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Abstract

Many therapeutic strategies incorporate peptides into their designs to
mimic the natural protein ligands found in vivo. A few examples are the
short peptide sequences RGD and PHSRN that mimic the primary and
synergy-binding domains of the extracellular matrix protein, fibronectin,
which is recognized by the cell surface receptor, asB1 integrin. Even
though scaffold modification with biomimetic peptides remains one of the
most promising approaches for tissue engineering, the use of these
peptides in therapeutic tissue-engineered products and drug delivery
systems available on the commercial market is limited because the
peptides are not easily able to mimic the natural protein. The design of a
peptide that can effectively target the asB+ integrin would greatly increase
biomimetic scaffold therapeutic potential. A novel peptide containing
both the RGD primary binding domain and PHSRN synergy-binding
domain for fibronectin joined with the appropriate linker should bind asf31
integrin more efficiently and lead to greater cell adhesion over RGD

alone.

Several fibronectin mimetic peptides were designed and coupled to
dialkyl hydrocarbon tails to make peptide-amphiphiles. The peptides
contained different linkers connecting the two binding domains and
different spacers separating the hydrophobic tails from the hydrophilic
headgroups. The peptide-amphiphiles were deposited on mica
substrates using the Langmuir-Blodgett technique. Langmuir isotherms
indicated that the peptide-amphiphiles that contained higher numbers of
serine residues formed a more tightly packed monolayer, but the
increased number of serines also made transferring the amphiphiles to

the mica substrate more difficult. Atomic force microscopy (AFM) images



of the bilayers showed that the headgroups might be bent, forming small
divots in the surface. These divots may help expose the PHSRN
synergy-binding domain. Parallel studies undertaken by fellow group
members showed that human umbilical vein endothelial cells and asf31
integrins immobilized on an AFM tip preferred binding to a fibronectin
mimetic peptide that contained both hydrophilic and hydrophobic

residues in the linker and a medium length spacer.

Most cells require a three-dimensional scaffold in order to thrive. To
incorporate the fibronectin mimetic peptide into a three-dimensional
structure, a single hydrocarbon tail was attached to form a peptide-
amphiphile. Single-tailed peptide-amphiphiles have been shown to form
nanofibers in solution and gel after screening of the electrostatic charges
in the headgroup. These gels show promise as scaffolds for tissue
engineering. A fibronectin mimetic peptide-amphiphile containing a linker
with alternating hydrophobic and hydrophilic residues was designed to
form nanofibers in solution. The critical micelle concentration of the
peptide-amphiphile was determined to be 38 yM, and all subsequent
experiments were performed above this concentration. Circular
dichroism (CD) spectroscopy indicated that the peptide headgroup of the
peptide-amphiphile forms an a+@ secondary structure; whereas, the free
peptide forms a random secondary structure. Cryogenic-transmission
electron microscopy (cryo-TEM) and small angle neutron scattering
showed that the peptide-amphiphile self-assembled into nanofibers. The
cryo-TEM images showed single nanofibers with a diameter of 10 nm
and lengths on the order of microns. Images of higher peptide-
amphiphile concentrations showed evidence of bundling between
individual nanofibers, which could give rise to gelation behavior at higher

concentrations. The peptide-amphiphile formed a gel at concentrations



above 6 mM. A 10 mM sample was analyzed with oscillating plate
rheometry and was found to have an elastic modulus within the range of

living tissue, showing potential as a possible scaffold for tissue
engineering.

Vi
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Chapter 1 Introduction

The combined impact of advances in genomics, proteomics, stem cell
technology, tissue engineering, and drug delivery on our healthcare industry will
radically change our world just as the recent advances in computer technology
have redefined how we interact, manage data, and do business. In current
medical practice, diseased or wounded tissues are replaced by organ
transplantation, reconstructive surgery, and the use of prosthetics and implants.
Many different organs can be transplanted to replace diseased tissue in a
patient including the heart, lungs, liver, kidney, pancreas, small intestine,
cornea, and skin." While organ transplant offers treatment for many different
diseases, organ donors are in short supply.? As of June 2010, over 107,000
people in the United States are on the organ transplant list awaiting organs, and
in all of 2009, fewer than 30,000 transplants surgeries were performed.’ The
lack of organ donors consequently leads to long waiting times on the organ
donor list, and many patients’ conditions worsen and may become fatal.
Reconstructive surgery is a popular method for repairing torn ligaments and
replacing damaged blood vessels using tissue from the donor’s own body, but
the surgery requires two separate surgeries first to harvest the donor site tissue
and then to implant it in the new location. This introduces the risk of donor site
morbidity. Implants are widely used in joint replacements, but due to wear of
the implant and poor biocompatibility, they have a finite lifespan. One solution
to the problems associated with organ transplantation, reconstructive surgery,
and implants is to engineer replacement organs, blood vessels, and joints

through tissue engineering.

Tissue engineering uses live cells as a replacement for diseased tissue in an

external support device or as a model system to help determine the response of



a tissue to a drug. This interdisciplinary field merges principles from both
engineering and the life sciences to create a biological substitute to restore,
maintain, and improve tissue function.? The three main components of an
engineered tissue mimic the three components of native tissues: the cells, the
scaffold, and the soluble signals such as mitogens or growth factors. Of the
three components, the scaffold requires the most engineering design. This
project focuses on developing a fibronectin mimetic peptide sequence for
optimal cell adhesion and designing peptide-amphiphiles that may provide a

novel scaffold for tissue engineering applications.
1.1 Extracellular Matrix and Cellular Adhesion

Biology offers a template for developing tissue engineering scaffolds and can be
used as a source of design inspiration. Tissues are primarily comprised of cells
and the extracellular matrix (ECM). The ECM is a network of secreted
macromolecules and serves to provide structure and support to the tissue,
provide anchorage for cells, separate different tissue types, modulate cell
behavior, and sequester growth factors.® Organisms contain many different
tissue types including muscle, nervous, connective, and epithelial tissues. Each
tissue type has a unique organizational structure. For example, connective
tissues are primarily composed of ECM proteins with very few cells; whereas,
epithelial tissue is made of many cells in sheets attached to a very thin

basement membrane of ECM proteins.

The ECM macromolecules fall into two basic categories: proteoglycans and
proteins. Proteoglycans have a protein core with polysaccharides surrounding
the protein like a brush. The polysaccharides are made of glycosaminoglycans
(GAGs) such as heparin sulfate, chondroitin sulfate, and keratin sulfate. GAGs
are highly hydrated due to a net negative charge and form a gel-like substance

in the tissue. The GAG gel resists compressive force to give some strength to
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the tissue, yet also allows rapid diffusion of oxygen and nutrients due to the high
hydration.® Hyaluronic acid is another type polysaccharide that helps form the

hydrated gel, but it is not found as a proteoglycan.

Fibrous proteins are found embedded in the GAG gel and provide further
support to the tissue. The most abundant protein in vertebrates is collagen.® It
is the major stress-bearing component of connective tissue and is found
extensively in bone, teeth, cartilage, tendons, ligaments, skin, and blood
vessels. Elastin is another fibrous protein that gives resilience to tissues
allowing them to retain their shape after deformation.® Other common proteins
in the ECM contain many adhesion domains for cells including fibronectin,

laminin, vitronectin, and fibrinogen.

Many cell processes are regulated by signals that cells receive from contacts
they form with nearby cells and the ECM. Cell surface receptors called
cadherins, immunoglobulin-like cell adhesion molecules (lg-like CAMSs),
claudins, selectins, and connexins are involved in cell-cell adhesion.® Cell-
matrix adhesion is regulated by a family of cell surface receptors called
integrins. When cells bind to a substrate, they form focal adhesions, which are
dense clusters of integrins bound to the ECM and serve to transmit mechanical

information across the cell membrane to the cell’s cytoskeleton.
1.1.1 Fibronectin

The ECM contains many multifunctional proteins that bind more than one
substrate. One of the most commonly studied is a glycoprotein called
fibronectin. Fibronectin is involved in many vital cell processes such as cell
adhesion, determination of cell morphology, thrombosis, cell migration, and
embryonic differentiation® and contains binding domains for collagen, fibrin,
heparin, and cells.* It exists in a dimer structure consisting of two similar

subunits, which are cross-linked at their C-terminus ends by disulfide bonds.
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Each subunit has a molecular weight of ~220-250 kDa* and is comprised of
serially-repeated modules named type |, type II, and type 111.> ° Cells interact
with fibronectin through surface receptors called integrins, which bind to the
amino acid sequence RGD (arginine-glycine-aspartic acid). While peptides
containing the RGD sequence have been shown to bind to integrins and support
cellular adhesion, the binding strength of integrins to linear RGD peptides is
much reduced in comparison to binding to the native protein.” This indicates
that the native fibronectin protein’s secondary structure and possible nearby

secondary binding domains need to be taken into consideration.

The asB+ integrin binds to the RGD primary domain found in the 10" type lli
(Ill4o) repeat and has a synergy-binding domain, PHSRN (proline-histidine-
serine-arginine-asparagine), found in the 9" type Il (Illg) repeat.®® The crystal
structure of the lll;.1o domains of fibronectin show that the RGD binding domain
forms a hairpin-like loop, which extends ~10 A from the surface of the protein
and does not have any contact with other regions of the protein® (Figure 1-1).
Domains llly and Illio have very little rotation and tilt between them so
fibronectin is almost cylindrical in this region, and the PHSRN and RGD are
presented on the same face of the molecule. The two binding domains are
separated by 30-40 A. The low amount of protein surface area buried between
the 9™ and 10™ domains indicates that the area is likely to be more flexible than

other regions of the protein.*



Figure 1-1: Fibronectin lll;;, showing the PHSRN synergy-binding domain and RGD primary
binding domain (Adapted from Leahy4)

1.1.2 Integrins

Integrins are a family of heterodimeric transmembrane proteins that bind to
extracellular matrix proteins.®  The binding of integrins to the ECM is
substantially weaker than that of hormone receptors and other signaling
molecules. Thus integrins typically form multiple weak attachments in a similar

"3 This allows the cells to release cell attachments when

fashion to “Velcro.
needed. They bind to a wide variety of ligands including: fibronectin, laminin,

collagen, vitronectin, and fibrinogen.®

Integrins are comprised of an a and a [ subunit, which are non-covalently
associated (Figure 1-2). The subunits have very large extracellular domains
and very short intracellular domains. The cytoskeleton interacts with the
integrin through the B subunit’s cytoplasmic domain. Eighteen types of subunit
a and eight types of subunit B have been identified in mammalian cells® (Figure
1-3). These subunits interact to form at least twenty-four different combinations,
but not all types are active or even expressed on all cell types.® Knockout
experiments of the different subunits produce distinct phenotypes indicating that
each integrin has a specific function.® Since more a subunits exist than B
subunits and integrins containing the same (3 subunits do not necessarily bind

the same peptide sequence, the a subunit is likely responsible for the specificity
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of the integrin.”® These knockout experiments have produced a range of
phenotypes including major developmental defects, perinatal lethality, blockage
of preimplantation, reduced leukocyte function, inflammation, hemostasis, and
the prevention of angiogenesis and bone remodeling.” Integrins require divalent
cations such as Mn*?, Mg*?, or Ca*? in order to function, and the type of cation
can influence activity and specificity.'’ The a subunit contains four cation-
binding sites, and the B subunit contains one cation-binding site.> The binding
of divalent cations leads to an “open” or “closed” integrin conformation and

thereby regulates ligand binding.® 2

Matrix Binding
Pocket

Divalent

Cation a B

Cytoskeleton Binding

Figure 1-2: Integrin dimer cartoon. Integrins are transmembrane heterodimeric proteins that

connect the extracellular matrix and cell’s cytoskeleton. (Adapted from AIbertsa)
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Figure 1-3: Integrin Family (Adapted from Hynes 20029)

asP+ integrin is one type of integrin and binds to the fibronectin domain Mg.10. 8

The B subunit is primarily responsible for recognizing the RGD peptide when
asP1 integrin engages fibronectin, and the a subunit must be close by and is
0

asP+

integrin is important for wound healing,’® vascular development, and

primarily responsible for recognizing the PHSRN synergy domain.®

angiogenesis.' ' During early angiogenesis, asB; integrin is highly expressed
on cell surfaces; whereas, other integrins appear to be important for vessel
maturation.’® Pathological angiogenesis is the rapid growth of tumor-associated
blood vessels. These vessels overexpress fibronectin, which contains the
binding site for asB; integrin.'”” Antibodies against asBi integrin have been
shown to inhibit angiogenesis in tumors.'® asB; integrin has also proven to be
vital in developmental angiogenesis. Genetically engineered embryonic mice
lacking as integrin show severe defects in vascular development and show

signs of neural crest apoptosis.” ' Studies have shown that asB1 integrin aids



8

angiogenesis by stimulating endothelial cell proliferation,?® promoting
endothelial cell migration,®® enhancing lumen formation,”® and mediating

vascular patterning.?®
1.2 Cell Adhesion to Engineered Scaffolds

The scaffold is the structural component of the engineered tissue and provides
a mechanism for cell adhesion. Most mammalian cells require anchorage to a
substrate.?* Binding a soluble protein or peptide sequence is not sufficient for
cell viability.*® Interactions between a cell and the biomaterial scaffold can be
specific or non-specific. Specific interactions are mediated through integrins or
other cellular receptors binding to a ligand, which is a specific extracellular
protein sequence or molecule that the receptor recognizes. Non-specific
interactions include electrostatic interactions, van der Waals forces, and steric
repulsions. To encourage cell adhesion in an engineered scaffold, most
designs incorporate a bioactive molecule. Methods for immobilization of ligands
include using a covalent linker molecule, soft lithography, or protein
adsorption.?® Designs can either incorporate the entire bioactive molecule or

only a certain domain, such as the RGD peptide.

Cellular adhesion to non-modified biomaterials is mediated through protein
adsorption from the surrounding media to the biomaterial surface. Protein
adsorption is largely dependent upon the topography and free surface energy,
which is dependent upon electrostatic, hydrophobic, and van der Waals

interactions.?6-°

Protein adsorption from surrounding media has a significant
effect on biocompatibility as some adverse adsorption can trigger the foreign
body reaction leading to biomaterial rejection. Many scaffold designs try to
actively target cell interaction by including an ECM protein, which helps to
regulate cell adhesion, proliferation, growth, differentiation, and migration.®'**°

Several different methods for incorporating ECM protein moieties have been
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used such as: using a decellularized scaffold, binding whole ECM proteins to a
biomaterial, using a protein fragment, and coupling ECM-mimicking peptides to

the biomaterial.

Native ECM proteins are easily recognized by cells and have high binding
affinities, but they are also macromolecules consisting of many different
domains. This gives scaffold designers less control over the orientation of the
protein and specificity. Proteins frequently contain secondary binding domains
to other molecules, which may lead to undesired cell interactions. Whole
proteins can be incorporated either by covalent immobilization or by adsorption.
Immobilization chemistry is non-trivial because proteins contain a large number
of reactive sites. Since the presentation of the protein cannot be easily
controlled, the desired binding site may be obscured. Some researchers have
designed protein fragments that contain special functional groups at one
terminus to control the orientation of the bound protein fragment.®” The use of a
fragment also reduces the number of secondary binding sites. Adsorption is
another method to incorporate proteins into designs; however, adsorption can
lead to a dynamic structural rearrangement or denaturation depending on the
substrate, which can alter or destroy protein activity.> 2”-?® % Adsorbed proteins
also can dissociate from the biomaterial, and once they dissociate they no

longer provide biofunctionality to the scaffold.*

Peptides have high structural stability because they are much smaller and do
not exhibit complex protein folding. Peptides can be engineered to have a high
degree of specificity by choosing to present only one binding domain. Their
limitation is that peptides do not have the exact same structure as the full
protein resulting in lower adhesion than the native protein.*® Peptides do,
however, allow a high degree of control over the presentation of the binding

sequence and the ligand density, both of which are crucial aspects for scaffold
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design. Peptides have been incorporated into a variety of scaffolds including

43

natural polymers,*’ polyethylene glycol (PEG) hydrogels,*® and

biodegradable copolymers.***® Peptides have also been used to increase the

bioactivity of biomaterials by grafting them to a solid surface*” *®

or by creating
self-assembling monolayers.**>' Many different biomimetic peptides have been
identified by studying the binding domains of native proteins (Table 1-1). The
most commonly used in tissue engineering include RGD, PHSRN, IKVAV, and

YIGSR. PHSRN and RGD are discussed in further detail in Section 2.2.

