nude mice. The second study placed a
collagen membrane in the subcutaneous pocket of rats. When the membrane was loaded
with b-NGF, individual nerve fibers could be seen in the membrane after 4 weeks. Control
collagen membranes showed very limited innervation.41 The degree of innervation seen in
MDP hydrogels and collagen membranes is drastically different, with MDP hydrogels
containing several nerve fascicles rather than individual nerve fibers.

4.7 Conclusions

In summary, in vivo evaluation of the K2(SL)6K2 hydrogel led to unexpected results
in terms of cellular infiltration, scaffold degradation, vascularization, and innervation. This
MDP hydrogel is not designed to promote any specific biological processes and has
produced unimpressive results in in vitro analysis. Differences in in vitro, ex vivo, and in
vivo results have led to the hypothesis that systemic influences including the circulatory
and immune systems are crucial in defining the physiological response to this MDP. This
idea is supported by results of a cytokine array examining the protein content of
subcutaneous implants, and consistent with the idea that the MDP hydrogel can act as a
sponge to sequester and concentrate growth factors and cytokines.7,42 However,
confirmation of this theory will require extensive characterization of the cellular infiltrate.
To accomplish this, fluorescence-activated cell sorting (FACS) could be used to identify
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which cell types are present within the MDP hydrogel at various time points. Other future
studies could evaluate how the surface chemistry of the MDP impacts the foreign body
response to the hydrogel in addition to cellular infiltration, degradation, vascularization,
and innervation. Once this is fully understood, MDP hydrogels could be designed to
modulate the immune response to the material which may be a powerful therapeutic
technique.

4.8 Methods

Peptide Synthesis, Subcutaneous Injection, Histology & Immunohistochemistry
Quantification of Neural Fascicles/ Biodegradability/Vascularization, Statistical
Analysis: See Appendix 1.

Implants from 8 animals per time point were harvested and quantified for cellular
infiltration, hydrogel degradation, blood vessel density, and neural density. Values
obtained for implants harvested from the same animal were averaged to avoid bias.

Quantification of Cellular Infiltration: Images of H&E stained tissue sections were
taken at 20X magnification at the center of the implant and processed for cell counting
using ImageJ. Images were converted to greyscale (16-bit). Threshold was adjusted to
highlight only the cell nuclei. To avoid merged nuclei, watershed was applied and cells
were counted using the Particle Analyzer option. The number of nuclei was divided by
the area of the implant to yield cells per mm2.
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Cytokine Array: Cytokine array experiments used an n of 3 rats per time point.
Subcutaneous implants were recovered from the dorsal tissue of the rats. Implants were
added to 1X cell lysis buffer with protease inhibitors, and vortexed to extract proteins. The
supernatant was collected and centrifuged at 15,000 rpm at 4 °C for 5 min. After
centrifugation the supernatant was collected and the total protein concentration of each
sample was determined using the Bradford Assay. Final protein concentration was adjusted
to 650 µg/mL using 1X blocking buffer. Cytokine array membranes were processed
according to the supplied kit instructions. Briefly, each membrane was blocked with 1X
blocking buffer for 30 min. 1 mL of 650 µg/mL extracted protein sample was added to the
membranes and rocked overnight at 4 °C. The membranes were incubated with 1X BiotinConjugated Anti-Cytokines for 2 h at room temperature followed by HRP-Conjugated
Streptavidin for 2 h at room temperature. A chemiluminescent detection buffer was added
to the membrane, followed by imaging of the membrane using an LAS 4000 Imager.
Quantification of cytokine array results was performed using ImageJ software following
manufacturer’s guidelines. Results were semi-quantitative and normalized back to the
positive control intensity for that membrane.
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Chapter 5: Development of a BMP-2-Mimetic Peptide Hydrogel

