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Abstract

Millions of bone grafting procedures are performed annually to repair bone defects.
While autografts and allografts are used clinically for such purposes, their limitations have
motivated research into synthetic graft materials. Although numerous biocompatible materials
have been developed, lack of bioactivity often results in suboptimal results. The use of bioactive
peptides on the surface of a material can help create an interface between materials and specific
cells in living tissue. Using phage-display technology, a dual-functional peptide DPI-VTK
(GGDPIYALSWSGMAGGGSVTKHLNQISQSY) that contains both a mesenchymal stem cell
(MSC) binding domain DPIYALSWSGMA (DPI) and a hydroxyapatite binding domain
VTKHLNQISQSY (VTK) was developed. Because of the importance of adhesion molecules for
cellular migration, such a peptide could not only enhance the adhesion of MSCs to
hydroxyapatite but could also promote the specific migration of host MSCs, bypassing the need
for cell transplantation. Additionally, this peptide could be combined with BMP peptides to
create dual-functional osteoconductive and osteoinductive interfaces that encourage the homing
of MSCs along with their subsequent differentiation. The overall hypothesis of this
dissertation is that dual-functional MSC and apatite binding peptide DPI-VTK along with
a dual-functional BMP and apatite binding peptide KIP-VTK will increase bone
regeneration with mineralized scaffolds by increasing the migration of MSCs and their
subsequent osteogenic differentiation.
This dissertation proposed the following aims to test this hypothesis: 1) determine if peptide

DPI-VTK can increase MSC specific migration in vitro and in vivo to support bone formation; 2)

xii



determine if peptide DPI-VTK has a synergistic effect with BMP derived peptide KIP-VTK to
increase osteogenic differentiation.

In transwell assays, human iPS-MSCs showed significantly greater migration (6-fold
increase) over no peptide controls when DPI-VTK was used as a chemoattractant. Non-MSC
controls such as MC3T3 cells and mouse dermal fibroblasts (MDFs) showed no statistically
significant effect on migration from DPI-VTK. When MSCs were incubated in transwells with
peptides DPI-VTK, DPI, and VTK, migration was equivalent for DPI-VTK and DPI, while VTK
had no difference from the control, demonstrating that the DPI peptide, but not VTK, can induce
migration. Primary calvarial cells had a significant increase in migration (>2-fold increase) when
exposed to DPI-VTK. After 1 week in-vivo, immunohistochemical staining for MSC markers
demonstrated increased migration of CD90 and CD200 positive cells. After 8 weeks, micro-CT
demonstrated a significant increase in regenerated bone volume in the DPI-VTK group versus no
peptide control. Coupling peptide VTK to BMP derived peptide KIP increased absorption to
mineral. When co-absorbed with DPI-VTK, KIP-VTK failed to generate a synergistic effect on
osteogenic differentiation.

In conclusion, this research has demonstrated that targeting specific cell populations with
cell and material binding peptides such as DPI-VTK is possible. Due to the widespread use of
hydroxyapatite-based biomaterials in craniofacial bone grafting, DPI-VTK could be useful
clinically for enhancing their ability to promote migration of host MSCs. Developing dual-
functional material that both recruits host cells and induces differentiation could be a key
strategy for regenerating large-volume defects without the need for exogenous cells or

autografts.
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Chapter 1: Introduction

1.1 Clinical Significance

Despite bone’s regenerative properties, bone grafting is often necessary to heal defects
and restore function. Millions of bone grafts are performed annually for various purposes such as
non-union fractures, spinal fusion, alveolar ridge augmentation, and restoration of large defects
following cancer resection [1—4]. Bone grafting is particularly important for oral and craniofacial
applications, as the alveolar ridge bone that supports the teeth cannot regenerate on its own
following bone loss due to periodontal disease or tooth loss [2]. When placing dental implants, it
is critical that there is sufficient bone width and height to support the implant. A significant
number of dental implants placed require bone augmentation prior to placement due to

insufficient bone [5,6].

The current standard in bone grafting is to graft autogenous bone from another site to the
defect. Sources of autogenous bone include the mandibular ramus, mandibular symphysis, the
iliac crest, and fibula [1,2,7]. Autogenous bone is an ideal material for this purpose since it
already contains the appropriate osteogenic cells, growth factors, extracellular matrix, and micro-
environment to facilitate regeneration. A key limitation of autografts is donor site morbidity,
which may include postoperative pain, infection, scarring, and increased surgical recovery time
[1]. For example, with iliac crest grafting, as many as 91.3% of patients experience donor site

pain, 54.6% have problems with ambulation after the surgery, and 34.8% have paresthesia [8].



Because of the risk of donor site morbidity, only a limited amount of tissue may be safely
harvested at a time, and certain patients may not be appropriate candidates due to preexisting

health conditions [8].

Allografting and xenografting, the grafting of donor human or animal bone respectively,
are useful alternatives to autografting since they avoid donor site morbidity. These materials can
take several forms such as block grafts, granulated grafts, cortical bone, trabecular bone, bone
mineral, and demineralized bone matrix [2,9,10]. In order to render these graft materials safe for
transplantation and avoid risks such as transmission of pathogens and immunogenic reactions,
allografts/xenografts undergo extensive processing such as sterilization, decellularization, and
demineralization which significantly decreases the bioactivity compared to autografts. [2,11,12].
Allografts/xenografts, however, are often used in combination with autografts to increase the
total volume of the graft. Another option for bone grafting is to use alloplasts, which are
synthetic graft materials. While these materials, such as tricalcium phosphate, do have some

bioactivity, they are still not as osteogenic as autografts [9,10].

The disadvantages of autografting and allografting/xenografting have motivated tissue
engineering approaches to regenerate bone. Tissue engineering is based on the principle that
tissue regeneration can be achieved by combining the appropriate cells, signals, and biomaterials.
Designing an appropriate biomaterial that can deliver the tissue-appropriate signals for cellular

functions such as proliferation and differentiation is a key challenge for tissue engineering [13].



1.2 Bone Tissue Engineering

1.2.1 Biomaterials for Bone Tissue Engineering

In native tissues, cells are bound within a matrix of extracellular proteins called the
extracellular matrix (ECM). The cells can interact with this matrix through a multitude of
different receptors, most notably the integrins. Binding of the cells to the ECM not only allows
for adhesion, but also stimulates signals for cellular functions such as survival, proliferation, and
differentiation [14]. These connections also allow for the conduction of mechanical forces from
the matrix to the cells, which is particularly important for bone physiology. While the ECM can
be used as a biomaterial for bone regeneration in the form of either autografts (ECM with living
cells) or allo/xenografts (processed ECM), the limitations of these techniques sometimes

necessitate the use of other materials.

When foreign materials are implanted into the body, serum proteins rapidly adsorb onto
the surface. Once cells begin to adhere to this layer, they begin to secrete ECM matrix proteins.
Less biocompatible materials will be encapsulated within a thick fibrous capsule while more
biocompatible materials will have a thin fibrous interface, as is the case in osseointegration
[15,16]. In biomaterial design, it is important to consider the properties of the ECM. ECM
properties such as stiffness and bioactivity should be recreated in the biomaterial to ensure
proper functioning of the tissue’s resident cells. The bone matrix is composed of proteins, most

notably collagen, and bone mineral in the form of carbonated hydroxyapatite. The mineral



component of bone provides appropriate stiffness and strong resistance to compressive forces

while the collagen component provides elasticity and toughness [17].

Being the key component of bone mineral, hydroxyapatite, has received much attention
as a therapeutic biomaterial. Stoichiometric hydroxyapatite, however, is not suitable due to its
non-resorbable nature. While non-resorbable materials may be appropriate for certain
applications such as for biomedical implants, achieving true tissue regeneration requires a
resorbable material that can be gradually replaced by native tissue. The hydroxyapatite in native
bone mineral contains various ion substitutions such as carbonate and magnesium that modify
the crystallinity and increase resorbability [18]. Biomimetic carbonated apatite that mimics the
composition of bone mineral can be precipitated from simulated body fluid, a solution of various
salts mimicking the ion composition of body fluid. This solution is useful for coating
biodegradable polymers with a layer of bone like mineral to create scaffolds for bone
regeneration [17]. Such biomimetic mineral scaffolds allow for delivery of mineralized
biomaterials that have similar composition to native bone mineral while retaining control of
characteristics such as degradation rate and porosity. Bone-like-mineral created with simulated
body fluid also allows for the use of biomimetic mineral without the limitations associated with

harvesting native bone mineral in the form of allo/xenografts.

1.2.2 Mesenchymal Stem Cells in Bone Regeneration

Mesenchymal stem cells (MSCs) are a classification of multi-potent stem/progenitor cells

that exist in several different tissues. Originally identified in bone marrow as bone marrow



stromal cells, other cell types such as adipose stem cells, periosteal stem cells, and pericytes can
also be considered as MSCs. A unifying definition of MSCs remains elusive, and some authors
have argued that the term should be retired [19]. Various genetic and protein markers have been
proposed to identify MSCs such as CD90, CD73, and CD105 [20]. The presence of these
markers can vary depending on the tissue source of the MSCs, and many non-MSC cell types
can also express these markers. The most definitive properties of MSCs are their multipotent
differentiation into bone, cartilage, and adipose tissue. These facts suggest that MSCs should be
considered as a broad category of many different cells sharing a similar phenotype rather than a
discreet cell type. In bone healing, MSCs are critically important due to their ability to migrate
into the wound, modulate the immune system, and differentiate into osteoblasts to secret new

bone matrix.

MSCs have received much attention in the tissue engineering field due to their ability to
regenerate multiple tissue types, particularly bone [21]. MSCs, typically bone marrow stromal
cells, have been seeded onto various biomaterial scaffolds and transplanted into animal models
and in human clinical trials to regenerate bone defects with much success. In animal studies
involving mice, MSCs are typically harvested by flushing the marrow cavities of the femora and
tibiae and culturing the resulting cell suspension on tissue culture polystyrene (TCPS). Since
bone marrow stromal cells are known to have adherence to TCPS, expanding them on TCPS
helps select for the BMSCs over the other cells present in the bone marrow. In human trials,
BMSCs can be harvested by obtaining bone marrow aspirates from pelvis and purifying the
BMSCSs through FACS [22]. Unlike pluripotent stem cells which can only be obtained from

embryos or genetic induction, multipotent stem cells such as MSCs are present in the body



through adulthood. This allows for autogenous harvesting and transplantation of MSCs without

any risks of immune rejection [23].