Table 1-1: A few biomimetic peptide sequences, the proteins from which they are derived, and cell

receptors that they bind

Peptide Sequence Source Protein Receptor

RGD Fibronectin, laminin, Multiple integrins®® >
collagen

IKVAV Laminin EI,_Saminin binding protein®*
YIGSR Laminin a:B1 & asP1 integrin®
PHSRN Fibronectin asB4 integrin®
REDV Fibronectin a4B+ integrin®’
DGEA Collagen | azB+ integrin®’
YGYYGDALR Laminin azB+ integrin®
FYFDLR Collagen IV azB+ integrin®
VAPG Elastase Elastase receptor™®
KQAGDV Fibrinogen B3 integrins®
KRLDGS Fibrinogen avB: integrin®’
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1.3 Other Scaffold Design Considerations

In addition to requiring adhesion to a substrate for survival, mammalian cells are
greatly impacted by the mechanical properties, surface chemistry, rate of
degradation, surface patterning, and nanostructure of the scaffold.?* The
scaffold should encourage cell proliferation, recruit nearby cells to migrate into
the tissue, protect the cells from injury, allow for sufficient mass transport,
degrade at the same rate that cells produce new tissue, and the degradation
products should not be toxic to the cells.®> Thus, the most important scaffold
design criteria are providing a mechanism for cell adhesion, mechanical
properties, bulk structure and shape, porosity, degradation rate, and

biocompatibility.
1.3.1 Mechanical Properties

Cells are constantly under tension. They pull on the ECM, and the ECM, being
a large interconnected protein network, resists deformation and pulls back. Cell
tension is maintained by the motor protein, myosin Il, found on actin filaments.®
Integrin complexes called focal adhesions evolve from smaller focal complexes
when an external force is applied to the cell.®® In fact, focal adhesion assembly,
growth, and maintenance requires mechanotransduction.®* A decrease in
myosin Il tension on the cell’s cytoskeleton triggers a linear decrease in the
focal adhesion size.®® Lo et. al. showed that fibroblasts grown on stiffer
surfaces have larger focal adhesions than fibroblasts grown on softer
surfaces.®® Integrin binding to free binding peptides does not lead to focal
adhesion formation since the cells are not capable of sustaining tension.
Shear stress has been shown to promote focal adhesion assembly in
endothelial cells indicating that the assembly is mediated by external force

exerted on the cells.?’
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Many studies have examined the effect of the mechanical properties of
engineered tissue on the cells.®*% % % Mechanical properties can be adjusted
by introducing chemical cross-linkers to the polymer scaffold.?® Biomaterial
surfaces made of the same polymer with different elastic moduli can induce
cells to take different differentiation paths.?® Cells have been found to migrate
from soft to stiffer surfaces, possibly due to a tension gradient in the

cytoskeleton created by the substrate’s stiffness gradient.®® ©°

Engineered
tissues designs should try to mimic the native tissue’s mechanical properties.
Neural tissue has an elasticity of approximately 0.1 kPa, muscle is ~10 kPa,
and bone is ~100 kPa.?® The elasticity of the native tissue can be obtained by
traditional stress versus strain measurements, but cells view their world on a
microscopic level. The mechanical properties of a designed tissue need to
consider length and time scales relevant to cells.?* Mapping the elastic
modulus at the cellular level reveals distinct elastic microenvironments for

different types of cells found in the same tissue.?*
1.3.2 Scaffold Degradation

The goal of many tissue-engineering scaffolds is to encourage the cells to
actually regenerate the original tissue and create their own scaffold. Thus, the
engineered tissue should degrade as the cells to recreate their own matrix.
Faster degradation has shown to promote better bone tissue development by
encouraging differentiation of stem cells into osteoblasts,”® and it also
decreased the tissue development time required for a PEG hydrogel.”
Mechanisms for biodegradation include: hydrolytic degradation, cell-mediated
degradation, or enzymatic degradation. Natural ECM proteins are degraded by
proteolysis, which is a type of enzymatic degradation. Proteases secreted by
the cells recognize specific sequences in ECM proteins and cleave peptide

backbone. Endocytosis is another type of cell-mediated degradation where
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cells engulf extracellular objects. A number of biodegradable polymers, which
undergo hydrolytic degradation, have been used in tissue engineering such as
poly(lactic acid), poly(glycolic acid), and polycaprolactone.?® In order to control
the rate of degradation, copolymers are made with different ratios of the
homopolymer, which will affect the rate of hydrolysis,’? or proteolytic sequences

can be chemically incorporated into the scaffold.
1.3.3 Encouraging Angiogenesis and Cell Migration

One of the difficulties in tissue engineering is the scale-up required for human
implants.?® Engineered tissues that perform well in mice do not perform as well
in humans because humans are so much larger and require larger tissues. The
primary roadblock is the matter of diffusion of nutrients and oxygen to the cells
in the center of the tissue. The human body does not rely significantly on
diffusion since the penetration length of diffusing molecules in many tissues is
limited to 150-200 pm from the supplying blood vessel.”>”® Transport of oxygen
and nutrients is mainly accomplished by the circulatory system. Angiogenesis
is the development of new blood vessels from pre-existing blood vessels, and
endothelial cell migration is an essential element of angiogenesis. Engineered
tissues need to promote angiogenesis to form a vasculature for the tissue.
Many tissue designs contain growth factors such as vascular endothelial growth
factor (VEGF) to induce angiogenesis.”® Another approach is to include

adhesion molecules that target integrins involved in angiogenesis.
1.4 Peptide-Amphiphiles

An amphiphile is a molecule that is comprised of both hydrophilic and
hydrophobic components, and they have been shown to self-assemble into a
variety of nanostructures in solution including micelles, vesicles, monolayers,

and bilayers.”” The term “peptide-amphiphile” can be used to describe any of
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three classes of molecules, which are: 1) true-peptide-amphiphiles made up of
only “natural” amino acid residues, 2) peptides which obtain their hydrophobic
elements by incorporation of one or multiple long alkyl chains or lipopeptides,
and 3) peptide-based block copolymers, which combine synthetic polymers with
amino acid residues.”® The common traits among all three are that each
contains both hydrophilic and hydrophobic parts, and at least part of the
molecule is a peptide. Various research efforts are ongoing in all three areas,
but this document focuses on the second class, which most researchers simply

term “peptide-amphiphiles.”
1.4.1 Amphiphilic Structures

Amphiphiles self-assemble in aqueous solutions in order to minimize
unfavorable entropic interactions between their hydrophobic tails and the
surrounding medium. Peptide-amphiphiles have been shown to self-assemble
into a wide-variety of nanostructures including micelles,”® vesicles,®

' monolayers,® bilayers,®* nanotubes,®® and nanobelts.®* One of

nanofibers,®
the most common examples of an amphiphile is soap. Soap molecules form
micelles encapsulating the grease particles allowing the grease to dissolve in
water and be washed away. Micelles are spheroids that form in aqueous
solutions with the hydrophobic tail forming the core of the sphere, and the
hydrophilic headgroup oriented outwards to interact with the surrounding
solvent (Figure 1-4). Vesicles are also spherical but instead have a double-
layered wall of amphiphiles that encapsulates a hydrophilic core. Micelles are
typically much smaller than vesicles. For simple surfactants, micelles have
diameters on the order of 5 nm; whereas, vesicles may be 20 nm to several

microns in diameter.®®

Micelles can also form into cylindrical shapes instead of
spherical, and these aggregates are called cylindrical micelles or nanofibers.

Monolayers are typically formed on surfaces, and consist of a single layer of the
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amphiphile. Bilayers also typically form on surfaces, but form a double-layer
similar to the wall of a vesicle. Monolayers and bilayers can be created using
many techniques including Langmuir-Blodgett deposition, chemical adsorption,
and micro-contact printing. The molecular shape of the amphiphile has a
significant influence on the self-assembly structure. Single hydrocarbon tails
typically promote the formation of single-layer structures such as micelles and
nanofibers; whereas, double hydrocarbon tails will lead to the formation of

bilayers and vesicle structures.
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Figure 1-4: Diagram cutaway of a micelle, vesicle, cylindrical micelle, and bilayer. The
hydrophobic chains adopt a disordered conformation in the aggregate cores, which are frequently

described as liquid-like. (Adapted from Zana®)
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Peptide-amphiphiles have been widely studied as a biomaterial due to their
ability both to self-assemble in solution and ability to interact with biological
molecules through their peptide headgroup. The hydrophobic tail not only drives
self-assembly, but it has also been shown to influence the secondary structure
of the peptide headgroup. For example, collagen type | forms a triple helical
structure due to a repeated amino acid sequence Gly-X-Y, where X is frequently
proline and Y is a proline-derivative, hydroxyproline.®> Research has shown that
a collagen mimetic peptide containing a repeated Gly-Pro-Hydroxyproline motif
will form a triple helical structure, and the stability of the structure is greatly
enhanced by the addition of hydrocarbon tails.?*% The activity of proteins is
strongly correlated to the molecular structure, and the ability to control the
secondary structure of peptides will allow more effective biomimetic design.
The tail can also provide a method for immobilization of peptide-amphiphiles to
a surface, and this technique is commonly used in the formation of self-
assembled monolayers (SAMs).** *" 8 Some researchers have designed a tail
with cross-linkable functional groups to lock self-assembled structures into

shape.®®
1.4.2 Applications for Peptide-Amphiphiles in the Biomedical Field

Self-assembled peptide-amphiphiles are useful in a variety of biomedical
applications including drug delivery, tissue engineering, biomaterial
modification, and biosensing.”® Vesicles made from lipids, termed liposomes,
are widely used for drug delivery applications. Peptide-amphiphiles can be
incorporated into liposomes to add bioactive functionality to liposomes. The
peptides can interact with the specific receptors and help ensure that the drug is

delivered to the target tissue.”’

One of the most challenging issues in biomaterial design is modifying a surface

to control the interactions of cells with the surface.®* By controlling specific
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interactions between cells and the surface, the material’s biocompatibility can
be improved and enhance the function and lifetime of the material. Monolayers
and bilayers of peptide-amphiphiles have applications in biosensing,®

* and medical implants.” When forming monolayer and

bioanalytic devices,’
bilayer structures of peptide-amphiphiles, researchers can dilute the peptide-
amphiphiles with molecules such as polyethylene glycol (PEG) to allow more
accessibility between cell receptors and the peptide headgroups.*®: 8 999
Introduction of these diluting molecules into the monolayer or bilayer has shown
evidence of pattern formation on the surface of the monolayer, which may be
useful in biomaterial design that requires surface patterning.”® Another example
is the use of peptide-amphiphiles to encapsulate carbon nanotubes.'® Carbon
nanotubes are highly hydrophobic, which imparts low biocompatibility. Any
covalently-attached functional group incorporated to increase biocompatibility
would affect the electrical properties of the carbon nanotubes. Peptide-
amphiphiles are able to self-assemble around the carbon nanotubes changing
the surface properties without covalent attachment to the carbon nanotubes
thus making them biocompatible without compromising their electrical

properties.'®

Peptide-amphiphiles that have a bulky headgroup and a single hydrocarbon tail
have an overall conical molecular shape and tend to form nanofibers.
Nanofibers show promise as a useful nanostructure for tissue engineering.'
Peptide-amphiphile nanofibers can be induced to form self-supporting gels at
sufficiently high amphiphile concentrations and when the electrostatic
repulsions are overcome by changing the pH,'! adding divalent cations,'® or
by mixing oppositely-charged peptide-amphiphiles.’® They have been used as
templates to orient hydroxyapatite mineralization,® as scaffolds for cell

104

encapsulation,’® and as MRI contrast agents. Nanofibers are covered in

greater detail in Chapter 3.
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1.5 Organization of Thesis

The goal of this work is to design a fibronectin mimetic peptide that would self-
assemble into nanofibers and form a gel. We focus on mimicking fibronectin
because it is one of the primary cell adhesion proteins found in the extracellular
matrix. Also, fibronectin binds asB+ integrin, which is a vital receptor during
wound healing and angiogenesis, both of which are essential in tissue
engineering. We approached this task first by designing fibronectin mimetic
peptide-amphiphiles for use on 2D substrates and then expanding the work to

3D scaffold design using peptide-amphiphile nanofibers.

Chapter 2 focuses on the design of fibronectin mimetic peptides to interact with
the asB+ integrin. Several different fibronectin mimetic peptides were designed
to determine the best sequence for cell adhesion. First the synthesis and
purification of peptide-amphiphiles is described. Then the different peptide-
amphiphiles are examined with Langmuir-Blodgett techniques and atomic force

microscopy.

Once the best fibronectin mimetic peptide was determined, the challenge was to
introduce the peptide into a 3D construct. Peptide-amphiphiles containing a
single hydrocarbon tail have been shown to form nanofibers and self-supporting
gels, which may be used as scaffolds to support cell growth. Chapter 3
examines peptide-amphiphile nanofibers, and details the design of a fibronectin
mimetic peptide-amphiphile that will form a nanofibers and gel for applications

in tissue engineering.

Chapter 4 describes the synthesis and purification of the peptide-amphiphile
designed for nanofiber formation. This peptide-amphiphile was examined with a
lipophilic dye to determine the critical micelle concentration. Cryo-transmission

electron microscopy and small angle-neutron scattering were used to determine
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that the peptide-amphiphile did form nanofibers in solution, and rheology
measurements showed that at higher concentrations the peptide-amphiphile

would form a gel that may be used as a scaffold for tissue engineering.

Chapter 5 provides a summary of the research.
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Chapter 2 Fibronectin Mimetic Peptides

2.1 Chapter Overview

Biomaterials frequently need to encourage cell adhesion, and many designs
include a protein or peptide that will interact with cell adhesion proteins. This
chapter describes one strategy incorporating one of the most popular
biomimetic peptides, RGD, with PHSRN, the synergy-binding domain of
fibronectin. Several peptide headgroups were designed to determine the effect
of different amino acid sequences separating the binding domains from each
other and from the hydrocarbon tail. These fibronectin mimetic peptides were
attached to dialkyl tails to make a peptide-amphiphiles. The Langmuir-Blodgett
technique was used to transfer the peptide-amphiphiles to mica substrates for

atomic force microscopy studies.
2.2 Biomimetic Peptides RGD and PHSRN

Fibronectin, as discussed in Section 1.1.1, is one of the most important
adhesion proteins in the extracellular matrix. One tactic to encourage cell
adhesion is to design a peptide sequence that mimics the adhesion domain of
fibronectin. The most common peptide sequence used to encourage cell
adhesion is RGD. The RGD adhesion sequence was identified by examining
peptide fragments of the cell adhesion domain of fibronectin.®® The primary
binding domain of fibronectin was identified in the hexapeptide GRGDSP, and
RGDS was concluded to be the minimum sequence required for binding.'®
RGDX has since been found in many other extracellular matrix proteins, where
X may be S, V, T, or A."® The RGD binding domain is very sensitive to slight
amino acid variations. The replacement of aspartic acid with glutamic acid

(RGD - RGE) results in a 100 times reduction in activity.” RGD is recognized
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111111

although a2 3 4 781 integrins only bind RGD weakly or under certain
conditions.®® The spatial conformation of RGD seems to affect its specificity.
Looped conformations of RGD tend to be preferred by a,Bs and asB+ integrins;

whereas, asB; integrin prefers linear RGD.'%

While RGD can encourage cell adhesion, the affinity of the tripeptide is
relatively low in comparison to the native proteins. The affinity of the
hexapeptide GRGDSP binding domain found in fibronectin is approximately
1000 less than that of fibronectin.” The synergy domain in fibronectin, PHSRN,
has been shown to increase cell adhesion 100-fold, and binding is specific to
the asBi integrin.’®” '  This has led researchers to attempt to improve cell
adhesion by incorporating both PHSRN and RGD domains into their scaffold
designs. Some designs mix the two peptides together on the same surface and
have demonstrated that incorporation of both PHSRN and RGD leads to
increased asB; integrin binding.’” *® In order to ensure both PHSRN and RGD
are able to fit in the integrin-binding pocket, the two sequences need to be
available in the proper spatial context and relative orientation. Controlling the
presentation of two separate peptides is not an easy task, thus some of the
most promising designs are peptides that contain PHSRN and RGD on the

same peptide chain.

Most fibronectin mimetic peptide designs contain a flexible linker between the
PHSRN and RGD domains in order to mimic the 30-40 A distance'® between
the two domains found in fibronectin. One design attempted to connect the
binding domains without a linker (PHSRNRGDS), but it adhered fewer corneal
epithelial cells than the two peptides used alone, which indicates that a linker

11
.10

between the two domains is essentia A poly-glycine linker is frequently

chosen because glycine is the smallest amino acid, is the most flexible,"! and
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encourages a random peptide conformation due to its slight hydrophobicity.'"?

Kim et. al. showed that for short-term adhesion of osteoblasts, a Ggs linker
shows superior cell attachment over Gz, Go, and Gz linkers."”® However,
another study shows that a Gis linker provides better attachment for
macrophages than a Gg linker, and that the Gg linker actually enhanced the
foreign body immune response by encouraging the formation of foreign body

giant cells."* 1°

The heightened immune response could lead to chronic
inflammation and implant rejection. A fully extended Gs linker is only ~22 A
long, which is much shorter than the separation found in native fibronectin and
may not be long enough to bind asfB1 integrin properly. Another study has
attempted to use a polyethylene glycol (PEG) linker between the PHSRN and
RGD domains, and the peptide hybrid did help baby hamster kidney cells
spread more than RGD and PHSRN did alone but did not perform nearly as well
as native fibronectin."'® The PEG linker had an average molecular weight of
3500 Da, which fully-extended would be ~300 A long. The PEG linker is not
likely to be completely extended in solution; it is likely to be in a coiled state.
The root-mean-square end-to-end distance of a 3500 Da PEG melt is ~50 A.'"”
This indicates that the PEG linker may be too long and may not easily allow the
two binding domains to both interact with the integrin-binding site. Some
studies have compared the effect of the relative orientation of the PHSRN and
RGD binding domains, and they have found that peptide mimetics connecting
the domains in the order PHSRN-RGD is more active than mimetics that use
the orientation RGD-PHSRN.""®

2.3 Design of PR_b

The previously mentioned studies focused mostly on linking the PHSRN and
RGD domains by mimicking the distance between them, but other factors may

also be important in accurately mimicking the native fibronectin. Mardilovich
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and Kokkoli designed a new peptide to mimic both the length and the
hydrophilicity/hydrophobicity of the amino acids found between the PHSRN and
RGD domains.”® Analysis of the primary structure of fibronectin indicates that
the ratio of hydrophobic to hydrophilic amino acids linking the two binding sites
is nearly 1:1. In order to preserve the flexible nature of the linker region and
also mimic the hydrophilicity/hydrophobicity, a peptide with a linker of
alternating serines and glycines was prepared (PR_a, PHSRN(SG),RGDSP)
and coupled to a double-tailed hydrocarbon tail forming a peptide-amphiphile.
Of all the amino acids, glycine has the smallest hydrophobic side chain and
serine has the smallest hydrophilic side chain. Serine and glycine are also the

111

two most flexible amino acids. Table 2-1 details the different peptide

sequences and the naming convention used in this work.

