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Abstract
Biomimetic scaffolds have played a major role in the advancements in tissue engineering.
In addition to mimicking the stiffness, nanofibrous structure, and biochemistry of the
native extracellular matrix (ECM), reproducing the three-dimensional (3D) environment
of the ECM has been shown to be extremely important. To this end, we designed a coassembling peptide-amphiphile hydrogel system containing the fibronectin-mimetic
PR_g peptide-amphiphile and an E2 diluent peptide-amphiphile for the entrapment and
culture of cells in 3D. The E2 diluent peptide amphiphile was designed to screen charges
on the PR_g and increase the kinetics of self-assembly in physiologically relevant
solutions. Our study investigated two weight percent formulations, 0.5 and 1.0 wt %, and
found that in both, entrapped fibroblasts survived encapsulation, proliferated, and
deposited collagen IV and fibronectin ECM proteins. The 0.5 wt % gels had a modulus
of 429 Pa and supported significantly more fibroblasts proliferation than the 1.0 wt %
gels, which had a modulus of 809 Pa. The 1.0 wt% gels though, supported significantly
higher mRNA expression and production of ECM proteins. This result indicates by
tuning the wt % of our peptide-amphiphile hydrogels, we can encourage either rapid
proliferation or ECM deposition.
While peptide-amphiphiles are an attractive material for the design of cell scaffolds due
to their ability to self-assemble into nanofibrous hydrogels and incorporate multiple
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biomimetic peptides, there are some limitations associated with these physical hydrogels.
One such limitation is that the kinetics of assembly and the mechanical properties of the
resulting hydrogels are dependent upon the peptide sequence. We found that the modulus
of multifunctional peptide-amphiphile hydrogels ranged from 1000 to 6500 Pa, which
was too broad a range to deconvolute the effect of the peptide signal and the effect of
mechanical properties.
To simplify our system and study the effects of combining ECM protein-mimetic and
growth factor-mimetic peptides on the proliferation and function of pancreatic β-cells,
peptide mimetics were covalently immobilized on plates. This study found that β-cells
proliferate more and secreted significantly more insulin on peptide-functionalized
compared to non-functionalized controls. The specific peptide mimetic or combination
of peptide mimetics did not significantly affect insulin secretions, but literature suggests
that other signals, including cell-cell signaling may play a more significant role in insulin
secretion than ECM protein or growth factor signaling. A poly(ethylene glycol)
dimethacrylate (PEGDM) hydrogel was functionalized with the laminin-mimetic IKVAV
peptide at a 20 µM concentration to match the modulus of non-functionalized hydrogels.
This system was used to determine if peptide-functionalization also had an effect in 3D.
We found β-cells in IKVAV-functionalized hydrogels proliferated significantly more
than β-cells in non-functionalized scaffolds, but no differences in insulin secretion were
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observed. Together, these studies demonstrate the ability of peptide mimetics to enhance
cell proliferation and function of cells in 2D and 3D culture.
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Chapter 1

Introduction

Since its inception in the early 90’s, tissue engineering has promised to be a powerful
therapy in modern medicine; an answer to the shortage, cost, and complications
associated with organ and tissue transplantation. Tissue engineering requires the
appropriate interaction of cells, scaffolds, and biochemical signals such as mitogens and
growth factors. The realization of importance of the mechanical, structural, and
biochemical properties of the native extracellular matrix (ECM) has led to the
development of new techniques and chemistries to form and functionalize scaffolds for
cell culture. While many scaffolds are readily modified to mimic the architecture and
mechanical properties of native ECM, most scaffolds grossly oversimplify its
biochemical complexity. Often a single bioactive ligand or protein is used to mimic ECM
function and as a result many scaffolds fail to support cell adhesion, survival and
phenotype maintenance long term.1 Additionally, scaffolds with multiple functional
ligands typically do not diversify functional properties of the ECM and include only one
class of bioactive ligand rather than combinations of multiple classes of functional
molecules. This work focuses on the translation of a fibronectin-mimetic self-assembling
peptide-amphilphile hydrogels to 3D for cell entrapment and the incorporation of
additional peptide cell binding and growth factor binding domains to be combined in a
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modular fashion to produce defined, multicomponent hydrogels, optimized to support the
culture and differentiation of different cells.

1.1 The extracellular matrix
The extracellular matrix (ECM) is a collection of fibrous proteins and proteogylcans
which provide essential structure support and biochemical and biomechanical cues to
cells in tissues and organs. Some of the major protein components include fibronectin,
collagens, elastins, and laminin. Proteoglycans consist of a core protein covalently
decorated with glycosaminoglyans (GAGs); they are extremely hydrophilic and fill the
majority of the ECM. Due to their ability to take up water, proteoglycan rich ECMs are
able to withstand high compressive forces. Both proteins and proteoglycans have the
ability to bind growth factors.2

Each tissue ECM has a unique composition and

architecture which is optimized for that tissue’s specific function.
1.1.1

Collagen

Collagen is the most abundant fibrous protein in the extracellular matrix which provides
tensile strength and supports cell adhesion and migration. Fibroblasts are predominantly
responsible for the synthesis of the many different types of collagen, the most common
are type I, II, and III. Type I collagen is abundant in skin, tendon, bone, ligaments, and
dentin. Type II collagen is the major collagen in cartilage and type III collagen is found
in skin, muscle, tendon and dentin. Type IV collagen is not the most abundant of the
2

collagens, but it is found in the basil lamina of all tissues. Fibrous collagen is made up of
three α-chains to form a triple helix with the NC1 and 7S domains at the N- and Cterminus respectively (Figure 1.1).

The triple helix domain is made up of the

characteristic repeating unit: Gly-Pro-X, where X can be any amino acid. The collagen
triple helices, called collagen fibrils, align and assemble with other fibrils to form bundles
of fibrous collagen.

Figure 1.1: Schematic of collagen structure and assembly.
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1.1.2

Fibronectin

The ECM protein fibronectin is involved in many cell processes; including cell adhesion,
cell migration, and differentiation of stem cells. Fibronectin exists as a dimer, consisting
of two similar subunits, which contain binding domains for fibrin, heparin, collagen, and
cells. These subunits are crosslinked by disulfide bonds at their C-terminal ends (Figure
1.2). Each subunit is made up of serially-repeating modules named type I, type II, and
type III.3 The ubiquitous RGD cell binding domain is located in the 10th type III repeat of
fibronectin and the PHSRN synergy domain located in the 9th type III repeat of
fibronectin.4 The crystal structure of the III7-10 domains of fibronectin reveal that these
cell binding and synergy sites are separated by 30-40 Å and extend approximately 10 Å
away from the surface of the protein. The RGD sequence has been extensively used to
facilitate cell adhesion on biomaterials and it has been shown to bind a variety of
integrins, including α5β1, αvβ3.5 During embryonic development fibronectin is very highly
expressed, but its expression progressively decreases with age.6 Despite this decrease in
expression during development, fibronectin is found in the basal lamina of most adult
tissues.
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Figure 1.2: Schematic of fibronectin structure and domains.
1.1.3

Laminin

Laminin is the principle matrix protein in the basal lamina. Laminin is a heterotrimeric
protein, composed of and α-chain, a β-chain, and a γ-chain. The cross-like structure,
shown in Figure 1.3 contains binding domains for collagens, cells and integrins. The
three subunits form an α-helical coiled coil and are linked by several disulfide bonds.2
Laminins bind a several integrins, including α3β1, α2β1, α6β1, and α6β4, and mediates
adhesion of a variety of cells, including endothelial cells, epithelial cells, and neurons.
Laminin is a major component of neural ECM and has been shown to improve neuron
differentiation and axon outgrowth in vitro.7 The RGD cell binding domain found in
fibronectin is also present in laminin. Other cell binding domains in laminin include the
YIGSR and IKVAV cell binding domains. The YIGSR and RGD domains have been
shown to mediate the attachment and differentiation of endothelial cells.8

5

Figure 1.3: Schematic of laminin structure and domain.

1.2 Biomaterials scaffolds for tissue engineering
Tissue engineering scaffolds are designed to mimic the mechanical, biochemical and
architectural properties of the extracellular matrix (ECM). Two of the most common
classes of materials for scaffolds are synthetic polymers, such as poly(ethylene glycol)
(PEG) and poly(lactic-co-glycolic acid) (PLGA) and natural biopolymers, such as
collagen, chitosan, and fibrin. While synthetic polymers lack the innate bioactivity found
in natural biopolymers, many synthetic scaffolds can be readily modified to mimic the
nanofibrous architecture and mechanical properties of native ECM by modifying
monomer size, crosslinking, and electrospinning or curing conditions. Natural
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biopolymers are innately nanofibrous and bioactive, but they are potentially
immunogenic, there can be batch to batch variability, and they are limited to a narrower
range of mechanical properties compared to synthetic polymers.

1.3 Biochemical functionalization
With few exceptions, mammalian cells are anchorage dependent, requiring adhesion to a
substrate to maintain cell viability.9 Without the associated tension generated from
binding to a substrate, binding of ECM proteins or peptides in solution results in cell
death. To encourage cell adhesion to scaffolds, bioactive molecules are incorporated.
Bioactive proteins and peptides have been adsorbed to scaffolds or covalently
immobilized using a variety of chemistries, including N-hydroxysuccinimide esters
(NHS), maleimide, or “click” chemistry. Functionalization of scaffolds with the entire
bioactive molecule or with smaller domains and peptides, including the RGD peptide, has
been studied. While the use of full proteins can provide the benefits of secondary and
tertiary structure, they can be immunogenic.

Additionally, protein denaturation or

unfolding often occurs during adsorption and can be disrupted by immobilization
chemistries. Due to their large size, there is a lack of control over protein presentation
and orientation on scaffolds. The small size of peptides provides high stability and
control over the presentation of bioactive domains for scaffold functionalization. Peptides
have been used to great effect to increase cell adhesion to many materials, including
metal and ceramic substrates and synthetic polymer hydrogels.
7

Most scaffolds fail to successfully reproduce the complex biochemical signaling and
functions of the native ECM as they are functionalized with at most two bioactive
molecules.10–13 As a result of this oversimplified functionalization, many scaffolds fail to
support long term cell adhesion, survival and phenotype maintenance. Some of the
challenges limiting diverse biochemical functionalization of tissue engineering scaffolds
include the requirements for control over molecular orientation and mild chemistries to
preserve biological activity. Polymeric scaffolds are also constrained by the limited
number of unique, compatible chemistries for the addition of bioactive molecules. The
interactions of the many components of the ECM and their effect on its complex function
are poorly understood. Thus far, no study to our knowledge has investigated whether the
benefits of scaffold functionalization with multiple classes of ligands are significant or
additive. Different studies have functionalized scaffolds with peptides derived from
laminin

(IKVAV

or

YIGSR),14,15

fibrinogen

(KQAGDV),15

collagen

(GTPGPQGIAGQRGVV or TAGSCLRKFSTM),15,16 or the RGD ligand and have
17

shown that by selecting a functional ligand derived from the cell’s native ECM cell
adhesion, proliferation, and differentiation efficiency are improved. Thus, the design of
modular tissue engineering scaffolds capable of more complex mimicry of the natural
ECM

would allow for exploration of combinatory approaches

to

scaffold

functionalization which could, in turn, significantly contribute to advances in the fields of
cell biology, tissue engineering and regenerative medicine.
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1.4 Mechanical properties
Reproducing the mechanical properties of a cells’ native environment has been shown to
influence cell morphology, migration, gene expression, and function as well as to
influence the differentiation of stem cells.18–21 NIH3T3 fibroblasts have demonstrated
preferential migration from soft surfaces to stiff surfaces, and have larger focal adhesions
on stiffer substrates, likely as result of increased mechanotransduction.22 There is
evidence that substrate stiffness plays as large a role in stem cell differentiation as
biochemical signaling patterns and growth factor treatments.23–25 Mesenchymal stem cells
have been shown to differentiate towards neural, myogenic, or osteogenic fates as a result
of substrate stiffness alone.
The elastic modulus of human tissues spans from very soft to very stiff. Neural tissue has
an elastic modulus of approximately 0.1 kPA, pancreatic tissue is ~1 kPa, muscle is ~10
kPa and bone is ~100 kPA.23,26 The modulus of engineered scaffolds should be designed
to match the mechanical properties of the native tissue.