1.2.3 Cell-homing Approach to Tissue Engineering

While many tissue engineering approaches have focused on the transplantation of
exogenous cells via biomaterial scaffolds, this approach is not always feasible due to logistical
hurdles. For example, cells must be collected from patients ahead of time and expanded under
sterile conditions, which requires expensive equipment and dedicated staff. As the number of
clinics offering MSC based therapies increases, there is increasing concern about the safety and
quality control practices [24]. Also, the survival rate of the transplanted cells may also be low
[25]. The limitations of cellular transplantation have motivated alternative approaches to
regenerate tissue. The presence of regenerative cells such as MSCs in bone and other tissues
creates the possibility of regeneration utilizing only endogenous cells. By developing methods to
specifically target and mobilize cells nearby a defect, the need for cellular transplantation could
be bypassed. Cell-homing approaches to tissue engineering focus on the transplantation of
acellular scaffolds to stimulate the migration and adhesion of host cells into the defect [21,26].

Induction of cellular migration can be accomplished by administering chemotactic factors
into the defect along with the material. Such factors can include recombinant proteins such as
PDGF, SDF-1, and BMP-2 [27]. Inducing host cell migration has the advantage of avoiding
logistical difficulties with harvesting host cells prior to surgery and lowering healthcare costs.
Cell specificity is important, and osteogenic cells such as MSCs should be targeted rather than

other cells such as fibroblasts and epithelial cells which may form soft tissue rather than osseous



tissue. Encouraging early migration of MSCs into the defect is critical as they can direct the
healing response by modulating immune cells and secreting chemotactic factors to drive the
migration of other cell types [28]. While many types of cells are important for bone regeneration,
specifically targeting MSCs in the early stages is critical since the presence of other cells could
block the migration of MSCs, inhibit the regenerative process, and even form undesirable tissues
such as fibrous or epithelial tissue rather than bone. Guided bone regeneration is a technique
used clinically to regenerate bone defects that uses semi-permeable membranes that encourage
migration of osteogenic cells while excluding epithelial cells [29]. Currently used chemotactic

agents, however, lack cellular specificity and a MSC specific chemoattractant remains elusive.

1.2.4 BMP Therapies

In addition to promoting migration of MSCs, it is important to induce their differentiation
into osteoblasts and stimulate secretion of new bone matrix. Some of the most powerful
stimulators of osteogenic differentiation are the bone morphogenetic proteins (BMPs). While the
many proteins in the BMP family play different roles in different tissue types, BMP-2 and BMP-
7 both stimulate bone formation and are FDA approved for use in clinical bone grafting [30].
BMP-2 and BMP-7 both bind to the BMP type I and type II receptors, triggering the
phosphorylation of Smad 1/5/8 which then translocate to the nucleus to activate osteogenic genes
such as RUNX2, the master regulator of osteogenesis [31]. BMP-2 and BMP-7 are produced as
recombinant proteins by Chinese Hamster Ovarian cells and sold commercially as a lyophilized
powder. The proteins are reconstituted in saline solution before use and usually delivered along

with a collagen sponge into the defect [32]. While BMPs have been successful in the clinic, there



are several downsides that have yet to be addressed. To drive the formation of bone as well as
compensate for degradation in vivo, the BMPs must be delivered in supraphysiological doses.
Typically, several milligrams of BMP are used at a time for each patient. At a cost of several
thousand dollars per milligram, these high doses result in very high costs for treatment. Some
patients may experience strong inflammatory responses to the BMP proteins, which may
ironically lead to bone resorption. BMPs are also capable of forming ectopic bone in nearby soft
tissue due to diffusion of the soluble BMPs from the site, thereby inhibiting their function [3].
These challenges have motivated the investigation of strategies to mitigate the negative effects of
BMPs, including developing controlled release systems and deriving smaller molecular weight

peptides from the BMP sequence [33,34].

1.2.5 Peptide Therapies

To improve the bioactivity of materials, functionalization with biomolecules is often
necessary. Recombinant proteins have been used for this purpose, but are limited by their high
cost of manufacture [35]. Globular proteins can also lose activity when absorbed or chemically
coupled to biomaterial surfaces due to deformation of their complex higher-order structures and
obscuring of the active site [36]. Another option to functionalize biomaterials is to use peptides,
which are arbitrarily defined as having less than 50 amino acids per sequence. Peptides are an
excellent alternative to large molecular weight proteins for several reasons. Since peptides can be
chemically synthesized with solid phase peptide synthesis rather than being produced
recombinantly by transgenic organisms, the manufacturing and purification process is simpler,

resulting in significantly lower costs than recombinant proteins. Since the binding of peptide



sequences to their target is not dependent on having a stable tertiary structure like globular
proteins, peptides are less susceptible to loss in activity from denaturation and have higher
stability. The higher stability compared to proteins also allows peptides to be coupled to
biomaterial surfaces with little loss in activity. Overall, the small sequence length of peptides

also allows for more precise control of the conformation and specificity [37,38].

ECM proteins contain a multitude of binding sites that have different affinities for
different types of integrins and other cell receptors. Many peptide sequences have been derived
from the binding sites of native proteins. For example, the RGD sequence is a ubiquitous integrin
binding sequence found in many ECM and serum proteins such as fibronectin and vitronectin
[39]. Collagen also contains several cell binding sequences such as DGEA, GFOGER, and the
P15 sequence [40—42]. The P15 peptide has been FDA approved for use in bone regeneration in
the form of a product called Pepgen-P15, which consists of bovine derived bone granules with
absorbed peptide [4,41]. These peptide epitopes not only allow for cellular adhesion but can also
stimulate osteogenic differentiation of MSCs through the activation of FAK and MAPK
pathways [43]. In addition to ECM proteins, attempts have been made to derive functional
peptide sequences from the binding sites of growth factors. For example,
KIPKASSVPTELSAISTLYL (KIP), is a sequence derived from the knuckle-epitope binding
domain of the BMP-2 protein. This sequence can drive bone formation despite lacking the
complex tertiary structure of the full BMP-2 protein [34].

There are several methods to deliver peptides, including bolus delivery, encapsulation
within a material, covalent coupling to a material, and absorption to materials. Non-specific

adsorption of peptides onto the surface of biomaterials can be a simple but sufficient method for



inducing a biological reaction [44]. An excellent example of this is the P15 peptide, a collagen
derived peptide that supports bone formation when adsorbed onto HA. RGD peptides have also
been adsorbed onto HA, but reduce cell adhesion due to competing interactions with serum

proteins such as fibronectins [45].

1.2.6 Phage Display for Novel Peptide Discovery

While peptides derived from native proteins have proven useful for enhancing cellular
adhesion to materials, naturally derived peptides have some limitations. Most notably, many of
these sequences such as RGD lack specificity in binding [46]. To find peptides with high
specificity for certain cells or materials, a different approach is needed. High throughput
screening techniques such as phage display are useful for this purpose. Phage display involves
the use of libraries composed of bacteriophages with random peptides sequences displayed on
their surfaces. These phage libraries can be screened against various cells/materials to screen for
high binding sequences. The high binding phages are isolated, amplified, and subjected to
additional rounds of screening. The high binding phages are then sequenced to deduce the
sequence of the high binding peptides. Phage display has been used extensively in the
development of humanized monoclonal antibody drugs, and has utility in tissue engineering
through the discovery of cell and material specific peptide sequences [18]. Using a commercially
available M 13 bacteriophage display kit with 10° sequences of 12-mers, this technique was used
to discover the mesenchymal stem cell binding DPTYALSWSGMA (DPI) sequence and the

mineral binding VTKHLNQISQSY (VTK) sequence. Combining these two sequences together
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results in the dual-functional GGDPIYALSWSGMAGGGSVTKHLNQISQSY (DPI-VTK)
peptide, which is designed to tether MSCs to mineralized biomaterials. DPI-VTK was found to
increase the magnitude of adhesion of MSCs to BLM coated scaffolds and enhance bone

regeneration and vascularization when used in a cell-seeded scaffolds ectopic transplantation

model [47,48].

1.3 Hypothesis, Study Aims, and Organization of Dissertation

1.3.1 Study Rationale

The limitations of current grafting techniques (i.e. donor site morbidity) have motivated
the use of tissue engineering approaches to regenerate bone tissue. Mesenchymal stem cells
(MSCs) have shown promise for the regeneration of bone defects [14,49,50]. The complexity,
unpredictable outcomes, regulatory hurdles, and expense of cell transplantation limits usage in
the clinic. Therefore, research in this dissertation focused on developing biomaterials with host
cell-homing capabilities.

Despite its extensive use as a bone grafting material, hydroxyapatite (HA) fails to
completely bridge critical sized defects without exogenous cells [51,52]. HA enhances migration
of host cells [61], but also promotes migration of non-MSC cell populations such as
hematopoietic cells that cannot differentiate into osteoblasts [53]. Modifying HA with bioactive
molecules that promote migration and differentiation of MSCs could overcome these limitations.

Peptides can increase the migration and attachment of host cells into a scaffold but lack MSC
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specificity and do not have high affinity for HA-based materials. These limitations motivated our
laboratory to screen peptide libraries to discover novel sequences. This work culminated in the
discovery of the VTK sequence, an HA binding peptide, and the DPI sequence, an MSC specific
sequence. By combining these sequences into the dual-peptide DPI-VTK, it is possible to create
an interface between HA biomaterials and mesenchymal stem cells in order to promote the

regeneration of bone tissue [47,48,54,55].

While enhancing the osteoconductivity of materials can enhance bone formation through
the recruitment of osteogenic cells, osteoinductive signals can further enhance regeneration by
promoting differentiation and up-regulation of osteogenic genes. BMPs are examples of
osteoinductive agents and are one of the most effective acellular bone regeneration therapies but
are limited by high cost and side effects. Peptide sequences have been derived from BMP-2 that
mimic the function of the native protein [34]. By combining a BMP sequence with mineral
binding sequence VTK, it could be possible to deliver BMP in a less expensive and controlled
manner. Preliminary research shows that DPI-VTK binds integrins, which is important due to the
synergistic effects of integrin activation and BMP signaling on osteogenesis. Therefore, it was
hypothesized that the combination of the osteoconductive DPI-VTK peptide with the
osteoinductive BMP peptides on biomaterial scaffolds can promote bone formation without

exogenous cells.

These studies will also provide more mechanistic information regarding the MSC specific

homing and attachment to peptide-enhanced materials. Understanding how stem cells attach and
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differentiate on the biomaterials introduced to the defect is critical to the ability to create better

clinical outcomes for treating bone defects.