Table 2-1: Names and peptide sequences used in this study

Name Peptide Sequence
PR_a PHSRN(SG),RGDSP
PR_b KSSPHSRN(SG)sRGDSP
PR_c KSSPHSRN(G):oRGDSP
PR_d KSSPHSRN(S)1oRGDSP
PR_e PHSRN(SG)sRGDSP
PR_f KSSSSSPHSRN(SG)sRGDSP

The tail was attached to the N-terminal end of the peptide because the
chemistry is easier than attaching the tail to the C-terminal end. Also, previous
studies show that the PHSRN-RGD conformation is more effective, and putting
the tail on the N-terminal end ensures that the primary domain is on the outside

and allows easier access to integrin binding. The amphiphile was deposited on
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a hydrophobized mica substrate for atomic force microscopy (AFM) adhesion
studies. asP1 integrin immobilized on the AFM tip showed that the integrins
adhered to the PR_a surface with approximately the same affinity as they

bound to a surface coated with GRGDSP peptide-amphiphile.*®

The (SG)4 linker has a theoretical length of 29.6 A, assuming 3.7 A per amino

d,?® '8 which may be too short to allow for optimal integrin binding. A new

aci
peptide-amphiphile, PR_b (KSSPHSRN(SG)sRGDSP), was designed to have
an increased linker length of 37 A and a KSS spacer to extend the PHSRN
domain from the hydrophobic tails''® (Figure 2-1). PR_b coated substrates
were found to adhere human umbilical vein endothelial cells (HUVEC) equally
as well as a fibronectin-coated substrate and performed significantly better than
PR_a and GRGDSP.""® Integrin-blocking assays show that HUVEC adhesion

to PR_b is mediated by asB+ integrin.’'®

Linker

Dialkyl Tail - PHSRNSGSGSGSGSGRGDSP

Figure 2-1: PR_b fibronectin mimetic peptide-amphiphile structure. A dialkyl Cy¢ tail is coupled to
a KSS spacer, PHSRN synergy-binding domain, (SG)s linker, and RGDSP primary binding domain.

The previous study indicates that PR_b is an excellent fibronectin mimetic
peptide. The next step was to determine whether the
hydrophilicity/hydrophobicity of the serine/glycine linker, the KSS spacer, or
both had an impact on the efficacy of PR_b. Several more peptides were
designed to be tested with AFM and cell adhesion studies. PR_c and PR_d



25

tested the effect of linker hydrophilicity and contained Gio and Sy linkers,
respectively. PR_e and PR_f probed the effect of the spacer. PR_e, like PR_a,
contained no spacer, and PR_f contained an elongated KSSSSS spacer. The
peptides were coupled to dialkyl tails and deposited on hydrophobized mica
substrates using the Langmuir-Blodgett technique for further study with AFM

and cell adhesion studies.
2.4 Peptide-Amphiphile Synthesis

Peptide-amphiphiles were synthesized using solid-phase peptide synthesis.
Solid-phase peptide synthesis has a distinct advantage over solution phase
chemistry because the synthesis is carried out with the peptide covalently-
attached to small beads, which allows for easy separation of the product from
reactants by filtration. The peptide synthesis was performed by the Peptide
Synthesis Facility at the University of Minnesota and carried out in step-wise
fashion in which only one amino acid was added to the peptide during each
coupling reaction. After the peptide synthesis was complete, the peptide was
coupled to a dialkyl hydrocarbon tail. Tails were synthesized via a two-step
synthesis. The peptide-amphiphile was cleaved from the bead and purified as

described in detail below.
2.4.1 Synthesis of Dialkyl Tail

The hydrophobic tail of the peptide-amphiphile was composed of two
hydrocarbon chains linked by glutamic acid and coupled to a C, spacer. The

.82 The reaction scheme

synthesis was performed as described by Berndt et. a
is shown in Figure 2-2. In the first step, hexadecanol was coupled to glutamic
acid by acid-catalyzed condensation with para-toluenesulfonic acid
monohydrate (TsOH) in toluene. The reaction proceeded at 120-135°C until

completion. Toluene was removed by rotary evaporator and acetone was
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added to the product. The acetone solution was warmed until the solids
dissolved and allowed to cool in the fridge overnight. The TsOH salt of the
dialkyl ester crystallized in the cooled acetone and was filtered from the
solution. Dissolution in acetone and recrystallization was repeated several

times to purify the dialkyl ester prior to the addition of the C, spacer.

Step 1:
P ?
P N N N NN NPN HO —OS—OH
OH NH, S
+ (TsOH)
P N N T >
HO Toluene
o]
Step 2:

0]
NH, 2
O DIPEA
+ o}
Chloroform/THF
0 (o]

O

(o] (o]
H
P N N N N N
° Y\)‘\OH
ié/ i
/\/\/\/\/\/\/\/\o o)

Dialky! Tail

Figure 2-2: Dialkyl tail synthesis. Step 1 shows the coupling of hexadecanol tails to glutamic acid
by TsOH acid-catalyzed condensation. Step 2 shows the coupling of the free amino group to

succinic anhydride to form the completed dialkyl tail.
In the second step of the synthesis, the free amino group was coupled to
succinic anhydride in an equimolar solution of chloroform and tetrahydrofuran

(THF) in the presence of diisopropylethylamine (DIPEA) at 40-50°C. The

reaction was allowed to proceed for 2 hours. The solvent was removed by
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rotary evaporation. The product was redissolved in ethyl acetate, cooled in the
refrigerator until crystallization, and dried in a vacuum oven. The structure was
verified using proton nuclear magnetic resonance (NMR) spectroscopy by other

members of the Kokkoli group.
2.4.2 Solid Phase Peptide-Amphiphile Synthesis

The peptide headgroup synthesis was performed wusing standard
fluorenylmethoxycarbonyl (Fmoc) solid peptide synthesis by the Oligonucleotide
& Peptide Synthesis Facility at the University of Minnesota. The fibronectin-
mimetic peptide-amphiphiles used in this study were all prepared as peptide
amides, which means that the C-terminus of the peptide headgroup was an
amide instead of the conventional acid group. All figures in this section reflect
the use of peptide amides. In Fmoc solid phase peptide synthesis amino acids
to be added to the peptide are protected on their N-terminus by the base-labile
Fmoc-protecting group. This prevents more than one amino acid from coupling
to the peptide at each coupling step. The side chains of amino acids are also
protected by various acid-labile groups to prevent the unwanted coupling to a
side chain. The side chain protecting groups are removed during the cleavage
step at the end of the synthesis. The Fmoc-protecting group was removed from
the synthesized peptide chain in a solution of 20% piperidine in
dimethylformamide (DMF). The beads were deprotected for 20 minutes with
mild agitation, rinsed, and the deprotection step was repeated to ensure

complete deprotection.

Peptide-amphiphiles are created by attaching a hydrocarbon tail to the
hydrophilic peptide headgroup. The synthesized dialkyl tail used in this study
contained a carboxylic acid end group, which was coupled to the amino group
on the N-terminus of the peptide using the same chemistry as the amino acid

addition (Figure 2-3). The prepared hydrocarbon tails were coupled to the
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growing peptide chain using three times excess of the Fmoc-protected amino
acid, three times excess O-(benzotriazole-1-yl)-N,N,N’,N"-tetramethyluronium
hexofluorophosphate (HBTU), and six times excess DIPEA in DMF. HBTU
binds the COOH end of the amino acid and helps it react with the free primary
amine on the end of the peptide chain. The coupling reaction was allowed to
proceed at room temperature under mild agitation for 2-4 hours. If the solution
formed a gel, dichloromethane (DCM) was added to aid the solubility of the
tails. A few beads were removed for testing by the Kaiser test to ensure
complete coupling. The Kaiser test uses solutions of ninhydrin, phenol, and
potassium cyanide to test for the presence of free primary amines.'® A positive
test indicates that the coupling was not complete, and the reaction was
repeated. If the Kaiser test reveals the beads contain no free primary amines,
coupling was complete. If proline, which has a secondary terminal amine, is the
amino acid on the N-terminus (as is the case for PR_a and PR_g), the chloranil

test was used.'?’



29

0 H o)
M N Ve Vs NNOH
o
Ty 0y HBTU
F I N VN N 0 o) + HZN)\’(N%N)\H/N\ lgjlr'l(;klu;go E—
O R 1 0O DIPEA
0 y O Rey O Ry
P e P N NW)L )ﬁfN linki
o} O Ry (0] 95% TFA
2.5% TIS

P VN VN

o o R O R
PV N N V2 N N N N NH;
(o} (o] Ry o}
(0] (0]

Figure 2-3: Coupling hydrocarbon tail and cleaving peptide-amphiphile from resin bead. First, the
hydrocarbon tail is coupled in a similar mechanism as amino acid coupling. Peptide shown is an
example tripeptide with side groups R;, Ry, and R;. In the second step, cleavage from the bead

occurs in a solution with a high concentration of trifluoroacetic acid (TFA).

2.4.3 Cleaving from the Solid Support

Peptides and peptide-amphiphiles are cleaved from the bead in a strong
solution of trifluoroacetic acid (TFA) (Figure 2-3). TFA both cleaves the peptide-
amphiphile from the bead and removes the protecting groups on the amino acid
side chains. The fibronectin mimetic peptide-amphiphiles were grown on a PAL
resin, which results in a C-terminal amide after cleavage. The peptide-
amphiphiles were cleaved in a solution of 95% TFA, 2.5% triisopropylsilane
(TIS), and 2.5% water for 2 hours.

After cleaving the fibronectin mimetic peptide-amphiphiles from the solid

support, the solution was filtered to remove the spent beads from the
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amphiphile solution. The beads were rinsed with excess TFA to maximize
product recovery. The TFA-product solution was concentrated using a rotary
evaporator. Next, 10-20 times excess of cold diethyl ether was added to
precipitate the peptide-amphiphile while leaving impurities in solution. The
ether mixture was centrifuged at 4000 rpm for 5 minutes, the pellet was
redissolved in a small amount of DMF, and the precipitation process was
repeated. The resulting crude peptide-amphiphile was dried under an air

stream, redissolved in water, and lyophilized.
2.4.4 Purification of Crude Product

The crude peptide-amphiphile was purified using preparative reversed-phase
high-pressure liquid chromatography (HPLC). HPLC is a form of column
chromatography that is frequently used in biochemistry laboratories to separate,
identify, and quantify compounds.’®® A mobile phase carries the sample
through the column containing a stationary phase, which retains the different
compounds in the sample according to their chemical makeup resulting in the
separation of the different compounds. Reversed-phase HPLC columns have a
hydrophobic stationary phase, and the mobile phase is typically a mixture of
water and an organic solvent such as acetonitrile (ACN), methanol (MeOH), or
isopropanol (IPA). Molecules are retained in the column by hydrophobic
interactions with the stationary phase. Stationary phases are typically made of
silica particles, which have been modified with an alkyl group. Typical alkyl
groups are CqgHs7, CgH17, and C4Hg. Longer alkyl chains increase the retention
time of non-polar molecules. Retention time also varies with the composition of
the mobile phase. Increasing the organic component of the mobile phase
results in a shorter retention time of the hydrophobic components by reducing

the hydrophobic interactions between the stationary phase and the analytes.
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All peptide-amphiphiles used in this study were purified using a mobile phase
gradient of 0.1% TFA in water (mobile phase A) and 90% ACN:10% IPA (mobile
phase B). The gradient used is shown in Table 2-2. The gradient starts at 30%
of the organic phase (B) and increased at a rate of 1 %B/min for 60 minutes.
Then the gradient was run isocratically for 10 minutes to ensure all of the strong
hydrophobic molecules elute, and then the column was restored to its starting
mobile phase to prepare for another run. The stationary phase was a C4
column and was chosen for the peptide-amphiphile purification to reduce the
retention time because the double tail is sufficiently hydrophobic that it interacts
strongly with columns modified with longer alkyl groups.

Table 2-2: HPLC gradient used in purification of dialkyl peptide-amphiphiles. Mobile phase B is
90:10 ACN:IPA.

Time (min) % B
0 30
60 90
70 90
71 30
85 30

The synthesis and purification of the fibronectin mimetic peptide-amphiphiles
was verified by matrix-assisted laser desorption/ionization time of flight (MALDI)
mass spectroscopy. MALDI is a soft ionization technique, which allows for the
analysis of large biomolecules that would be fragmented by ionization used in
conventional mass spectroscopy. A matrix is combined with the sample to
absorb the laser light and assist with the vaporization and ionization of the

sample.
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Samples were analyzed using a Bruker Reflex Ill system. For this study, a
saturated solution of a-cyano-4-hydroxycinnamic acid matrix was prepared in
1:1 mixture of ACN and water and 0.1% TFA. Samples for MALDI analysis
were prepared mixing 2 yL of sample with 10 yL of saturated matrix solution.
One pL of the sample-matrix mixture was spotted onto the MALDI plate and
allowed to dry completely. MALDI spectra were obtained using the reflectron
mode. An example spectrum of purified PR_b peptide-amphiphile is shown in
Figure 2-4. The x-axis is the mass-to-charge ratio (m/z). The theoretical mass
of PR_b peptide-amphiphile is 2821.4 Da, so the [M+H]" peak is expected at
2822.4 Da. The MALDI spectrum’s primary peak is 2823.0 Da, which indicates

that the synthesis was successful.
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Figure 2-4: MALDI spectrum of purified PR_b peptide-amphiphile. m/z is the mass-to-charge ratio
read by the detector. The spectrum shows both a +1 and +2 charge state for PR_b and verifies the

PR_b peptide-amphiphile synthesis.
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MALDI was performed on all the major HPLC peaks to identify the peak that
contained pure peptide-amphiphile. The peak was collected, and the solution
was dried under air, resolvated in Milli-Q water, and lyophilized. The purified

peptide-amphiphile was stored at -20°C until needed.
2.5 Langmuir Blodgett Technique

The Langmuir-Blodgett (LB) technique is a method of preparing thin films on a
substrate. Thin films formed by lipophilic and amphiphilic molecules at air-liquid
interfaces have been known since the 1700’s. In 1774, Benjamin Franklin
described pouring a teaspoon of oil on a pond and watching as the film covered

an area of about half an acre.'®

Over a hundred years later in 1890, Lord
Rayleigh repeated Franklin’s experiment and calculated that the resulting thin
film was 2 nm thick and hypothesized that the film was the thickness of one

molecule.'?*

In 1891, a German woman, Agnes Pockles, developed a
rudimentary surface balance by floating a button in her kitchen sink to measure
the surface tension difference as a function of surface area available to different

125, 126

oils. Irving Langmuir studied fatty acid, ester, and alcohol monolayers

floating on water in the 1910’s and 1920’s.'®’

He designed the device now
called a Langmuir trough to spread his molecules on the liquid interface. He
confirmed that the molecules formed films one molecule thick. He also
determined that in order to minimize free energy, amphiphiles self-assemble on
the air-liquid interface with their hydrophilic heads in the water and their
hydrophobic tails in the air. Katherine Blodgett furthered Langmuir’s techniques

by detailing how to transfer sequential monolayers onto substrates.'?> 128

In any liquid, the molecules experience an attractive force from the surrounding
molecules. In the bulk of the liquid, these forces are balanced in all directions
due to the isotropic nature of the surroundings. However, at the interface the

molecules are not surrounded on all sides by other liquid molecules, leading to
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a force imbalance at the air-liquid interface and an overall net attractive force
toward the bulk causing the air-liquid interface to spontaneously minimize its
area.'® '® This excess free energy at the surface is frequently described as
surface tension. Polar solvents have strong intermolecular interactions, which
results in high surface tensions. The surface tension of pure water is
72.8 mN/m at room temperature and is the highest surface tension of the non-
metallic liquids. The high surface tension makes water a very good subphase

for Langmuir film experiments.'*°

A typical Langmuir-Blodgett apparatus has a trough in which a subphase,
usually water, is poured (Figure 2-5). The trough is made of a hydrophobic
substance such as Teflon. Two hydrophilic barriers rest on top of the trough in
contact with the subphase and are used to compress the surface of the
subphase to constrict the interfacial area available to the monolayer.
Amphiphilic molecules can be spread on the water surface in between the two
barriers by first dissolving the molecules in a volatile hydrophobic solvent and
then gently spreading drops of the solution on the water surface. The volatile
solvent will evaporate and the amphiphilic molecules will be left behind as a
monolayer. When a monolayer is spread on a water surface, the surface

tension decreases.

monolayer

covered surface Wilhelmy plate barrier

48 § 888 BE U &) 8848 ¥ BRURE Y

subphase

trough

Figure 2-5: Langmuir-Blodgett trough schematic
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Surface tension changes are measured by a very thin piece of platinum, called
a Wilhelmy plate, that is partially immersed in the water. The surface pressure
is monitored by measuring the changes in weight of the plate according to
Equation 2-1."®> ' The force, F, on a plate of dimensions I, w,, and t,
immersed to a depth of h, is dependent upon the density of the plate, p,, the
density of the liquid, p, the acceleration due to gravity, g, the liquid surface

tension, y, and the contact angle of the liquid and plate, 6.