5.1 Introduction

Providing biological cues to appropriately direct cell behavior is imperative for the
success of any tissue regeneration effort. A common method of directing cell behavior is
through the loading and delivery of bioactive cargo such as drug molecules, proteins, or
cytokines from a scaffolding material.1 Previously, we have used the MDP hydrogel to
deliver a wide variety of molecules, including IL-4,2 MCP-1,2,3 VEGF,4 TGFb1,4 FGF2,4
PlGF-1,3 EGF,3 batroxobin,5 SN-38,6 diflunisal,6 etodolac,6 daunorubicin,6 levofloxacin,6
and norfloxacin.6 While this can be an effective strategy, this approach still suffers certain
limitations. For instance, many of these molecules have short biological half-lives,
restricting their bioactivity in vivo.7 Additionally, diffusion of these bioactive molecules
away from the intended site of administration may lead to undesired side effects.1 Perhaps
the most severe limitation of this approach is the high cost of many of these molecules,
with just a single dose often costing thousands of dollars.8 To avoid the shortcomings of
protein delivery specifically, researchers have begun developing short sequences of amino
acids to mimic the function of these proteins.9 We have included these sequences into the
MDP to create bioactive hydrogels. This strategy attaches the receptor binding portion of
a protein to the MDP without disrupting the function of the protein, and has been effectively
demonstrated to drive de novo angiogenesis.10,11 The aim of this work was to develop a
bioactive MDP hydrogel capable of driving osteogenesis through inclusion of a bone
morphogenetic protein 2 (BMP-2) mimic.
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As the largest subgroup of the TGFb superfamily, bone morphogenetic proteins are
cytokines involved a wide variety of biological processes including hematopoiesis,
neurogenesis, and embryonic development.12 To date, more than 20 different bone
morphogenetic proteins have been identified, although BMP-2 is arguably the most studied
of these proteins.13 Tissue engineering studies involving BMP-2 typically focus on the
formation, repair, or regeneration of skeletal bone tissue.12 The signaling cascade triggered
by BMP-2 is complex. Binding of BMP-2 to BMPRI or BMPRII results in activation of
Smad1/5/8. Activated Smad1/5/8 forms a complex with Smad4 and translocates to the
nucleus. In the nucleus, Smads regulate the expression of several transcription factors
which ultimately affect mesenchymal stem cell differentiation to preosteoblast cells and
preosteoblast cell differentiation to osteoblast cells.14
In order to induce bone formation for tissue regeneration efforts, many strategies
focus on the release of BMP-2 from scaffolding materials. Direct application of BMP-2
(i.e. injection) without a carrier is unsuccessful, largely because of the short half-life and
high clearance rate of this cytokine. For instance, the half-life of BMP-2 in nonhuman
primates has been reported as 6.7 minutes which is far too short to induce a lasting
biological effect.13 To overcome these limitations, researchers have begun loading BMP2 into scaffolding materials which can prolong the release and protect the bioactivity of the
growth factor. Additionally, the use of biomaterials can create a high local concentration
of BMP-2 at the site of interest, thereby minimizing the chance of undesired side effects
on other tissues. A wide array of materials, including natural polymers, synthetic polymers,
and inorganic materials, have been evaluated, and each offer their own distinct
advantageous and disadvantages.
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The most successful approach thus far has been the INFUSEÒ Bone Graft
developed by Medtronic and approved by the United States Food and Drug Administration.
This treatment uses a collagen sponge to deliver 1.5 mg/ml recombinant human BMP-2.13
In addition to immunogenic concerns posed by the introduction of the collagen scaffold,15
this treatment is very costly8 and has only 5% of BMP-2 remaining in the scaffold after 14
days. The delivery of several milligrams of BMP-2 in this approach as well as others can
pose undesired side effects as it is 1000 times higher than the physiological concentration
of this growth factor. To reduce cost, avoid immunogenicity concerns, and maintain longer
BMP-2 signaling, several researchers have begun developing short synthetic peptides
capable of mimicking the effects of BMP-2 through binding of BMPRI and BMPRII.13
The bioactive mimic incorporated into the MDP for this study was originally
identified in the literature in 2009.16 For a receptor-binding analysis, the researchers
divided BMP-2 into 4 domains consisting of approximately 25 amino acids each, and
synthesized the corresponding peptides. It was found that the second domain (amino acids
25-50) experienced the most cell attachment of human bone marrow stromal cells
(hBMSCs) after one day of culture. This second domain was further divided into short
sequences of amino acids consisting of 4-6 amino acids each, and these peptides were
individually synthesized. The amino acid sequence DWIVA bound strongly to both
BMPRIA and BMPRII, and showed negligible binding to FGFR2 incorporated as a
negative control. Activation of the BMPRIA and BMPRII were confirmed through a
Western blot analysis for phosphorylated Smad and ERK. This peptide was then attached
to a self-assembling peptide amphiphile, which consisted of an alkyl chain, four alanine
residues, three glycine residues, a glutamate residue, and DWIVA in sequential order. In
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comparison to control peptides, hBMSCs showed an improved morphology and increased
proliferation when cultured in the DWIVA-containing material. The pro-osteogenic effect
of this material was confirmed in vitro through increased binding of the calcium-binding
dye calcein and increased alkaline phosphatase activity. Figure 5.1 shows the location of
DWIVA on the BMP-2 protein. Additional biomimetic peptides of BMP-2 have been
proposed in the literature, but were not studied here due to the length of the mimic sequence
and potential interruption to MDP hydrogelation.17,18

Figure 5.1: Crystal structure of human BMP-2 with DWIVA sequence shown in blue.
PDB: 3BMP.

The goal of this work was to include the bioactive sequence, DWIVA, into the MDP
in order to drive bone formation. The experimental sequence, K2(SL)6K2GDWIVA, is
shown in Figure 5.2. In contrast to many other bioactive hydrogels developed by our
laboratory, the matrix metalloproteinase 2 (MMP-2) enzymatic cleavage domain was not
included in this peptide. Because bone formation is a relatively lengthy process, rapid
degradation of the hydrogel was not desired. Both in vitro analysis using a pre-osteoblast
cell line and in vivo analysis using a subcutaneous injection model were expected to show
osteogenic activity of this peptide. While the material is capable of supporting vitality and
mineralization activity in vitro, subcutaneous injection failed to show ectopic calcification.
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However, vascularization and innervation, as seen for K2(SL)6K2 and described in Chapter
4, was maintained.

Figure 5.2: Structure of the new molecule, K2(SL)6K2GDWIVA, synthesized and utilized
to form an MDP hydrogel. Carbon atoms are shown in black. Nitrogen atoms are shown in
blue. Hydrogen atoms are shown in white. Oxygen atoms are shown in red.