1.3.2 Aims and Hypothesis

The overall aim of this thesis is to demonstrate the advantages of using combination
chemotactic and adhesion peptides to promote cell specific migration into a bone defect for
conductive tissue engineering approaches. The primary aims of this dissertation were to: 1)
Determine if peptide DPI-VTK can enhance MSC specific migration in vitro and in vivo to
support bone formation; 2) determine if peptide DPI-VTK has a synergistic effect with BMP

derived peptide KIP-VTK to enhance MSC osteogenic differentiation

Global hypothesis: The use of a dual-functional MSC and apatite binding peptide DPI-
VTK along with a dual-functional BMP and apatite binding peptide KIP-VTK will support bone
regeneration with mineralized scaffolds by supporting the cell-specific migration of MSCs and

their subsequent differentiation.

Aim 1: Determine if DPI-VTK can specifically induce migration of MSCs for bone regeneration
Hypothesis: DPI-VTK will act as an MSC-specific chemotactic agent in vitro and in vivo
Aim 1.1: Determine effect of DPI-VTK on MSC migration in vitro using transwell assays
Hypothesis: DPI-VTK will improve migration of MSCs in vitro in an MSC

specific manner
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Aim 1.2: Determine target cell population of DPI-VTK using flow cytometry and
immunostaining
Hypothesis: DPI-VTK will bind cells expressing known MSC markers
Aim 1.3: Quantify effect of DPI-VTK on migration of MSCs in vivo using a mouse
calvarial defect model
Hypothesis: DPI-VTK will increase the quantity of MSCs migrating into a bone
defect in vivo.
Aim 1.4: Determine effect of DPI-VTK on bone formation in vivo.
Hypothesis: DPI-VTK will increase bone formation in a calvarial defect model in

VIVO

Aim 2: Determine if DPI-VTK and KIP-VTK have a synergistic effect on osteogenic
differentiation of MSCs.
Hypothesis: The combination of DPI-VTK and KIP-VTK will increase expression of osteogenic
factors of MSCs versus either alone.
Aim 2.1: Quantify the binding of KIP-VTK to BLM mineral
Hypothesis: The addition of VTK to the KIP sequence will enhance the binding
affinity to bone like mineral
Aim 2.2: Determine effect of DPI-VTK and KIP-VTK on osteogenic differentiation
Hypothesis: MSCs cultured on BLM films functionalized with both DPI-VTK
and KIP-VTK will have enhanced expression of osteogenic factors

Aim 2.3: Determine effect of DPI-VTK and BMP-2 on osteogenic differentiation

14



Hypothesis: MSCs cultured on BLM films functionalized with DPI-VTK and
stimulated with soluble BMP-2 will have increased expression of osteogenic

factors

1.3.3 Summary and Organization of Dissertation

Chapter 1 discussed the clinical need for new bone grafting materials and methods using
the principles of tissue engineering. Chapter 2 is a published review article that gives thorough
overview of cell-biomaterial interactions. Chapter 3 presents data demonstrating that DPI-VTK
can act as an MSC-specific chemoattractant in vitro and in vivo, demonstrating DPI-VTK’s
utility in the cell-homing approach of tissue engineering. Chapter 4 presents and discusses data
testing the synergy between DPI-VTK and BMP derived peptides as well as recombinant BMP-2
protein. Chapter 5 discusses some pilot studies related to the binding mechanism of DPI-VTK.
Finally, Chapter 6 summarizes the key findings of the thesis, and proposes future directions for
the research. Overall, this work sought to investigate the ability of a dual-functional cell-binding
and material-adhesive peptide to target a specific population of cells for the purposes of tissue
engineering. Building on this work could lead to new techniques for designing and utilizing cell

specific biomaterials to advance bone tissue engineering.
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Chapter 2: Review on Material Parameters to Enhance Bone Cell Function in vitro and in

vivo!

2.1 Abstract

Bone plays critical roles in support, protection, movement, and metabolism. Although
bone has an innate capacity for regeneration, this capacity is limited, and many bone injuries and
diseases require intervention. Biomaterials are a critical component of many treatments to restore
bone function and include non-resorbable implants to augment bone and resorbable materials to
guide regeneration. Biomaterials can vary considerably in their biocompatibility and bioactivity,
which are functions of specific material parameters. The success of biomaterials in bone
augmentation and regeneration is based on their effects on the function of bone cells. Such
functions include adhesion, migration, inflammation, proliferation, communication,
differentiation, resorption, and vascularization. This review will focus on how different material

parameters can enhance bone cell function both in vitro and in vivo.

2.2 Introduction

Bone is a rigid tissue which provides structural support, facilitates locomotion, serves as

a reservoir for mineral storage, and protects internal organs and soft tissue. Bone is also an

! Published as E. Madsen, M. Mededovic, D.H. Kohn, Review on material parameters to enhance bone cell function
in vitro and in vivo, Biochem. Soc. Trans. (2020) 1—12. https://doi.org/10.1042/bst20200210.
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endocrine organ, which serves as a niche for bone marrow and a source of stem cells. This
complex tissue consists of an organic component, an inorganic, mineral component and water.
The organic component is primarily type I collagen, but also consists of protein polysaccharides,
glycosaminoglycans (GAGs) and other non collagenous proteins. Together, the organic
constituents are responsible for the toughness of bone [1] which is important to prevent
propagation of microfractures. The organic material serves as a template for the nucleation and
formation of the inorganic material [2] into both needle and platelet shaped crystals [3] of non-
stoichiometric hydroxyapatite (HA), which contains carbonate substitutions. The mineral
components give bone its hardness, rigidity and strength [4]. Multiple factors affect bone
strength, including the composition, of both the organic and inorganic phases, their arrangement
and microarchitecture, and cell presence [5]. Bone fulfils its functions by adapting to its
environment across dimensional scale, such as modeling to alter the morphology of thick walled
long bones to support mechanical demands, and chemical components, such as the

mineral/collagen ratio, which affects physical properties.

Many materials have been used either as permanent prosthetic replacements for bone, or
as transient scaffolds to promote bone regeneration. Bone-based biomaterials fall into three
broad categories: metals, ceramics, and polymers. Metals used for bone anchored prostheses
such as total hip replacements, are primarily cobalt-chromium, and titanium-based alloys [6].
Titanium is notable for its high biocompatibility and ability to form close to direct contact with
bone (an interfacial zone of ~100um) which is called osseointegration. The ability to achieve
osseointegration is commonly exploited in anchoring dental implants to alveolar bone [7]. While

metals have favorable mechanical properties for prosthetics, such as high strength and fatigue
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resistance, titanium is subject to high wear and all metals release metal ions (corrosion), which is
more pronounced when concomitant with wear [6,8]. Bioceramics used in bone reconstruction
and regeneration includes non-resorbable, “bioinert” ceramics that elicit a minimal biological
response and are held in bone by mechanical means (press fit, rough surfaces, grouting agents, or
tissue ingrowth), surface active ceramics that form chemical bonds with bone, and resorbable
ceramics that are gradually replaced by host bone [9]. “Inert” ceramics are typically used in
orthopedic prostheses, particularly the acetabular bearing surface of hip prostheses, as well as
endosseous dental implants, and include alumina, zirconia, and silicon nitride [6]. Although
ceramics have a low friction coefficient and wear rate, their brittle nature and low fatigue
resistance are potential limitations to use in load-bearing applications [8]. Resorbable ceramics
includes calcium phosphate ceramics, such as apatites. The solubility and resorbility of apatites
vary based on their chemistry and crystallinity. Highly crystalline, stoichiometric HA has poor
solubility while biomimetic carbonated apatites similar to native bone mineral are more easily
resorbed [10]. Like ceramics, polymers can be divided into resorbable and non-resorbable
categories. Non-resorbable polymers include poly-methyl methacrylate which is used as bone
cement and grouting agent for anchoring prostheses into bone, and ultra high molecular weight
polyethylene which is used as a bearing surface in hip prostheses [6]. Biodegradable polymers
such as poly-lactic acid and poly-caprolactone are used as porous scaffolds for bone tissue
engineering. While these polymers’ tunable degradation rates and ease of functionalization are
advantageous for directing cell adhesion and differentiation, their low strength and stiffness
limits their use in load-bearing applications [11]. The goal of this paper is to review how material

parameters affect functions of bone cells.
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The success of implanted biomaterials is based on their effects on the myriad of different
bone cells. Primarily four cell types reside in bone: osteoblasts, osteocytes, bone lining cells, and
osteoclasts, which work together to grow, remodel and maintain bone volume and function.
Osteoblasts are formed from stem cells recruited by cytokines from the bone marrow to the bone
surface at sites of growth and remodeling. They are tightly connected to neighboring cells, via
gap junctions and adherens. Osteoblasts are active bone cells with a myriad of activities,
including secretion and assembly of the organic matrix, and directing mineralization of the
matrix by secreting promoters such as alkaline phosphate (ALP). In addition to mineralization,
osteoblasts secrete paracrine factors, such as bone morphogenenetic proteins (BMPs), which
regulate osteoblast and chondrocyte differentiation [12]. Once the organic matrix is mineralized,
most osteoblasts undergo apoptosis, but some become entrapped within the new bone and
become osteocytes. Osteocytes are differentiated and encased osteoblasts which live in well
ordered lacunae, and communicate via dendritic processes which form complex networks within
the canaliculi [13]. Osteocytes are mechanoreceptive cells, can sense mechanical strain in bone,
and respond to the physical stimuli by paracrine [14] ,gap junction communication and focal
adhesions. Osteocyte death is caused by natural physiological processes, such as aging and
menopause, but also due to microcracks, as they form due to failure of plastic deformation and
cause mechanical damage to the osteocytes [15]. Osteoblasts which remain on the bone surface
become bone lining cells and become inactive [16]. These cells act as a barrier between bone

marrow and bone and digest collagen protruding from Howship's lacunae [17].

Mesenchymal stem cells (MSCs) are a heterogenous population of stem/progenitor cells

capable of differentiating into bone, cartilage, and adipose. Originally identified in bone marrow
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as bone marrow stromal cells (BMSCs), these cells can also be found in periosteum, the
perivascular niche, and other tissues; although the extent to which these populations
converge/diverge from each other as well as their classification as MSCs is still under debate
[18-20]. Additionally, Hematopoietic stem cells (HSCs) regulate osteoblast lineage and support
bone marrow vasculature, while circulating cells, which circulate throughout the body and arrive
to bone via the vasculature, can help regulate mesenchymal and osteoblastic cells in coordinating
hematopoiesis [21]. The main function of osteoclasts is bone resorption, which is vital for bone
maintenance, the remodeling stage of bone healing and tooth eruption. These cells are
enzymatically active and produce tartrate-resistant acid phosphatase (TRAP), calcitonin receptor
(CTR) and matrix metalloproteinases (MMPs), which degrade the matrix. To resorb local areas
of bone, osteoclasts form a resorption lacuna within which they release protons to acidify and
dissolve mineral in a sealed area and proteases to degrade the bone matrix [22]. Osteoclasts can

be activated and recruited to resorb multiple times, before undergoing apoptosis [23].