Equation 2-1: Force balance on Wilhelmy plate
F=p,glw,it,+ 2y(z‘pwp)(cos€) - pgt.w,h,

For a very thin plate, w, >> t,, that is wetted completely (6 = 0°) the equation
reduces to Equation 2-2. The surface pressure, I, can be calculated directly
from the change in weight (AF) of the Wilhelmy plate.

Equation 2-2: Surface pressure as a function of the change in weight of the plate and the width of

the plate

o AF
2Wp

2.5.1 Langmuir Monolayer Isotherms

Monolayer properties are determined by measuring the surface pressure as a
function of the water-surface area available to the monolayer. Figure 2-6 shows
a surface pressure-area isotherm of an idealized monolayer. Isotherms are
obtained by measuring the surface pressure of a monolayer while compressing
the film at a constant rate. Figure 2-6 shows several distinct regions
corresponding to different phases of the monolayer. In the “gas phase,” the
molecules have a large area available to them allowing them to spread out, and
they do not interact much. When the monolayer is compressed, the monolayer

undergoes a transition to the “liquid expanded” phase where the molecules start
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to interact more. This transition is usually marked by a plateau on the isotherm,
indicating a coexistence of the gas and liquid expanded phases. As the
molecules begin to interact in the liquid expanded phase, the hydrocarbon tails

start to “lift off’ the air-water interface.'"

The film and hydrocarbon chains in
the liquid expanded phase are mostly disordered.'? Upon further compression,
the monolayer enters a “liquid condensed” phase; wherein, the hydrocarbon
chains are highly extended, and the film exhibits some long-range packing
order. With further compression, the film enters a “solid” phase. The packing in
the solid phase is very tight similar to packing seen in crystals. Compression
beyond the solid phase leads to monolayer collapse where the monolayer
becomes unstable and the amphiphiles start to pack on top of each other in a
3D structure. The collapse appears as either a horizontal plateau or a rapid
decrease in the surface pressure. Depending on the length of the hydrophobic
region and the chemical nature of the headgroup, the isotherm can exhibit some
or all of these phases, and it can have transitions between the phases or no

transitions at all.'?® 133
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Figure 2-6: Example pressure-area isotherm for a typical surfactant with labeled domains. The side
figures depict the morphological changes in the amphiphile as the molecules are compressed.
(Reproduced from KSV LB Manual)'**

2.5.2 LB Isotherms of Fibronectin Mimetic Peptide-Amphiphiles

Peptide-amphiphiles were dissolved in chloroform at a concentration of
1 mg/mL. The solutions were stored in the fridge and warmed to room
temperature prior to use. If the solution was cloudy, it was heated in a 50°C
water bath until it was clear. Isotherms of the fibronectin mimetic peptide-
amphiphiles were obtained using a KSV 5000 LB system (KSV Instruments,
Helsinki, Finland). The trough was cleaned prior to use with chloroform and
methanol to remove any contamination. The hydrophilic barriers were cleaned
with methanol or ethanol. Next, the subphase, autoclaved Milli-Q water was
added to the trough, and the surface was cleaned by vacuum suction. The
system cleanliness was determined by compressing the barriers completely and

monitoring the surface pressure. The water surface was determined to be free
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of contamination if the change in surface pressure was less than 0.2 mN/m.
Approximately 100 pyL of 1 mg/mL peptide-amphiphile solution was spread on
the air-water interface. The chloroform was allowed to evaporate for 10
minutes. The barriers were compressed at a rate of change relative to the

remaining area, 5 area%/min.

Pressure-surface area isotherms were measured to examine the different
peptide-amphiphile intermolecular interactions (Figure 2-7). The collapse
pressure for all the molecules occurred between 61-71 mN/m. At the collapse
point, the monolayer becomes unstable, and the molecules begin forming three-
dimensional multilayers. PR_a, PR_b, PR_c, and PR_e all exhibit similar
behaviors in that they all have similar gas and liquid expanded phases and then
undergo a transition between 35-45 mN/m to the liquid condensed phase. The
transition is most evident in PR_a and PR_e, but slight humps can be seen in
the isotherms for PR_b and PR_c. PR_f does exhibit a phase transition but at a
significantly lower surface pressure of 18.5 mN/m. PR_d behaves much
differently than the other peptide-amphiphiles and does not display a secondary
phase transition. At low molecular areas, PR_d and PR_f show a similar
isotherm, namely, they both do not start exerting high surface pressures until
the molecules are pressed much closer together. This is likely due to the
greater number of serine residues in the PR_d and PR_f peptides. PR_d has 10
serines between the PHSRN and RGD domains, and PR_f has 5 serines in a
row before the PHSRN domain. Serine has a small hydroxyl side chain capable
of forming hydrogen bonds. Interactions between the peptide-amphiphiles
through hydrogen bonds may encourage close association between the
molecules. In PR_d, this results in the lack of the secondary transition, and in

PR_f, the secondary transition occurs at a much lower surface pressure.
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Figure 2-7: LB isotherms of PR_a-PR_f

2.5.3 Langmuir-Blodgett Deposition

For further studies, the monolayer can be transferred onto a surface, by dipping
a substrate through the air-water interface, creating a Langmuir-Blodgett (LB)
film'?® (Figure 2-8). To build up a multilayer of amphiphiles, the substrate can
be dipped many times. The substrate is oriented vertically so the surfaces that
are to be coated are perpendicular to the air-water interface. A sample pulled
upwards from the liquid to the air will result in a deposited layer of the
hydrophilic headgroups oriented toward the substrate and the tails oriented
outwards. A sample lowered from the air to the liquid will create a deposited
layer with the tails oriented toward the substrate and the headgroups oriented
outwards. When the substrate is hydrophilic, the first layer should be deposited

so the hydrophilic heads adsorb to the substrate. When the substrate is
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hydrophobic, the first layer is transferred so that the tails are oriented toward the
substrate. Mica is commonly used as a substrate because it can be cleaved to
create an atomically flat surface. The most common type of LB film deposition
is type Y; wherein, a substrate is first pulled up through an LB film, and a
second layer is deposited on a downstroke so that the hydrophilic headgroups
are oriented outwards.'® This creates a basic bilayer structure, and is

illustrated in Figure 2-8.

Upstroke Downstroke

Figure 2-8: Type Y LB deposition. On the upstroke, molecules are deposited with hydrophilic
heads toward the substrate. On the downstroke, the tails face the substrate and a bilayers

structure is formed.

Deposition is usually performed in the “solid” or “liquid-condensed” phases
where the surface pressure is high enough to ensure a uniform, homogenous
transfer. A feedback control loop monitors the surface pressure during
deposition and adjusts the barriers to ensure a constant surface pressure. The
quality of the deposited layers is characterized with a parameter called the
transfer ratio, 7. The transfer ratio is defined as the ratio between the decrease
in monolayer area on the air-liquid interface, A, and the area of the substrate,
As (Equation 2-3). The decrease in monolayer area is measured by the
distance that the barriers have to move to maintain a constant surface pressure.

The ideal transfer ratio is 7=1.
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Equation 2-3: Transfer ratio for supported LB films

A

A

In this work we deposited peptide-amphiphile bilayers on mica substrates for
AFM  studies. The first layer was 1,2-disteraroyl-sn-glycero-3-
phosphoethanolamine (DSPE) (Avanti Polar Lipids, Inc) deposited on an
upstroke, and the second layer was the respective fibronectin mimetic peptide-
amphiphile deposited on a downstroke. Peptide-amphiphiles were dissolved
~1 mg/mL in chloroform solutions. DSPE was dissolved in chloroform at a
concentration of 1.5 mg/mL. A Langmuir-Blodgett (KSV Instruments, Helsinki,
Finland) was used to deposit peptide-amphiphile bilayers on 7.5 mm mica
disks. DSPE was deposited first oriented with hydrophobic tails facing away
from the mica substrate. Next, a fibronectin mimetic amphiphile was deposited
so that the hydrophilic heads were facing outwards. All depositions were
performed with a surface pressure of 41 mN/m, which is below the collapse
pressure for all molecules, and at a speed of 1 mm/min. After peptide-
amphiphile deposition, the substrates were not exposed to air and were stored
underwater for 1-2 days until AFM measurements were performed and were not

exposed to air.

One difficulty encountered during deposition of the monolayer onto the DSPE-
coated mica substrate was that the transfer ratio of PR_d was consistently low
(Figure 2-9). The ideal transfer ratio is 1. All the other peptide-amphiphiles had
transfer ratios of 0.8-1.3, indicating minimal disturbances during transfer;
whereas, PR_d had a transfer ratio of 0.4. The low transfer ratio for PR_d
might be due to the extensive hydrogen bonding between the serine residues,

and instead of the monolayer coating the mica substrate, the PR_d molecules



42

preferred to interact with each other and may allow the disk to slip through the

monolayer without transferring the amphiphile.
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Figure 2-9: Average transfer ratios for the peptide-amphiphiles and DSPE lipid. PR_d has a
particularly low transfer ratio possibly owing to the fact that it has ten serine residues, which form

strong intermolecular hydrogen bonds and may prevent coating onto the mica substrate.
2.6 Atomic Force Microscopy

Atomic force microscopy (AFM) is a relatively old technique in the rapidly
advancing field of nanotechnology. First developed in 1986 by G. Binning, the
AFM is part of the large family of scanning probe microscopy (SPM).'3> 136
SPM is a type of microscopy that uses a physical probe to image a sample.
AFM was developed to overcome limitations of scanning tunneling microscopy
(STM), which requires a conductive sample.’® AFM uses a laser to measure
the deflection of a tip on the end of a cantilever as the tip makes contact with a

surface. The tip is raster-scanned over the surface to obtain an image. AFM
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has been used in a wide range of applications due to flexibility in sample choice.
Samples can be examined in air or liquid allowing for samples to be imaged in
their native environment.’®® '3 QOriginally, only hard samples could be scanned,
but improvements in cantilever design and the development of tapping mode
imaging has allowed very soft samples to be imaged such as living
cells.'® 14142 AFM is capable of obtaining resolution on the nanometer scale

144, 145

allowing imaging of biomolecules such as DNA,'* proteins, and

146, 147

phospholipids. In addition to imaging, the physical contact between the

probe and the sample allows for mechanical, chemical, and bioactivity

properties to be analyzed.'*

2.6.1 Atomic Force Microscopy Fundamentals

AFM utilizes a very small sharp tip on the end of a very flexible cantilever to
probe the sample (Figure 2-10). The laser is reflected off the back of a
cantilever onto a photodiode.'® The photodiode is divided into quadrants and
is able to detect when the laser spot moves and thus can detect the deflection
of the cantilever. In imaging mode, piezoelectric crystals move the sample in
the x-y plane under the tip in a raster fashion. A feedback control loop controls
the sample-cantilever distance using piezoelectric crystals as the tip scans over
the sample features. The AFM tip is deflected from the surface by a variety of
forces. These forces include the long-range electrostatic and van der Waals

forces and short-range repulsive forces.
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Figure 2-10: AFM schematic

AFM can be performed in many different operational modes. The most
common modes are imaging and force. The imaging mode can be further
divided into contact and tapping modes. In contact mode imaging, the tip-
sample interaction is maintained in the repulsive force regime, and the
cantilever is dragged across the sample surface. The feedback control loop
attempts to maintain a constant deflection, and the height of the sample is
mapped by the vertical piezoelectric crystal position. The force exerted on the
sample is directly proportional to the cantilever deflection by the cantilever
spring constant. In order to image very soft samples using contact mode, a
very soft cantilever with a low spring constant must be used. Contact imaging
mode is capable of producing very high-resolution images especially when a
slow scan rate is used. Friction between the tip and sample can result in torsion
of the cantilever and give rise to a lateral difference in the photodiode signal.
The lateral signal can indicate different chemical domains especially when using

a chemically modified tip.
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The downside of contact mode is that lateral interactions give rise to dragging
forces, which can damage delicate samples. As a result, biological samples are
frequently imaged in tapping or intermittent-contact mode. In tapping mode, a
small piezoelectric crystal is used to oscillate the cantilever near its resonance
frequency. When the cantilever is brought near the surface, the amplitude of
the vibration decreases due to the interactions of the tip with the surface. The
tip can stay in the attractive regime for true non-contact imaging or it can cross
into the repulsive regime and make some contact with the surface for
intermittent-contact imaging. In tapping mode, the feedback control loop tries to
maintain a constant amplitude. The phase shift between the driving oscillation
and the cantilever oscillation is monitored to produce a phase image and can
show variations in surface properties such as composition, adhesion, elasticity,

and friction. 14911

In force mode, the AFM nanoindents the surface of a sample and obtains a
force curve of distance moved by the piezoelectric crystal versus deflection of
the cantilever as the tip approaches and retracts from the surface. This mode is
very useful for determining the mechanical properties of the sample and
adhesion forces between the tip and surface. As previously mentioned the
deflection of the cantilever, Ad, is directly proportional to the indentation force,
F, by Hooke’s law, F = kAd, where k is the cantilever spring constant. Hertzian
mechanics can be applied to the approach curve to extract the sample
elasticity.’®®">* The cantilever tip can be functionalized with adhesion molecules
and the binding between a ligand and receptor seen in the retract curve can be

characterized by the force required to break the bond.*® 1> 1%°
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2.6.2 AFM Imaging of Fibronectin Mimetic Peptide-Amphiphile Langmuir
Blodgett Supported Bilayers

LB surfaces were prepared on mica substrates as described in Section 2.5.3.
The prepared surfaces were stored in Milli-Q water for up to two days before
AFM imaging. Tapping mode images were obtained using a Digital Instruments
(Veeco) Nanoscope lll AFM fitted with a fluid cell and a J-type scanner. The
surfaces were positioned in the fluid cell without exposing the imaging surface
to the air. AFM images of the surfaces were obtained in tapping mode using
the NPS-series short fat cantilever with silicon nitride tip. (Veeco Probes,
Camarillo, CA). The cantilever was vibrated at 69.7 kHz, which was 10% below
the peak resonant frequency. The fluid cell was filled with a 1 mM MnCl,
solution to be consistent with receptor-ligand binding experiments performed in
parallel by other group members. Images were recorded at scan sizes of 10 x
10 ym and 30 x 30 ym. The scan rate was 1.5 Hz for PR_a and 2 Hz for the
rest of the peptide-amphiphiles. First or second order flattening was applied to

all images to remove image artifacts such as scan lines and surface tilt.
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Figure 2-11: AFM tapping mode height images of the peptide-amphiphile bilayers
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AFM height images of the peptide-amphiphile monolayers are shown in Figure
2-11. These images are similar to previous images of the PR_a.'"® The image
of PR_c shows some stretching effects due to the fluid cell O-ring on the
cantilever. When imaging using a fluid cell, occasionally the O-ring, which
keeps a watertight seal, will prevent the piezoelectric crystal from moving the
surface precisely resulting in some stretching artifact in the image. PR_a,
PR_b, PR_c, PR_d, and PR_f show evidence of shallow holes or divots in the
membrane. Cross-sectional analysis shows that these are approximately 3 nm
deep (Table 2-3).

Table 2-3: Depth of divot features in the AFM images of the fibronectin mimetic peptide-amphiphile
films. The theoretical peptide lengths are calculated assuming that the peptide assumes a
random secondary structure and that the length of each amino acid is 0.37 nm.*® '"® *Circular
dichroism spectroscopy of PR_d indicates that its secondary structure contains some a-helix and

B-sheet folding, and the theoretical length of PR_d is dependent upon the relative amounts of each
157

structure.'”” The reported error is the standard deviation.
Name Depth of Divots (nm) Theoretical Peptide
Headgroup Length (nm)
PR_a 2.83 +0.39 6.66
PR_b 3.10 £0.37 8.51
PR_c 3.13+0.36 8.51
PR_d 3.23 +0.57 3.45 - 8.05*
7.09+1.13
PR_e 7.40
PR_f 3.33 +0.67 9.62

Circular dichroism (CD) spectroscopy confirms that PR_a, PR_b, PR_c, PR_e,

and PR_f all exhibit a random secondary structure,’®’ so the theoretical peptide

headgroup length can be calculated assuming 0.37 nm per amino acid.?® '8
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The hydrophobic tail is approximately 3.0 nm long fully extended, calculated
assuming a C-C bond length of 1.54 A and bond angle of 109°. The depth of
the divots seen in the surface of PR_a, PR_b, PR_c, and PR_f is not as deep
as the length of the peptide-amphiphile. This suggests that the divots are more
likely to be peptide-amphiphiles with the peptide headgroups bent or lying down
as opposed to missing sections of peptide-amphiphile. The bend could be a
result of the proline residue in the PHSRN domain, which has a constrained
structure. If the holes were defects in the Langmuir-Blodgett film where no
peptide-amphiphile was transferred, the depth of the hole would be closer to
10 nm deep. PR_d has evidence of two depths in the divots. The first depth of
3.23 + 0.57 nm is similar to depths seen in PR_a, PR_b, PR_c, and PR_f. The
second depth of 7.09 + 1.13 nm is closer to the theoretical length of the peptide-
amphiphile and may be evidence of defects in the bilayers. The low transfer
ratio of PR_d supports the hypothesis that PR_d may have areas of missing
peptide-amphiphile. PR_e seems to have some fibril contamination on the
surface. Underneath the fibrils, cross-sectional analysis shows some of the
same approximately 3 nm deep holes as the other peptide-amphiphile surfaces,
but the image is not clear enough to draw distinct conclusions. PR_d and PR_f
show interesting swirl patterns. The cause of the patterns on the PR_d and

PR_f surfaces is unknown.