5.2 Chemical Characterization

As discussed in detail in Chapter 1, MDPs have characteristic properties in terms of
secondary structure, self-assembly, and hydrogelation. While these properties are
conserved as long as the ABA (A= charged residues, B= hydrophilic/hydrophobic residue
repeats) motif is conserved, deviations from this motif have the potential to disrupt the
characteristic chemical properties of MDPs. The addition of the BMP-2 mimetic sequence
(DWIVA) to the C-terminus of K2(SL)6K2 may therefore be problematic, and necessitates
chemical characterization of the novel peptide using attenuated total reflectance Fourier
transform infrared spectroscopy (ATR FT-IR), circular dichroism spectroscopy (CD),
atomic force microscopy (AFM), and rheology.
K2(SL)6K2 has an antiparallel b-sheet secondary structure. A change in this
characteristic structure would be concerning, as it would likely affect the self-assembly of
the peptide and therefore hydrogelation as well. In order to confirm maintenance of
secondary structure after the addition of DWIVA, ATR FT-IR and CD were performed.
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Both techniques give spectra consistent with that of K2(SL)6K2, showing that the addition
of DWIVA does alter secondary structure. As shown in Figure 5.3A, an amide I‖
absorbance is seen at 1622 cm-1. Splitting of the amide I absorbance into a perpendicular
component is seen at 1696 cm-1. Both the amide I‖ and amide I absorbances fall into the
characteristic regions for an antiparallel b-sheet. The spectrum was collected both prior to
and following the addition of phosphate counterions to show that charge screening of
peptide termini does not alter secondary structure. The CD spectra for K2(SL)6K2GDWIVA
is shown in Figure 5.3B. The characteristic maximum at 198 nm and minimum at 218 nm
indicate a b-sheet secondary structure. The increase in MRE value when HBSS is present
suggests that b-sheet character is enhanced by the addition of phosphate counter ions.

Figure 5.3: Secondary structure of K2(SL)6K2GDWIVA. A) IR spectra B) CD spectra

After confirming secondary structure of K2(SL)6K2GDWIVA, it was confirmed that
this novel MDP was capable of supramolecular assembly to form nanofibers. AFM of 0.01
wt% peptide samples was performed to accomplish this. Figure 5.4A&B show nanofibers
formed by K2(SL)6K2GDWIVA. For Figure 5.4A, the sample was prepared in MilliQ water
with no addition of phosphate counterions. The sample shown in Figure 5.4B, however,
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was prepared with phosphate ions. Comparison of Figure 5.4A and Figure 5.4B shows that
the addition of HBSS leads to an apparent increase in fiber density and crosslinking, at the
same weight percent of peptide. This is consistent with data published for K2(SL)6K2, and
indicates that the neutralization of repulsion of peptide termini leads to more robust selfassembly. It is important to note that the height of nanofibers is consistently 2 nm for Figure
5.4A and Figure 5.4B.

Figure 5.4: AFM images of K2(SL)6K2GDWIVA prior to (A) and following (B) the
addition of HBSS as a source of phosphate counterions.

The rheological properties of the hydrogel formed by K2(SL)6K2GDWIVA were
evaluated in a strain sweep experiment and a shear recovery experiment. The results of a
strain sweep analysis are shown in Figure 5.5A. The G’ of this hydrogel is approximately
1,800 Pa, while the G” is 220 Pa. The order of magnitude difference between G’ and G”
coupled with the linear viscoelastic behavior from 0.01% to 5% confirm that this peptide
forms a hydrogel. The G’ of K2(SL)6K2 was published as 190 Pa,19 which is significantly
lower than that obtained for K2(SL)6K2GDWIVA. The addition of the mimic therefore
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increased G’, most likely through stabilization of self-assembled fibers. This peptide was
also confirmed to shear recover, as shown in Figure 5.5B. One minute after shearing, the
peptide recovers 70% of its initial G’, while 80% of the initial G’ is recovered after 20
minutes. Because this peptide shear recovers, it could be delivered therapeutically via
syringe injection.

Figure 5.5: Rheological characterization of K2(SL)6K2GDWIVA A) Strain sweep
experimental results from 0.01-200% strain B) Shear recovery experimental results where
a 200% strain is applied at a time equals -1 to liquefy the hydrogel and is removed at time
equals 0.

5.3 In Vitro Characterization
Following

chemical

characterization

of

K2(SL)6K2GDWIVA,

in

vitro

biocompatibility experiments were performed. The goal of these experiments was to verify
that this MDP hydrogel is cytocompatible and provides an appropriate matrix to preserve
cell vitality. Because this MDP was designed to promote bone formation, MC3T3-E1 cells
were used for in vitro analysis. Derived from the bone of Mus musculus (mice), these cells
are often used to study osteoblast differentiation.18,20 3D hydrogels were cast into a 96 well
plate; 100 µl of 1 wt% hydrogel containing 50,000 cells was placed in each well. The gels
were cultured for 1, 4, 7, 10, or 14 days at 5% CO2 and 37 °C. After the desired time in
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culture, the gels were fixed using 10% formalin, and stained for cell nuclei and the actin
cytoskeleton. Figure 5.6 shows the results of MC3T3-E1 culture.

Figure 5.6: Confocal images of MC3T3-E1 cells seeded within a 1 wt %
K2(SL)6K2GDWIVA hydrogel. Cell bodies are stained green using Alexa FluorÒ
phalloidin-488, while cell nuclei are DAPI-stained and appear blue. All scale bars are 25
µm.