2.3 Inflammation

Inflammation is critical for proper healing of bone injuries and the implantation of
foreign materials typically initiates an inflammatory response. Materials are classified by their
biocompatibility into biotolerant, biocompatible, and bioactive categories. Biotolerant materials
have low toxicity, but often initiate formation of a fibrous capsule or foreign body giant cell
reaction [24]. While biocompatible materials were initially believed to trigger minimal or no
inflammatory response, inflammation is critical for proper integration of implants.

Upon exposure to blood in vivo, plasma proteins and platelets are quickly absorbed onto the

biomaterial surface and activated. Activated platelets initiate the clotting cascade, fibrin forms a
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provisional matrix, and thrombosis is achieved. Chemokines such as PDGF recruit leukocytes
such as neutrophils (initially) and monocytes/macrophages (later). Mast cells also release
histamine to mediate the immune response. After the acute inflammation phase, the chronic
inflammation phase is characterized by the presence of lymphocytes and plasma cells, but this
typically resolves quickly for biocompatible materials. Macrophages remodel the provisional
matrix and fibroblasts and endothelial cells are also recruited to form granulation tissue around

the implant [24].

In osseointegration, both M1 (pro-inflammatory) and M2 (anti-inflammatory)
macrophages are recruited to the peri-implant tissue [25]. Polarization of macrophages towards
the M2 phenotype is critical for implant integration and maintenance [26,27]. M2 macrophages

secrete BMP-2 to recruit osteoblasts to form new bone around the implant surface [28].

Surface modifications can modulate the inflammatory response of biomaterials. Coating
titanium implants with bioglass increases macrophage adhesion while reducing secretion of pro-
inflammatory cytokines [29]. Other surface treatments can modulate the inflammatory response.
For example, surface hydrophobicity down-regulates proinflammatory cytokines such as TNFa
and IL1a [30]. Although many materials provoke only minimal inflammation in bulk form,
biocompatible materials can become inflammatory when in micro/nano particle form. Such
particles can be released as prosthetic debris into the surrounding tissue during wear,
contributing to inflammation, osteolysis, and implant failure [31]. Macrophages will attempt to
phagocytize these particles and secrete proinflammatory cytokines including TNF-a, IL-1a, IL-

1B, IL-6, IL-8, IL-11, IL-15, TGF-a, GM-CSF, M-CSF, and PDGF. Osteoclast formation is
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subsequently stimulated through the RANKL pathway, contributing to peri-implant bone

resorption and osteolysis [32].

2.4 Adhesion

One of the first steps for biomaterial-cell interactions is cellular adhesion. Cellular
adhesion is mediated by integrins, heterodimeric membrane proteins that facilitate attachment of
cells to the extracellular matrix as well as biomaterials. It is important to recognize that cells do
not attach to “naked” materials. Material surfaces are conditioned by the surrounding
fluid/serum. Upon immersion in biological fluids, the material surface is quickly saturated with
proteins. Surface energy influences protein adsorption [33], but the relationship is not simple, as
other material parameters including hydrophilicity, stiffness, charge and topography also direct
protein adsorption. Serum proteins such as vitronectin and fibronectin are important for
osteoblast adhesion to materials [34]. These proteins contain adhesive peptide sequences such as
RGD that form attachments with integrins [35]. Fibronectin supports the survival of attached
osteoblasts [36] and vitronectin is critical for cell attachment and spreading in [37]. Osteopontin
is another matrix protein present at the bone-biomaterial interface. Osteopontin quickly
accumulates at the tissue-implant interface to form a cement line. This osteopontin rich layer
helps support cell adhesion, regulates mineralization, and may play a vital role in anchoring the
implant to the surrounding tissue. Materials found to accumulate an osteopontin coating include

HA, titanium, and cell culture dishes [38].

Physical properties of the bulk material and surface also influence cellular adhesion. For

example, fibroblasts spread more, form stress fibers, and increase integrin expression when on
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stiffer substrates [39]. Surface roughness and topography can have effects on the magnitude of
cell adhesion, which is often exploited when designing dental/orthopedic implants to enhance
osseointegration. For example, sand blasting, acid etching, and anodization enhances cell
adhesion and osseointegration of titanium implants [40], and greater numbers of osteoblasts
attached to grooved titanium than rough titanium because of patterning and alignment [41]. The
influence of topography on cell adhesion extends to the nanoscale [42] and nanoporous titanium
promotes maturation of focal adhesion and filopodia in osteogenic cells compared to polished
titanium [43]. Cell adhesion, however, can be reduced on rough titanium surfaces in some
situations. Human osteoblast-like MG63 cells have lower attachment to grit-blasted titanium
(roughness 2.0-3.3 um) versus machined titanium (0.2 pm roughness) [44]. The seemingly
contradictory information regarding the effect of roughness on cell attachment illustrates the
complex relationship between roughness and surface topography. Definitions of “rough”
surfaces vary from study to study and many studies do not characterize surface topography, or do

so only with qualitative techniques [45].

Surface chemistry of materials also directs cell adhesion. Cells typically have greater
adhesion on hydrophilic surfaces [37]. Contamination of titanium surfaces with hydrocarbons
has a negative effect on adhesion, whereas UV photofunctionalization enhances osteoblast
adhesion by catalyzing the oxidation of hydrocarbon contaminants, increasing hydrophilicity and
surface energy [46]. There is much interest in engineering material surfaces with specific ligands
to influence cell attachment. One of the most common ligands is the RGD peptide sequence,
which is found in extracellular matrix proteins such as collagen, fibronectin, and vitronectin.

RGD can bind to integrins such as a5p1 and aVB3 [35]. Cyclic RGD stimulates osteoblast
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adhesion [47] and RGD helps osteoblasts attach to chitosan [48]. Since RGD binds integrins, it
can have conflicting interactions with serum proteins, resulting in negative effects on cell
adhesion. For example, RGD coating can enhance MSC attachment to HA depending on density,
but can also interfere due to competing interactions with serum proteins [49,50]. In vivo studies
on the effect of RGD coatings on osseointegration have had conflicting results, with RGD
coating on hydroxyapatite inhibiting osseointegration [51] but stimulating bone formation when
conjugated to titanium [52]. Other peptides have been used as well, including the P-15 collagen
peptide (GTPGPQGIAGQRGW) that increases cell attachment to bovine anorganic bone mineral
[53]. Dual-peptides containing material-binding domains and cell-binding domains have proven
useful for creating adhesive interfaces between cells and materials. The Glu7-Pro-Arg-Gly-Asp-
Thr peptide containing the mineral binding polyglutamate sequence as well as RGD facilitates
attachment of osteoblasts to HA [54]. Phage display is a powerful tool that facilitates the
discovery of novel sequences with specificity to certain cells or materials. This technique
resulted in the discovery of the MSC-binding DPTYALSWSGMA (DPI) sequence and
biomimetic mineral binding VTKHLNQISQSY (VTK) sequence. Combining these sequences
into dual-peptide DPI-VTK increases the magnitude and specificity of MSC attachment to
mineralized biomaterials [55]. In vivo, DPI-VTK functionalized scaffolds seeded with human

MSCs resulted in greater volume of regenerated bone and vasculature [56].

2.5 Migration

Like adhesion, integrins play a critical role in cell migration. Cell migration requires that
adhesions are dismantled on the back end of the cell while new ones are created on the leading

edge. In order for this to occur, adhesion must be strong enough to facilitate attachment while
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weak enough to allow detachment. Therefore, cell migration is greatest at intermediate ligand
concentration/attachment strength [57]. Cells migrate at different rates on different materials. For
example, bone marrow stromal cells have reduced motility on mineralized vs non-mineralized
PLGA [58]. For directional migration to occur, cells must be able to sense a gradient. This can
occur through two main modes, haptotaxis with surface-bound gradients of ligands, or
chemotaxis with soluble gradients. Haptotaxis can be influenced by the hydrophilicity of a
substrate, with bone cells migrating towards hydrophilic substrates due to increased vitronectin
adsorption (Dalton 1998). Functionalization of scaffolds with ligands can increase migration in
vivo. For example, a2B1 integrin specific peptides coupled to a hydrogel enhances migration of
osteoprogenitors [59]. Growth factors adsorbed or encapsulated within materials can be released
in a controlled manner, creating a soluble gradient to induce chemotaxis of osteogenic cells. For
example, SDF-1 induces migration of MSCs when released from scaffolds [60], and calcium,
released by certain ceramic materials, induces MSC migration [61] by increasing osteopontin

expression [18].

2.6 Proliferation

Cell proliferation is necessary to replace cells lost from apoptosis during both bone
homeostasis and regeneration. Of particular importance during bone healing is the proliferation
of MSCs, which will subsequently differentiate into osteoblasts to form new bone [62]. Different
material parameters can stimulate or inhibit this process. Chemical cues, such as extracellular
calcium released from calcium containing bioceramics can stimulate proliferation of MSCs [18].
Integrins such as a5B1 regulate cell proliferation in osteoblasts. Blocking the a5 subunit in

osteoblasts resulted in reduced proliferation [63]. In contrast, silencing integrin a2p1 in
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osteoblast-like cells increased proliferation. Proliferation and differentiation are typically
mutually exclusive processes, as evidenced by the pro-differentiation and anti-proliferation
effects of a2P1 [64]. Micropatterning of surfaces can stimulate cell proliferation by directing
mechanical strain along the axis of cell elongation [65]. Microroughness, in contrast, can reduce
proliferation and induce differentiation of MSCs, and this general trend holds for many cell types
[34,64]. Controlling protein adsorption can impact cell proliferation, with fibronectin stimulating
proliferation [66]. Functionalizing surfaces with adhesive ligands such as RGD, rather than the

whole protein, can also increase proliferation [48].

2.7 Communication

The complex and dynamic functions of bone tissue require cell coordination on a spatial
and temporal level, which is regulated by cell communication. Gap junction communication
between osteocytes coordinate mechanotransduction, mineral deposition and paracrine
communication via BMPs, VEGF and RANKL. Paracrine communication via BMP-2 and
osteocalcin coordinate osteogenic differentiation of stem cells [67], osteoclastogenesis, healing
and other cell activities for bone. The most important function of gap junction communication in
bone is mechanotransduction, allowing other functions of bone, such as remodeling, to occur.