2.7 Cell and Integrin Adhesion to PR_a - PR_f Langmuir-
Blodgett Supported Surfaces

In parallel with the above work, Jennifer Craig plated HUVEC cells on the
fibronectin mimetic peptide-amphiphile surfaces and examined the cell

adhesion at 1, 4, and 12 hours.'’

Two experiments were performed, one
comparing the effect of the hydrophilicity/hydrophobicity of the linker region and

another comparing the effect of the length of the spacer. PR_b outperformed



50

the other surfaces, especially after 12 hours, indicating that
hydrophilicity/hydrophobicity of the (SG)s linker is more favorable for HUVEC
adhesion than Gio and S1."®" The effect of the spacer was less pronounced
than the effect of the linker. PR_e performed nearly as well as PR_b, but PR_f
did not adhere cells as well as PR_b and PR_e."” The KSS spacer of PR_b
seems to be the best length for the spacer for HUVECs adhering to a supported

bilayer.

Anastasia Mardilovich examined the binding strength between the fibronectin
mimetic peptide-amphiphile Langmuir-Blodgett films and asB integrin using an

AFM in force mode.'®’

PR_b showed a much greater adhesion to the as[31
integrin-functionalized cantilever tips than any of the other fibronectin mimetic
peptide-amphiphiles.’™ This indicates that PR_b may have a higher degree of
specificity for the asB+ integrin and validates the hypothesis that using an (SG)s

linker can increase cell adhesion to the fibronectin mimetic peptide.®’
2.8 Conclusion

One of the main challenges in biomaterial and tissue engineering design is
encouraging cell adhesion. The most commonly used method is the
incorporation of biomimetic peptide sequences that interact with cell surface
receptors. This chapter described the design of fibronectin mimetic peptide-
amphiphiles that contained the primary binding domain, RGD, and the synergy-
binding domain, PHSRN, found in fibronectin. Cells recognize PHSRN and
RGD using the cell surface receptor called asB+ integrin. Previously, a
fibronectin peptide-amphiphile, PR_b was designed with a linker between the
two binding domains that mimicked both the separation length found in the
native fibronectin and the hydrophilicity/hydrophobicity of the amino acids found
between the two domains. This work compared the (SG)s linker of PR_b with

sequences that had all-glycine or all-serine linkers. PR_b also contained a
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spacer to extend the PHSRN domain from the hydrophobic tails, and the effect
of the spacer length was compared with sequences that contained no spacer

and a longer spacer than PR_b.

The peptides were synthesized using standard Fmoc solid-phase peptide
synthesis, coupled to a dialkyl tail, and purified with HPLC. The Langmuir-
Blodgett technique was used to transfer the peptide-amphiphiles to a mica
substrate for AFM experiments. Langmuir isotherms of the peptide-amphiphiles
revealed that peptide-amphiphiles with a large number of serine residues had a
high degree of intermolecular interaction. This led to a poor transfer of PR_d to
the mica substrate. AFM images showed that the mica surfaces were well
covered with the exception of PR_d. The surfaces all exhibited “divots” that are
likely areas were the headgroups were bent or partially laying down. These
areas may provide asf+ integrins better access to the PHSRN domain. Parallel
experiments conducted by other members of the Kokkoli lab group showed that
PR_b was the superior sequence for asf1 integrin binding as measured by
functionalized AFM tips and for HUVEC cell binding.

PR_b has shown to be an excellent fibronectin mimetic sequence in 2D
experiments. However, most of cellular interactions in the body require a 3D
environment to properly mimic native tissues. The next chapters build upon the
experience gained from the design of PR_b and incorporate the fibronectin

mimetic sequence into 3D scaffolds for tissue engineering applications.
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Chapter 3 Peptide-Amphiphile Nanofibers

3.1 Chapter Overview

The next goal of this research project was to use the fibronectin mimetic peptide
sequence in a scaffold for tissue engineering applications. Peptide-amphiphiles
with single tails have been shown to self-assemble into nanofibers and even
form gels, which may be used, for example, as a scaffold for wound repair. This
chapter examines peptide-amphiphile nanofiber structures as previously
studied, then outlines the design of a modified fibronectin mimetic peptide-

amphiphile designed to form nanofibers in solution.
3.2 Nanofibers

Peptide-amphiphiles have been shown to assemble into a wide variety of
shapes. Cylindrical micelles, also called nanofibers, have been shown to form
gels under certain conditions, which may be used as scaffolds for tissue
engineering applications. One of the first examples of peptide-amphiphile
nanofibers was described by Hartgerink et. al. in 2001, and these nanofibers
were designed to encourage oriented hydroxyapatite deposition for bone tissue
engineering.®’ The researchers coupled a palmitic acid (Cg) to a hydrophilic
peptide headgroup, and they discovered that by altering the pH, the peptide-
amphiphile could self-assemble into cylindrical micelles and form a gel. As
previously mentioned, one of the advantages of peptide-amphiphiles is the
biomimetic design flexibility granted by the peptide headgroup. In addition to

81, 158

encouraging hydroxyapatite deposition, other peptide sequences have

been incorporated into peptide-amphiphiles to encourage the binding of heparin

159-161

to promote angiogenesis, and some peptide-amphiphile nanofibers

contain cell adhesion domains to encourage cell growth and
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101-103, 162

proliferation. Cells can be encapsulated in peptide-amphiphile gels,

and TEM images show evidence that cells internalize the peptide-

2

amphiphiles,’® which may be a method of passive degradation. Active

degradation of peptide-amphiphile gels can be achieved by incorporating a

3 Dental stem cells

proteolytic sequence into the peptide headgroup.'®
encapsulated in peptide-amphiphile gels containing a matrix metallopeptidase 2
(MMP2) peptide sequence were able to form either hard or soft dental tissue
depending on the stem cell line introduced.'® A peptide-amphiphile bearing the
laminin mimetic peptide, IKVAV, was able to encourage the selective
differentiation of neural progenitor cells into neurons, as opposed to astrocytes,

and showed neurite growth after only one day in culture.'®

This peptide-
amphiphile was injected in a mouse with a spinal cord injury. The peptide-
amphiphile gel reduced apoptotic cells at the injury site and reduced glial scar
formation. This allowed for a greater axonal growth even after the degradation

5

of the peptide-amphiphile.’®® In addition to gel formation, peptide-amphiphile

nanofibers have been used as coatings for carbon nanotubes'® and

166

polyglycolic acid (PGA) scaffolds ™, and they are able to be patterned on

7

surfaces using techniques such as dip-pen patterning’® and sonication-

assisted solution embossing.'®®
3.2.1 Mechanisms of Self-Assembly

In order to induce self-assembly of peptide-amphiphiles into nanofibers,
researchers have employed a variety of methods to counteract the charge of
the peptide headgroup. The first studies altered the pH of the peptide-
amphiphile solution to near the peptide-amphiphile’s isoelectric point.2’ At the
isoelectric point the researchers noticed the formation of nanofibers. When the
pH of the solution was changed so that the peptide-amphiphile became charged

again, the nanofibers disassembled. Some nanofibers were designed
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containing cysteine residues, which could be cross-linked stabilizing the
nanofibers with disulfide cross-links, and after cross-linking, the nanofibers were
stable to pH changes.’”” Most biological systems are sensitive to drastic
changes in pH, so another method was devised to counteract the charge by
adding counterions to the peptide-amphiphile solution.’" 9% 1% Most of the
studies focused on adding divalent cations to negatively charged peptide-
amphiphiles. The mechanical properties of the gel were able to be tuned by

changing the cation concentration'®®

or by changing the type of cation
used.'® % Assembly by divalent cations is particularly attractive for biological
systems because cell media and interstitial fluid both contain a sufficient cation
concentration to encourage self-assembly. Another published method to
counteract the peptide-amphiphile charge was to mix a negatively-charged
peptide-amphiphile with a positively-charged peptide-amphiphile. The
oppositely-charged peptide-amphiphiles counteracted each other’s repulsive
charge and coassembled into nanofibers.’® 7° A few studies have described
including a photolabile side group to the peptide-amphiphile, which prevents
self-assembly until after photoinitiation.””" '® This offers exact control over the

timing of the self-assembly of the peptide-amphiphiles.
3.2.2 Nanofiber Structure

Surfactant self-assembly is a widely studied area of colloids. The self-
assembled shape is dependent upon the molecular shape of the surfactant.”
In general, single-tailed surfactants form micellar structures and double-tailed
surfactants form bilayers structures. The theoretical shape can be determined
by calculating the critical packing number. Truncated cones, which have a
single hydrocarbon tail and a small headgroup cross section have a critical
packing number between 1/3 and 1/2 should self-assemble into cylindrical

micelles.””  Peptide-amphiphiles have a very large headgroup, yet they
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preferentially form nanofibers after self-assembly seemingly contradictory to
surfactant theory. Also, some have argued that all surfactants with a conical
shape, even truncated ones, should form spherical micelles in the absence of
attractive charges in the headgroup.'” Molecular dynamic simulations suggest
that electrostatic interactions found in the headgroups of peptide-amphiphiles
may help the formation of cylindrical micelles.”* Peptide headgroups usually
contain both positively- and negatively- charged groups and may exhibit
attractive electrostatic interactions; whereas, most simple surfactants are not
zwitterionic and are only capable of repulsive electrostatic interactions. In
addition to simple cylindrical micelle nanofibers, peptide-amphiphiles have also
been shown to form other nanofiber shapes such as twisted ribbons™ and

helices.'”® 176

The basic structure of a peptide-amphiphile nanofiber is that of a cylindrical
micelle (Figure 3-1). The hydrophobic tails are oriented toward the interior of the
fiber, and the hydrophilic peptide headgroup forms the outer shell of the
nanofiber, which was verified in several transmission electron microscopy
(TEM) studies showing cross-sections of nanofibers, which show that uranyl
acetate only stains the exterior portion of the nanofiber and not the interior.' 192
Uranyl acetate binds to acid groups found in the peptide headgroup.
Fluorescence experiments looking at the fluorescent signature of tryptophan
showed that the peptide headgroup is highly hydrated along the entire length of

the peptide even very close to the core.'”

Even though the shell is highly
hydrated, diffusion in the innermost parts of the shell is much slower than the
outermost layer."’ Similar experiments using pyrene showed that significantly

less water is found inside the hydrophobic core of the nanofiber.'””



56

SN/
.
/ \\ Self Assembly

>

b Aoy L

Figure 3-1: Schematic of self-assembly of peptide-amphiphile molecules into a nanofiber. The
hydrocarbon tails form the interior of the nanofiber and the peptide headgroup forms the exterior

shell.

The diameters of the nanofibers have been measured by TEM and have been
reported to be between 7-11 nm for hydrocarbon tails sixteen carbons long and

peptide headgroups 9-13 amino acids long.'® 17" 176180

Assuming, a fully-
extended tail conformation (1.54 A C-C bond lengths and 109° bond angle) and
an unordered headgroup structure (3.7 A/amino acid),”® ''® the theoretical
lengths of these peptide-amphiphiles is 5.3-6.8 nm leading to theoretical
nanofiber diameters of approximately 10-14 nm. A hydrocarbon tail with a
sixteen-carbon (C1s) backbone is the most commonly used length in nanofiber-
forming peptide-amphiphiles. One study showed that hydrocarbon tails shorter
than C+2 do not allow for the proper secondary structure to form in the peptide
headgroup; therefore, the peptide-amphiphiles do not form stable nanofibers.”
The minimum length of the hydrocarbon tail is dependent upon the peptide
headgroup composition, and another study shows that tail lengths shorter than

C1o Were unable to form gels.'®’
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3.2.3 Peptide Headgroup Secondary Structure

Proteins fold into a wide variety of spatial conformations driven by electrostatic,
H-bond, and hydrophobic interactions between their constitutive amino acids.
Short peptides are capable of forming a variety of secondary structures such as
a-helices and B-sheets, and the secondary structure of the peptides can be
determined through spectroscopy techniques. Fourier transform infrared
spectroscopy (FT-IR) studies of coassemblies of peptide-amphiphiles forming
nanofibers indicated strong hydrogen bonding in the N-H stretch and showed
significant signs of parallel B-sheet formation.'®  This evidence was
corroborated in many circular dichroism (CD) spectroscopy experiments, which
showed that many peptide-amphiphiles exhibit a 3-sheet secondary structure

upon self-assembly into nanofibers.”® 170 178180

To determine the effect of the secondary structure on the peptide-amphiphile
self-assembly, Paramonov et. al. synthesized a series of peptide-amphiphiles
containing N-methylglycines (sarcosine) in place of glycine residues.'® N-
methylglycine contains a methyl group attached to the nitrogen instead of a
hydrogen atom, which effectively prevents hydrogen bonding with neighboring
peptide headgroups by eliminating the hydrogen donor. They found that if a N-
methylglycine was located in the four amino acids closest to the hydrocarbon
tail, the peptide-amphiphile was unable to form a gel. If N-methylglycine
replaced the 5™ amino acid, the peptide-amphiphile was able to only form a
weak gel. If only one substitution of N-methylglycine for a glycine was made in
the first four amino acids, the peptide-amphiphiles still retained the capability to
form fibers, but they were still unable to gel. With more than one substitution,
the peptide-amphiphile was unable to form fibers. They also synthesized a
series of peptide-amphiphiles containing an alanine residue replacing a glycine

and showed by difference CD spectroscopy that an alanine residue located
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within the first four amino acids is in a B-sheet conformation, and after the first
four amino acids the alanine participates in a polyproline type Il structure.'®
This study provided strong evidence that the B-sheet structure within the first
4—5 amino acids is crucial for nanofiber formation and disrupting the hydrogen
bonding in the B-sheet will prevent nanofiber formation and gelation. Further
evidence that the B-sheet stabilizes the nanofibers is that peptide-amphiphiles
that showed [(-sheet structure prior to inducing self-assembly gelled more
quickly than peptide-amphiphiles showing a unordered structure prior to
assembly.'® Also, peptide-amphiphiles that have more B-sheet characteristics
have more highly ordered hydrophobic cores, which imparts greater stability to

the nanofiber.'8?

Polarization modulation-infrared reflection-adsorption spectroscopy'® and
infrared (IR) spectroscopy measurements performed at a grazing angle'®’
showed that the B-sheet forms along the longitudinal axis of the nanofiber.

Some measurements have indicated that the B-sheet may have a slight twist

181, 183 4

along the longitudinal axis as seen in amyloid fibers'® and B-sheet-
forming peptide fibrils.'®® Monte Carlo simulations of peptide-amphiphiles
showed [B-sheet formation along the longitudinal axis, and the simulations
suggested that the B-sheet secondary structure leads to the cylindrical shape of

the nanofibers.'8®

In addition to the B-sheet secondary structure, some peptide-amphiphiles have

shown a little a-helical content in CD spectra.'”® '8

Peptide-amphiphiles
containing a greater glycine content tended to show more a-helix.'®® CD and IR
spectra of other peptide-amphiphiles have shown evidence of polyproline type |l

structures in addition to B-sheet secondary structure.®
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3.3 PR_g Design

Our goal was to make a fibronectin mimetic peptide-amphiphile capable of
forming gels for tissue engineering by expanding upon the PR_b project and
targeting asB1 integrin with PHSRN and RGD in a three-dimensional scaffold.
One peptide-amphiphile nanofiber study designed a fibronectin mimetic peptide-
amphiphile with a single tail containing both PHSRN and RGD. The two
domains formed two arms of a branched peptide-amphiphile, but the sequence

did not adhere cells any better than a simple RGD sequence.'®

We designed a
peptide-amphiphile incorporating the lessons learned studying PR_a — PR_f
with a single hydrocarbon tail. While PR_b’s peptide headgroup has been
shown to be very effective in both drug delivery and cell culture experiments,
the sequence is not designed for nanofiber formation, and we decided to
approach the design from the bottom up. The new peptide-amphiphile was
designed with the peptide sequence GGGSSPHSRN(SG)sRGDSP and a single
Cis hydrocarbon tail and was called PR_g (Figure 3-2). The design

considerations are discussed below.