Mechanical properties of

scaffolds can be tuned by adjusting the concentration of chemical crosslinkers; adjusting
the molecular weight of the monomer, and thus the length between crosslinks; or
adjusting the weight percent of scaffold material forming the hydrogel.27–30

9

1.4.1

Dimension

Three-dimensional culture provides cells with a more realistic mimetic of a natural, in
vivo environment compared to traditional two-dimensional culture. Literature suggests
3D cell culture is critically important for tissue engineering applications, as 2D cell
culture introduces an artificial polarity between cells’ upper and lower surfaces resulting
in non-native cell morphologies and expression profiles.31 Cells have been shown to
proliferate and migrate faster in 3D culture32 and there is evidence that integrin and
receptor expression varies between 2D and 3D culture environments.33,34 Three
dimensional culture of hepatocytes has indicated that 3D environments slow the
dedifferentiation of hepatocytes and non-parenchymal hepatic cells in vitro, increasing
the amount of culture time and the expansion potential of hepatocytes with maintained
mature function.35–37 Dermal keratinocytes and fibroblasts have improved viability when
exposed to cytotoxic agents when cultured in 3D scaffolds compared to traditional 2D
tissue culture plastic.38 These a just a few examples highlighting the importance of
reproducing the dimensionality of a cells’ native environment in addition to the
biochemical and mechanical properties.

1.5 Peptide-amphiphiles
Amphiphiles are molecules that contain hydrophilic and hydrophobic domains. Peptide
amphiphiles (PAs) have a hydrophilic peptide headgroup covalently attached to a
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hydrophobic hydrocarbon tail (Figure 1.4). The hydrophobic tail is most often an alkyl or
dialkyl hydrocarbon chain with 12-20 carbons,39 but hydrophobic polymers have also
been used.40 The size of the peptide headgroup is typically 5-20 amino acid residues and
is considered to have at least two distinct domains.41 A spacer sequence, adjacent to the
hydrophobic tail is often included to control assembly and increase accessibility of a
functional peptide.42,43 The functional peptide domain is often a bioactive peptide signal
or a charged sequence which can provide additional control over peptide-amphiphile
assembly.44 Entropic interactions with the surrounding medium drive the self-assembly of
peptide-amphiphiles into various structures, such as micelles, vesicles, bilayers,
nanofibers and ribbons.45 Peptide amphiphiles with single tails and bulky, hydrophilic
headgroups have an overall conical shape and tend to form nanofibers.46 This is a
desirable structure because nanofibers have been identified as a key feature of tissue
engineering scaffolds, as they mimic the structural architecture of the natural ECM in
tissues.47

Figure 1.4: Structure of a peptide-amphiphile with a hydrocarbon tail, a
peptide spacer, and a charged peptide domain.
11

In aqueous environments, the hydrophobic tails are arranged in the core of the nanofiber
and the hydrophilic peptide domains interact with water. TEM imaging, infrared
spectroscopy, and circular dichroism methods have shown that β-sheet secondary
structures are a common characteristic of peptide-amphiphiles which form cylindrical
micelle nanofibers.44,48–50 Spectroscopy indicates that β-sheet-like hydrogen bonding
occurs between peptide amphiphiles along the length of the nanofiber50 contributing to
nanofiber stability while interactions in the radial direction are primarily electrostatic. 51
The first 5 amino acid residues adjacent to the hydrocarbon tail are critically important
for β-sheet and nanofiber formation.49 Amino acid residues with bulky side chains
including valine, isoleucine, phenylalanine, threonine, tryptophan, and tyrosine favor βsheet formation while the presence of certain amino acid residues, including lysine,
asparagine, glutamine, and proline, are known to disrupt and prevent β-sheet formation.52

1.6 PR_g peptide-amphiphiles
The Kokkoli group has previously developed a fibronectin-mimetic peptide amphiphile,
PR_g PA shown in Figure 1.5, which self-assembles into nanofibers in aqueous
environments and forms hydrogels.53 The PR_g peptide, which specifically binds the α5β1
integrin, contains both the RGDSP cell binding site and the PHSRN synergy site
separated by a linker that mimics the separation length of 30-40 Å in the native structure
of fibronectin.4 The linker was also designed to be flexible and to mimic the
hydrophobicity and hydrophilicity between the binding and synergy domains in
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fibronectin.54 The PR_g peptide design was modified from that of the PR_b peptideamphiphile, which as previously been used conjugated to a dialkyl tail for targeted
delivery of liposome carriers.55–60 The GGGSS spacer of PR_g was originally designed to
remove and displace the lysine (K) and proline (P) amino acid residues, which are known
to inhibit β-sheet interactions, of the PR_b peptide to allow for cylindrical micelle
assembly with a single C16 tail.52,53 TEM imaging, infrared spectroscopy, and circular
dichroism methods have shown that β-sheet secondary structures are a common
characteristic of peptide-amphiphiles which form cylindrical micelle nanofibers.44,48–50
The β-sheet hydrogen bonding is particularly important between the first four to six
amino acid residues closest to the hydrocarbon tail and has been shown to be critical for
gelation.49 The glycine (G) and serine (S) residues in particular, were selected for their
small size but neither residue favors β-sheet formation. Nonetheless, the PR_g peptideamphiphile has been shown to self-assemble in water to form cylindrical micelle
nanofibers which bundle to form hydrogels. PR_g hydrogels form after 48 h and have a
modulus of 480 Pa.53 As surfaces, PR_g hydrogels have been shown to support improved
cell adhesion, proliferation and ECM production compared to mechanically matched
hydrogel surfaces functionalized with full length fibronectin.61
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Figure 1.5: (A) PR_g peptide-amphiphile sequence and structure. (B)
Schematic of a PR_g nanofiber.

In addition to β-sheet domains, most peptide-amphiphiles which form nanofibers are
negatively-charged to facilitate assembly in cell culture media. Some positively-charged
peptide-amphiphiles have been reported to assemble into nanofibers in the presence of
KCl62 while others have been shown to co-assemble into nanofibers with negativelycharged peptide-amphiphiles. The PR_g peptide-amphiphile has a charge of +1 at neutral
pH. The relatively long time required for PR_g peptide-amphiphiles to self-assemble in
water may be due to repulsive electrostatic interactions. The gelation time may be
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reduced by introducing negatively-charged electrolytes or peptide-amphiphiles to screen
charges on the PR_g peptide-amphiphile.
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Chapter 2

3D Cell Entrapment as a Function of the
Weight

Percent

of

Peptide-Amphiphile

Hydrogels
2.1 Summary
The design of scaffolds which mimic the stiffness, nanofiber structure, and biochemistry
of the native extracellular matrix (ECM) has been a major objective for the tissue
engineering field. Furthermore, mimicking the innate three dimensional (3D)
environment of the ECM has been shown to significantly alter cellular response
compared to traditional two dimensional (2D) culture. We report the development of a
self-assembling, fibronectin-mimetic, peptide-amphiphile nanofiber scaffold for 3D cell
culture. To form such a scaffold, 5 mol % of a bioactive PR_g fibronectin-mimetic
peptide-amphiphile was mixed with 95 mol % of a diluent peptide-amphiphile (E2)
whose purpose was to neutralize electrostatic interactions, increase the gelation kinetics
and promote cell survival. Atomic force microscopy verified the fibrilar structure of the
gels and the mechanical properties were characterized for various weight percent (wt %)
formulations of the 5 mol % PR_g - 95 mol % E2 peptide-amphiphile mixture. The 0.5
wt % formulations had an elastic modulus of 429.0 ± 21.3 Pa while the 1.0 wt % peptideamphiphile hydrogels had an elastic modulus of 808.6 ± 38.1 Pa. The presence of
entrapped cells in the gels decreased the elastic modulus by approximately 40% for both
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the 0.5 and 1.0 wt % peptide-amphiphile hydrogels. While both formulations supported
cell proliferation, the 0.5 wt % gels supported significantly greater NIH3T3/GFP
fibroblast cell proliferation throughout the gels than the 1.0 wt % gels. However, the 1.0
wt % hydrogels promoted greater increase in expression of fibronectin and type IV
collagen ECM protein mRNA compared to the 0.5 wt % formulations. This study
suggests that this fibronectin-mimetic scaffold holds great promise in the advance of 3D
culture applications and cell therapies.

2.2 Introduction
The importance of the mechanical, structural, and biochemical properties of the native
ECM has been recognized and has led to the development of new techniques and
chemistries to form and functionalize scaffolds for cell culture. In addition to designing
scaffolds which mimic the nanofibrous structure, stiffness and biochemical signals of the
ECM, mimicking the innate 3D environment of the ECM has been shown to be critically
important for tissue engineering applications.63–66 Traditional 2D cell culture introduces
an artificial polarity between cells’ upper and lower surfaces resulting in non-native cell
morphologies and receptor and protein expression profiles.31 Additionally, significant
differences in the expression of integrins and other cell surface receptors between 2D and
3D environments have been reported.34,67
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Encapsulation of cells within a 3D scaffold is most effectively accomplished by
introducing cells during gelation in order to ensure uniform cell distribution. Many of the
common hydrogel systems currently used for 3D cell entrapment require low pH, as with
PuraMatrix;68 low temperature, as with collagen and Matrigel;69 or exposure to UV light
to initiate gelation, as with polyethylene glycol (PEG),70,71 which can damage cells and
lead to cell death. Peptide-amphiphiles are an attractive material for the design of cell
scaffolds which mimic the ECM due to their ability to self-assemble into nanofibrous
hydrogels and incorporate relevant bioactive, biomimetic peptide sequences.72 Peptideamphiphiles have been shown to form hydrogels in cell culture media and have been used
as 3D scaffolds for a variety of applications, including the culture and differentiation of
dental stem cells,73,74 mesenchymal stem cells,75–77 neural progenitor cells,14,78,79
cartilage,80 and pancreatic islets.81,82 It has been demonstrated that RGD-containing
peptide-amphiphile

scaffolds

support

enhanced

proliferation

and

osteogenic

differentiation of mesenchymal stem cells compared to peptide-amphiphile scaffolds
without the RGD peptide.76 Peptide-amphiphiles containing the laminin mimetic peptide,
IKVAV, have been shown to support neuron differentiation of neural progenitor cells. 14
Peptide-amphiphiles gels have also been shown be biocompatible in vivo, with significant
degradation within the first 30 days of implantation, followed by completely degrading
after 60 days with no signs of acute or chronic inflammation.83 Other work has shown
that entrapped cells internalize the peptide-amphiphile nanofibers and possibly utilize
peptide-amphiphiles in their metabolic pathways.62
18

We have previously developed a fibronectin-mimetic peptide-amphiphile, called PR_g,
which self-assembles in water to form nanofibrous hydrogels.53 The PR_g peptide
contains both the primary cell binding site, RGD, as well as the PHSRN synergy site.
These two sites are separated by a linker which accurately mimics the distance and the
overall hydrophobicity/hydrophilicity between these binding domains in fibronectin.42,54
We have previously demonstrated that the PR_g peptide specifically binds the α5β1
integrin54 with a dissociation constant of 76.3 ± 6.3 nM.84 PR_g peptide-amphiphile
hydrogels have been shown to support increased cell adhesion, proliferation, and ECM
secretion as 2D substrates compared to PEG hydrogels functionalized with fibronectin
and PuraMatrix hydrogels.61
Electrolytes or diluent peptide-amphiphiles of opposite charge have been used before in
the literature to screen charges and enable faster gelation.44,62 In the absence of any
electrolytes or other amphiphiles, PR_g peptide-amphiphiles were prepared in Milli-Q
water and aged for 48 h at room temperature before use for our 2D studies. 61 In order to
translate our PR_g hydrogels from 2D to 3D, a diluent peptide-amphiphile, E2 (C16GGGSSSESE), was designed to screen charges on the PR_g peptide-amphiphile (C16GGGSSSPHSRN(SG)5RGDSP) and facilitate faster gelation (30 min to 1 h at room
temperature or 37 °C in Milli-Q water with CaCl2 or in cell culture media).
The goal of this study is to investigate cell responses to changes in weight percentages
(wt %) of a hydrogel composed of a mixture of PR_g and E2 peptide-amphiphiles. Given
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the amount of evidence in the literature which shows that 5 mol % of an RGD-containing
peptide is optimal, or at least sufficient, to facilitate cell adhesion and survival,85–91 a
hydrogel formulation containing 5 mol % PR_g peptide-amphiphile and 95 mol % E2
peptide-amphiphile (PR_g/E2) was chosen for this study. Here we characterize the
hydrogel microstructure and mechanical properties of 0.5 and 1.0 wt % PR_g/E2 peptideamphiphile hydrogels in the presence or absence of entrapped cells, as well as their
ability to support cell survival, proliferation and ECM expression in a 3D environment.