Mechanical properties of the material, as well as the forces around the material affect gap
junction communication. Permeability of bone, which allows for mechanotransduction, is a
function of bone porosity and viscosity of the fluids within the pores. Mechanotransduction is
mediated through gap junction communication and occurs by shear flow of the fluid in the pores
caused by mechanical forces. Fluid shear directly triggers perturbation of a5B1 integrins [68], but

also cadherins and caveolae [69] to activate the ERK1/2 pathway and open gap junction
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hemichannels [70]. The reaction to mechanical stimulus is more complex than the proposed
Mechanostat Theory, which indicated that at high mechanical stimuli bone mass is increased, at
lower stimuli is decreased and an intermediate stimulus is maintained. Within the range of
physiological strains, there is overlap in resorption and formation rates, which indicates that load

is not the only factor controlling bone remodelling.

Although mediated through gap junction communication, mechanotransduction, through
gap junction communication, can promote paracrine communication as a result.
Mechanotransduction allows cells to create a biochemical signal within the cell from a
mechanical signal from the surrounding matrix. The direct mechanical material-cell interaction
prompts osteocytes to produce paracrine signals such as BMPs, Wnts, PGE2 and NO, which
influence cell behavior such as recruitment, differentiation and activity of osteoblasts and
osteoclasts [71-74]. The effect of gap junction communication on paracrine communication and
other cell functions, such as differentiation, can be manipulated by micropatterning surfaces.
Engineering patterns allows for contact between multiple cells and encourages gap junction
communication increased differentiation [75]. Many studies do not delve beyond observing the
effects certain biomaterials make on cell behavior. Understanding the underlying mechanisms

may lead to better understanding the role of gap junction communication in cell behavior.

Cell communication is also modulated by surface chemistry. For example, cell
attachment to calcium silicate induces cross-talk between osteocytes and endothelial cells,
inducing paracrine communication of VEGF [76]. Col-I attachment can modulate [Ca*']- and

cAMP-signaling pathways in osteoblasts [77]. Material characteristics, such as aligned pattern
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and surface chemistry, can be used in tandem to affect cell behavior. For example, Xu et al [78]
used aligned ECM and bioglass to increase Cx43 expression in MSCs, which has an important
role in MSC differentiation. Biomaterials containing silica have been used for bone regeneration
as the presence of silica increases Cx43 mediated gap junction communication [79,80],
proliferation and differentiation in MSCs [81], while decreasing osteoclastogenesis [82]. Both
paracrine and gap junction communication can modulate other cell functions, thus it is important

to assess the effect of the material on cell communication.

2.8 Differentiation

Mesenchymal stem cells can be sourced from multiple locations, including the bone
marrow, and are multipotent stem cells, which differentiate into osteoblasts, adipose cells,
cartilage, neural or muscle cells [83].

MSC differentiation can be directed by physical cues such as material stiffness and
surface geometry, as MSCs are mechanotransductive and convert mechanical signals from the
substrate surface into biochemical signals. Mechanical parameters such as fluid shear stress and
substrate strain also provide cues for MSC differentiation, also through means of
mechanotransduction [84]. The mechanical to chemical signal transduction can be observed by
focal adhesion formation and the YAP gene program [85]. More specifically, a2B1 integrin
binding [64] promotes osteogenic differentiation.

The mechanical property of surface stiffness particularly, affects MSC cell fate. MSCs on
softer substrates, with elasticity mimicking brain elasticity (E~0.1-1kPa) have neuron-like
morphology past 7 days, while stiffer matrices (25-40 kPa) results in polygonal MSC

morphology, resembling osteoblasts [86—88]. Micropatterning regulates cell shape, which
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determines fate and commitment of MSCs. [89,90] Convex geometries, such as pentagons, lead
to an adipocyte lineage, while concave geometries, such as star shapes, lead to an osteogenic
lineage [91]. Smaller micropatterns (1024 um? islands) lead MSCs into chondrocyte lineage,

while large micropatterns (10000 um? islands) drive MSCs into myocytes [92].

2.9 Vascularization

Vascularization is necessary for bone survival, but also healing and endocrine signaling.
Angiogenesis, formation of blood vessels from existing vessels, is tightly bound with
osteogenesis and bone remodeling, and the collagen that is deposited by osteoblasts onto the
surface of the new blood vessels is also a template for mineral deposition [93]. During bone
development and healing, the processes of angiogenesis and osteogenesis are coupled, and
together are regulated by vascular endothelial growth factor (VEGF) and BMP2 . Type H
vessels, which are in the vicinity of bone growth plates direct bone growth by gap junction
communication as well as paracrine communication, stimulating progenitor cells to proliferate
and differentiate [93].

Multiple material parameters affect quality and quantity of newly formed vessels. For
bone regeneration, both pore size and interconnection are important parameters. Interconnected
pores between 100-150 um are beneficial for vessel development [94]. B-TCP scaffolds made
with larger pores implanted without cells lead to the formation of larger blood vessels, but
scaffolds with larger interconnections result in both larger vessels and more vessels, with effect
plateauing at pore size of 400um [84].

Increased roughness and surface energy of both metal [95,96] and polymeric surfaces

[97,98] improves cell adhesion by increasing adhesion density and cell aspect ratio, even on a
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nanometer scale. To undergo angiogenesis, endothelial cells need to be adherent and motile,
therefore increasing endothelial cell adhesion density is critical to induce angiogenesis and
maintain the neovasculature. Surface stiffness also affects endothelial cell morphology, which
affects angiogenic potential. Endothelial cells develop a spread morphology and have more actin

fibers when seeded on stiffer surfaces. (E > 2kPa) [39,99]

2.10 Resorption

Bone remodeling is a dynamic process of replacing old bone matrix with new matrix, and
maintaining bone volume. Bone resorption is an essential process for bone to adapt to
physiological changes throughout life [100]. Resorption is a complex process including
migration of osteoclasts to a focal site, followed by attachment and polarization, then dissolution
of hydroxyapatite (HA) and degradation of the organic matrix. Once these steps are complete,
the osteoclasts undergo apoptosis.

Resorption by osteoclasts can be modulated by altering surface parameters such as
material surface chemistry and surface roughness. Resorption of calcium-phosphate ceramics is
dependent on Ca/P ratio and crystallinity. For example, osteoclasts resorb more biphasic calcium
phosphate when HA/B-tri calcium phosphate (B-TCP) ratio is 25/75 versus 75/25. [8] Strontium
substituted calcium phosphate inhibits osteoclast resorption by delaying osteoclast differentiation
[101,102]. Carbonated apatite has increased resorption [103]. The nature of organic materials
also impacts resorption, as fibrinogen modified chitosan has greater osteoclastic resorption than
on unmodified chitosan [104]. Besides surface chemistry, surface roughness affects osteoclast

resorption. When on rough biomimetic hydroxyapatite, osteoclasts have reduced resorption
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[105], but on rough titanium, there is no change in MMP expression or morphology [26,106].

This is due to surface wettability and surface energy. [107,108]

2.11 Conclusion

Cell functions can be stimulated or inhibited by choice of material, which guides surface
chemistry, protein adsorption and material stiffness, and material surface and bulk modification,
such as surface roughness, topography, porosity and strain. Additionally, modifications of many
of these material properties can promote one cell function over another. Many cell functions can
be modulated through modifying integrin binding and cell adhesion, as osteocytes and MSCs are
mechanotransductive cells and sense surface stiffness, roughness and shear forces through focal
adhesions which have cascade effects throughout the cell and tissue. An overview of the
relationships between material parameters and cell functions can be seen in Figure 2.

Better understanding of the effect of how physical parameters drive bone cell function
has allowed for improved therapy and implant design. As bone is a dynamic organ, which is
interconnected with the immune system and vascular system, future material designs need to
better account for not only osteogenic potential, but also vascular and immune potential.
Additionally, most of the studies cited assessed the effect of one parameter on one cell action,
which although informative, may be giving a limited image of the potential of manipulating a
particular variable on effective tissue engineering strategies. The future of material design would
encompass various cell functions and modulating material parameters to ensure not only one, but

multiple cell functions are promoted in order to achieve optimal effects.
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Figure 2.1 Visual representation of different cell functions affected by biomaterials in bone.

Upon implantation of a biomaterial in bone, an inflammatory response is initiated that
stimulates the migration and subsequent adhesion of host cells to the material surface.
Osteoprogenitors will then proliferate and later differentiate into osteoblasts to secrete new bone.
Eventually new vasculature will form and osteoclasts begin to remodel/resorb the surrounding
bone. Cellular communication will occur throughout this process contributing to multiple cell
functions.
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Figure 2.2 Relationship between most influential material parameters and impacted cell
functions

The diagram highlights the connections between cell functions and material parameters
discussed in the review paper.
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Chapter 3: Dual-Functional Peptide DPI-VTK Promotes Mesenchymal Stem Cell

Migration Towards Biomimetic Apatite Scaffolds for Bone Regeneration

3.1 Abstract

Targeting specific populations of cells with chemotactic and adhesion factors is a
promising strategy for bone regeneration. Previously, our laboratory identified two peptide
sequences: the mesenchymal stem cell (MSC) binding DPI (DPIYALSWSGMA) sequence, and
the apatite binding VTK (VTKHLNQISQSY) sequence. When combined into the dual-
functional DPI-VTK sequence, DPI-VTK enhances the adhesion strength of MSCs to apatite
surfaces. We hypothesize that DPI-VTK, in addition to supporting adhesion, can act as a soluble
chemotactic agent. In this study, we test DPI-VTK as an MSC-specific chemotactic factor in the
context of supporting bone regeneration. In transwell assays, induced pluripotent stem cell
derived human MSCs (p<0..0001) and primary mouse calvarial cells (p<0.0001) showed
significantly increased migration in vitro when DPI-VTK was used as a chemoattractant. Further
characterization of DPI-VTK binding cells from mouse calvaria using flow cytometry showed
specificity towards cells expressing MSC markers. When administered along with a mineralized
scaffold in vivo, DPI-VTK increased the migration of CD90 and CD200 positive cells (p<0.05)
and increased bone formation versus no peptide controls (p<0.05). This study is significant in
showing the ability of phage-display derived peptides to act as both cell-specific chemotactic

agents and cell-specific adhesive agents for bone tissue engineering. These results demonstrate
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the utility of creating multi-functional peptides that can influence both migration and adhesion; a

strategy that could be applied to numerous different cell types and systems.