C,; Tail GGGSSPHSRNSGSGSGSGSGRGDSP

Figure 3-2: PR_g fibronectin mimetic peptide-amphiphile structure. The amphiphile has a
palmitoyl tail coupled to a GGGSS spacer, PHSRN synergy-binding domain, (SG)s linker, and
RGDSP primary binding domain.
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3.3.1 PR_g Binding Domains, Linker Region, and Tail

As discussed in Chapter 2, RGD has been identified as the primary binding
domain for asB1 integrin to fibronectin, and PHSRN is the synergy-binding
domain. Studies with fibronectin mimetic peptides have suggested that peptide
mimetics that contain PHSRN on the N-terminal side of RGD perform better
than if the RGD domain is located before the PHSRN.'"® Fibronectin mimetic
peptides also perform better when the two domains are coupled by a flexible
linker that accurately mimics the 30-40 A distance'® between the two binding

domains 114, 115, 119

PR_g was designed to have the same flexible (SG)s linker
as PR_b to mimic the distance between the PHSRN and RGD domains.
Comparisons between PR_b, PR_c, and PR_d showed that the alternating
hydrophobic/hydrophilic amino acid of the (SG)s linker favored HUVEC

attachment.®’

As with all the previously tested peptide-amphiphiles, PR_g
contains a C-terminal amide to prevent electrostatic repulsions between the
negatively charged cell surface and the C-terminus peptide-amphiphile. To
encourage cylindrical micelle formation as opposed to bilayers structures, a
single hexadecanoic acid hydrocarbon tail was coupled to the N-terminus of the
peptide headgroup. Hexadecanoic acid was chosen because it is the most
commonly used in the literature and is long enough to promote stable nanofiber

formation.”® 10

3.3.2 PR_g Spacer Design

The only difference between the PR_g and PR_b headgroups is the spacer
between the hydrocarbon tail and the PHSRN domain. In order to form stable
nanofibers, the peptide headgroup must allow -sheet formation in the first 4-5
amino acids. Each amino acid has a preference for a specific secondary
structure, and this conformational preference is called its propensity. The first

propensity scales were developed by examining the secondary structures of
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proteins and peptides and also by analyzing the appearance frequency the

constitutive amino acids.'®” %

Amino acids with bulky side chains such as
valine, isoleucine, threonine, phenylalanine, tyrosine, and tryptophan were
found to occur in B-sheet secondary structures.'® The hydrophobic interactions
between the side groups are thought to stabilize the B-sheet formation.'®""
Alanine, leucine, methionine, histidine, lysine, arginine, glutamine, and glutamic
acid tend to be found in a-helical structures.’®” % Amino acids with short, polar
side chains such as serine, aspartic acid, and asparagine along with the
“special” amino acids proline and glycine tend to form turns and bends.'® 192
Proline is a spatially constrained amino acid due to the nature of its side chain
and tends to initiate the turns.'® A very low propensity indicates that an amino
acid is not suited to forming a certain secondary structure. Aspartic acid,
asparagine, glutamic acid, glutamine, lysine, and proline have been identified as
amino acids that will prevent the formation of B-sheets in proteins.'®” %% Serine
also shows a low occurrence in B-sheets in native proteins, but substitution

studies have shown that serine favors B-sheet formation.'®

PR_b contains a KSS spacer followed by the PHSRN domain. This sequence
has two amino acids in the first four amino acids (lysine and proline), which
prevent (B-sheet formation and might prevent a single-tailed PR_b peptide-
amphiphile from forming nanofibers. The lysine residue could be removed from
the spacer, but the proline residue is part of the synergy-binding domain and
cannot be eliminated. So more space was needed between the hydrophobic
tail and the PHSRN. Thus, a new spacer was designed to be 5 amino acids
long pushing the proline to the sixth residue. The amino acids that form (3-
sheets in native proteins are highly hydrophobic amino acids and are not
optimal for nanofiber formation though because the peptide headgroup needs to
maintain an overall hydrophilic character, and the bulky side chains may

prevent cylindrical micelle self-assembly. Also, increasing the overall
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hydrophobicity may decrease the peptide-amphiphile’s water solubility. While
B-sheet formation is thought to be stabilized by the hydrophobic side groups,
the hydrophobic tail of the peptide-amphiphile may provide enough stabilization
to allow the other amino acids to form B-sheets. Other studies have designed
nanofiber-forming peptide-amphiphiles containing the first four amino acids
GGGG," AAAA ccCC! GTAG,'™ LLLK,'® and VVVV."° Since lysine
has been identified as a B-sheet breaker,'® the residue was removed from the
spacer and replaced by three glycine residues. The decision to remove the
lysine instead of adding a spacer to push the lysine further from the
hydrophobic tail was also motivated by the increasing length of the peptide
headgroup. PR_g is 25 amino acids long, which is five amino acids longer than
the longest nanofiber-forming peptide-amphiphiles reported in the literature.'”
Glycine and serine are very flexible residues that are indifferent to the formation

of B-sheets and are expected to allow B-sheet formation in nanofibers.
3.3.3 PR_g Charge

PR_g has a theoretical charge of +1 at neutral pH (Figure 3-3). PR_b has a
theoretical charge of +2 at neutral pH. Most nanofiber-forming peptide-
amphiphiles are designed with a negative charge, but positively-charged
peptide-amphiphiles have been shown to self-assemble into nanofibers with the
addition of KCI solution'® or co-assembly with negatively-charged peptide-
amphiphiles. Studies have indicated that a lower charge may lead to higher

nanofiber stability.'”°
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Figure 3-3: Theoretical charge of PR_g at various pH. Net charge is calculated based on the pKa

values for the constitutive amino acids.'®
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Chapter 4 Synthesis & Characterization of PR_g

4.1 Chapter Overview

This chapter describes the characterization of the designed PR_g peptide-
amphiphile. The peptide-amphiphile was synthesized via solid phase peptide
chemistry and purified with HPLC. The peptide-amphiphile self-assembled
structure was analyzed with cryo-transmission electron microscopy and small-
angle neutron scattering and was found to form nanofibers in solution. Circular
dichroism spectroscopy was employed to examine the secondary structure of
the peptide and peptide-amphiphile. The peptide-amphiphile appeared to form
a self-supporting gel at higher concentrations, and the gel mechanics were

investigated with oscillating plate rheometry.
4.2 PR_g Synthesis

An Fmoc-protected PR_g peptide was synthesized by the University of
Minnesota’s Oligonucleotide and Peptide Synthesis Facility using standard
Fmoc solid phase peptide chemistry. Peptides were synthesized on a PAL
resin, which results in a C-terminal amide after cleavage. All synthesis
chemicals were obtained from Sigma-Aldrich with the exception of HBTU, which
was obtained from EMD Biosciences and DIPEA, which was obtained from
Fischer Scientific. Water was obtained from a Milli-Q water system and was

purified to a resistivity of 18.2 MQ-cm.

As stated before, the structure of the hydrocarbon tail has an impact on the self-
assembled structure of the peptide-amphiphile. In order to induce the PR_g
peptide-amphiphile to form cylindrical micelles, a single Cis hydrocarbon tail

was attached to the peptide headgroup. Hexadecanoic acid contains a
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carboxylic acid end group that allows the same coupling chemistry to be used
as peptide synthesis resulting in the formation of an amide bond between the
peptide and tail (Figure 4-1). First, the Fmoc protecting group was removed in a
20% solution of piperidine in DMF. The presence of a free N-terminus was
verified by a Kaiser test. The tail was coupled to the peptide on the beads in a
solution of three times excess hexadecanoic acid, three times excess HBTU,
and six times excess DIPEA dissolved in DMF. The tail coupling was allowed to
proceed for 4.5 hours. The addition of the tail takes longer than amino acid
coupling because more DMF is required to dissolve the hydrocarbon tail, and
the tail is much larger than an amino acid and more time was allowed to let the
tail diffuse into the beads to react with the peptide’s N-terminus.

e

peptide on resin

o H O R H o] Tinking 20% piperidine
\n/ %N)Y \%N group DMF
H H
O R 0 Ry

hexadecanoic acid
HBTU

R
o Q 2 H lmklng
/\/\/\/\/\/\/\)I\ HQN\H‘\ )YN\H‘\ rou
OH N group DIPEA
Ry o R

\/\/\/\/\/\/\/\[r W)Lu)ﬁ‘/ W)‘\H/ group 90% TFA
0 BRs o R 5% thioanisole
3% 1,2-ethane-
dithiol

2% anisole
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\/\/\/\/\/\/\/\[r ﬁ)j\ j)kNHg

Figure 4-1: Single-tail peptide-amphiphile tail coupling and cleavage from PAL resin bead. First
remove Fmoc protecting group. Then couple hexadecanoic acid tail to the peptide on the bead.
Last the peptide-amphiphile is cleaved from the bead. Peptide shown is an example tripeptide with

side groups R;, Ry, and R;.
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Since PR_g has a large number of side-chain protecting groups, a cleavage
solution containing several scavenging agents was used. PR_g was cleaved in
90% TFA, 5% thioanisole, 3% 1,2-ethanedithiol, and 2% anisole. The cleavage
reaction was carried out for 4 hours. The cleavage solution was filtered under
vacuum to remove the resin beads, and the beads were washed with excess
TFA to extract as much product as possible. The TFA solution was roto-
evaporated until the product started to precipitate. Ten to twenty times excess
cold diethyl ether was added to the solution to precipitate the peptide-
amphiphile out of solution.  The resulting slurry was filtered using a fine
sintered glass filter under vacuum. The precipitate was rinsed with excess cold
diethyl ether and dissolved in Milli-Q water. The crude product was dried under
an air stream and mild heating, dissolved in Milli-Q water again and lyophilized

prior to purification.
4.3 PR_g Purification

PR_g peptide-amphiphile was purified by reversed phase HPLC as discussed in
Section 2.4.4. PR_g purification used a mobile phase gradient of either water
and acetonitrile or water and methanol.  Acetonitrile provides excellent
separation of the peptide-amphiphile from the cleavage reaction impurities, but
in 2008-2009 the chemical industry suffered a global shortage of acetonitrile
due to the failing automobile industry, Hurricane lke, and the shutdown of an
acetonitrile production plants in Beijing for the Olympics. The HPLC method
used for PR_g purification had to be adjusted from one using acetonitrile to one
using methanol. The stationary phase was a Waters XTerra Prep MS Cis
column (5 ym beads, 125 A pore size, 10x150 mm). A stationary phase with
C1s was chosen to increase the retention time of PR_g peptide-amphiphile to
enhance separation. As stated in Chapter 2, peptide-amphiphiles with dialkyl

tails were separated on a C, column because of the strong hydrophobic
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interactions between the tails and the stationary phase. Contrarily, PR_g
peptide-amphiphile has a single hydrocarbon tail and is significantly less
hydrophobic than the dialkyl peptide-amphiphiles. So, a longer alkyl group on

the stationary phase was needed to achieve sufficient purification.

The first mobile phase gradient that was developed used 0.1% TFA in water
and 0.1% TFA in acetonitrile (ACN). Initial runs were performed to determine at
what organic concentration PR_g would elute. PR_g crude product was
dissolved at a concentration of approximately 1 mg/mL, and 5 mL were injected
into the HPLC. The temperature of the column was maintained at 40°C, and the
solvent flow rate was 4 mL/min. The first test gradient ran 0% to 60% ACN in
30 minute, which is a rate of change of 2 %ACN per minute. This run indicated
that PR_g eluted at approximately 50% ACN. The gradient was adjusted to
slow the rate of change of %ACN and achieve better separation and the final
gradient is shown in Table 4-1. The final gradient ran at 2 %ACN/min for 20
minutes, then slowed to 0.5 %ACN/min for the next 20 minutes, and then back
to 2 %ACN/min for the last 5 minutes. The last 10 minutes of the run flushed
the column with the initial mobile phase to ready the system for the next run.

PR_g eluted at approximately 42% ACN with this gradient.

Table 4-1: HPLC gradient for purification of PR_g with acetonitrile

Time (min) | % Acetonitrile
0 0
20 40
40 50
45 60
45.5 0
55 0
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When the global shortage of ACN necessitated a change in organic solvent, the
HPLC method needed to be reconfigured for purification for a new organic
solvent. Methanol with 0.1% TFA (MeOH) was chosen as the new solvent
because it dissolves organic molecules readily, evaporates quickly, and did not
require the high-pressure that isopropanol demanded on the system. The
column temperature was kept at 40°C, and the flow rate was 4 mL/min. Sample
volume and concentration was also kept as for the acetonitrile runs. In order to
develop a purification method for methanol, an initial run was performed from
0% to 100% MeOH at a gradient of 2 %MeOH/min. PR_g eluted at
approximately 73% MeOH. The method was adjusted to run a gradient quickly
through the lower MeOH concentrations and slow down nearer to the PR_g
peak. The final HPLC method is shown in Table 4-2. The gradient was run at
4 %MeOH/min for 15 minutes, then the gradient slowed to 1 %MeOH/min for
20 minutes, and then sped back to 4 %MeOH/min for 5 minutes before
returning to the initial solvent composition to prepare for another run. PR_g
eluted at ~23 min, which equates to 68% MeOH.

Table 4-2: HPLC gradient for purification of PR_g with methanol

Time (min) % Methanol
0 0
15 60
35 80
40 100
40.5 0
50 0

Figure 4-2 shows a chromatogram of a crude PR_g injection using the 0.1%

TFA in MeOH as the organic mobile phase. Analysis of the area under the
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peaks shows that the crude solution was ~64% PR_g. The PR_g peak was
collected, dried under air, redissolved in Milli-Q water, and lyophilized. The
lyophilized powder is frozen until needed. To verify sufficient purification,
purified PR_g was run through the HPLC (Figure 4-3). Integration under the

peaks on the chromatogram reveals that the purified product was 97.8% pure.
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Figure 4-2: Crude PR_g HPLC chromatogram. PR_g elutes at ~23 minutes.
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Figure 4-3: Pure PR_g HPLC chromatogram. Integration reveals the product is 97.8% pure.

4.4 Molecular Characterization

4.4.1 Mass Spectroscopy

PR_g peptide-amphiphile synthesis was verified using electrospray ionization
mass spectroscopy (ESI-MS). ESI-MS is another “soft” mass spectroscopy
technique and is used as an alternative to MALDI. MALDI requires that the
sample is deposited on a solid substrate; whereas, ESI-MS ionizes a liquid
sample for mass analysis. In ESI-MS, the sample is dissolved in a mixture of
water and volatile organic solvent, such as methanol. Then itis injected into the
system and the liquid stream is exposed to a high voltage producing a fine
aerosol and introducing charges into the system. The aerosol droplets
evaporate and collapse into smaller and smaller droplets, the charges attach to
the analytes, and the charged analytes enter the gas phase. The charged
particles then fly through the flight tube and hit the detector, which detects the

mass-to-charge (m/z) ratio. The charge state of peaks on the ESI-MS spectrum
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is determined by examining the isotope peaks. If the isotope peaks differ by
1 m/z unit, the charge is +1. If the isotope peaks differ by 0.5 m/z units, the

charge is +2.

PR_g samples were analyzed using a Bruker Biotof Il reflectron ESI-MS.
Samples were either taken directly from HPLC fractions or dissolved in 50%

MeOH, 50% water solutions and injected into the ESI-MS via syringe pump.
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Figure 4-4: ESI spectrum of pure PR_g. The spectrum shows both a +2 and +3 charge state for
PR_g.

The PR_g spectrum shows two major base peaks (Figure 4-4). The peak at
809.4528 has a charge state of +3 and the peak at 1213.7083 has a charge
state of +2. These give experimental masses of 2425.36 and 2425.41,
respectively. The theoretical mass of PR_g is 2425.5 Da, which falls within the
experimental error of the mass spectrometer and confirms the synthesis of
PR_g peptide-amphiphile. ESI-MS allows us to examine the presence of some

impurities or PR_g derivatives that are found in the purified sample.
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Figure 4-5 takes a closer look at the m/z region from 720-900 and identifies the
peaks. Hydrogen is the most common ion found in ESI-MS, but other cations
can form adducts. PR_g’s spectrum shows both sodium and potassium
adducts. Solid phase peptide synthesis increases yields over solution phase
chemistry, but the reactions do not always proceed to 100% completion. This
results in some peptide-amphiphiles that may be missing an amino acid. Or
conversely, an Fmoc-protecting group may fail to protect from a double addition
resulting in an extra amino acid being added to the peptide chain. PR_g’s ESI-
MS spectrum shows examples of both of these. Peaks are seen for PR_g
missing a glycine, serine, and asparagine and having an extra glycine and
serine. Two peaks not positively identified are PR_g-16 Da and PR_g-183 Da.
The loss of 16 Da could be due to a missing oxygen group or a missing -NH;
group. All of the PR_g derivative peaks are very small in comparison to the
PR_g mass peak and represent a very small portion of the purified product.
Single amino acid deletions or additions are difficult to separate by HPLC unless
the amino acid is charged; thus, the purified PR_g contains peptide amphiphiles
with missing or added asparagines, serines, or glycines. The pure product is
approximately 80% PR_g, 6% sodium adduct, 5% potassium adduct, and 6%

amino acid deletion or addition.
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Figure 4-5: ESI spectrum of pure PR_g zoomed in on the region containing PR_g and PR_g

derivatives

4.4.2 Critical Micelle Concentration

The critical micelle concentration (CMC) of an amphiphile is the lowest
concentration at which the amphiphile forms micelles. Below this concentration
the amphiphiles do not associate with each other and exist in solution as free
molecules. Once the concentration is raised to the CMC, the amphiphiles
spontaneously self-assemble into micellar structures. Increasing the
concentration above the CMC results in the creation of more micelles.
Micellization induces a change in many solution properties including surface
tension, osmotic pressure, and turbidity.’® The CMC of PR_g was determined
in order to ensure that subsequent experiments characterizing the self-

assembled nanofibers were performed at concentrations above the CMC.

One common way of determining the CMC is by the dye solubilization method,

which introduces a lipophilic dye into an aqueous solution with the amphiphile.
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The lipophilic dye does not dissolve in the water and can only be solubilized
when the amphiphile has formed micelles and the dye can be carried in the
micelles’ hydrophobic cores. The CMC of PR_g was determined using the
lipophilic dye, Nile red.’®® Nile red is highly fluorescent when it is dissolved in a
lipid-rich environment, such as the inside of a micelle and is quenched when it
is dissolved in water. Nile red was mixed with varying concentrations of PR_g
peptide-amphiphile and the CMC was determined to be the concentration at

which the dye exhibits its characteristic fluorescence.

A solution of 2.5 mg/mL Nile red in methanol was diluted to 200 yM Nile red in
50 mM Tris-HCI buffer. A total of 12.5 yL of this prepared dye solution was
added to 12.5 uL of PR_g peptide-amphiphile dissolved in Milli-Q water. The
resulting mixture was pipetted into a black-walled 96-well plate to make peptide-
amphiphile concentrations ranging from 0 to 500 yM. The well plate was
wrapped in aluminum foil and left to equilibrate for 18 hours. The fluorescence
was measured using a SpectraMAX GeminiXS plate reader (Molecular Devices)

with an excitation of 550 nm and emission of 635 nm.