At all time points, few cell nuclei are seen without concurrent cell body staining, suggesting
vitality of the cells. Additionally, extended cell bodies are seen at all time points, indicating
that the MC3T3-E1 cells are adopting their characteristic morphology when cultured threedimensionally in the K2(SL)6K2GDWIVA hydrogel. As the experimental time in culture
increases, larger networks of cells are seen which may indicate proliferation of cells within
the matrix.
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After confirming cytocompatibility, the ability of MC3T3-E1 cells to express
proteins involved in mineralization when encapsulated within the hydrogel was evaluated.
For this experiment, the cells were cultured in osteogenic media containing 8 mM glycerol
phosphate, 10-8 M dexamethasone, and 50 mg/ml ascorbic acid.18 After 10 days, the gels
were fixed with 10% formalin and immunostained for expression of bone sialoprotein
(BSP), osteocalcin (OCN), and osteopontin (OPN). Figure 5.7 shows a representative
image of the results obtained, with positive staining present for all three markers.

Figure 5.7: Three-dimensional culture of MC3T3-E1 in osteogenic culture media. Cell
nuclei are DAPI-stained and appear blue. BSP is shown in red, OCN is shown in green,
and OPN in shown in purple. Scale bar is equal to 25 µm.

5.4 In Vivo Characterization

Because the K2(SL)6K2GDWIVA hydrogel showed high cytocompatiblity with
MC3T3-E1 cells and was also capable of supporting expression of mineralization markers
by these cells, the hydrogel proceeded to in vivo evaluation. A simple subcutaneous model
was used to evaluate the physiological response to this material in the absence of injury or
disease. These experiments were performed to evaluate cellular infiltration and
vascularization of the hydrogel, as well as determine the degradation profile for this
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material. Ideally, ectopic calcification would be induced by the hydrogel, as injection of
BMP-2 growth factor has been shown to produce this result.21
Subcutaneous injections of hydrogels were performed into the dorsal tissue of rats,
and were removed 3, 7, 14, 21, 28, 35, or 42 days after injection. After removal from the
organism, the implants were prepared for paraffin histology at Baylor College of
Medicine’s Breast Cancer Pathology core and sectioned into 5 µm thick tissue sections.
The resulting tissue sections were stained using histochemical and immunohistochemical
techniques to evaluate the physiological response to this MDP hydrogel.

Figure 5.8: Hematoxylin and eosin stained tissue sections. All scale bars are equal to 200
µm. Cell nuclei appear purple, while eosin acts as a pink counterstain. There is dense
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purple staining in the hydrogel, indicating significant cellular infiltration of the material.
Arrows designate fascicles of peripheral nerves populating the implant beginning at day 7
and continuing through day 42. Control tissue does not show this density of peripheral
nerves.
As shown in Figure 5.8, the K2(SL)6K2GDWIVA hydrogel was rapidly infiltrated by
cells, and cells remained within the hydrogel scaffold over the experimental time period.
By 3 days post-injection dense purple staining is seen within the hydrogel indicating the
presence of cells. Significantly, no evidence of fibrous encapsulation was seen, suggesting
biocompatibility of this material. Neural fascicles consistent with injection of K2(SL)6K2
were also noted within the implant and are delineated in Figure 5.8 using arrows. Neural
fascicle identity was confirmed through immunostaining for neurofilament protein (NFP)
and bIII-tubulin, both specific neural markers (Figure 5.9A). Additionally, it was found
that the axons of the neural fascicles were myelinated and supporting Schwann cells were
present (Figure 5.9B).

Figure 5.9: Immunostaining of neural fascicles. A) green= NFP, red= bIII-tubulin B)
cyan= S-100, purple= myelin basic protein (MBP). Cell nuclei are DAPI-stained and
appear blue in both A&B.
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Quantification of neural fascicles present within the MDP hydrogel is shown in Figure
5.10. The K2(SL)6K2GDWIVA hydrogel and native tissue exhibit a similar density of
neural fascicles.
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Figure 5.10: Quantification of neural fascicles found within the K2(SL)6K2GDWIVA
hydrogel.

The cross-sectional area of hydrogel was calculated from H&E stained tissue sections
to obtain an approximate degradation profile for the material (Figure 5.11). A continual
decline in hydrogel area is seen beginning at 7 days post-injection, and this decrease in size
becomes statistically significant at day 21. By 42 days post-injection, some implants could
not be found, and the data shows solely the average area of the implants discovered during
harvest. The degradation profile obtained for K2(SL)6K2GDWIVA is consistent with that
obtained for K2(SL)6K2, with the exception of the 7 day timepoint. The K2(SL)6K2 hydrogel
shows a significant increase in hydrogel size from 3 days to 7 days post-injection. As
explained in Chapter 4, we theorize that this is due to the immune response to the material.
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Therefore, we hypothesize that the absence of this increase for K2(SL)6K2GDWIVA
suggests a lower immune response to this hydrogel, while the reasons for this are currently
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Figure 5.11: Biodegradability of the K2(SL)6K2GDWIVA hydrogel.

Similar to the K2(SL)6K2 hydrogel, the K2(SL)6K2GDWIVA hydrogel becomes
vascularized after subcutaneous injection. Figure 5.12 shows a panorama of the MDP
hydrogel 21 days post injection, with blood vessels appearing in red.