3.2 Introduction

Despite bone’s regenerative properties, bone grafting is often necessary to heal defects and
restore function. The current standard is to graft autogenous bone from another site to the defect.
However, donor site morbidity such as postoperative pain, infection, scarring, and increased
surgical recovery time occur[1]. For example, with iliac crest grafting, as many as 91.3% of
patients experience donor site pain, 54.6% have problems with ambulation after the surgery, and
34.8% have paresthesia[2]. Allografting is a useful alternative to autografting, but results in
inferior bone regeneration compared to autografting [3,4]. The disadvantages of autografting and
allografting have motivated tissue engineering approaches to regenerate bone. For example,
transplantation of mesenchymal stem cells (MSCs) on a biomaterial scaffold increases bone
regeneration versus acellular scaffolds [5]. However, outcomes from MSC transplantation
therapies are not always predictable and cell transplantation is not always clinically practical due
to the complexity, time, regulatory hurdles, and high cost involved. An alternative is to use a “cell
homing” strategy to promote host cell migration into a defect. Increased cell migration has been
accomplished using soluble factors such as stromal cell-derived factor 1 (SDF-1), but the short
half-life of growth factors and lack of specificity in cells targeted by the factors results in variability
in healing[6]. An alternative to homing via growth factors is to engineer a conducting material to
facilitate the migration and attachment of host cells. For bone regeneration, homing MSCs is

critical due to their bone progenitor capabilities and promotion of angiogenesis[7].
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Hydroxyapatite (HA) and other calcium-phosphate ceramics have been used extensively
as osteoconductive materials due to their similar mechanical properties to native bone mineral and
high level of protein absorption that enhances cell attachment[8]. Although apatites and calcium
phosphate based materials have been used clinically, they fail to catalyze complete bridging of
critical sized defects and lack specificity in the cell populations that they recruit[9]. Specificity
towards osteogenic cells is critical as migration of epithelial/connective tissue cells may result in
unwanted soft tissue growth [10]. While cell matrix proteins have been used to enhance cell
adhesion on HA, the high cost and complexity of producing and purifying proteins has motivated
research to derive peptide sequences from proteins that mediate cell adhesion[11].

Peptides are advantageous for biomaterial functionalization because they have higher
stability and reduced cost compared to higher molecular weight proteins[12]. Peptides derived
from matrix proteins can enhance the adhesion and differentiation of MSCs on biomaterials, but
lack specificity for MSCs and do not have high affinity for HA-based materials[8]. Materials that
target MSCs are important because an increased number of MSCs in a defect likely results in
increased bone formation, and other cell populations may compete for cell binding sites in the case
of non-specific cell homing to materials[13]. These limitations of using peptides derived from
known ECM sequences motivated the screening of peptide libraries to discover novel sequences.
Screening techniques such as phage display have made it possible to discover sequences that are
not obvious or known candidates for binding to a particular substrate[ 14]. Phage display was used
to discover the HA mineral binding sequence VTK (VTKHLNQISQSY), and the MSC binding
sequence DPI (DPITYALSWSGMA)[8,12]. The fusion of these two domains into the dual peptide
DPI-VTK (GGDPIYALSWSGMAGGGSVTKHLNQISQSY) presents a tool for enhancing the

attachment of MSCs to mineralized materials. The use of this dual peptide has several advantages
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over other peptides, such as strong affinity for HA, specificity for MSCs, and presenting the cell
binding domain away from the surface and more accessible for cell binding. DPI-VTK increases
the strength of adhesion and promotes bone and vascular regeneration in an ectopic transplantation

model [8,12].

Peptide DPI-VTK adhesion is mediated by integrins o5, aV, 1, B3, BS, and a2B1 [15].

Due to the importance of integrins in cellular migration, it follows that DPI-VTK can influence
cellular migration. Further, since many ECM proteins such as fibronectin and peptide derivatives
can act as chemoattractants [16], we hypothesize that peptide DPI-VTK can specifically recruit
MSCs towards mineralized materials and subsequently increase bone regeneration when using
acellular scaffolds. To test this hypothesis, transwell migration assays were first conducted with
human MSCs to determine the chemotactic effects of DPI-VTK. In order to better understand the
cells recruited by DPI-VTK in vivo, transwell assays were conducted with heterogenous
populations of primary cells from calvaria and bone marrow. Further characterization of the DPI-
VTK binding cell population was conducted using flow cytometry to look at which MSC markers
DPI-VTK binding cells expressed. To see if this cell population could be recruited using DPI-VTK
in combination with scaffolds, an in vivo migration experiment was conducted using the mouse
calvarial defect model. Mineralized scaffolds administered either with DPI-VTK or no peptide
were placed in the calvarial defects for 1 week before analysis with immunohistochemistry to
quantify migration of cells expressing various MSC markers. To see if peptide DPI-VTK could
increase bone regeneration, a longer term calvarial defect experiment was conducted for 8 weeks

with scaffolds containing no peptide, DPI-VTK, P15 as a peptide comparison, SDF-1 as a positive
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control, and BMP-2 as a positive control. Micro-CT was used to determine BV/TV values of the

regenerated defects.

3.3 Materials and Methods

3.3.1 Peptide Synthesis: Peptides used included DPIYALSWSGMA (DPI), VTKHLNQISQSY
(VTK), GGDPIYALSWSGMAGG GSVTKHLNQISQSY (DPI-VTK), and
GTPGPQGIAGQRGVYV (P15). Peptides were synthesized by the University of Michigan
Peptide Core using solid phase peptide synthesis. All peptides were verified at >95% purity with
HPLC. Peptides were stored lyophilized at -20 C until use. Stock solutions were obtained by
dissolving lyophilized peptides in ddH20 followed by dilution with PBS. FITC tagged peptides
were obtained by reacting FITC with peptides in pH 9 carbonate buffer overnight and then
dialyzing for 48 hours. FITC peptides were lyophilized, dissolved in DMSO, and diluted in PBS

before use. All peptides were sterile filtered before use in cell and animal studies.

3.3.2 Cell Culture: Clonally derived human bone marrow stromal cells (HBMSCs, provided by
NIH) [17,18], human induced pluripotent stem cell derived MSCs (iPS-MSCs, provided by Dr.
Paul Krebsbach and Dr. Luis Villa) [19], MC3T3 cells, C3H10 cells, and mouse dermal
fibroblasts (MDFs, provided by Dr. Renny Frenceschi) were maintained in aMEM with 10% HI

FBS and antibiotics. Cells were expanded until 80-90% confluent before passaging. iPS-MSC
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cells and HBMSCs were used from passages 5-10, C3H10 cells were used from passages 10-15,

MC3t3s were used from passages 10-20, and MDFs were used from passages 25-30.

3.3.3 Transwell Migration Assay: Migration assays were performed by seeding human iPS-
MSCs, HBMSCs, C3H10, MC3T3s, and MDFs in transwell inserts (8-micron pore size) (20,000
per well) with differing concentrations of peptide in the lower chamber. Cells were expanded,
trysanized, and resuspended in serum-free alpha-MEM with 0.1% BSA. 100 uL of cell
suspension containing 20,000 cells was placed in the upper transwell chamber and incubated for
10 minutes. Then 600 uL of serum-free alpha-MEM with 0.1% BSA media with or without
chemoattractant was added to the lower chamber and the plate was placed in the incubator at
37°C with 5% CO,. After different timepoints, the media was aspirated from the transwells, they
were washed 3x with PBS, and the transwell membranes were fixed with 4% PFA for 15 minutes
at room termpature. Using a cotton swab, the cells were carefully removed from the upper
membrane to leave only the migrated cells on the lower membrane. The membranes were then
stained with crystal violet solution for 1 hour, washed with distilled water three times, and dried.
The dried membranes were removed from the transwells using a scalpel blade and mounted on
glass slides with permount. The mounted slides were then imaged at 200x magnification with an
Olympus BX51 microscope with brightfield. Cell counting was done manually using 5 fields per
membrane. Average cells/field were obtained and used to calculate the percentage of migrated

cells from the initial seeded population. Samples were run with 3 replicates per condition.
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3.3.4 Primary Cell Harvesting for transwell assay: To determine the effect of DPI-VTK on
primary mouse cell migration, mouse cells were harvested and tested in the transwell assay. All
animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Michigan. 4-5-week-old male C57/BL6 mice (n=7) were sacrificed. For
calvaria cells, the calvaria were removed, minced, and digested in a collagenase solution for 1
hour followed by filtering through a cell strainer to remove bone fragments. For bone marrow
cells, the tibiae and femora were removed, both epiphyses of each bone were cut, and then the
marrow removed through centrifugation. The heterogenous primary cell suspensions were used

directly in transwell assays as described above, without expansion.

3.3.5 Scaffold Fabrication: Scaffolds were fabricated from a solution of 85:15 PLGA in
chloroform at 7.5% w/v using solvent casting/particulate leaching in a Delrin mold (5 mm
diameter) with NaCL particles sieved to 250-425 microns. The mold was covered with aluminum
foil and allowed to dry in a fumehood followed by transfer to a vacuum chamber. Once the
chloroform was fully evaporated, the NaCL was leached from the scaffolds with double distilled
water and the scaffolds were chemically functionalized with 0.5 M sodium hydroxide followed
by rinsing with water. Molds containing the scaffolds were attached to a bioreactor and cycled
through a solution of 4x modified simulated body fluid (mSBF) for 1 day changing the solution
every 6 hours. This was followed by 4 days of 2x mSBF changing the solution every 12 hours.
Ix mSBF contains 141 mM NacCl, 4.0 mM KCIl, 0.5 mM MgS04, 1.0 mM MgCl2, 4.2 mM

NaHCO3, 5.0 mM CaCl2+2H20, and 2.0 mM KH2PO4 at pH 6.8.
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3.3.6 Peptide absorption on scaffolds and controlled release measurements: To determine if
DPI-VTK can be delivered using mineralized scaffold, DPI-VTK was dissolved in PBS buffer at
a concentration of 100 pg/mL and incubated with scaffolds for 3 hours at 37°C. The remaining
concentration of DPI-VTK in the solution was quantified using UV absorbance with a DPI-VTK
standard curve and subtracted from the initial concentration to determine amount absorbed. For
controlled release studies, DPI-VTK loaded scaffolds were incubated in PBS buffer at 37°C and
samples (n=3) were taken at 1 hour, 2 hours, 24, hours, and 72 hours for measurement with UV

absorbance (214 nm) with a DPI-VTK standard curve.