2.3 Experimental methods
2.3.1

Materials

All chemicals were purchased from Thermo Fisher Scientific except otherwise stated.
Atomic force microscopy contact mode rectangular Si cantilevers with an Al-coated
backside (NSC36/Al BS) were acquired from MikroMasch (Lady’s Island, SC). Ruby
mica sheets, V2 quality, were purchased from S&J Trading Inc. (Glen Oaks, NY). Water,
purified to a resistivity of 18.2 MΩ/cm, was obtained from a Milli-Q water system (EMD
Millipore, Billerica, MA) and sterilized by autoclaving before using it to prepare
hydrogels. NIH3T3/GFP fibroblasts were purchased from Cell Biolabs Inc. (San Diego,
CA) and Dulbecco’s modified Eagle medium (DMEM) from Life Technologies (Grand
Island, NY).

20

2.3.2

Synthesis of peptide-amphiphiles

The protected PR_g peptide (GGGSSSPHSRN(SG)5RGDSP) and E2 diluent peptide
(GGGSSESE) were synthesized by the Oligonucleotide and Peptide Synthesis Facility at
the University of Minnesota using standard Fmoc solid phase synthesis on peptide amide
linker resin. The Fmoc protecting group was removed using a solution of 20% piperidine
in dimethylformamide (DMF). A palmitic acid, C16, tail was coupled to the N-terminus
of the peptide with 4.5 molar equivalents of N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol 1-yl)uronium hexafluorophosphate (HBTU), 4.5 molar equivalents of palmitic acid, and 6
molar equivalents of diisopropylethylamine in DMF for 4 h. The Kaiser test was used to
verify complete coupling of the tails to the peptide amide. The resin beads were washed
twice in DMF, dichloromethane, and methanol and dried overnight under vacuum.
Peptide-amphiphiles were cleaved from resin in a cleavage cocktail of 90%
trifluoroacetic acid (TFA), 5% thioanisole, 3% 1,2-ethandithiol, and 2% anisole for 2 h.
The solution was collected and precipitated in 20X excess cold isopropyl ether. The
precipitate was collected by centrifugation (10 min at 7,000 RCF), redissolved in Milli-Q
water and purified using reversed phase high performance liquid chromatography
(HPLC) on an Agilent 1100 Series system with a Waters Xterra Prep MS C18 column,
using a water/methanol gradient with 0.1% TFA for PR_g or 0.1% ammonium hydroxide
for E2. The pure peptide-amphiphile product was analyzed with the Bruker BioTOF II to
verify that the product had the expected mass. Peptide-amphiphiles were stored as
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lyophilized powder at -20 °C. Stock solutions of peptide-amphiphiles were prepared in
Milli-Q water from the lyophilized peptide-amphiphiles and aliquots were stored at -20
°C to avoid freeze-thaw. All peptide-amphiphile gels in this study contained 5 mol %
PR_g and 95 mol % E2. Specifically, gels contained 0.24 mM PR_g and 4.4 mM E2 or
0.48 mM PR_g and 8.8 mM E2 for the 0.5 wt % and 1.0 wt % gels respectively.
2.3.3

Atomic force microscopy (AFM)

2X concentrations of peptide-amphiphile solutions containing 5 mol % PR_g and 95 mol
% E2 were mixed with an equal volume of DMEM media supplemented with 10 mM
CaCl2 on 15 mm mica discs. Gels were allowed to dry for 5 days at room temperature in
a laminar flow hood or at 37 °C. AFM imaging of the dehydrated samples was performed
with a Nanoscope V Multimode 8 SPM (Bruker, Santa Barbara, CA) in contact mode in
air using rectangular Si cantilevers with a typical probe tip radius of 8 nm.
2.3.4

Rheology

The mechanical properties of peptide-amphiphile hydrogels with and without cells were
characterized using an AR-G2 rheometer from TA Instruments. 2X concentrations of
peptide-amphiphile solutions containing 5 mol % PR_g and 95 mol % E2 were loaded
onto the peltier plate and mixed with an equal volume of DMEM media supplemented
with 10 mM CaCl2. For the gel characterization with the entrapped cells, 2X
concentrations of peptide-amphiphile solutions containing 5 mol % PR_g and 95 mol %
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E2 were loaded onto the peltier plate and mixed with an equal volume of DMEM media
supplemented with 10 mM CaCl2 containing 2.7 x 106 or 1.35 x 106 cells/mL.
Immediately after mixing, the 8 mm parallel plate was lowered to a gap of 500 µm for the
gels without the cells, or to a gap of 1,000 µm for the gels with the cells, and the peltier
plate was heated to 37 °C. The gels were allowed to mature in a hydrated chamber for 2
h before frequency sweep measurements were made from 0.1 to 10 rad/s at 1% strain.
Strain sweeps performed prior to frequency sweeps showed that 1% strain fell within the
linear viscoelastic regime. For time sweep experiments, gels were prepared with and
without cells as described above and coated with low viscosity oil (dimethylpolysiloxane)
to prevent dehydration.
2.3.5

Cell culture

NIH3T3 fibroblasts expressing green fluorescent protein (GFP), NIH3T3/GFP, were
cultured in DMEM supplemented with 0.1 mM non-essential amino acids, 100 units/mL
penicillin, 100 µg/mL streptomycin, 10 µg/mL blasticidin (Life Technologies, Grand
Island, NY), and 10% fetal bovine serum (FBS) (Atlas Biologicals, Fort Collins, CO).
NIH3T3 fibroblasts were cultured in DMEM supplemented with 100 units/mL penicillin,
100 µg/mL streptomycin and 10% FBS. Media was changed every 2-3 days until cells
reached confluency and were passaged. Cells were used between passage 3 and 7.
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2.3.6

Cell viability and proliferation assays

Gels (0.5 wt % and 1.0 wt %) were prepared from peptide-amphiphile stock solutions in
Milli-Q water. Concentrated (2X) peptide-amphiphile solutions were mixed with an equal
volume of cell (NIH3T3/GFP or NIH3T3) suspension containing 2.7 x 106 cell/mL in
complete DMEM media supplemented with 10 mM CaCl2. The final concentration of the
entrapped cells in the gel was 1.35 x 106 cells/mL. The peptide-amphiphile gels were
allowed to mature at 37 °C for 1 h before DMEM media without CaCl 2 was added to the
top of the gels. Media was replenished every 2 days. For the live/dead assay, viability
was examined at 24 h and 5 day time points using the Live/Dead® Viability/Cytoxicity
Kit (Invitrogen, Grand Island, NY) following the manufacturer’s instructions. Imaging
was done on a Ziess Cell Observer SD Spinning Disk Confocal at the University Imaging
Center at the University of Minnesota and cells were maintained at 37 °C with 5% CO2.
GFP cell fluorescence was quantified using a Biotek Synergy H1 plate reader (Winooski,
VT) with a 485/528 filter. The background from gels without cells was subtracted from
all measurements, and fluorescence was normalized to the 3 h time point. The persistence
of GFP fluorescence in dead cells was examined using fluorescence microscopy.
NIH3T3/GFP fibroblasts were plated in 96-well plates at a density of 250 cells/mm2 and
were allowed to adhere overnight. Attached fibroblasts were imaged using transmitted
light and the GFP cube (Ex: 470 nm, Em: 525 nm) on an EVOS FL microscope (Life
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Technologies, Grand Island, NY). Ethanol (30%) was added to wells and cells were
imaged again after 5 min.
2.3.7

Real-time reverse transcription polymerase chain reaction (RT-PCR) for
ECM mRNA

RNA was extracted from the 1.35 x 106 NIH3T3/GFP cells/mL gels 3 h after
encapsulation on day 0 and on day 5 of culture using the E.Z.N.A.® Total RNA Kit I
(Omega Biotek, Norcross, GA). The reverse transcription to cDNA was done with
qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD) following the
manufacturer’s instructions. Primers for fibronectin (FN1), collagen IV (Col4α1, Col4α2,
Col4α3), and housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were designed using the NCBI primer blast tool (Table 2.1). Real-time RT-PCR was
done in 25 µL reactions following manufacturer’s instructions using PerfeCTa SYBR
Green, Low ROX (Quanta Biosciences, Gaithersburg, MD) and a Stratagene Mx3000P
system.
2.3.8

Histology and immunohistochemistry

NIH3T3/GFP (1.35 x106 cells/mL) entrapped for 5 days in 0.5 and 1.0 wt % gels were
fixed for 15 min in 4% paraformaldehyde in tris-buffered saline (TBS) and then washed 3
times in TBS. Fixed gels were submitted to the histology and immunohistochemistry lab
at the University of Minnesota. HistoGel (Richard-Allan Scientific, Kalamazoo, MI) was
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used according to the manufacturer’s protocol to protect the gel samples during
processing. Unstained cell block sections (4 µm) were deparaffinized and rehydrated
using standards methods. For antigen retrieval, slides were incubated in Reveal
Decloaking Reagent, pH 6.0, in a steamer at 95-98°C for 30 min and then cooled for 20
min. Slides were rinsed in tap water and immersed in TBS/0.1% triton (TBST). Slides
were placed in the Nemesis 7200 (Biocare Medical, Concord, CA) and endogenous
peroxidase activity was quenched by immersing slides in Peroxidazed 1, a 3% hydrogen
peroxide solution, for 10 min followed by a TBST rinse. Sections were blocked for 30
min in a serum-free blocking solution (Background Sniper, Biocare Medical, Concord,
CA) before application of diluted primary antibodies in 10% blocking solution/ 90%
TBST for 1 h at room temperature. Anti-fibronectin- (1:200, Abcam, Cambridge, MA)
or anti-collagen IV- (1:200, Millipore, Temecula, CA) stained slides were rinsed in TBST
and Novolink post primary (Leica Microsystems, Buffalo Grove, IL) was applied for 30
min at room temperature. Slides were rinsed in TBST followed by Novolink polymer
(Leica Microsystems, Buffalo Grove, IL) for 30 min at room temperature, rinsed again in
TBST, and incubated in CAT Hematoxylin (BioCare Medical, Concord, CA) for 5 min.
Slides were rinsed in Milli-Q water, dehydrated using standard methods, cover slipped,
and imaged using a Leica DME light microscope.
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Table 2.1: Forward (F) and reverse (R) primer sequences for fibronectin
(FN1), Collagen IV (Col4α1, Col4α2, Col4α3), and housekeeping gene
GAPDH.