Figure 4-6 shows the fluorescence intensity of Nile red in solution as a function
of the PR_g amphiphile concentration. Above the CMC, the fluorescence
intensity increases linearly with increasing PR_g concentration. A linear
regression was fit to the data and is shown in the figure as the solid line. The
CMC was determined to be the point at which the linear regression intersected
the background fluorescent intensity. The background fluorescence intensity
was calculated as the average intensity of the lowest prepared concentrations
below the CMC and is indicated in the figure by the dotted line. The figure inset
shows a zoomed in area of the intersection indicating the critical micelle

concentration. The critical micelle concentration of PR_g was determined to be
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38 uM, and all subsequent experiments were performed at a minimum

concentration of 100 yM to ensure PR_g amphiphile micellization.
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Figure 4-6: Critical micelle concentration of PR_g determined by solubilization of Nile red in PR_g
micelles. Fluorescence intensity of Nile red dye solubilized in PR_g micelles versus PR_g
amphiphile concentration. A linear regression fit (solid line) indicates a CMC of 38 uM.

Background fluorescence was subtracted and is denoted by the dotted line.

4.4.3 Zeta Potential

Zeta potential is a physical property of colloidal suspensions. Charged particles
in solution affect the distribution of ions in the surrounding solvent.'®®
Counterions tend to concentrate near the surface of the charged particles, and
this leads to an electrical double layer surrounding the particles. lons closest to
the charged particle are strongly bound and form a layer called the Stern layer
(Figure 4-7). Outside the Stern layer is a more diffuse region where ions are
less firmly associated with the particle. If the charged particle were to move,
some of the ions in the diffuse layer would move with the particle, and ions
further away would stay in the bulk. The boundary between these two regions
of the diffuse layer is called the hydrodynamic shear boundary. The zeta

potential is defined as the potential at the hydrodynamic shear boundary. The
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magnitude of the zeta potential can be used as an indication of the colloidal
system stability. In general, an absolute value of zeta potential greater than

approximately 30 mV indicates the system is stable and will not coagulate.
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Figure 4-7: Arrangement of ions surrounding a negative particle. The zeta potential is the

potential at the hydrodynamic shear boundary. (Adapted from Bioresearch Online197)

PR_g is expected to have a net charge of approximately +1.10 at pH 7. PR_g
contains two arginines each of which contributes a +1 charge, and the aspartic
acid contributes a -1 charge. Histidine’s imidazole side chain has a pKa of
6.04, so in Milli-Q water, some of the histidines will be charged and some will

not.'®®

The zeta potential of a 1 mM PR_g peptide-amphiphile solution was measured

on a ZetaPALS zeta potential analyzer from Brookhaven Instruments
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Corporation using a clear polystyrene cuvette with a 10 mm path length. The
measurement was taken 20 minutes after the sample was mixed and again
after the sample had aged for 48 hours. Data for each run were collected until
the relative residual was less than 0.01. The mobility of the nanofibers was
measured and was converted to the zeta potential by the software using the
Smoluchowski equation.”®  The zeta potential was determined to be
38.8 + 1.8 mV twenty minutes after preparing the sample, and the measured
zeta potential was 42.9 + 1.8 mV after the same sample had aged for 48 hours.
This indicates that the PR_g peptide-amphiphile is positively charged in Milli-Q
water and that its zeta potential does not change significantly with time. The
measured zeta potential is consistent with values reported in the literature for

similar molecules.'®?
4.5 Nanofiber Structural Characterization

4.5.1 Circular Dichroism Spectroscopy

Circular dichroism (CD) is a unique property of organic molecules that stems
from the differential absorption of right- and left-handed circularly polarized
light.'®® Circularly polarized light is polarized similarly to linearly polarized light
except that instead of maintaining one linear direction and possessing an
oscillating magnitude, the magnitude of the light remains constant and the
direction of the polarization rotates once per wavelength (Figure 4-8). The path
of a photon looks like a helix as it travels through space. Left-handed helices
are termed left-handed circularly polarized light, and right-handed helices are
called right-handed circularly polarized light. Optically active samples absorb
left-handed and right-handed circularly polarized light differently due to their
asymmetric electrical fields. Achiral molecules possess symmetric electrical
fields and do not interact differently with left- and right-handed circularly

polarized light. CD spectrometers expose a sample to left- and right-handed
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circularly polarized light and the difference in absorption results in a CD signal.
CD spectroscopy is frequently used to determine the secondary structure of

organic molecules, such as peptides.

Figure 4-8: Circularly polarized light forms a helix in space as it travels. The light forms a circular

pattern on an intersecting plane. (This image was reproduced from Wikipedia and has been

released without restrictions into the public domain by its author.‘gg)

The primary optically active bonds in proteins are the peptide bonds in the
backbone and any aromatic side chains. Secondary structures such as
a-helices and 3-sheets exhibit different orientations of the peptide bonds in the
backbone; therefore, secondary structures exhibit characteristic CD spectra.
Figure 4-9 gives examples of the CD spectra of peptides exhibiting common
secondary structures.?®® Proteins with a prominent a-helix domains exhibit CD
spectra with a negative minimum at 222 nm, a weaker negative minimum at
208 nm, a positive maximum between 190 and 195 nm, and a crossover from
positive to negative below 172 nm.?°" %2 Proteins that are primarily B-sheets
display a negative minimum between 210 and 220 nm, a positive signal at
~200 nm, a crossover from positive to negative at 185 nm, and a negative

minimum around 170-180 nm.20"> 203
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Figure 4-9: CD spectra of peptides exhibiting a-helix (0), B-sheet (®), B-turn (v), and P2

conformations (V). (Adapted from reference®)

Many proteins contain both motifs and are termed a-3 proteins. Two specific
types of a-f proteins are a+ proteins and a/f proteins. a+p proteins contain
separate regions of a-helix and B-sheet. Lysozyme is an example of this
protein type®®* (Figure 4-10). The a/B proteins, such as leucine-rich-repeat

proteins, contain alternating regions of a-helix and B-sheet.?®®

Both types of
a-3 proteins display similar CD spectra to the a-helix proteins in that they show
negative minima at approximately 222 and 208 nm and a positive signal
between 190 and 195 nm, but in contrast to they show a crossover from positive
to negative above 172 nm. For a+p proteins, the minimum around 208 nm
dominates the spectrum and the minimum at 222 nm is usually a very shallow

minimum®? (Figure 4-10).
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Figure 4-10: CD spectrum of egg white lysozyme. (Adapted from reference.2°4) Lysozyme is an

example of an a+f protein.

Measurements were taken on a JASCO J815 CD spectrapolarimeter at room
temperature. Samples were either prepared in Milli-Q water at 100 yM or diluted
to 100 uM from a 1 mM or 10 mM stock solution. The spectra were obtained
from 300 to 180 nm at a bandwidth of 10 nm and were the average of five
individual scans. A background spectrum of Milli-Q water was subtracted from
each spectrum. The raw CD signal, 8, was recorded as ellipticity, which has
units of mdeg and was corrected for concentration by converting to mean

residue ellipticity, Oure (Equation 4-1).'%

By historical convention, mean
residue ellipticity for proteins is reported in units of deg-cm?dmol and is a
function of the molar concentration, ¢, pathlength, / (reported in centimeters),

and the number of amino acids, Nza.
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Equation 4-1: Raw CD signal to molar ellipticity for proteins198

6(mdeg)
10- ¢(M): I(cm)- N,

Ovre (deg : sz/dmol) =

The secondary structures of PR_g peptide and PR_g peptide-amphiphile were
examined with CD spectroscopy (Figure 4-11). Spectra are shown down to
185 nm below which the water stars to absorb strongly, and the data are no
longer accurate. All measurements were performed at 100 yM. A stock
solution of 1 mM PR_g peptide (no hydrocarbon tail) was prepared and then
diluted to 100 M immediately prior to measurement. The PR_g peptide shows
a minimum at 196 nm. The peptide’s CD spectrum is not dependent on the age
of the stock solution, and it shows the same spectra after aging the stock
solution for 20 days (data not shown). The peptide shows no particular
secondary structure and is classified as an unordered sequence. The peptide-
amphiphile, however, shows a more interesting structure, and the amphiphile’s
CD spectrum depended upon the age of the stock solution. The CD spectrum
of a 100 uM sample diluted from a 1 mM stock solution, which was prepared
immediately before the CD measurement is similar to the peptide’s spectrum
(Figure 4-11; 0 hr). However, when the 1 mM stock solution was prepared and
allowed to age for 6 hours before dilution to 100 yM for measurement, the
spectrum shows a slight shift. The signal at 219 nm is much stronger and the
minimum has shifted right to 198 nm. The stock solution was then allowed to
age for 48 hours before dilution to 100 yM, and the peptide-amphiphile shows a
spectrum with a minimum at 203 nm and a less prominent minimum at 220 nm,
resembling the spectrum of an a+p protein. Allowing the stock solution to age
for 20 days had no further effect on the spectrum shift. The difference in the
secondary structure between the peptide and peptide-amphiphile provides
further evidence that the tail lends stability to the secondary structure as has

been suggested in the literature.®¢%8
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Figure 4-11: CD spectroscopy of PR_g peptide and peptide-amphiphile (PA). The peptide sample
was diluted to 100 yM from a 1 mM stock solution and shows an unordered structure. A 1 mM
stock solution of the PA was prepared and was allowed to age for 0, 6, and 48 hours after which a
PA sample was diluted to 100 uM. CD spectra were taken immediately after dilution. After 48 h, the
PA shows a spectrum that resembles more the spectrum of an a+p protein. The results are
representative of three independent experiments performed on different days. Data are shown

from a single experiment.

To test whether the CD spectrum was affected by the concentration of the stock
solution, a 10 mM PR_g amphiphile stock solution was prepared and diluted to
100 uM at several time points for CD measurement (Figure 4-12). The solution
exhibits the unordered secondary structure upon aging of the stock solution for
6 min and 1 hr before dilution, but after 2 hr the spectrum is similar to the
spectrum observed when the 1 mM stock solution has been allowed to age for
48 hrs. When the 10 mM solution was allowed to age for 5 hrs prior to dilution,

the CD signal intensity strengthened.
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Figure 4-12: CD spectroscopy of a 100 yM PR_g amphiphile solution diluted from a 10 mM stock
solution. Stock solution was diluted at 0.1, 1, 2, and 5 hours after dissolution. At 0.1 hr, the CD
spectrum shows an unordered secondary structure, and by 2 hr the spectrum resembles that of an
a+p protein. At 5 hr, the intensity of the signal has increased. The results are representative of
three independent experiments performed on different days, but data are shown from a single

experiment.

These CD spectroscopy results show that the CD spectra of the PR_g peptide-
amphiphile match the spectra of a+f proteins, indicating that the PR_g peptide-
amphiphile assembled structures contain separate regions of a-helix and f3-
sheet. This differs from the CD spectra of most other nanofiber-forming
peptide-amphiphiles. Previous research shows that nanofiber-forming peptide-
amphiphiles exhibit predominantly (B-sheet secondary structures after the
addition of charge-screening ions or mixing with oppositely charged peptide-
amphiphiles.’® ¥ One study has reported that peptide-amphiphiles containing
some a-helical structures at pH 10 in addition to primarily B-sheet structures.’”
Prior to the addition of charge screening molecules, the peptide-amphiphiles

typically show an unordered secondary structure similar to the structure of PR_g
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peptide. Addition of charge-screening molecules causes the peptide-
amphiphiles to exhibit a primarily B-sheet structure. In our case, however, the
secondary structure forms over time without adding any charge-screening

agents.
4.5.2 Cryo-Transmission Electron Microscopy

Cryo-transmission electron microscopy (cryo-TEM) is an electron microscopy
technique used to observe aqueous samples. In TEM, a beam of electrons is
transmitted through a thin sample, and contrast in a TEM image is dependent
on the absorption of electrons due to sample composition and thickness.
Electron microscopy is run in a vacuum, which requires that samples be dried
before imaging. The drying process can introduce artifacts into samples, and
with biological samples, such as proteins, bound water is responsible for much
of the formation of the native structure. The nanofiber structure formed by
peptide-amphiphiles is highly influenced by the surrounding aqueous media,
and drying the samples would likely change the structure of the nanofiber. In
cryo-TEM, the sample is plunged into a cryogenic liquid, such as liquid propane
or ethane, which vitrifies the liquid and allows the sample to be viewed in its

native environment.

PR_g samples were prepared for cryo-TEM in a controlled environment
vitrification system. A thin film of PR_g was created by pipetting 10 pL of the
sample solution onto a copper TEM grid coated with a polymer film (Ted Pella,
Inc.). The sample was blotted to remove the excess sample and create a thin
film. The grid was quickly plunged into liquid ethane to vitrify the water then
stored in liquid nitrogen until imaged. Images were collected by Todd Pangburn
and Dr. Wei Fan using a JEOL JEM-1210 transmission electron microscopy

operating at 120 kV, and the images were captured with a Gatan 724 multiscan
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digital camera. To prevent sample melting during imaging, the temperature in

the transmission electron microscope was maintained at -179°C.

Cryo-TEM was performed on PR_g peptide-amphiphile solutions at 100 yM and
1 mM (Figure 4-13). A 100 uM PR_g peptide-amphiphile solution was prepared
by diluting a 2-day-old 1 mM stock solution with Milli-Q water. Figure 4-13A
shows several single nanofibers forming a “W” shape. The nanofibers all have

a diameter of approximately 10 nm and lengths on the order of microns.

W

0.2 ym

Figure 4-13: Cryo-TEM images of PR_g nanofibers. (a) 100 uM sample of PR_g amphiphile showing
several nanofibers in a "W" shape. The diameter of the fibers is approximately 10 nm. (b) 1 mM

PR_g amphiphile. Fibers appear to be interacting in bundles and show some branching.

The theoretical length of the peptide-amphiphile molecule depends upon the
secondary structure of the peptide headgroup. If the peptide headgroup
exhibits an unordered structure, the headgroup length measures 3.7 A/amino

aCId 98, 118

If the hydrocarbon tail is in a fully extended conformation, it is
approximately 2 nm long, assuming a carbon-carbon bond length of 1.54 A and

a bond angle of 109°. This leads to an overall peptide-amphiphile length of
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~11.25 nm, and the nanofibers would have a diameter of approximately
22.5 nm. |If the peptide headgroup adopted an all-B-sheet conformation, the
headgroup would measure 3.5 A/amino acid,® which corresponds to a peptide-
amphiphile length of ~10.75 nm. Assuming the peptide headgroup adopted an
a-helical conformation with a length of 1.5 A/amino acid, the entire amphiphile
would measure ~5.75nm. Thus, the theoretical length of the peptide-
amphiphile is estimated to be between 5.75 and 11.25 nm, and the self-
assembled nanofibers would have a diameter between 11.5 and 22.5 nm.
Accounting for experimental limitations, the 10 nm diameter measured by cryo-
TEM falls within the smaller end of the theoretical expectations and suggests
that the peptide headgroup may be tightly coiled or the headgroup may be tilted.
The measured diameter of the nanofibers agrees with the diameters of other

peptide-amphiphile nanofibers reported in literature, %3 71 178180

Another cryo-TEM grid was prepared with a 2-day-old 1 mM solution (Figure
4-13B). At this higher concentration, PR_g forms nanofibers that bundle
together. These bundles branch and entangle with other nearby bundles. The
bundles may be stabilized by neighboring nanofibers within these bundles
forming non-covalent cross-links, such as hydrogen bonds. The combination of
extensive hydrogen bonding and the witnessed branching and entangling
behavior could give rise to the gelation of the PR_g amphiphile at higher
concentrations. The diameter of the bundled nanofibers was observed to be up
to 0.2 ym thick and many micrometers long. The images of the 1 mM samples
show some single nanofibers with diameters of ~10 nm that are not assembled
into the larger bundles, indicating that the bundles are likely composed of single
interacting nanofibers and are not larger aggregates of PR_g. Cryo-TEM at
higher concentrations is challenging due to difficulties associated with sample

preparation. Higher concentrations of peptide-amphiphile solution possess a
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higher viscosity, which in turn makes it more difficult to blot the solution into the

thin film necessary for TEM.
4.5.3 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) is a scattering technique similar to
small-angle X-ray scattering and light scattering used to give information about
the size, shape, and material properties of a sample. Unlike X-ray and light
scattering, which both use electromagnetic radiation, SANS utilizes a beam of
neutrons. Neutron radiation covers the wavelength range from approximately
0.1-3 nm, which is similar to the range of 0.01-0.5 nm covered by X-rays and is
significantly smaller than the wavelengths of visible light (400-700 nm). The
scale covered by neutrons and X-rays make them ideal for studying very small
length scales such as bond lengths, which are on the order of 0.1 nm.
However, a neutron carries far less energy than an X-ray photon does, which is
advantageous when working with biological or other sensitive samples. Also,
neutron radiation is very penetrating, and samples several centimeters thick can
be probed. Neutron scatter does have some drawbacks though. The primary
limitation is that neutron sources are scarce. Generating a neutron beam
requires either a nuclear reactor or a particle accelerator that collides protons
into something to generate neutrons. According to the Center for Neutron
Research at the National Institute of Standards and Technology (NIST), only 24

neutron sources worldwide are available for neutron scattering experiments.

In a SANS experiment, neutrons are produced in a nuclear reactor and “cold”
neutrons are selected to send along a beam guide toward the SANS instrument.
Cold neutrons are neutrons of lower energy than that of thermal neutrons. The
neutrons are filtered by a rotating component that selects neutrons of a certain
velocity. The neutron beam is then collimated along a pre-sample flight path.

The beam passes through the sample, which scatters some of the neutrons.
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The unscattered neutrons are absorbed by a beam stop and the scattered
neutrons hit the detector resulting in the data signal (Figure 4-14). The data is

then circularly averaged to produce an intensity plot.