3.3.7 In-vivo migration: To determine the ability of DPI-VTK to promote migration of MSCs in
vivo, 10-week-old male C57/BL6 mice (n=5) were anesthetized with isofluorane and an incision
was made in the scalp to expose the calvarium. A 5 mm critical sized defect was made in the
parietal bone with a trephine bur and the scaffold was placed within the defect along with a bolus
of 50 puL of Img/mL DPI-VTK or PBS control. The surgical wounds were closed with 4-0 nylon
simple-interrupted sutures. All surgical procedures were performed in accordance with NIH
guidelines for the care and use of laboratory animals. The mice were allowed to heal for 1 week

before sacrifice. Calvaria were then prepared for immunohistochemical staining.

3.3.8 Immunohistochemistry: To determine the MSC marker expression of DPI-VTK attracted
cells in vivo, calvaria were removed following sacrifice, fixed in 4% PFA for 24 hours and
demineralized in 10% EDTA for 2 weeks. They were then embedded in paraffin and sectioned
on slides. The slides were de-paraffinized with xylene followed by gradual rehydration with

decreasing concentrations of ethanol/water solution. Antigen retrieval was performed by
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incubation in pH 6 citrate buffer for 1 hour at 60 C. blocked, and stained with primary antibodies
for CD31, CD90, CD73, CD105, CD29, CD106, CD45, CD200, CD44 or Sca-1 overnight. After
incubation with secondary biotinylated antibodies, the sections were incubated with streptavidin
HRP and developed with DAB. The slides were counterstained with hematoxylin and mounted
before imaging. Images were obtained on an Olympus BX51 microscope at 200x magnification
with 10 fields of view per sample. The images were analyzed and quantified in Image-J using a
published protocol [20]. Briefly, intensity of the DAB stain was quantified for each field of view
and normalized to the number of cellular nuclei. For CD31, vessels for each field of view were

counted manually.

3.3.9 In-vivo Regeneration: To determine the effect of DPI-VTK in promoting bone
regeneration, 10-week-old male C57/BL6 mice (n=7/condition) were anesthetized with
isoflurane and an incision was made in the scalp to expose the calvarium. Scaffolds were
prepared as previously described. For the DPI-VTK and P15 groups, scaffolds were incubated in
100 ug/mL peptide (in PBS) for 3 hours to saturate scaffold in peptide. The other scaffolds were
incubated in PBS for 3 hours and all scaffolds were washed in PBS prior to transplant. A 5 mm
critical sized defect was made in the parietal bone with a trephine bur and the scaffold was
placed within the defect along with a bolus of 50 uL of 1mg/mL DPI-VTK, 1 mg/mL P15,
20pg/mL rhBMP-2, 20pg/mL rhSDF-1, or PBS control. The surgical wounds were closed with
4-0 nylon simple-interrupted sutures. The mice were allowed to heal for 8 weeks before sacrifice.

Calvaria were removed and fixed in 4% PFA for 24 hours followed by transfer to 70% ethanol.
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3.3.10 Micro-CT: Mineralized scaffolds and calvaria were analyzed using a Scanco pCT 100 at
10 um voxel size and 10 um slice increments. MicroCT scans were obtained at 70 kV, 114 A
using a 0.5 Al filter. Reconstructed images of all scaffolds and bones were analyzed using the
Scanco puCT evaluation tool with a threshold of 180 to calculate mineral volume fractions.
Circular regions of interest of concentric circles (5, 4, 3, 2, and 1 mm diameter) were traced
around the calvaria defects throughout the thickness of the scaffolds and used to calculate the
BV/TV values of the volumes of interest. BV/TV values of concentric rings were determined by
subtracting the BV and TV values from the inner portion from the total BV and TV values and
determining the new BV/TV value. The threshold used was able to filter out the majority of the
starting mineral from the initial mineralized scaffolds. Values are presented unadjusted since the
scaffold mineral constituted approximately only 1% of the total mineral volume on average at the

selected threshold.

3.3.11 Immunofluorescence: To determine the localization and MSC marker expression of DPI-
VTK binding cells in vivo, calvaria from 4-5 week old male C57/BL6 mice (n=3) were fixed in
4% PFA for 24 hours and demineralized in 10% EDTA for 2 weeks. They were then embedded
in paraffin and sectioned on slides. The slides were de-paraffinized with xylene followed by
gradual rehydration with decreasing concentrations of ethanol/water solution. Antigen retrieval
was performed by incubation in pH 6 citrate buffer for 1 hour at 60 C. blocked, and stained with
primary antibodies for CD31, CD90, CD73, CD105, CD29, CD106, CD45, CD200, CD44, Sca-
1, CD146, or Cathepsin K along with FITC-DPI-VTK (10 pg/mL) overnight. Unstained tissue
sections were used as controls. The sections were incubated with secondary antibodies, stained

with DAPI, and then mounted with Vectashield and imaged with a Nikon Eclipse Ti confocal
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microscope to determine the localization of DPI-VTK binding cells and marker positive cells

within the calvarium.

3.3.12 Flow Cytometry: To determine the specificity of DPI-VTK towards MSCs in vivo,
calvaria were dissected from 4—5-week-old male C57/BL6 mice (n=7) and digested in
collagenase solution to yield a heterogenous cell suspension. The cells were resuspended in flow
cytometry buffer and stained with primary antibodies for MSC markers CD29, CD45, CD73,
CD90, CD105, CD106, Sca-1, CD31, CD44, and CD200 followed by APC tagged secondary
antibodies and FITC tagged DPI-VTK. The stained cells were submitted to the University of

Michigan Flow Cytometry core for analysis on a BD LSRFortessa Cell Analyzer.

3.3.13 Statistics: Two-way ANOVA with multiple comparison was used to determine
differences for transwell migration assays with multiple cell types. One-way ANOVA and t-tests

were used for other studies.

3.4 Results

3.4.1 DPI-VTK promotes migration of MSCs

In the transwell studies, iPS-MSCs showed significantly greater migration over no peptide
controls at DPI-VTK concentrations of 50ug/mL or above. HBMSCs showed increasing trend
that was not statistically significant. C3H10s showed no difference at highest dose of DPI-VTK.
MC3T3 migration was inhibited at the highest dose. MDFs showed no statistically significant

effect (Fig 3.1A). When iPS-MSCs were incubated in transwells with peptides DPI-VTK, DPI,
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and VTK, migration was equivalent for DPI-VTK and DPI while VTK had no difference from
the control, demonstrating that the DPI peptide, but not VTK, can induce migration (Fig 3.1B).
Primary calvarial cells had a >2-fold increase in migration when exposed to peptide (p <0.0001).

Primary BMSC migration was also increased but non-significantly (Fig 3.1C).

3.4.2 Delivery of DPI-VTK with scaffolds

Controlled release studies with scaffolds saturated with DPI-VTK showed that after 72 hours, the
DPI-VTK concentration was only approximately 3 ug/mL (Figure 3.2A). This is less than the
minimum significant concentration of DPI-VTK for inducing migration (Figure 3.2C). Adding a

bolus of 50 ul of 1 mg/mL DPI-VTK to scaffolds does induce a significant effect (Figure 3.2B).

3.4.3 Peptide specificity data with flow cytometry

When the flow cytometry data was analyzed as the fold change of marker positive cells in the
peptide binding population compared to the total populations, all markers except CD44 were
significantly increased compared to the negative control CD45, with CD90, CD31, and CD200

having the greatest magnitude difference.

3.4.4 In vivo migration experiment

H and E staining of scaffolds in calvarial defect 1 week following implantation (N=5)
demonstrated 3/5 DPI-VTK samples formed cellular bridge across defect compared to 0/5 in the

control group. The mean cell count was higher in the DPI-VTK group, but this was not
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statistically significant. CD200 and CD90 positive cells were increased in the DPI-VTK group
compared to the no-peptide control group. Negative MSC marker CD45 was not increased

relative to control.

3.4.5 In vivo regeneration experiment

After 8 weeks post-transplantation, scaffolds delivered with DPI-VTK had significantly
increased BV/TV (P<0.5) compared to the no-peptide control scaffold group when the whole 5
mm defect region was analyzed. Analysis of the inner 4 mm, and 3 mm regions of the defects
showed no significant difference between groups for 4mm, but the thBMP-2 group was
significantly increased from the control group in the inner 3 mm. Analysis of the 5 concentric
rings of the defects showed that DPI-VTK was significantly increase compared to the control in
the 3-4 mm ring, and BMP-2 was significantly increased in the 2-3 mm ring compared to control.
Analysis of the distribution of bone mineral demonstrated the majority of the bone volume came

from the outer 2 mm of the defect for all groups.

3.4.6 Co-staining of FITC-DPI-VTK with MSC markers

Merged images of calvarial suture with FITC-DPI-VTK, various MSC markers (Alexa-Fluor
594), and DAPI. Co-staining of peptide with markers was noted for CD90, CD105, CD106, CD
146, CD200, Scal, and CD31, but not CD44, CD45, CD72, Cathepsin K, and Glil (Figure

3.6A). Merged images of calvarium periosteum showed co-staining of peptide with marker for
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Cathepsin K and CD200 (3.6B). Staining of calvaria with FITC-DPI, FITC-DPI (scrambled), and
FITC-DPI-VTK showed weak staining of scrambled peptide compared to DPI and DPI-VTK

(Figure 3.7C).

3.5 Discussion

This work presents the use of a dual-functional mineral binding and MSC binding
peptide, DPI-VTK, to stimulate chemotaxis of MSCs and enhance MSC migration in vivo into a
mineralized scaffold. This peptide increases regeneration of bone and vasculature when MSCs
are transplanted on a mineralized scaffold [15]. The increased migratory capacity supports a
long-term goal of bypassing cell transplantation and relying on host cells to catalyze bone
regeneration. The use of peptide DPI-VTK is significant in several aspects. While most
chemotactic agents are naturally derived, DPI-VTK demonstrates that techniques such as phage
display can be used to discover novel chemoattractants. Although ECM proteins such as
fibronectin induce chemotaxis in addition to promoting adhesion, the coupling of a combination
chemotactic/cell adhesion domain to a specific material binding domain is a novel concept that
has applications in recruiting specific cells to specific material chemistries. Additionally, the
discovery of an MSC specific chemo-attractant/adhesion molecule could be used as a probe to

identify specific MSC populations that are critical for healing.