2.4 Results and Discussion
2.4.1

Hydrogel microstructure

Pure PR_g hydrogels result from the self-assembly of the amphiphiles in water to form
nanofibers and further aggregation of the nanofibers into a network of bundles as shown
by cryogenic transmission electron microscopy (cryo-TEM) evaluation of PR_g
samples.24 The nanoscale surface morphology of the pure PR_g peptide-amphiphile
hydrogels was investigated with scanning electron microscopy (SEM) and cryo-SEM and
verified the nanofibrous network structure of the PR_g hydrogels and the presence of
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fiber bundles.28 In this work AFM was used to evaluate the surface morphology of
PR_g/E2 gels for the 0.5 wt % and 1.0 wt % hydrogels (Figure 2.1). Gels were left to dry
at room temperature or at 37 °C and AFM images were collected in air. Results showed
that the method of dehydration had no effect on the surface topography. Figure 2.1
verified the nanofibrous structure of the PR_g/E2 gels and the presence of bundles of
nanofibers that varied in diameter between 50-130 nm for both wt %, in agreement with
our previous PR_g cryo-TEM images.24

Figure 2.1: AFM images (5 µm X 5 µm) in air of 5 mol% PR_g-95 mol % E2
peptide-amphiphile hydrogels at (A) 0.5 wt % and (b) 1.0 wt %.
2.4.2

Rheology

The mechanical properties of 0.5 wt % and 1.0 wt % PR_g/E2 hydrogels were measured
using oscillatory rheology (Figure 2.2). Both gel formulations have a storage modulus
(G’) greater than the loss modulus (G”), indicating that they do in fact form gels.
Frequency sweeps in Figure 2.2 show that both hydrogels have minimal frequency
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dependence, indicating that there is a high degree of physical crosslinking. Because the
measurement of storage and loss moduli were obtained in the linear viscoelastic regime,
the elastic modulus, E, can be calculated by the following equation:

𝐸 = 3 ∗ √𝐺 ′ 2 + 𝐺"2
The elastic modulus of the 0.5 wt % gels was 429.0 ± 21.3 Pa and the elastic modulus of
the 1.0 wt % gels was almost twice the modulus of 0.5 wt % gels, at 808.6 ± 38.1 Pa.
Rheological characterization of peptide-amphiphile hydrogels with entrapped cells
(Figure 2.3) revealed that the presence of cells decreased the elastic modulus, and the
decrease was a function of the cell loading (Figure 2.4). As Figure 2.4 shows, the
entrapment of 1.35 x 106 NIH3T3/GFP cells/mL decreased the elastic modulus by
approximately 40%, to 256.8 ± 8.7 Pa and 491.9 ± 35.2 Pa for the 0.5 wt % and 1.0 wt %
hydrogels respectively. The modulus of adherent cells has been reported to be between 30
Pa and 150 Pa when measured magnetic twisting cytometry and optical tweezers. 92,93
Much higher cell moduli have been reported from atomic force microscopy (AFM)
measurements, although there is evidence to suggest that the substrate on which the cells
are adhered and the state of adherence can significantly alter these measurements.94 The
observed decrease in modulus after cell encapsulation may be a result of encapsulating
cells that are softer than the gel; however, it is more likely due to the disruption of
physical interactions between nanofibers and nanofiber bundles. This is the first evidence
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in the peptide-amphiphile literature showing the drastic changes in mechanical properties
of the gel as a result of cell entrapment. While others have reported a dependence of the
modulus on the concentration of the hydrogel solution for physical hydrogels used for
cell culture,29,95,96 these measurements were typically made in the absence of cells. Our
results indicate that the effect of cell encapsulation on the modulus of a physical hydrogel
is more significant than previously thought.

Figure 2.2: Rheology of 5 mol% PR_g-95 mol % E2 peptide-amphiphile
hydrogels. Data are shown as the mean ± standard error from three
independent experiments (n=3). Filled symbols represent the storage modulus
(G’), and open symbols represent the loss modulus (G”).
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Time sweep experiments were performed to determine how the hydrogel modulus
changes over time in the presence and absence of cells. Technical challenges, including
sample dehydration (even though samples were coated with low-viscosity oil to prevent
dehydration) and loss of contact between the hydrogel and the parallel plate, prevented
measurement for 5 days. For the 42 to 65 h for which data could be collected, no changes
in hydrogel modulus were observed (Figure 2.5). These results indicate that the hydrogels
do not degrade or lose mechanical integrity during the time examined.

Figure 2.3: Rheology of 5 mol% PR_g – 95 mol % E2 peptide-amphiphile
hydrogels containing (A) 6.75 X 105 NIH3T3/GFP fibroblasts per mL, and (B)
1.35 X 106 NIH3T3/GFP fibroblasts per mL. Data are shown as mean ±
standard error from three independent experiments (n=3). Filled symbols
represent the storage modulus (G”) and open symbols represent the loss
modulus (G”).

31

Both the 0.5 wt % and 1.0 wt % gels, with and without cells, have appropriate moduli to
be used as scaffolds for tissue engineering applications, falling within the range of elastic
moduli of soft tissue, 100 and 10,000 Pa.23,97 In particular, hepatic and pancreatic
applications would be appropriate for our hydrogel system, with moduli between 400-600
Pa98 and between 640-1160 Pa99 respectively.

Figure 2.4: Elastic modulus of 5 mol % PR_g – 95 mol % E2 peptideamphiphile hydrogels as a function of NIH3T3/GFP cell loading. Data are
shown as the mean ± standard error from three independent experiments (n=3).
ANOVA analysis was performed, and the statistical significance noted for the
bracketed data (* p < 0.05, ** p < 0.005, † p > 0.05).
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Figure 2.5: Rheology of 5 mol % PR_g – 95 mol % E2 peptide-amphiphile
hydrogels (A) without and (B) with entrapped 1.35 X 106 NIH3T3/GFP
fibroblasts/mL. Data are shown as the mean ± standard deviation from two
independent experiments (n=2). Filled symbols represent the storage modulus
(G”) and open symbols represent the loss modulus (G”).
2.4.3

Cell viability and proliferation within peptide-amphiphile hydrogels

NIH3T3/GFP fibroblasts were selected in order to easily visualize cells within our
hydrogel constructs and to avoid other methods of measuring cell viability and
proliferation which can be complicated by limited diffusion through the gels and high
background signals from the gels themselves. Live cells expressing GFP could be readily
observed within the PR_g/E2 gels using confocal microscopy, and z-stacks were
collected at 3, 24, 48, 72 h and 5 days. After 3 and 24 h, cells appeared to be rounded
with little spreading apparent in both the 0.5 wt % and the 1.0 wt % PR_g/E2 gels (Figure
2.6). This observation differs from previously reported behavior of cell attachment and
spreading on 2D PR_g hydrogels, where cells were able to attach and spread within the
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first 24 h.61 In a 3D environment, cells appear to require more time to attach and spread.
This is consistent with reports that cells embedded in a 3D matrix must first remodel their
ECM before spreading, migrating, or depositing their own ECM.100–103 After 48 h, an
increase in cell number was observed (Figure 2.8) as well as cell clusters or aggregates,
with larger clusters observed in the 0.5 wt % versus the 1.0 wt % gel (Figure 2.6). We
hypothesize that the clustering is likely a result of cell proliferation. At both 72 h and 5
days cell number continues to increase (Figure 2.8) along with the size of the cell clusters
(Figure 2.6), with more and larger cell clusters observed in the 0.5 wt % gels. Higher
magnification images of cells at 24 h and 5 days in the 0.5 wt % and the 1.0 wt %
PR_g/E2 gels are shown in Figure 2.7.

Figure 2.6: Representative confocal images of NIH3T3/GFP fibroblasts in 5
mol % PR_g – 95 mol % E2 peptide-amphiphile hydrogels over time. Images
shown are 100 µm above the bottom of the well and 900 µm below the surface
of (A-E) 0.5 wt% gels and (F-J) 1.0 wt % gels. NIH3T3/GFP fibroblasts are
shown in green. The scale bars is 100 µm for all images.
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Figure 2.7: Confocal images of NIH3T3/GFP fibroblasts in 5 mol % PR_g –
95 mol % E2 peptide-amphiphile hydrogels. Images shown are from 0.5 wt %
and 1.0 wt % gels after 24 h (A, B) and 5 days (C, D). NIH3T3/GFP cells are
shown in green.
The quantification of GFP fluorescence in Figure 2.8 from the 0.5 wt % gels was
statistically significantly higher than the fluorescence from the 1.0 wt % gels at 48 h, 72
h, and 5 days (p-values from ANOVA analysis of all the fluorescent data can be found in
Table 2.2 and Table 2.3). Confocal images combined with the fluorescence quantification
indicate that cells within the 0.5 wt % gels proliferate more compared to cells within the
1.0 wt % gels. The observed increase in proliferation in the lower modulus gel
formulation is consistent with observations of fibroblasts encapsulated in 3D protein
scaffolds and polymer hydrogels.104,105 For example, a lower protein wt % resulted in
increased porosity and interconnectivity within scaffolds which has been associated with
cell migration within porous 3D protein scaffolds, allowing more cells to proliferate, this
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reducing cell death due to overcrowding.104 These results are also consistent with the
suggestion that highly crosslinked hydrogels and gels with lower porosity make it more
difficult for cells to spread and proliferate in three dimensions.105,106 In particular, it has
been shown that the proliferation and spreading of fibroblasts encapsulated in PEG
hydrogels functionalized with RGD-containing peptide increased with decreasing
material stiffness.105 It was suggested that gels with higher stiffness pose an increased
physical barrier and confinement, thus impairing cell proliferation in 3D environments.
The higher the modulus, the denser the gel scaffold surrounding the cells and the smaller
the space for the cell to proliferate, spread, and migrate.105

Figure 2.8: Fluorescence quantification of NIH3T3/GFP fibroblasts entrapped
in 5 mol % PR_g – 95 mol % E2 hydrogels over time. Data described are the
relative fluorescence unit (RFU) detected from the GFP-expressing cells
normalized to the 3 h time point. Data are shown as the mean ± standard error
from four independent experiments (n=4) done in triplicate.
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Table 2.2: p-values from the ANOVA analysis of fluorescence signal from the
NIH3T3/GFP fibroblasts entrapped in 0.5 or 1.0 wt % of PR_g/ E2 peptideamphiphile hydrogels over time.

Table 2.3: p-values from the ANOVA analysis of fluorescence signal from the
NIH3T3/GFP fibroblasts entrapped in 0.5 wt % or 1.0 wt % of 5 mol % PR_g
– 95 mol % E2 peptide-amphiphile hydrogels over time.

Quantification of cell viability via GFP fluorescence has been demonstrated in the
literature previously. The half-life of GFP in NIH3T3 fibroblasts is 2.8 h,107 and
decreases in fluorescence intensity have been shown to correlate well with traditional
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apoptosis and necrosis assays.108 GFP fluorescence in dead cells returned to background
levels and was indistinguishable from the autofluorescence of the live cells.109 Thus, it
has been demonstrated that the loss of GFP fluorescence parallels the loss of cell viability
in NIH3T3 fibroblast cells.109 We also examined cell viability via other methods. First,
the GFP fluorescence of dead cells was evaluated and was shown to decrease rapidly
(Figure 2.9), in agreement with literature findings,109 demonstrating that the GFP
fluorescence of the entrapped cells in Figure 2.6 and Figure 2.8 comes from live cells.
The live/dead cell viability assay was also used on NIH3T3 cells (without the GFP
plasmid) encapsulated in 0.5 wt % and 1.0 wt % PR_g/E2 gels after 24 h and 5 days
(Figure 2.10). After 24 h, there was some cell death following the initial cell entrapment,
as both green and red cells were observed. However, after 5 days only green cells were
observed indicating that there was no additional death among cells that survived the
initial entrapment.