Figure 5.12: An example image showing vascularization of the K2(SL)6K2GDWIVA
hydrogel. DAPI-stained cell nuclei appear blue, while blood vessels appear red. This MDP
hydrogel was excised 21 days after injection, and shows extensive vascularization. Scale
bar is equal to 400 µm.
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Figure 5.13 shows quantification of the number of mature blood vessels found within the
MDP hydrogel at each timepoint, with maturity determined by complete closure of aSMA
staining around the vessel. By 3 days post-injection, the number of vessels seen within the
MDP hydrogel is not significantly different from native tissue. By 14 days post-injection
there is a statistically significant increase in the number of blood vessels compared to native
tissue, and this remains true for the remainder of the experimental timepoints. Because
these results are consistent with those obtained after injection of K2(SL)6K2,
vascularization is not attributable to the addition of the BMP-2 mimic.
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Figure 5.13: Quantification of blood vessels found within the K2(SL)6K2GDWIVA
hydrogel.

Figure 5.14 is included to summarize the key properties of this MDP elucidated by
subcutaneous injection. As shown in Figure 5.14A&B, the hydrogel does not become
fibrously encapsulated after implantation, and develops multiple neural fascicles within the
MDP. In addition to innervation, the scaffold becomes highly vascularized, and
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vascularization is often seen in concert with innervation (Figure 5.14C). Neural fascicle
identity was confirmed using multiple stains, including NFP and DPYSL-2 (Figure 5.14D).

Figure 5.14: Innervation and vascularization of the MDP hydrogel. A) Masson’s trichrome
stained control tissue section showing no nerves present without MDP injection. B)
Masson’s trichrome stained MDP hydrogel excised after 42 days with multiple nerve
fascicles present. Nerves are labeled with a star. In contrast to A) multiple nerve fascicles
are observed, demonstrating that this material promotes innervation. C) Immunostained
MDP hydrogel after 21 days with blood vessels (αSMA positive) shown in green and nerve
fascicles (NFP positive) shown in red. DAPI-stained cell nuclei appear blue. Both
vascularization and innervation of the material are seen in this image. D) Innervation of the
MDP hydrogel. Red staining is positive for neurofilament protein (NFP) and green staining
is positive for DPYSL-2. DAPI-stained cell nuclei appear blue. A) and B) Scale bar is equal
to 200 µm. C) and D) Scale bar is equal to 100 µm.
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Injection of the K2(SL)6K2GDWIVA hydrogel was insufficient to induce ectopic
calcification. Immunostains for BSP, OCN, and OPN were all negative at all timepoints.
Additionally, alizarin red staining and silver nitrate staining showed no indication of
mineralization. The lack of mineralization seen after injection could be attributable to
multiple causes. First, the DWIVA bioactive sequence incorporated into the MDP may not
be binding to the BMP-2 receptor. Additional studies including Western blot to look at
protein expression and polymerase chain reaction (PCR) to look at gene expression could
elucidate if this is the case. Next, the appropriate cell types may not be present to be
activated by DWIVA, even if the sequence is capable of binding the BMP-2 receptor. This
could be addressed by using a bone healing in vivo model such as a rat calvarial defect
model where the appropriate cell types for bone formation would undoubtedly be present.
A final potential explanation is that DWIVA is binding to and activating the receptor on
the appropriate cell types, but the experimental time period is not sufficient to see
mineralization. Typical bone formation studies range between 4 and 12 weeks at the
minimum.22 As shown in Figure 5.11, the degradation of this material is too rapid to allow
for experimental studies of this length.

5.5 Conclusions

K2(SL)6K2GDWIVA adopts a b-sheet secondary structure and self-assembles to form
nanofibers in aqueous solution. Upon the addition of oppositely charged multivalent salt
(HBSS), a thixotropic hydrogel is formed with an increased storage modulus due to
addition of the peptide mimic. In in vitro analyses, it was found that this hydrogel was
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cytocompatible with the pre-osteoblast cell line, MC3T3-E1, and was capable of
supporting a mineralizing phenotype by the cells. However, when implanted
subcutaneously, the hydrogel failed to induce ectopic calcification. It remains unknown as
to whether the mimic sequence is binding to and activating the BMP-2 receptor. Future
studies may elucidate if this is the case; if not, an alternative linking strategy could be used
to ensure that the mimic is exposed to bind to the receptor. Alternatively, other mimics of
BMP-2 have been proposed in the literature, and one of these sequences could be included
into the MDP in place of DWIVA. While ectopic calcification was not seen, innervation
by the peripheral nervous system, vascularization, and biodegradability were confirmed for
this material.

5.6 Materials and Methods

Peptide Synthesis, CD, IR, AFM, Oscillatory Rheology, Subcutaneous Injection,
Histology

&

Immunohistochemistry

Biodegradability/Vascularization,

Quantification

Immunostaining,

of

Neural

Statistical

Fascicles/

Analysis:

See

Appendix 1.

Cell Culture & Encapsulation: MC3T3-E1 cells were cultured in a-MEM media
supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1%
penicillin streptomycin for the cytocompatibility experiments shown in Figure 5.6. To
evaluate the osteogenic potential of the hydrogel, osteogenic a-MEM media was used with
15% FBS, 1% penicillin streptomycin, 10 mM b-glycerol phosphate, 10-8 M
dexamethasone, and 50 mg/ml ascorbic acid. To setup 3D culture of MC3T3-E1 cells, cells
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were suspended in HBSS to a concentration of 1,000,000 cells/ml. The cell suspension was
added to an equal volume of 2 wt% hydrogel. All cell culture was performed at 5% CO2
and 37 °C.