A
K, ] @
> ° > -

Sample

Incident
Neutrons

\

Detector
Figure 4-14: SANS sample scattering schematic

Light scattering is caused by local variations in refractive index or polarizability
of a sample, and X-ray scattering is due to local variations in electron density in
a sample. Neutrons are scattered by atomic nuclei and are highly sensitive to
variations in nuclei type. Contrast in SANS experiments is determined by
differences in scattering length density (SLD). The scattering length density of
a sample is calculated by Equation 4-2, where b, is the coherent neutron
scattering length of each atom in the sample, p is the bulk density, M is the

6

molecular weight, and N, is Avogadro’s number.?®® The coherent scattering

length is dependent on the scattering element, and values for several elements

of biological interest are given in Table 4-3.2%

Most atoms have scattering
lengths of similar values, but one of the most significant variations is the
difference between hydrogen and its isotope deuterium. Therefore, many
SANS experiments are conducted in D,O to attain a high level of contrast.
Contrast matching can also be employed by mixing D-O and H>O such that the
SLD of the solution matches the SLD of part of the sample, for example, the

outer shell of a micelle.
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Equation 4-2: Scattering length density (SLD) 206

SLD=Y b, ’;VI—NA
w

Table 4-3: Coherent scattering lengths for selected atoms 2’

Element b. (fm)
H -3.7390
D 6.671
C 6.6460
N 9.36
O 5.803
P 5.13
S 2.847

The intensity of scattering is quantified in terms of the scattering vector, g,
which is defined as the difference between the incident and scattered wave
vectors, ki and ks, respectively (Figure 4-14). The scattering vector is related to
the scattering angle, 6, by Equation 4-3.'"" The scattering vector is expressed
in dimensions of inverse length and is an important variable in establishing what

size of structural features can be resolved by an experiment.

Equation 4-3: Scattering vector, g, as it relates to the angle of scattering, 6"’

_4_ﬂs|n(g)
=752

The raw intensity signal is corrected to remove the intensity signals coming from
the empty cell, background scattering, sample transmission, and detector
response to the neutron beam. The resulting sample scattering intensity, /(q), is

related to g by Equation 4-4, where P(q) is the form factor and S(q) is the
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structure factor. The form factor, P(q), is a function that describes the shape of
the scattering body. Please note that for the form given in Equation 4-4, P(q)
also contains the contrast term and volume fraction term. The structure factor,
S(q), accounts for interference effects between radiation scattered by multiple
scattering bodies. In dilute solutions, S(q) approaches unity and /(q) = P(q), and
the scattering intensity is primarily a function of the shape of the scattering

body.

Equation 4-4: Scattering Intensity as a function of g 208

Different particle shapes cause different patterns in neutron scattering. Figure
4-15 shows the log of the scattered intensity, log(/(qg)), is plotted against the log
of the scattering vector, log(q), for a sphere, rod, and disc. At low g, all three
shapes exhibit a slope of 0. This occurs when gR; > 1 or when g is on the same
order as the radius of gyration, Ry, and is termed the Guinier region. The
Guinier region is shaded yellow (or very light grey if printed in black and white)
in Figure 4-15. The slope of the intensity before the terminal region can identify
the specific sample shape. Spheres only have a slope of 0 before breaking
toward the terminal slope. Rod-like objects such as cylinders, elongated twisted
ribbons, and nanofibers exhibit a slope of -1; whereas, disc-like or lamellar
objects have a slope of -2 before breaking toward the terminal region. In the
high g regime, a monodisperse system of scatterers will exhibit peaks that
decay with a slope between -3 to -4. Polydisperse systems will still have a
slope between -3 to -4, but will not show any peaks. This region is called the
Porod region (light blue or darker grey shading) and gives information about the
surface of the material. A slope of -4 is expected when the system has a sharp
interface between the particle and surroundings. If the boundary is diffuse, the

slope will approach a value of -3.
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Figure 4-15: SANS scattering intensity as a function of q for a sphere, rod, and disc

SANS measurements were performed at NIST on a 30 m instrument (NG-7) by
Rajiv Taribagil.?® This system is capable of producing neutrons with
wavelengths of 0.5-2 nm and detector distances of 1-15.3 m. This allows for a
maximum g-range of 0.0015-0.6 A, Samples of 1 wt% (4.12 mM) PR_g and
0.75 wt% (3.09 mM) PR_g were prepared with D,O the night before the
experiment. Solutions were pipetted into banjo cells with a path length of
~1 mm after the overnight equilibration. Sample to detector distances were 1,
3, and 13 m, which resulted in sampling the g-range of 0.003 > q (1/A) > 0.331.
Neutrons with a wavelength of A =7 A with a distribution of AVA = 0.11 were
used for the SANS measurements. The raw data were reduced to correct for
the D.O background, the empty cell, background scattering, sample

transmission, and detector response to the neutron beam.
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Figure 4-16: SANS data for PR_g peptide-amphiphile solutions at 1 wt% and 0.75 wt% normalized

with respect to concentration

Two concentrations were used for the SANS experiments: 1 wt% and 0.75 wt%
of the PR_g peptide-amphiphile. When the intensity (/(q)) was normalized with
respect to concentration and /(q) was plotted against the scattering vector, g,
the two sets of data overlapped, indicating that the scattering intensity is
proportional to concentration (Figure 4-16). This suggests that the structure of
the solution at 1 wit% is the same structure that is seen at 0.75 wt%. The data
shows that the Guinier limit is not reached in the g range 0.003 > g (1/8) >
0.331. This implies that the radius of gyration for PR_g is quite large. For
cylinders, the radius of gyration, Ry, is related to the length, L, and the radius R
of the cylinder by equation 1. The cryo-TEM images shows that PR_g
nanofibers have a diameter ~10 nm and lengths > 1 yum. Since L >> R,
Equation 4-5 reduces to Ry = L/(12)""2. Assuming that the nanofibers have an
Ry of 1 um, the Guinier limit would be g = 0.0001 A", which is outside the range

of the instrument used.
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Equation 4-5: Radius of gyration of a cylinder210

2 2
R2 = L_+R_
v 12 2
The SANS data for 1 wt% (4.12 mM) PR_g is shown in Figure 4-17. In the g-
range from 0.0037 to 0.021 AT, intensity decays with g'. This supports the
hypothesis that PR_g forms cylindrical micelles. In the g-range from 0.043 to

0.183 A, intensity decays with g>'*®

, which deviates from the expected g* for
particles with sharp interfaces. This could be the result of a diffuse interface
between the nanofiber and the solvent, due to a polydispersity in the nanofiber
radius, as a result from a different structure factor, or any combination of the

above.

I(q) (cm’)

Figure 4-17: SANS data of 1 wt% (4.12 mM) PR_g amphiphile dissolved in 100% D,O, plotted as

intensity (/(q)) against the scattering vector (q). The intensity first decays as q'1. In the Porod

scattering region, the intensity decays as g%,
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4.6 PR_g Nanofiber Gel Characterization
4.6.1 PR_g Gel Formation

A gel is a solid, jelly-like substance made of a dilute cross-linked network, which
contains a significant amount of fluid.””"?'" The cross-linked network within the
solvent gives the gel structure and allows it to resist flowing. Hydrogels are
primarily comprised of water and are frequently used as scaffolds for tissue
engineering. PR_g was found to form a self-supporting gel at concentrations
greater than 6 mM. A 10 mM solution of PR_g peptide-amphiphile was
prepared in Milli-Q water. The solution was allowed to sit overnight at room
temperature in a small glass vial. Figure 4-18 illustrates the self-supporting
nature of the PR_g gel. The contrast of the image has been enhanced to make

the gel easier to see. The gel is slightly less opaque than shown in the image.

Figure 4-18: PR_g peptide-amphiphile self-supporting gel. PR_g peptide-amphiphile solution (10
mM) dissolved in Milli-Q water. The solution was allowed to sit overnight at room temperature. (A)
shows gel at the bottom of the vial. (B) shows the same vial tipped upside-down to illustrate that

the gel is self-supporting.
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4.6.2 Rheological Characterization

As shown in the previous section, when PR_g is dissolved in water at higher
concentrations (6 mM or higher), it appears to form a self-supporting gel. To
verify that PR_g actually forms a gel and not just a very viscous liquid, rheology
experiments were performed. Rheology is the study of the flow of matter and
can be used to determine the mechanics of solid materials. Many soft materials
such as hydrogels and polymers are viscoelastic materials meaning that they
exhibit behavior that falls in between that of elastic solids and viscous liquids.
For this discussion and experiment, only the linear viscoelastic regime will be
considered to avoid the complexities involved with non-linear analysis. The
shear modulus, G, is related to shear stress, g, and shear strain, y, by Equation
4-6."" In the linear regime, usually found as y approaches 0, G is independent
of y.

Equation 4-6 "

o=Gy

The most common experimental method to characterize the viscoelastic
properties of a material is to subject the material of an oscillating strain. When
a material is exposed to an oscillating shear strain of the form, y(t) = y,sin(wt),
the shear stress response also responds in an oscillatory fashion with the same
frequency but with a different amplitude and phase. The phase shift in the
stress response can be resolved into components that are 100% in-phase with

the driving oscillation and 100% out-of-phase (Equation 4-7).""”

Equation 4-7 "

o(t) = G'y,sin(wt) + G" y,cos(wt)
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G’ is the in-phase component and is called the elastic or storage modulus. G”
is the out-of-phase component and is called the viscous or loss modulus. The
relationship between these two components can be used to describe the
viscoelasticity of the material. When G'=G” the material is said to be
viscoelastic. When the G'’>>G", the material is more solid-like, and for G">>G’,

the material behaves more liquid-like.

Rheological properties were measured using an AR-G2 apparatus from TA
Instruments. Time sweep experiments were performed using a 40 mm parallel
plate. A 10 mM solution of PR_g was prepared and pipetted onto a Peltier plate
maintained at a temperature of 25°C. The top parallel plate was lowered to
make contact with the sample, and the gap was decreased until the sample
completely filled the gap. The sample was allowed to gel and a strain sweep
was performed to determine the linear viscoelastic region (Figure 4-19). The
strain started at 0.1% was allowed to increase until the sample started to leave
the linear regime. The data shows that the relationship between stress and
% strain is linear until approximately 1.5% strain. All subsequent experiments
were performed at % strains less than or equal to 1% strain to ensure that the

material’s performance was in the linear viscoelastic regime.
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Figure 4-19: Stress-strain curve for PR_g to determine linear viscoelastic regime

A 12 mM solution of PR_g was prepared and immediately pipetted onto a
Peltier plate maintained at a temperature of 25°C. A time sweep was performed
using a frequency of 1 rad/s and a strain of 0.5% (Figure 4-20). At the gelation
point the viscous modulus, G” is becomes less than the elastic modulus, G,
and this crossover is the defining characteristic between a gel and a viscous
liquid. The time sweep indicates that gelation time of a 12 mM solution of PR_g
amphiphile is approximately 30 min. The moduli continued to increase over the
course of the measurement, indicating that the gel was still forming cross-links.

After approximately 2 days the moduli remained fairly constant.
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Figure 4-20: PR_g gelation of a 12 mM sample in Milli-Q water monitored by oscillating plate
rheometry at a frequency of 1 rad/s. Elastic modulus, G’ (0), and viscous modulus, G” (®), of a

PR_g solution measured as a function of time. Gelation point (signified by G’ > G") is observed at
30 min. The inset shows the crossover between G’ and G” in greater detail. For clarity only every
300" data point in the larger graph and every 20" data point in the inset were plotted. The results
are representative of n=3 (three independent experiments performed on different days), but data

are shown from a single experiment.

Another important characteristic of gels with a high degree of cross-linking is
that G’ and G” are minimally sensitive to the oscillation frequency. To test the
degree of PR_g cross-links in the gel, a 10 mM solution of PR_g amphiphile
was allowed to age in a sealed chamber for 48 hrs at room temperature. The
sealed chamber was constructed by adhering a silicone O-ring to a glass
coverslip using silicone rubber and covering to the top of the chamber with a
glass slide lightly coated with vacuum grease. The glass coverslip was adhered

to a Peltier plate with vacuum grease, and the Peltier plate kept the sample at
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25°C for the duration of the rheology measurement. A frequency sweep from
0.01 to 100 rad/s was performed on the gel using a 13.07 mm parallel plate

oscillated at 1% strain.

G, G" (Pa)

100 =

0.01 0.1 1 10 100
o (rad/s)

Figure 4-21: Frequency sweep showing G’ and G” of a PR_g gel. A 10 mM PR_g gel was prepared
and aged 48 hours (circles) or for 1 month (squares) in a sealed chamber before rheometry
measurement. Both G’ (open symbols) and G” (closed symbols) were not significantly affected by
changes in oscillation frequency. The results are representative of n=2 (two independent

experiments performed on different days), but data are shown from a single experiment.

The data show that G’ and G” are minimally affected by the frequency change
between 0.1 and 10 rad/s, and the moduli do not cross in the frequency range
tested (Figure 4-21). This indicates that the PR_g nanofibers are forming cross-
links between nanofibers, and the gel behavior is not merely due to entangled
nanofibers. In the case of PR_g, these cross-links are most likely noncovalent
bonds, such as hydrogen bonds. To see if the gel would continue to stiffen over

time, a 10 mM PR_g amphiphile gel was allowed to age in a sealed chamber for
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1 month, and then another frequency sweep was taken. The gel showed a
slight increase in both G' and G”. Over the course of 1 month, some water
evaporation is expected, but the sealed chamber prevented most of the

evaporation.

An important consideration in tissue design is mimicking the mechanical
properties of native tissues. Neural tissue has a modulus of approximately E =
0.1 kPa and muscle tissue is E = 10 kPa where E is the Young’s modulus.®®
The relationship between the shear modulus, G, and E is described by Equation

4-8, where v is Poisson’s ratio.'"”

Equation 4-8 "

E =2G(1+v)

Poisson’s ratio describes the change in volume, V, of a material when it is
deformed by an extensional strain, € (Equation 4-9).''” As a material is
stretched in one direction, it tends to contract in the directions perpendicular to

direction of the force.

Equation 4-9 "

For most soft materials, the volume remains constant especially under low
deformation, so v = 0.5. This reduces Equation 4-8 to E ~ 3G. The shear

modulus, G, is calculated by:

Equation 4-10 "

G=4(G) +(G"
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At a frequency of 1rad/s, the G of PR_g is 480 Pa. Thus the modulus of
elasticity (E) is approximately 1.5 kPa, which is within the range of modulus of

elasticity for living tissues.
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Chapter 5 Conclusion

Tissue engineering promises to completely change the treatment of disease.
One of the most important components of an engineered tissue is the scaffold,
which provides structure to the tissue and a location for cells to adhere. This
work focused on improving cell adhesion to scaffolds for tissue engineering by

designing a biomimetic peptide targeting the as[3+1 integrin.

Six fibronectin mimetic peptide-amphiphiles with dialkyl tails were designed
incorporating the primary binding domain, RGD, and synergy-binding domain,
PHSRN, found in the asB integrin binding site in fibronectin. The peptide
amphiphiles varied the linker that connected the two binding domains and the
spacer separating the tail from the binding domains in the peptide headgroup.
The original hypothesis in the Kokkoli group was that both the linker length and
hydrophilicity/hydrophobicity of the amino acids in the linker were important for

asB+ integrin binding.

The peptide-amphiphile surfaces were fabricated using the Langmuir-Blodgett
technique. LB isotherms showed that sequences containing high levels of
serine packed more tightly than the sequences containing fewer serines. PR_d
contained the most serines and did not transfer well to the mica substrates.
AFM images of the LB membranes displayed shallow divots, which may
indicate that the peptide-amphiphile headgroups are bent at the interface,
exposing the PHSRN domain. The divots on the PR_d surface showed two
depths, which may be an indication of missing peptide-amphiphiles in the
membrane. Parallel AFM and cell studies undertaken by other group members
showed that PR_b bound an asf31 integrin-functionalized AFM tip better than the

other studied sequences and that PR_b surfaces also adhered HUVEC cells
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more strongly than other surfaces. These results support the hypothesis that
the hydrophilicity/hydrophobicity of the serine/glycine linker of PR_b is a better

linker for cell attachment.

A fibronectin mimetic peptide, PR_g (a modified version of PR_b), was
designed to contain both the primary and synergy-binding domains of
fibronectin. PR_g was coupled to a single hydrocarbon tail to make a peptide-
amphiphile to self-assemble into nanofibers in solution. PR_g was found to form
a gel after the addition of Milli-Q water to the lyophilized peptide-amphiphile.
PR_g did not require the screening of its charge before self-assembly and
gelation, which is a significant difference from other peptide-amphiphiles
reported in the literature that formed nanofibers and gelled. The critical micelle
concentration of the nanofibers was measured by lipophilic-staining to be
38 uM. Cryo-TEM images of the peptide-amphiphile nanofibers showed single
nanofibers with a diameter of approximately 10nm, and at higher
concentrations, the nanofibers bundle together. The entanglements that the
bundles formed could give rise to the gelation seen at higher concentrations.
SANS experiments agreed with the cryo-TEM images and showed that the
peptide-amphiphile forms a rod-like structure in solution. CD spectroscopy
indicated that the PR_g peptide showed a random secondary structure;
whereas, after an aging period, PR_g peptide-amphiphile’s headgroup showed
an a+f secondary structure. Rheological measurements of PR_g gels show
that the elastic modulus approaches the elasticity of tissues found in vivo, which
is important for future consideration of the nanofiber gel as a tissue engineering

scaffold.
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