Figure 2.9: Fluorescence overlay on phase images of NIH3T3/GFP
fibroblasts. (A) Live cells and (B) cells killed after exposure to 30% ethanol
for 5 min.
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Figure 2.10: Confocal images of NIH3T3 fibroblasts entrapped in 5 mol %
PR_g – 95 mol % E2 peptide-amphiphile hydrogels and evaluated with the
Live/Dead cell viability assay. Both 0.5 wt % and 1.0 wt% gels were examined
at 24 h (A, B) and 5 days (C, D). Green cells are alive and red cells are dead.
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Figure 2.11: Real-time PCR results of ECM mRNA expression from the
NIH3T3/GFP fibroblasts entrapped in 5 mol % PR_g – 95 mol % E2
hydrogels. The fold increase in expression compares 3 h and day 5 expression
of fibronectin (FN1) and collagen IV (Col4α1, Col4α2, Col4α3). Data are
shown as mean ± standard error from four independent experiments (n=4) done
in triplicate. Statistical analysis was performed using a one-sided t test, and the
significance in noted for bracketed data (* p < 0.05; ** p < 0.01).
2.4.4

Real-time RT-PCR for ECM mRNA

Real-time RT-PCR was used to measure the expression of ECM mRNA produced by the
NIH3T3/GFP cells entrapped in the 0.5 and 1.0 wt % PR_g/E2 hydrogels. After 5 days of
culture, an increase in the expression of fibronectin and type IV collagen was observed
for both gel concentrations (Figure 2.11). A previous study has also shown an increase in
collagen ECM expression over time after osteogenic differentiation of dental pulp stem
cells encapsulated in a matrix metalloproteinase-sensitive, RGD-functionalized peptide-
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amphiphile scaffold.73 The mechanical properties of polymeric hydrogels have been
shown before to influence ECM production in different ways, and increased cell
proliferation has been frequently correlated with decreased ECM synthesis, as seen in our
study.110–112 This is the first study that shows that cells within the 1.0 wt % peptideamphiphile hydrogel had significantly higher expression of fibronectin and type IV
collagen (α1, α2, and α3 isoforms) compared to the 0.5 wt % peptide-amphiphile gels. It
has previously been shown that the α3 isoform of type IV collagen plays a critical role in
the assembly of stable collagen IV molecules and that increased expression of the α3
occurs simultaneously with collagen IV protein deposition.113,114 The significant increase
in the α3 isoform of collagen IV in the 1.0 wt % gels over time and compared to the 0.5
wt % samples is likely indicative of more fibril collagen IV protein in the ECM of the
cells entrapped in the 1.0 wt % gels.
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Figure 2.12: Histological and immunohistochemical evaluation of 1.35 X 106
NIH3T3/GFP cells/mL entrapped for 5 days in 0.5 and 1.0 wt % hydrogels of 5
mol % PR_g – 95 mol % E2 peptide-amphiphiles. H&E stain (A, B),
fibronectin stain (C, D), collagen IV stain (E, F), and a negative control
without primary antibodies (G, H). The scale bar is 50 µm for all images.
2.4.5

Histology and immunocytochemistry

Haemotoxylin and eosin (H&E) staining revealed that NIH3T3/GFP fibroblasts in both
the 0.5 wt % and 1.0 wt % gels were still associated with the hydrogel matrix after 5 days
of culture (Figure 2.12 A, B). Cell clusters are visible in both 0.5 wt % and 1.0 wt % gel,
consistent with the results of Figure 2.6. Immunohistochemistry revealed the presence of
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fibronectin (Figure 2.12 C,D) and collagen IV (Figure 2.12 E,F) ECM proteins. A
negative control without primary antibodies (Figure 2.12 G,H) shows that the fibronectin
and collagen IV staining are specific. The 1.0 wt % gels appear to have more collagen IV
and fibronectin compared to the 0.5 wt % gels, which is consistent with the observed
increase in mRNA expression shown in Figure 2.11.

2.5 Conclusions
A peptide-amphiphile hydrogel was designed using the fibronectin-mimetic PR_g
peptide-amphiphile and the E2 diluent peptide-amphiphile to support 3D cell culture. The
hydrogel microstructure and mechanical properties of 0.5 and 1.0 wt % gels were studied
and it was found that the elastic modulus increased with higher wt % gels. Even though
the presence of entrapped cells decreased the elastic modulus of the gels, the values still
fall within the range reported for soft tissue, supporting the potential relevance of these
hydrogels as tissue engineering scaffolds. Both 0.5 and 1.0 wt % hydrogels were able to
support 3D culture and proliferation of NIH3T3/GFP fibroblasts over a period of five
days. Although the 0.5 wt % gels supported significantly higher rates of proliferation
after 5 days of culture, the 1.0 wt % gels supported significantly higher mRNA
expression and production of ECM proteins. These results show that the PR_g/E2
peptide-amphiphile hydrogels are an effective scaffold for 3D cell culture which has the
potential to improve the design of ECM mimetic scaffolds for tissue engineering.
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Chapter 3

Multifunctional Peptide-Amphiphile Hydrogels

3.1 Introduction
Functionalization of scaffolds with a single bioactive signal has proven effective to
mediate cell adhesion to promote cell survival, but these scaffolds dramatically
oversimplify the complexity of the native ECM. By incorporating multiple bioactive
peptide-amphiphiles, scaffolds can be designed to better reproduce the complex signaling
of the native ECM in a tissue specific manner. In particular, peptide mimetics of collagen
I, basic fibroblast growth factor, and a heparin binding sequence were designed as
amphiphiles to be combined with the PR_g/E2 hydrogels. The sequences of the newly
designed peptide amphiphiles can be found in Table 3.1.
Table 3.1: Peptide-amphiphile sequences.

44

3.1.1

Collagen I

Collagens are the most abundant protein, found ubiquitously in the tissues of the body.
Collagens tend to form triple helical fibers which serve important structural roles in the
ECM and provide tensile strength to tissues. Type IV collagen is found primarily in the
basal lamina while type I and type III collagens are common in ECMs and bind to the
α2β1 integrin. Several collagen mimetic proteins have been studied in the literature. A type
III collagen-mimetic peptide: KOGEOGPK based on the CB4 fragment of the α chain has
been studied as soluble coagulation inducing peptides, but no surface functionalization
studies or cell adhesion studies have been performed.115,116 The P-15 peptide,
GTPGPQGIAGQRGVV, is a linear peptide derived from the cell binding domain of the
α1 chain of type I collagen. P-15 has been shown to competitively bind and block
collagen receptors (α2β1 integrin) and increase the expression of metalloproteases in
fibroblasts to a similar extent as the full protein.117 Other type I collagen-mimetic peptides
include the DGEA peptide, from residues 435-438 of type I collagen118,119 and the
GOFGER peptide from residues 502-507, where O represents hydroxyproline).120 The
bioactivity of the GOFGER peptide is dependent on the helical structure found in the
native protein. As a result, the sequence is surrounded by helix forming sequences:
GGYGGGPC(GPP)5GOFGER(GPP)5GPC.12 A study comparing these three type I
collagen-mimetic peptides showed that the GOFGER helical-peptide failed to stimulate
cell adhesion and spreading. While both linear peptides supported cell adhesion and
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spreading, the P-15 peptide more effectively blocked the α2β1 integrin and better
supported osteogenic differentiation.16,121 The P-15 peptide was selected for the design of
a collagen-mimetic peptide amphiphile because it has the highest specificity to the α2β1
integrin of sequences in the literature and because it is sufficiently small in size and
doesn’t have a defined secondary structure which could disrupt or be disrupted by
peptide-amphiphile assembly.
3.1.2

Basic fibroblast growth factor

Basic fibroblast growth factor (bFGF) is an important mitogenic factor for many cell
types, including neurons, hepatocytes, endothelial cells, and stem cells.122–125 Baird et al
identified a peptide sequence YRSRKYSSWYVALKR, from residues 110-120 in native
bFGF, which competitively binds to the fibroblast growth factor receptor (FGFR).126 Lin
et al combined this sequence with a heparin binding domain in the F2A branched peptide:
YRSRKYSSWYVALKR-K-(YRSTKYSSWYVALKR)

-Ahx3-RKRLDRIAR,

where

Ahx is a synthetic amino acid, aminocaproic acid and the FGFR binding domain repeats
branch from the indicated lysine residue.127 The inclusion of the heparin binding domain
had no effect on FGFR affinity, and the branched FGFR domain repeats did not have a
significant effect on the mitogenic effect on osteoblasts.128 Because the more complicated
F2A peptide did not provide significant improvement on receptor affinity or mitogenic
response, the linear sequence identified by Baird et al. will be used to design bFGFmimetic peptide-amphiphiles.
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3.1.3

Heparin binding

Heparin and heparin sulfates are glycosaminoglycans in the ECM and have the ability to
bind many growth factors. Amino acid sequences of the form XBBBXXBX, where B is a
basic and X is a non-basic amino acid, are found in many growth factors and have been
shown to bind with high affinity to heparin sulfate.129 Surfaces and scaffolds have been
functionalized with low molecular weight heparin and octasaccharides for growth factor
binding.130 Sulfonated tyrosine and lysine containing peptides have been shown to have
heparin-like growth factor binding affinities.131 The LRKKLGKA peptide sequence has
been shown to bind heparin and increase binding of vascular endothelial growth factor
(VEGF) and bFGF, in scaffolds implanted in rat corneas in vivo, resulting in increased
angiogenesis.132,133 The simpler chemistry of the non-sulfonated LRKKLGKA peptide
will be used to design heparin-binding peptide-amphiphiles.

3.2 Experimental Methods
3.2.1

Materials

All chemicals were purchased from Thermo Fisher Scientific unless otherwise stated.
Water, purified to a resistivity of 18.2 MΩ/cm, was obtained from a Milli-Q water system
(EMD Millipore, Billerica, MA) and sterilized by autoclaving before using it to prepare
hydrogels.
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3.2.2

Synthesis of peptide-amphiphiles

Protected, custom peptides were purchased from United Biosystems (Herndon, VA).
PR_g

peptide

(GGGSSSPHSRN(SG)5RGDSP),

Collagen

I

peptide

(GGGSSSGTPGPQGIAGQRGVV), bFGF peptide (GGGSSSYRSRKYSSWYVALKR),
heparin-binding peptide (GGGSSSLRKKLGKA), and the E2 diluent peptide
(GGGSSESE), were synthesized using standard Fmoc solid phase synthesis on peptide
amide linker resin. The Fmoc protecting group was removed using a solution of 20%
piperidine in dimethylformamide (DMF). A palmitic acid, C16, tail was coupled to the Nterminus of the peptide with 4.5 molar equivalents of N,N,N′,N′-Tetramethyl-O-(1Hbenzotriazol -1-yl)uronium hexafluorophosphate (HBTU), 4.5 molar equivalents of
palmitic acid, and 6 molar equivalents of diisopropylethylamine in DMF for 4 h. The
Kaiser test was used to verify complete coupling of the tails to the peptide amide. The
resin beads were washed twice in DMF, dichloromethane, and methanol and dried
overnight under vacuum. Peptide-amphiphiles were cleaved from resin in a cleavage
cocktail of 90% trifluoroacetic acid (TFA), 5% thioanisole, 3% 1,2-ethandithiol, and 2%
anisole for 2 h. The solution was collected and precipitated in 20X excess cold isopropyl
ether. The precipitate was collected by centrifugation (10 min at 7,000 RCF), dried,
redissolved in Milli-Q water and purified using reversed phase high performance liquid
chromatography (HPLC) on an Agilent 1100 Series system with a Waters Xterra Prep
MS C18 column, using a water/methanol gradient with 0.1% TFA for PR_g, Collagen I,
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bFGF, and heparin-binding or 0.1% ammonium hydroxide for E2. The pure peptideamphiphile product was analyzed with the Bruker BioTOF II to verify that the product
had the expected mass. Peptide-amphiphiles were stored as lyophilized powder at -20 °C.
Stock solutions of peptide-amphiphiles were prepared in Milli-Q water from the
lyophilized peptide-amphiphiles and aliquots were stored at -20 °C to avoid freeze-thaw.
All peptide-amphiphile gels in this study contained 5 mol % bioactive peptide (PR_g,
collagen I, bFGF, or heparin-binding) and 95, 90, or 80 mol % E2.
3.2.3

Rheology

The mechanical properties of multifunctional peptide-amphiphile hydrogels without cells
were characterized using an AR-G2 rheometer from TA Instruments. 2X concentrations
of peptide-amphiphile solutions containing 5 mol % of (N) bioactive peptide-amphiphiles
and (100 – 5N) mol % E2 were loaded onto the peltier plate and mixed with an equal
volume of DMEM media supplemented with 10 mM CaCl2. For example, a hydrogel
with PR_g and bFGF had 5 mol % PR_g, 5 mol % bFGF and 90 mol % E2. Immediately
after mixing, the 8 mm parallel plate was lowered to a gap of 500 µm and the peltier plate
was heated to 37 °C. The gels were allowed to mature in a hydrated chamber for 2 h
before frequency sweep measurements were made from 0.1 to 10 rad/s at 1% strain.
Strain sweeps performed prior to frequency sweeps showed that 1% strain fell within the
linear viscoelastic regime.
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Figure 3.1: Rheology of 1.0 wt% bioactive peptide-amphiphiles mixed with
E2 diluent peptide-amphiphiles. Each bioactive peptide is added at a 5 mol%
concentration with 95, 90 or 80 mol % E2 diluent. Data are shown as mean ±
standard error from three independent experiments (n=3).