Cell Nuclei and Actin Cytoskeleton Staining: 3D hydrogels containing MC3T3-E1 cells
were fixed overnight in 10% formalin. Gels were then washed three times with HBSS, and
cells were permeabilized with 0.5% Triton-X (in HBSS) for 10 minutes. Glycine (100 mM
in HBSS) was applied for 10 minutes to reduce non-specific staining. The gels were
blocked using 1% BSA in HBSS for 30 minutes, followed by the application of Alexa
FluorÒ 488 phalloidin for 30 minutes. After washing with HBSS three times, DAPI was
applied to the hydrogel for 20 minutes. Images were taken on a Nikon A1-Rsi confocal
microscope with a z-stack thickness of 50 µm.

Cell-in-Gel Immunostaining: 3D hydrogels containing MC3T3-E1 cells were fixed
overnight in 10% formalin. Gels were then washed three times with HBSS, and cells were
permeabilized with 0.5% Triton-X (in HBSS) for 30 minutes. After rinsing several times
the hydrogels were blocked with multiple exchanges of 10% FBS in HBSS for 12 hours.
Primary antibodies were added to the gels at a 1:50 dilution, and the gels were incubated
overnight at 4 °C. After washing with HBSS three times for five minutes each, DAPI was
applied to the hydrogel for 20 minutes. Images were taken on a Nikon A1-Rsi confocal
microscope with a z-stack thickness of 50 µm.
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Table 5.1. Primary antibodies used for MC3T3-E1 cell-in-gel immunostaining
Antibody
Rabbit anti-BSPII
Rabbit anti-OCN
Rabbit anti-OPN

Conjugated Fluorophore
AFÒ 555
AFÒ 488
AFÒ 647

Company
Bioss
Bioss
Bioss

Catalog Number
bs-2668R
bs-4917R
bs-0026R
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Chapter 6: Conclusions

With the ultimate goal of translation to the clinic, the development of MDP
hydrogels requires multiple types of experimentation including chemical design and
characterization, in vitro analysis, ex vivo analysis, and in vivo analysis. The work
described here contributes to all phases of MDP development. In terms of chemical design
of MDPs, a positively charged, covalently crosslinked MDP hydrogel was created. By
including cysteine residues into MDP sequence, covalent capture of self-assembled
hydrogels was possible through the formation of disulfide bonds. This increased the
hydrogel’s rheological storage modulus by approximately two orders of magnitude.
Furthermore, other characteristic chemical properties of MDPs were conserved despite
covalent capture; these properties include b-sheet secondary structure and peptide selfassembly to form nanofibers. It was shown that covalent capture can be triggered with an
oxidizing agent or can be allowed to gradually occur naturally over time. Alternatively, the
peptide can be maintained in the reduced state using a biocompatible reducing agent until
covalent capture is desired. This scaffold requires evaluation for cytocompatibility using
in vitro studies. If cytocompatibility is confirmed, the enhanced rheological properties of
this hydrogel may greatly expand the realm of applications suitable for MDPs.
Ex vivo modeling of the previously published K(SL)3RG(SL)3KGRGDS hydrogel
examined hydrogel compatibility with dental pulp tissue. Although not a replacement for
more complex in vivo models, the rat mandible organ culture model isolated tissue
response to the MDP hydrogel without systemic influences complicating results. It was
shown that the MDP hydrogel could be delivered to the dental pulp without inflicting
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notable cytotoxicity or disruption of native tissue architecture. Furthermore, the dental pulp
exhibited differential responses to the MDP, depending on the location of hydrogel
injection. When injected into the soft tissue of the pulp core, extracellular matrix deposition
and hydrogel degradation were seen. In contrast, when injected into the odontoblast space,
the hydrogel absorbed key proteins secreted by odontoblasts and showed beginning stages
of mineralization. Thus, MDP scaffolds delivered into two distinct anatomical regions
within whole dental pulp tissue are shown to be biocompatible, preserving local tissue
architecture. Additionally, odontoblast function and pulp vitality are preserved when MDP
scaffolds are intercalated between dentin and the odontoblast region, a finding that has
significant implications when considering these materials as pulp capping agents. The
findings of ex vivo modeling suggest that this hydrogel should be evaluated in a pulpcapping canine or porcine model.
In vivo subcutaneous injection studies using the base MDP sequence, K2(SL)6K2
demonstrate the importance of systemic influences in defining the physiological response
to the MDP hydrogel. By the earliest time point, 3 days post-injection, the MDP hydrogel
was highly infiltrated by cells. The scaffold remained infiltrated by cells throughout the
remainder of the experiment, as the scaffold degraded over time. While implants were still
detectable 6 weeks post-injection, the hydrogel area had decreased considerably. Figure
6.1 provides a cartoon summary of the results shown in histology. Fibrous encapsulation
of the material was not seen at any time point. Although not specifically designed for
bioactivity, it was shown that this MDP hydrogel becomes vascularized and innervated.
These effects may be attributable to the myriad of proteins secreted by cells in response to
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the MDP hydrogel, including CC and CXC chemokines, MMP-8, TIMP-1, PDGF-AA,
VEGF, b-NGF, and CNTF, among others.