3.3 Results and Discussion
The elastic modulus of 1.0 wt % multifunctional peptide-amphiphile hydrogels is shown
in Figure 3.1, and ranges from 1000 Pa to 6500 Pa. For individual bioactive peptideamphiphiles, 5 mol % in 95 mol % E2, the more positively charged the bioactive peptideamphiphiles, the higher the hydrogel modulus. Hydrogels with pairs of bioactive peptideamphiphiles containing the highly positively charged bFGF or heparin binding peptides
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have a higher modulus than hydrogels with the PR-g or collagen I peptide alone and the
PR_g + collagen I peptide pair. The hydrogel containing 5 mol % of each bioactive
peptide-amphiphile has an intermediate modulus, indicating that both peptide sequence
and E2 content affect the hydrogel modulus. While the increased number of parameters
may be attractive for tuning the modulus of the hydrogel in the future, it makes studying
the effect of the bioactive peptides difficult because the effect of the peptide sequence
and hydrogel modulus cannot be deconvoluted. As a result, bioactive-peptides covalently
immobilized on multiwell plates were investigated to evaluate the effect of the peptides
in a simpler system.

3.4 Conclusions
Design of scaffolds which incorporate multiple bioactive peptide-amphiphiles can better
reproduce the complex signaling of the native ECM in a tissue specific manner.
However, because both peptide sequence and E2 content affect the hydrogel modulus, it
is difficult to deconvolute the effect of the peptide sequence from the effect of the
hydrogel modulus. As a result, a simplified, peptide-functionalized surface will be used
to study the effects of the bioactive peptides.
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Chapter 4

Effect of extracellular matrix protein- and
growth factor-mimetic peptides on β-cell
proliferation and insulin secretion

4.1 Summary
Covalently immobilized peptide mimetics of fibronectin, laminin, basic fibroblast growth
factor, and glucagon-like peptide-1 and combinations thereof were evaluated using
mouse insulinoma cells (MIN6), a pancreatic beta cell line. MIN6 cell proliferation on
peptide-functionalized surfaces was significantly greater compared to blank surfaces
(hydrolyzed maleimide with no peptides) and similar to tissue culture treated (TCT)
plates. However, peptide-functionalized surfaces supported a three-dimensional (3D)
morphology of MIN6 cells, similar to pseudoislets, while cells on TCT surfaces
maintained a spread morphology. An increase in insulin secretion from MIN6 cells on
peptide-functionalized surfaces was also observed compared to TCT plates, though there
were no statistically significant differences between individual peptides and peptide
combinations. To investigate if peptide functionalization can have an effect on 3D cell
entrapment, poly(ethylene glycol) dimethacrylate (PEGDM10K) hydrogels were
functionalized with the laminin-mimetic IKVAV peptide as a proof of concept.
Hydrogels with the IKVAV peptide supported significantly greater proliferation and
insulin production of entrapped MIN6 cells compared to non-functionalized PEGDM10K
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hydrogels supporting the hypothesis that peptide-functionalization of the PEGDM10K
hydrogel can promote survival and function of entrapped β-cells.

4.2 Introduction
Insulin producing cells are of great interest in the search for treatments of type 1 diabetes
(T1D). One of the most promising treatments for T1D is the transplantation of pancreatic
islets from a healthy donor. However, issues with this treatment include the limited
availability of donor islets, loss of islet viability, and poor engraftment and survival in the
recipient.134–136 Many studies have shown the importance of the islet-extracellular matrix
(ECM) relationship, which is disrupted upon islet isolation.137,138 The use of relevant
ECM proteins, including collagen I, collagen IV, fibronectin, and laminin has been
shown to support increased viability, proliferation, and insulin secretion in β-cells and
islets.137–142 Natural ECMs, such as decellularized tissue, have been shown to improve βcell and islet viability and function more than ECM proteins alone.143–145 This
improvement is likely due to the increased complexity and additional signaling factors
present, but these scaffolds are not defined and can have batch to batch variability similar
to ECM proteins. Additionally, growth factors have been shown to play an important role
in β-cell and islet function and survival. The ubiquitous, basic fibroblast growth factor
(bFGF) has been shown to have mitogenic and immunoprotective effects on β-cells and
has been shown to increase viability of transplanted islets, likely as a result of increased
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vascularization.146–148 Glucagon-like peptide-1 (GLP-1) has been shown to provide
immunoprotection from inflammatory cytokines in addition to stimulating β-cell
proliferation.149–151 Other growth factors, including hepatocyte growth factor (HGF),
parathyroid hormone-related protein (PTHrP), as well as insulin and insulin-like growth
factors (IGFs) have been shown to increase β-cell proliferation.152
While the use of full proteins and growth factors has been shown to be effective for β-cell
culture, they can be expensive to produce and purify, there can be batch to batch
variability, and control over their orientation when functionalizing surfaces and scaffolds
can be limited.153,154 These limitations have driven the design of many peptide mimetics,
which allow for increased epitope density, increased control over epitope orientation, and
increases in proteolytic stability.155 Peptide mimetics of ECM components have also been
shown to be effective for supporting islet and β-cell viability and insulin secretion.156–161
High performing peptide mimetics of fibronectin, laminin, bFGF, and GLP-1 have been
selected for investigation in the present study. The fibronectin-mimetic PR_g peptide
contains the RGD cell binding site and the PHSRN synergy site, separated by a linker
which reproduces the distance and the hydrophobicity/hydrophilicity between these
domains in the native protein.42,53,54 Porcine islets cultured in medium supplemented with
this fibronectin-mimetic peptide demonstrated increased levels of ECM fibronectin
secretion compared to normal culture conditions.162 The PR_g peptide has been shown to

54

support increased cell adhesion, proliferation, and ECM deposition in a variety of cell
types.61,163 The laminin-mimetic IKVAV peptide has been shown to promote β-cell
adhesion and viability161 in addition to stimulating axon growth in neural cells.164,165
Growth factor-mimetics of bFGF and GLP-1 have been shown to produce similar cell
responses and signaling as their full protein counterparts.126,127,166 Additionally, the
immobilization of growth factors has been shown to improve their stability, persistence,
and mitogenic effect.167,168 While adhesive mimetic peptides and growth factor mimetic
peptides have been shown to be effective individually, little has been done to evaluate the
potential of combining these two classes of peptide mimetics. The present study uses
covalently immobilized peptide mimetics of fibronectin, laminin, bFGF, and GLP-1 on
surfaces to investigate the potential synergy or benefit of peptides and combinations of
peptide mimetics of two classes of proteins, adhesion proteins and growth factors, to
support β-cell proliferation and insulin secretion. While it is beyond the scope of this
study to carefully investigate peptide-mimetics in 3D hydrogels, poly (ethylene glycol)
dimethacrylate (PEGDM10K) hydrogels were functionalized with the laminin-mimetic
IKVAV peptide and used to investigate the effect of peptide-functionalization on cell
proliferation and insulin production after cell entrapment. The IKVAV peptide was
selected due to its prevalence in the literature of β-cells.
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4.3 Experimental methods
4.3.1

Materials

All chemicals were purchased from Thermo Fisher Scientific unless otherwise stated.
Custom peptides were purchased from United Biosystems (Herndon, VA) and maleimide
functionalized Sulfhydryl-BIND 96 well plates were purchased from Sigma-Aldrich.
MIN6 cells were purchased from AddexBio (San Diego, CA) and Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Life Technologies (Grand Island, NY).
The insulin ELISAs were purchased from Mercodia Inc. (Uppsala, Sweden). PEG10K
(MW = 10,000), methacrylic anhydride, and 2-hydroxy-2-methylpropiophenone were
purchased from Sigma-Aldrich. Acrylate-PEG3.4K-Maleimide (MW 3,400) was purchased
from Laysan Bio (Arab, AL).
4.3.2

MIN6 culture

The MIN6 murine pancreatic β-cell line was cultured in DMEM supplemented with 10 %
fetal bovine serum (FBS), 1% penicillin-streptomycin, and 50 µM β-mercaptoethanol at
37 °C with 5% CO2. Media was changed every 2 to 3 days until cells reached confluency
and were passaged. Cells were used between passages 17 and 27 for this study.
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4.3.3

Surface preparation

Crude cysteine-peptides were purchased from United Biosystems (Herndon, VA): PR_g,
C-GGGSSPHSRN(SG)5RGDSP;

laminin,

C-GGGSSIKVAV;

GLP-1,

C-

GGGSSHSEGTFTSD; and bFGF, C-GGGSSYRSRKYSSWYVALKR. Crude peptides
were purified using reverse-phase high-performance liquid chromatography (HPLC) on
an Agilent 1100 series system with a Waters Xterra Prep MS C18 column using a
water/methanol gradient with 0.1% trifluoroacetic acid (TFA). Purified cysteine-peptides
were dissolved in 5 mM tris(2-carboxyethl) phosphine (TCEP) in phosphate buffered
saline (PBS) and allowed to sit for 10 min to reduce disulfide bonds. 100 µL of each 3
µM peptide solution was added to Sulfhydryl-BIND plates and allowed to react
overnight. Before cell seeding, peptide solutions were removed and surfaces were washed
with 0.4% bovine serum albumin (BSA) in PBS 3 times for 5 min. For surface studies,
MIN6 cells were seeded at a density of 25,000 cells per well. Media on surfaces was
changed every 3 days.
4.3.4

Cell viability and proliferation assays

Cell proliferation was evaluated using the Cell Titer GLO assay (Promega, Madison, WI)
according to manufacturer’s instructions. Cell viability was also evaluated using the
Live/Dead assay according to manufacturer’s instructions. Fluorescence images were
acquired using the GFP light cube (excitation 470/22 nm, emission 510/542 nm) and the
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Texas Red light cube (excitation 585/ 529 nm, emission 624/640 nm). Surfaces were
imaged using the EVOS®fl integrated light microscope from the Advanced Microscopy
Group (Bothell, WA).
4.3.5

Glucose-stimulated insulin secretion

Surfaces and hydrogels containing encapsulated MIN6 β-cells were rinsed and incubated
in Krebs buffer (25 mM HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 2.5 mM
CaCl2-H2O, 1 mM MgCl2-6H2O, 0.1% BSA, pH 7.4) supplemented with 1.1 mM glucose
at 37 °C for 45 min. Media was then replaced with Krebs buffer supplemented with 16.7
mM glucose and incubated for 1 h at 37 °C.169 Following incubation, media was collected
to measure insulin concentration via ELISA.
4.3.6

PEGDM synthesis and characterization

PEGDM10K was synthesized from linear PEG10K with methacrylic anhydride as
previously described.170 Briefly, 1 g PEG10K and a 10-fold molar excess of methacrylic
anhydride were mixed in a capped borosilicate glass vial. The mixture was placed in a
microwave oven (RCA, 900 W) for 10 min in 1 min intervals with 1 min of cooling in
between. The mixture was then dissolved in a small volume of methanol and PEGDM 10K
was precipitated in an excess of ethyl ether.170 The PEGDM10K was collected using a
sintered glass filter, dried in the hood for several hours, ground with a mortar and pestle,
and dried overnight under vacuum. 1H NMR was used to verify the conversion of PEG10K
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to PEGDM10K. 1H NMR spectra were recorded in deuterated chloroform (CDCl3) on a
Varian INOVA-300 spectrometer at room temperature.
4.3.7

Acrylate-PEG-peptide synthesis and characterization

Purified cysteine-peptide was dissolved in 25 mM TCEP in PBS and allowed to sit for 10
min to reduce disulfide bonds. Reduced cysteine-peptide and acrylate-PEG3.4K-maleimide
were re-acted in 1.2:1 molar ratios at room temperature overnight, protected from light.
The acrylate-PEG3.4K-peptide was dialyzed overnight in DI water to remove unreacted
peptide and the final product was lyophilized, protected from light. Acrylate-PEG3.4Kmaleimide, cysteine-peptide, and acrylate-PEG3.4K-peptide were characterized with 1H
NMR in D2O on a Varian INOVA-300 spectrometer at room temperature.
4.3.8

Hydrogel preparation

For 3D cell entrapment, MIN6 cells were suspended in PEGDM10K solutions containing 0
or 20 µM acrylate-PEG3.4K-IKVAV at a concentration of 2x107 cells/mL. 40 µL of cellPEG solutions were pipetted into molds created from 1 mL syringes and exposed to 365
nm UV light (B-100AP, UVP, Upland, CA), ~11 mW/cm2, for 7 min. Gels were washed
in PBS to remove non-crosslinking polymer and unentrapped cells, and then transferred
to media in multiwell plates. Media on hydrogels was replenished every 3 days.
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4.3.9

Rheology

Hydrogels were formed from a 10 wt% solution of PEGDM in Hanks Buffered Salt
Solution (HBSS) with 0.025% v/v 2-hydroxy-2-methylpropiophenone ex-posed to 365
nm UV light at an intensity of ~11 mW/cm2 for 7 minutes. Hydrogels were formed in a
7.9 mm diameter mold and allowed to swell in PBS. The mechanical properties of the
hydrogels were characterized using an AR-G2 rheometer from TA instruments (New
Castle, DE). The peltier plate, heated to 25°C, was used with an 8 mm parallel plate.
Strain sweeps were performed to select a %strain within the linear viscoelastic regime.
Frequency sweep measurements were made from 100 to 0.1 rad/s at 2% strain. Hydrogels
with 0, 10, 20, and 30 µM concentrations of acrylate-PEG3.4K-IKVAV peptide were
measured.
4.3.10 Statistical analysis
All data are reported as mean ± SEM from n≥3 independent experiments. Differences
among groups were assessed using ANOVA followed by Tukey’s HSD.

4.4 Results and discussion
4.4.1

Cell viability and proliferation

Peptides were immobilized on surfaces using maleimide chemistry to allow for controlled
orientation of peptide mimetics. Control surfaces included the hydrolyzed-maleimide
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(blank) surface and the tissue culture treated (TCT) surface. The TCT control was
included because these surfaces are ubiquitously used for cell culture and can be
considered the standard in the field. The number of cells on each surface significantly
increased over time for all surfaces as shown in Figure 4.1, (p-values from ANOVA and
Tukey’s HSD analysis of MIN6 proliferation can be found in Tables 4.1 and 4.2. At the
day 1 (d1) time point, the TCT surface had a statistically significantly higher number of
adherent cells compared to all other surfaces. This is unsurprising given that TCT plastic
is designed to facilitate adsorption of serum proteins and rapid cell adhesion. By day 4
(d4), the blank control surface has statistically significantly fewer cells than all of the
peptide surfaces and the TCT surface. All of the peptide surfaces support cell
proliferation at least as well as the TCT surface, with PR_g, IKVAV, and bFGF surfaces
supporting greater proliferation at d4 compared to the TCT surface. By day 7 (d7), the
TCT surface only supports significantly more cells compared to the blank, IKVAV +
PR_g, and the all peptide surfaces. All individual peptides and all peptide pairs other than
IKVAV + PR_g supported significantly more proliferation compared to the blank
surfaces and support at least as much proliferation as the TCT surfaces. These results
indicated that there was no synergistic benefit on cell proliferation from combining
adhesive peptides or adhesive and growth factor peptide mimetics. Even though there are
no previous reports on the effect of combining adhesion proteins with growth factors,
others have reported a similar lack of synergistic response of β-cells and islets with
combinations of collagen and laminin proteins.141,142
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Figure 4.1: MIN6 cell proliferation on peptide-functionalized surfaces and
controls (TCT and blank plates) over time. Data represent mean ± SEM from
n≥4 independent experiments performed in quadruplicate. Tables of p-values
are located in Tables 4.1 and 4.2.
Phase images shown in Figure 4.2 are consistent with the quantification of cell
proliferation. Additionally, the MIN6 cells are shown to have a flatter, more spread
morphology on the TCT surfaces compared to the peptide surfaces. MIN6 cells on the
peptide and blank surfaces developed a more 3D morphology over time, which may be
more consistent with the morphology observed in islets and pseudoislets. The presence of
3D cell aggregates was verified by changing the focal plane and representative images
are shown in the supporting information, Figure 4.3, for the GLP-1 and IKVAV + bFGF
surfaces. The absence of cell aggregates on TCT surfaces can also be seen in Figure 4.3.
The MIN6 cells on the IKVAV + PR_g surface and the surface with all peptides, which
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supported less proliferation, also appear to have a less 3D morphology than MIN6 cells
on other peptide surfaces. MIN6 cells on the blank surface also developed a 3D
morphology, although the size and number of aggregates or pseudoislets is smaller than
those on other peptide surfaces. The morphology observed on the blank surfaces
Live/dead staining (Figure 4.4) shows very little cell death, indicating that the majority of
the cells in the 3D aggregates or pseudoislets are viable.
Table 4.1: p-values from the ANOVA and Tukey’s HSD analysis of MIN6
cell proliferation on peptide-functionalized surfaces and controls at d1, d4, and
d7 as shown in Figure 4.1.
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d1

PR_g

PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank

IKVAV

bFGF

GLP-1

> 0.05

> 0.05
> 0.05

> 0.05
> 0.05
> 0.05

IKVAV

bFGF

GLP-1

> 0.05

> 0.05
> 0.05

> 0.05
> 0.05
> 0.05

IKVAV

bFGF

GLP-1

> 0.05

< 0.01
> 0.05

> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV+
PR_g
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

All
peptide
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
< 0.05
< 0.05
> 0.05
> 0.05

IKVAV +
bFGF
< 0.001
< 0.001
< 0.001
< 0.05
< 0.01
> 0.05

IKVAV +
GLP-1
< 0.001
< 0.001
< 0.001
< 0.01
< 0.01
> 0.05
> 0.05

IKVAV+
PR_g
< 0.001
< 0.001
< 0.001
< 0.01
< 0.01
> 0.05
> 0.05
> 0.05

All
peptide
> 0.05
< 0.001
< 0.001
< 0.01
< 0.01
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV +
GLP-1
> 0.05
> 0.05
< 0.01
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV+
PR_g
> 0.05
< 0.05
< 0.01
< 0.05
> 0.05
> 0.05
< 0.0001
> 0.05

All
peptide
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.05
> 0.05

blank

TCT

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

TCT

d4

PR_g

PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank
TCT

d7
PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank

PR_g

blank

TCT

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

< 0.01
< 0.001
< 0.001
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

blank

TCT

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.01
> 0.05
> 0.05

> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
< 0.01
< 0.0001
< 0.0001

TCT

Table 4.2: p-values from the ANOVA and Tukey’s HSD analysis of MIN6
cell proliferation on peptide-functionalized surfaces and controls over time,
shown in Figure 4.1.
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PR_g

d1

d1
d4

d4

d7

< 0.001

< 0.001
< 0.001

d7
IKVAV

d1

d1
d4
d7
bFGF

d1

d1
d4

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.001

d7
GLP-1
d1
d4
d7

4.4.2

d1

d4

d7

< 0.001

< 0.001
< 0.001

PR_g +
bFGF
d1
d4
d7
PR_g +
GLP-1
d1
d4
d7
IKVAV +
bFGF
d1
d4
d7
IKVAV +
GLP-1
d1
d4
d7

d1

d4

d7

< 0.001

< 0.001
< 0.001

d1

d4

d7

< 0.001

< 0.001
< 0.001

d1

IKVAV +
PR_g
d1
d4
d7
All
peptide
d1
d4
d7

d4

d7

Blank

< 0.01

< 0.001
< 0.001

d1
d4

d1

d1

d1

d4

d7

< 0.01

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.05

< 0.001
< 0.001

d7
d1

d4

d7

TCT

< 0.001

< 0.001
< 0.001

d1
d4
d7

d1

Insulin secretion

The insulin secreted by MIN6 cells on peptide-functionalized surfaces was quantified via
ELISA and results are shown in Figure 4.4 (p-values from ANOVA and Tukey’s HSD
analysis of insulin secretion from MIN6 cells can be found in Tables 4.3 and 4.4. While
the amount of insulin secreted significantly increased over time on all surfaces, the
peptide functionalized surfaces supported significantly higher insulin secretion compared
to TCT as early as d4. Only the PR_g peptide surface supported insulin secretion that was
not statistically different from the insulin secretion on TCT surfaces at d4. MIN6 cells on
GLP-1, IKVAV + bFGF, and the IKVAV + GLP-1 surfaces secreted significantly higher
amounts of insulin compared to MIN6 cells on the blank surface at d4 as well. By d7,
MIN6 cells on every peptide surface secreted significantly more insulin than those on
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TCT surfaces and cells on PR_g, bFGF, IKVAV + bFGF, and IKVAV + GLP-1 surfaces
secrete significantly more insulin than cells on blank surfaces. These trends indicate that
the presence of peptides leads to higher insulin secretion in addition to increasing
proliferation. The lack of differences between the insulin secreted from MIN6 cells on
different peptide surfaces suggests that the 3D morphology of the cells and the resulting
cell-cell signaling may play a more important role in β-cell function than the type of
peptide mimetic used. The cell-cell signaling molecule E-cadherin, for example, has been
shown to play a critical role in the secretory function of β-cells. Decreases in insulin
secretion and cell-cell tight junctions as well as loosening of β-cell pseudoislet
morphology when E-cadherin signaling was blocked.171,172 β-cell viability in nonfunctionalized PEG scaffolds was dependent on cell seeding density, and long term
viability was only achieved with cell densities greater than 1x107 cells/mL.
Functionalizing PEG scaffolds with fusion proteins of cell-cell signaling molecules such
as the ephrin A ligand and EphA receptor recovered cell viability at significantly lower
cell seeding densities, again highlighting the importance of cell-cell signaling in β-cell
viability and function.173
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Figure 4.2: Phase contrast images of MIN6 cells on peptide-functionalized
surfaces and controls over time. Scale bars are 200 µm.
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Figure 4.3: Phase contrast images of MIN6 cells on (A) GLP-1, (B) IKVAV +
bFGF and (C) TCT surfaces after 7 days of culture. The presence of 3D cell
aggregates on the peptide surfaces (A, B) and absence of 3D cell aggregates
on TCT surfaces (C) can be seen as the focal plane is raised from the surface
(left images) to the top layer (right images). Scale bars are 200 µm.
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Figure 4.4: Live/Dead stain of MIN6 cells on peptide-functionalized surfaces
and controls over time. Green shows live cells, red indicates membrane
compromised cells. Scale bars are 200 µm.
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Figure 4.5: Insulin secreted from MIN6 cells on peptide-functionalized
surfaces and controls over time. Data represent mean ± SEM from n≥3
independent experiments performed in triplicate. Tables of p-values are
reported in Table 4.3 and 4.4.
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Table 4.3: p-values from the ANOVA and Tukey’s HSD analysis of MIN6
insulin secretion on peptide-functionalized and control surfaces at d1, d4, and
d7, shown in Figure 4.5.
d1

PR_g

PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank
TCT
d4

PR_g

PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank
TCT
d7
PR_g
IKVAV
bFGF
GLP-1
PR_g + bFGF
PR_g + GLP-1
IKVAV + bFGF
IKVAV + GLP-1
IKVAV+ PR_g
All peptide
blank
TCT

PR_g

IKVAV

bFGF

GLP-1

> 0.05

> 0.05
> 0.05

> 0.05
> 0.05
> 0.05

IKVAV

bFGF

GLP-1

> 0.05

> 0.05
> 0.05

> 0.05
> 0.05
> 0.05

IKVAV

bFGF

GLP-1

> 0.05

> 0.05
> 0.05

> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV + IKVAV + IKVAV+
All
bFGF
GLP-1
PR_g
peptide
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV + IKVAV + IKVAV+
All
bFGF
GLP-1
PR_g
peptide
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
bFGF
> 0.05
> 0.05
> 0.05
> 0.05

PR_g +
GLP-1
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

IKVAV + IKVAV + IKVAV+
All
bFGF
GLP-1
PR_g
peptide
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
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Blank