Figure 6.1: Schematic depicting the current hypothesis of K2(SL)6K2 bioactivity. MDP
hydrogel is shown in gray, neural fascicles are shown in yellow, blood vessels are shown
in red, and cells are shown in purple. A) MDP hydrogel immediately after injection is
surrounded by native blood vessels, fascicles, and cells. B) MDP hydrogel 3 days postinjection has been completely infiltrated by cells and is surrounded by a high density of
blood vessels. C) MDP hydrogel 14 days post-injection. Cells are homogenously
distributed, and there is a high density of blood vessels within the implant. Several neural
fascicles are also found within the implant. D) MDP hydrogel 42 days post-injection.
Cellular infiltration, density of vascularization, and density of innervation remain high, but
the implant resolves into native tissue over time.

The future development of MDPs will rely heavily on the subcutaneous study of
K2(SL)6K2. This study elucidated that cells can survive within the MDP hydrogel without
inclusion of the RGD cell adhesion motif. This therefore frees the C-terminus for other
functionality. Additionally, scaffold degradation still occurred even when the peptide did
not include the MMP-2 enzymatic cleavage motif. Typically, inclusion of this motif
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decreases the rheological properties of the hydrogel because it interrupts the portion of the
peptide driving self-assembly. Results suggest that K2(SL)6K2 can be used in place of
K(SL)3RG(SL)3K, except in cases where rapid degradation of the hydrogel is absolutely
required. This may allow for the inclusion of lengthier protein mimetic sequences without
preventing hydrogelation.
Because of the cytokines identified in the cytokine array performed on K2(SL)6K2
subcutaneous implants, we hypothesize that the foreign body response plays a key role in
defining the physiological response to MDPs. While these molecules certainly hint that this
is the case, future studies need to be performed to identify cellular populations within the
MDP hydrogel and how these populations change over time. This is imperative for the
development of scaffolds capable of altering cellular behavior in vivo.
Design of a novel MDP to promote bone regeneration through mimicking the
activity of BMP-2 resulted in the synthesis of K2(SL)6K2GDWIVA. After synthesis, this
peptide was chemically characterized to gain information about secondary structure, selfassembly, and rheological properties. Secondary structure and self-assembly were
consistent with K2(SL)6K2, while rheological storage modulus was dramatically increased.
In vitro, this material was capable of supporting pre-osteoblasts, but the material failed to
induce mineralization in vivo after subcutaneous injection.
To address the development of mimetic peptides, methods need to be developed
that can access receptor-binding activity of peptides in vitro. While Western blot and
polymerase chain reaction are common methods used for this purpose, the extraction of
cells from the MDP hydrogel for analysis using these techniques has proven extremely
difficult. Success of these methods will rely on development of techniques to extract cells
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from the MDP without damaging cell integrity or obtaining peptide contamination. The
increased rheological properties of K2(SL)6K2GDWIVA suggest a more robust selfassembly than K2(SL)6K2. In consequence, this may also indicate that the BMP-2 mimetic
sequence is not exposed to bind the BMP-2 receptor on cells. Mimic availability could be
increased by including multiple glycine residues as linkers between the MDP and the
mimic. Using the information determined in these studies, MDPs for specific therapeutic
use may be developed for translation to the clinic.
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Appendix 1: Materials and Methods

Peptide synthesis and hydrogel preparation: K(SL)3RG(SL)3KGRGDS, K2(SL)6K2, and
K2(SL)6K2GDWIVA were synthesized at a 0.45-mmol scale via an automated Focus XC
Solid Phase Peptide Synthesizer. The N- and C-termini of the peptide were acetylated and
amidated, respectively, and the peptide was dialyzed with benzoylated dialysis tubing
(MWCO: 2000) following cleavage of the peptide from the resin. Correct molecular mass
was confirmed through MALDI-TOF mass spectrometry or ESI mass spectrometry. The
peptide was lyophilized and subsequently dissolved in MilliQ water to a concentration of
20 mg/mL. Hydrogels were prepared by adding equal volumes of peptide solution (20
mg/mL) and HBSS containing 300 mM of sucrose; thus, the final concentration of peptide
was 10 mg/mL, and the final concentration of sucrose was 150 mM in the hydrogel.

CD: CD data was obtained using a Jasco J-810 spectropolarimeter, and data was collected
from 180-250 nm wavelengths. All measurements were collected at room temperature
using a 0.01 cm quartz cuvette on 0.1 mg/ml peptide dissolved in Milli-Q water. Data
obtained in millidegrees was used to determine molar residue ellipticity by Equation 1.
Equation 1:
! =

!x$
% x & x '(

where q equals millidegrees, M equals molecular weight, c equals peptide concentration, l
equals pathlength, and nr equals the number of residues in the peptide sequence.
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IR: All peptides were dissolved in Milli-Q water to 0.1 mg/ml, and 20 µl was pipetted onto
the diamond of a “Golden Gate” ATR. The solution was allowed to dry completely under
nitrogen prior to measurement of absorbance using a Jasco FT/IR-660 spectrometer. The
absorbance was measured from 1000-4000 cm-1 using ATR FT-IR, and 64 accumulations
at a resolution of 1 cm-1 were acquired.

AFM: For gelled and non-gelled samples, a 0.01 wt% peptide solution was prepared in
Milli-Q water, and 8 µl was spin-coated onto a freshly cleaved mica disc. After drying for
approximately 8 seconds, the samples were rinsed with Milli-Q water for 10 seconds to
remove salt crystals. The samples then were allowed to spin dry using a Headway Research
photoresist spinner for 10 minutes. Images were subsequently taken using a Digital
Instruments Nanoscope IIIa operating in tapping mode.

Oscillatory Rheology: For all rheological experiments, 200 µl of 1 wt% hydrogel was
placed onto the rheometer stage. Using a TA Instruments AR-G2 rheometer equipped with
a 12 mm stainless steel plate, strain sweep and shear recovery experiments were performed.
Strain sweep experiments applied 0.001-200% strain to the gel at a frequency of 1 rad/s.
Shear recovery experiments began with the application of 1% strain for 20 minutes, and
subsequently applied 200% strain for 1 minute. The gel was then allowed to recover at 1%
strain for 20 minutes.

Subcutaneous Injection: All experiments were performed in accordance with an IACUC
protocol approved by Rice University. Wistar rats weighing 226-249 g (Charles River
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Laboratories) were given 200 µl subcutaneous injections on the dorsal aspect. The animals
were anesthetized using isoflurane (3% carried by oxygen) and maintained on a nose cone
(2% isoflurane). Prior to injection, hair was clipped with a power trimmer, and the injection
sites were sterilized with an alcohol swab. After 3, 7, 14, 21, or 42 days, the animals were
euthanized by CO2 overdose, and the dorsal tissue was harvested and fixed in 4%
paraformaldehyde for histological analysis.

Histology & Immunohistochemistry: All samples were processed, embedded, and
sectioned at Baylor College of Medicine’s Breast Cancer Pathology core, and all staining
was performed on 5 µm thick tissue sections. Hematoxylin and eosin and Masson’s
trichrome staining were performed according to manufacturer’s instructions. For
immunostaining, tissue sections were deparaffinized and rehydrated through xylene and
ethanol washes. Slides were boiled in sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) for 20 minutes for antigen retrieval. Slides were allowed to cool to room
temperature, and 0.5% Triton-X in HBSS was applied for 5 minutes to permeabilize cells.
Slides were rinsed with HBSS and blocked with 1% BSA in HBSS for 30 minutes.
Antibodies were diluted as shown in Table A.1 in 1% BSA in HBSS and applied overnight
at 4 °C. The slides were then rinsed three times with HBSS, and secondary antibodies were
applied at a 1:500 dilution for 1 hour. The slides were mounted with a DAPI-based
mountant. All images were taken using a Zeiss Imager.M2m microscope for Chapter 4 and
a Nikon A1-Rsi confocal microscope for Chapter 5.
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Table A.1. Antibodies used for immunostaining of tissue sections
Catalog
Secondary
Primary Antibody Dilution Company
Number
Antibody
Anti-Mouse AFÒ
Mouse anti-S100
1:300
Abcam
Ab14849
488
Anti-Rabbit AFÒ
Rabbit anti-MBP
1:150
Abcam
Ab40390
568
Rabbit anti-bIIIAnti-Rabbit AFÒ
1:100
Sigma
T2200
tubulin
568
Anti-Mouse AFÒ
Mouse anti-NFP
1:100
Sigma
N2912
488
Rabbit antiAnti-Rabbit AFÒ
1:600
Sigma
HPA002381
568
DPYSL-2
Anti-Rabbit AFÒ
1:300
Genetex
GTX100034
Rabbit anti-aSMA
568

Quantification of Histology: Two implants from each animal were harvested and
quantified for cellular infiltration, hydrogel degradation, neural density, and blood vessel
density. The data shown in Chapters 4 and 5 uses an n of 8 animals.

Hydrogel Degradation: Panorama images were obtained of each tissue section containing
MDP hydrogel. The total area of the hydrogel was calculated in ImageJ to approximate a
degradation profile of the material.

Neural Density: In H&E stained tissue sections, both the hydrogel and remodeled tissue
immediately surrounding the hydrogel are easily identifiable. Using ImageJ, this area was
calculated, and the number of neural fascicles located within the implant and remodeled
tissue was counted. The total number of neural fascicles was divided by the area determined
using ImageJ to give neural fascicle density per mm2 of tissue. The value shown for tissue
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was calculated from dorsal tissue of untreated rats, where the number of neural fascicles
counted was divided by the total area of the tissue harvested.

Blood Vessel Density: Using tissue sections immunostained for aSMA, the number of
blood vessels clearly located within the MDP hydrogel was counted manually. Only blood
vessels showing a complete ring of aSMA staining were counted in order to avoid counting
non-specific staining or undeveloped vasculature. The total area of the MDP hydrogel was
calculated using ImageJ for each tissue section, and the number of blood vessels counted
was divided by this area. The value shown for tissue was calculated from dorsal tissue of
untreated rats, where the number of blood vessels counted was divided by the total area of
the tissue harvested.

Statistical analysis: All error bars indicate the standard error of the mean. Differences
between groups were determined using a one-way analysis of variance (ANOVA) and a
Tukey’s multiple comparisons test using GraphPad Prism v7.0A. P-values < 0.05 were
considered significant. Values that are not significantly different from one another are
indicated with the same Greek letter(s). Statistically significant differences are shown
with different Greek letters.
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