TCT

> 0.05
> 0.05
< 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

> 0.05
> 0.05
< 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05
> 0.05

blank

TCT

> 0.05
> 0.05
> 0.05
< 0.05
> 0.05
> 0.05
< 0.05
< 0.01
> 0.05
> 0.05

> 0.05
< 0.05
< 0.05
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.05
> 0.05

blank

TCT

< 0.05
> 0.05
< 0.05
> 0.05
> 0.05
> 0.05
< 0.05
< 0.05
> 0.05
> 0.05

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
> 0.05

Table 4.4: p-values from the ANOVA and Tukey’s HSD analysis of MIN6
insulin secretion of peptide-functionalized surfaces and controls over time,
shown in Figure 4.5.
PR_g

d1

d1

d4

d7

< 0.001

< 0.001
< 0.001

d4
d7
IKVAV

d1

d1

d4

d7

< 0.001

< 0.001
< 0.001

d4
d7
bFGF

d1

d4

< 0.001

d1
d4
d7
GLP-1
d1
d4

d1

d4

< 0.001

d1

d4

< 0.001

d7
PR_g +
GLP-1
d1

d4

d4

d7

< 0.001

< 0.001
< 0.001

d7
All
peptide
d1

d1

d4

d7
IKVAV +
d7
GLP-1
d1
< 0.001
d4
< 0.01

IKVAV +
PR_g
< 0.001
d1
d7

< 0.001

d4

d7
IKVAV +
d7
bFGF
d1
< 0.001
d4
< 0.001

d7

4.4.3

PR_g +
bFGF
d1

d1

d1

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.001

d4

d7

< 0.001

< 0.001
< 0.01

d4
d7

d1

d4

d7

Blank

< 0.001

< 0.001
< 0.001

d1

d1

d4
d7

d1

d4

d7

TCT

< 0.001

< 0.001
< 0.001

d1

d7

d4

d1

d7

Hydrogel rheology

Results from the culture of MIN6 cells on different surfaces showed that the presence of
peptides was favorable for cell proliferation and insulin secretion, however the peptide
sequence did not have a significant effect overall. As a proof of concept that peptidefunctionalized hydrogels may also influence cell proliferation and insulin secretion,
PEGDM10K hydrogels covalently functionalized with the IKVAV peptide were
characterized. The IKVAV peptide was selected due to its prevalence in the literature of
β-cells. The synthesis of PEGDM10K and acrylate-PEG3.4K-peptide were verified using 1H
NMR and are reported in Figure 4.6 and Figure 4.7. To ensure that the observed cell
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responses are due to peptide bioactivity and not differences in mechanical properties of
peptide-functionalized hydrogels rheological measurements of 10 wt% PEGDM10K
hydrogels containing 0, 10, 20, and 30 µM acrylate-PEG3.4K-IKVAV were evaluated
(Figure 4.8). The modulus of 10 wt% PEGDM10K gels with 0 µM acrylate-PEG-peptide
was 1262 ± 17 Pa. Mouse pancreatic tissue has been reported to have a modulus of 1210
± 77 Pa, so 10 wt% PEGDM10K hydrogels are appropriate for the culture of β-cells.26 The
moduli of 10 wt% PEGDM10K hydrogels containing 10 µM and 20 µM acrylate-PEG3.4KIKVAV were 1244 ± 35 Pa and 1170 ± 20 Pa respectively and there was no statistical
significance from the modulus of the 0 µM hydrogels. Hydrogels containing 30 µM
acrylate-PEG3.4K-IKVAV had a modulus of 1045 ± 15 Pa, and the difference to the
modulus of the 0 µM hydrogels was statistically significant, As a result, all cell
evaluations were done using 20 µM acryl-PEG-peptide in order to present the highest
peptide concentration without changing the modulus of the hydrogel. The concentration
of 20 µM acrylate-PEG3.4K-IKVAV is sufficient to elicit cell responses as immobilized
transforming growth factor-β (TGF-β) concentrations as low as 40 pM have been shown
to increase production of ECM proteins in vascular smooth muscle cells and one study
has shown no significant difference in β-cell viability in PEG scaffolds with 50 µM to 5
mM concentrations of an immobilized laminin-mimetic peptide. However, these and
many other studies do not quantify or account for differences in mechanical properties
when evaluating the effect of peptides in similar PEG-peptide systems.90,161,174–178
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Figure 4.6: 1H NMR of PEGDM10K product.

Figure 4.7: 1H NMR of acryl-PEG-maleimide, cysteine peptide, and acrylPEG-peptide product.
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Figure 4.8: Young’s elastic modulus of 10 wt % PEGDM10K hydrogels with
various PEG3.4K-IKVAV concentrations. Data are shown as mean ± SEM
from n≥3 independent experiments (* p < 0.05).
4.4.4

MIN6 3D entrapment

The proliferation and insulin secretion of entrapped MIN6 cells was evaluated at d4 and
d7 post-encapsulation. Proliferation results (Figure 4.9 A) show a statistically significant
increase in proliferation at d4 and d7 in 20 µM acrylate-PEG3.4K-IKVAV hydrogels
compared to non-functionalized hydrogels, where proliferation is normalized to cell
number immediately after encapsulation. These results are consistent with our surfaces
results in 2D, showing that the presentation of the IKVAV peptide supports increased
MIN6 proliferation over the blank surfaces on both d4 and d7. Insulin secretion results
(Figure 4.9 B) show no statistically significant differences between MIN6 cells entrapped
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in non-functionalized and IKVAV-functionalized hydrogels at d4, but by d7 the increase
in insulin secretion is significant.
Results in the literature vary regarding the effect of peptides on proliferation and insulin
secretion of β-cells and islets. For example, interaction with RGD and PDSGR, laminin
derived recognition sequences, promoted islet viability and glucose induced insulin
secretion, whereas IKVAV or DGEA (a collagen I sequence) had no effect on alginateencapsulated human islets at days 5 and 7.179 Mouse pancreatic islets adhered better to
silk foams modified with RGD, IKVAV or YIGSR, a laminin-derived motif, compared to
control wells without matrices on days 2 and 5. At day 2, islets adhered to RGD and
YIGSR foam released significantly more insulin per islet compared to control islets that
were free floating, but at day 5 adhered islets released the same amount of insulin per
islet as did the control islets verifying that adherence to silk matrices allows maintained
function. In addition, significantly less necrotic bodies were found in islets that were
adhered to silk foams with no peptides or with RGD or IKVAV compared to free floating
islets.180 Survival of encapsulated MIN6 cells in PEG hydrogels diminished within one
week in the absence of cell-cell and cell-matrix contacts, however, in PEG hydrogel
functionalized with the laminin sequences IKLLI and IKVAV, the encapsulated β-cells
maintained viability, and showed reduced apoptosis and increased insulin secretion.
Interactions with other laminin sequences LRE, PDSGR, RGD, and YIGSR contributed
to improved viability, but insulin release from these samples was not statistically greater
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than that from controls.161 It is important to note several significant differences between
the current system and other studies that encapsulated β-cells in PEG hydrogels. Our
study uses a significantly higher cell seeding density (2x107 cell/mL) compared to many
other works in order to improve β-cell viability long term.161,181 This high cell seeding
concentration has been shown to maintain viable β-cells in non-functionalized PEG
scaffolds for more than 10 days.182 And yet, despite the high cell density used in our
study, the presence of the IKVAV peptide in the PEG hydrogels improved cell viability
and insulin secretion of the entrapped MIN6 cells. Additionally, by limiting the
concentration of acrylated peptide incorporated to match the modulus of our nonfunctionalized control, we are able to deconvolute the effects of the peptides from the
effects of hydrogel modulus where other studies have not done so.
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Figure 4.9: (A) Normalized proliferation of MIN6 cells encapsulated in 10 wt
% PEGDM10K hydrogels at d4. Data are shown as mean ± SEM from n=3
independent experiments performed in quadruplicate and are normalized to
gels immediately after encapsulation (t=0), * p < 0.05. (B) Insulin secreted
from MIN6 cells encapsulated in 10 wt % PEGDM10K hydrogels at d4. Data
are reported as mean ± SEM from n=3 independent experiments performed in
triplicate.
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4.5 Conclusions
Covalently immobilized peptide mimetics of ECM proteins fibronectin and laminin and
growth factor ligands bFGF and GLP-1were evaluated as 2D surfaces for β-cell culture.
While no synergistic effects were observed in any of the combinations of peptide
mimetics, the presence of any of the four peptides studied supported an increase in
proliferation and insulin secretion in MIN6 cells. Furthermore, the presence of peptides
on surfaces induced a more 3D morphology or the formation of pseudoislets. The
presence of the IKVAV peptide in 3D PEGDM10K hydrogels resulted in an increase in
MIN6 proliferation and insulin secretion, consistent with 2D results. These well-defined
peptide-functionalized surfaces and hydrogels can be used to probe the effects of other
types of bioactive signals, including the potentially critical cell-cell signaling molecules,
to obtain a better understanding of β-cell function and subsequently progress the design
of scaffolds for pancreatic tissue engineering.

79

Chapter 5

Concluding remarks

Tissue engineering aims to regenerate functional tissues and complex organs to improve
disease therapy and treatment. The major components required are viable cells and
scaffolds which provide the appropriate biochemical and biophysical signals. The work in
this thesis focused on the design of peptide-functionalized biomimetic scaffolds which
could support three-dimensional cell culture.
Fibronectin-mimetic PR_g peptide-amphiphile hydrogels support cell adhesion,
proliferation, and ECM deposition as two-dimensional surfaces. However, gelation
conditions were not physiologically compatible, preventing the important translation into
three dimensions. The work in Chapter 2 details the development of the E2 diluent
peptide-amphiphile designed to screen the charges of the PR_g peptide-amphiphile, to
increase the kinetics of gelation, and allow for assembly in physiologically relevant
solutions. Fibroblasts encapsulated in PR_g/E2 hydrogels survived encapsulation,
proliferated, and were well distributed throughout the hydrogel. The modulus of the
PR_g/E2 hydrogels without entrapped cells was 429 Pa and 809 Pa for the 0.5 wt % and
1.0 wt % gels respectively. PR_g/E2 hydrogels with entrapped cells had significantly
lower modulus than gels without cells, likely due to the disruption of the physical
interactions between the nanofibers. Both weight percent formulations supported
fibroblast proliferation and ECM deposition. The softer 0.5 wt % hydrogels supported
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significantly greater fibroblast proliferation compared to the 1.0 wt % gels; however, the
1.0 wt % gels promoted greater increase in mRNA expression and the production of
fibronectin and type IV collagen. This work not only translated out PR_g peptideamphiphile from 2D to 3D, but also revealed an unexpected parameter for tuning
hydrogel scaffolds and the cellular response.
The work presented in Chapter 3 was an effort to introduce additional bioactive peptide
signal to our 3D peptide-amphiphile hydrogels. The charge of the bioactive peptide
sequence had and non-trivial effect on the modulus of the peptide-amphiphile hydrogels.
Our inability to decouple bioactive sequence and hydrogel modulus would have made it
impossible to deconvolute the effects of the peptides and the effects of the gel modulus.
This led to the investigation of the simplified, two-dimensional study discussed in
Chapter 4.
Covalently immobilized peptide mimetics of ECM proteins fibronectin and laminin and
growth factor ligands bFGF and GLP-1were evaluated as 2D surfaces for β-cell culture.
The presence of any of these four peptides supported an increase in proliferation and
insulin secretion in MIN6 cells, however no synergistic effects were observed from any
of the peptide combinations. Furthermore, the presence of peptides on surfaces induced a
more 3D morphology or the formation of pseudoislets. In 3D PEGDM10K hydrogels, the
presence of the IKVAV peptide resulted in an increase in MIN6 proliferation and insulin
secretion, between IKVAV-functionalized and non-functionalized gels, consistent with
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2D results. These well-defined peptide-functionalized surfaces and hydrogels can be used
to probe the effects of other types of bioactive signals, including the potentially critical
cell-cell signaling molecules, to obtain a better understanding of β-cell function and
subsequently progress the design of scaffolds for pancreatic tissue engineering.
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