DPI-VTK demonstrates an effect on MSC migration in a transwell assay (Figure 2C).
This was not seen in non-MSC cells such as MC3T3s and MDFs (Figure 1a). MC3T3s are not
affected by DPI-VTK despite being part of the MSC lineage. This is consistent with previous

work studying the adhesion of cells to DPI-VTK [8]. It is possible that the binding targets of the
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peptide stop being expressed as the MSCs differentiate into osteoblasts. Also, certain MSCs,
such as the iPS-MSCs, exhibited a greater chemotactic response compared to the HBMSCs and
C3H10 cells (Figure 1A), indicating that the peptide may target specific sub-populations of
MSC:s. A possible explanation for the differential effect of DPI-VTK on iPS-MSCs versus
HBMSC:s is that the iPS-MSCs may be more homogenous than the HBMSCs, resulting in a
greater proportion of cells that are attracted to DPI-VTK. Both DPI-VTK and DPI have an
equivalent effect on migration versus the negative control and VTK, suggesting that the DPI
domain on its own is able to induce chemotaxis, although only DPI-VTK was significantly
different from the control so the presence of the VTK anchor may modulate the effect (Figure
1B). Due to the strong affinity of DPI-VTK to apatite, relying on diffusion of the peptide from
the surface alone is unable to induce an effect, necessitating the bolus delivery approach used

during the in vivo studies (Figure 2).

In order to better understand the effect of DPI-VTK on in vivo cell populations, transwell
assays were conducted with heterogenous populations of primary mouse calvarial and bone
marrow cells. When tested with primary cells, the peptide had a more significant effect on the
calvarial population versus the bone marrow population, suggesting the calvaria may contain a
greater proportion of DPI-VTK sensitive cells (Figure 1C). Due to the different embryonic
origins of the craniofacial and axial bones, the resident mesenchymal stem cell populations are
distinct [21]. Preferential targeting of the calvarial cells suggests that DPI-VTK may have

particular use for tissue engineering of craniofacial bone.
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Flow cytometry with a panel of MSC markers showed a significant increase of all but one
marker compared to the negative marker CD45 (Figure 3). The most notable MSC marker was
CD90, with the peptide-binding cell population having 5-fold as many CD90 positive cells as the
non-peptide binding cell population. CD90 cells were also increased in the in vivo migration
experiment, suggesting that DPI-VTK is actively recruiting this sub-population of cells (Figure
4). Although CD90 is associated with several cell types, this marker has been used in clinical
trials to isolate MSCs from autogenously harvested bone marrow aspirates. For example, in a
clinical trial utilizing autogenous MSCs for maxillary sinus augmentation, higher proportions of
CD90 cells were associated with increased bone volume fractions [22]. In human MSCs derived
from adipose tissue, CD90 is associated with a more osteogenic phenotype [23]. CD90 interacts
with different integrins and regulates migration in several types of cancer cells[24]; this suggests
that CD90 and integrins could play a role in the specificity and chemotactic effects of DPI-VTK.
To differentiate these CD90 positive MSCs from other cell types, absence of CD45 is often used
[25]. CD45 did not appear as a positive marker in any of the experiments (Figures 3, 4, 6). There
was a decrease in CD45 cells in migration experiment although it was not significant (Figure 4).
The flow cytometry data and immunostaining data showing absence of CD45 supports idea that
these cells are CD45 negative. CD200 was another marker highly expressed in the peptide
binding group and significantly increased for the DPI-VTK group in the in vivo migration
experiment (Figure 4). While not a traditional marker for MSCs, CD200 has been found in a
population of periosteal stem cells that are present in the calvaria [26]. Additionally, CD200

expression in MSCs has been associated with an osteogenic phenotype [27].
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CD31, a marker of endothelial cells that was initially used as a negative control, was
highly expressed in the peptide binding population (Figure 3). Despite not being an intended
target of peptide DPI-VTK, e recruitment of CD31 positive endothelial cells could have a
positive effect on bone regeneration through the formation of new vasculature, although a
significant increase in CD31 cells was not seen in the in vivo migration experiment (Figure 4).
DPI-VTK increases vasculature in a cell transplantation ectopic model [15]. Staining of
calvarium histological sections with FITC tagged DPI-VTK demonstrated that the peptide binds
clusters of cells within the sagittal suture (Figure 6). These peptide binding cells co-stain for
CD90, CD105, CD106, CD 146, CD200, Scal, and CD31. The proximity of these cells to the
blood vessels suggests these cells exist as pericytes in the perivascular niche. This is supported
by these cells co-staining for pericyte marker CD146. Within the calvarial periosteum, the
peptide also binds Cathepsin K and CD200 positive cells, which are known markers for

periosteal stem cells [26].

With evidence that DPI-VTK induces migration of MSCs with osteogenic markers such
as CD90 and CD200, we hypothesized that DPI-VTK could enhance bone regeneration in vivo.
When delivered along with an acellular scaffold, DPI-VTK resulted in increased regenerated
bone volume versus the scaffold alone, demonstrating that the peptide can enhance bone
regeneration even without the addition of exogenous cells (Figure 5). In the DPI-VTK group,
bone regeneration occurred at the margins of the defect in an orthotopic manner, suggesting that
peptide is enhancing bone formation throughout the recruitment of osteogenic cells rather than

inducing ectopic induction of bone formation as seen in BMP-2. This is supported by analysis of
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the inner portions of the defects. When the inner 3 mm of the defect is analyzed, BV/TV of the

BMP-2 group is significantly increased compared to the control (Figure 5).

There are some limitations to the in vivo study. The BMP-2 group was not statistically
different from the scaffold-only control and the standard deviation was high for the full defect
analysis as wells as the inner 4 mm of the defect. There was, however, a significant increase in
BV/TV in the inner 3 mm of the defects. Some of the animals had a large response in terms of
bone formation, and some had minimal to no response. In the bolus delivery model, some of the
solution could migrate out of the defect, resulting in some animals receiving a higher dose than
others. DPI-VTK, because of its affinity for apatite, could be binding to some of the surrounding

calvarial bone, preventing it from being washed away like some other factors.

This chapter demonstrates that peptide DPI-VTK enhances MSC-specific chemotaxis in
vitro, binds to cells expressing MSC markers, recruits cells expressing MSC markers in vivo, and
enhances bone formation of acellular scaffolds in vivo. Discovering a cell specific chemotactic
factor is an important step in developing more sophisticated tissue engineering techniques for

bone regeneration.
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Table 1 Peptides used in Chapter 3

Peptide

Sequence

Description

MW

(g/mol)

Net

Charge

Acidic

Residues

DPI

DPIYALSWSGMA

MSC-
binding

peptide

1310.49

3

VTK

VTKHLNQISQSY

Mineral-
binding

Peptide

1417.59

DPI-VTK

GGDPIYALSWSGMAGG

GSVTKHLNQISQSY

Dual-
functional
MSC and
mineral
binding

peptide

3025.35

P15

GTPGPQGIAGQRGVV

Collal
derived

peptide

1393.57
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Figure 3.1 DPI-VTK promotes migration of MSCs

A: Quantification of cell migration in transwell assay with different concentrations of DPI-VTK
as chemoattractant. SDF-1 served as positive control. iPS-MSCs showed significant increase
over control at all DPI-VTK doses tested (p<0.0001). HBMSCs showed increasing trend that
was not statistically significant (p=0.2256). C3H10s showed no difference at highest dose of
DPI-VTK. MC3T3 migration was inhibited (p=0.0251) at the highest dose. MDFs showed no
statistically significant effect (p=0.4723).

B: DPI domain is responsible for migratory effect. iPS-MSCs were tested in transwells with DPI-
VTK, DPI, and VTK peptides. Migration was equivalent for DPI-VTK and DPI while VTK had
no difference from the control, demonstrating that the DPI peptide, but not VTK, can induce
migration.

C: DPI-VTK promotes migration of mouse primary cells

Primary calvarial cells and bone marrow cells were isolated from 4-5-week-old C57BL/6 mice
and tested in transwell assay with DPI-VTK (100 ug/mL) and no-peptide controls. Primary
calvarial cells had a >2-fold increase in migration with a p value <0.0001. Primary bone marrow
migration was also increased but this was not statistically significant.
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Figure 3.2 Delivery of DPI-VTK with scaffolds

A: Peptide release from scaffold. Scaffolds were saturated with DPI-VTK and placed in PBS.
After 72 hours, the maximum peptide concentration achieved was approximately 3 ug/mL, far
lower than the minimum concentration (50 ug/mL) necessary to induce migration.

B: Bolus delivery with scaffold. Scaffolds without peptide, scaffolds with absorbed peptide, and
scaffolds with absorbed peptide with a bolus of 50 uL of 1 mg/mL solution DPI-VTK were
placed in transwells. Migration experiments with iPS-MSCs were conducted and demonstrated
significant difference between control scaffold and the scaffold with a bolus of DPI-VTK.
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Figure 3.3 Flow Cytometry Data

Fold change of marker positive cells in peptide binding population compared to total population.
All markers except CD44 were significantly increased compared to the negative control CD45,
with CD90, CD31, and CD200 having the greatest magnitude difference.
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Figure 3.4 In vivo migration experiment

A: H and E staining of scaffolds in calvarial defect 1 week following implantation (N=5). 3/5
DPI-VTK samples formed cellular bridge across defect compared to 0/5 in the control group.
The mean cell count was higher in the DPI-VTK group, but this was not statistically significant.
B: Representative immunohistochemical images from in vivo migration study. CD200 and CD90
positive cells were increased in the DPI-VTK group compared to the control

C: Quantification of migration of MSC marker positive cells into defect. Samples were stained
with antibodies for different MSC markers. 10 images per section were imaged and quantified by
taking the mean intensity of staining and dividing it by the number of cells. CD31 was quantified
by counting the number of CD31 positive vessels per field. MSC markers CD90 and CD200
showed a statistically significant increase in the DPI-VTK group. Negative MSC marker CD45
did not increase, suggesting that DPI-VTK does promote specific migration of MSCs.
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Figure 3.5 In vivo regeneration experiment

A: 3D renders of 5 mm calvarial defect 8 weeks post-surgery

B: Quantification of BV/TV in 5 mm calvarial defects 8 weeks post-surgery. DPI-VTK was
significantly increased (P<0.5) compared to no peptide control with Welch’s t-test when
analyzing full 5 mm defect. Analysis of the inner 4 mm of the defect showed no significant effect
between groups. In the inner 3 mm of the defect, there was a significant difference between the
BMP-2 group and the control.

C: BV/TV of concentric circles in defect

D: Distribution of bone mineral
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Cathepsin K

DPI-
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Figure 3.6 Co-localization of peptide with MSCs — co-staining of FITC-DPI-VTK with
MSC markers

A: Merged images of calvarial suture with FITC-DPI-VTK, various MSC markers (Alexa-Fluor
594), and DAPI. Co-staining of peptide with markers was noted for CD90, CD105, CD106, CD
146, CD200, Scal, and CD31, but not CD44, CD45, CD72, Cathepsin K, and Glil.

B: Merged images of calvarium periosteum. Co-staining of peptide with marker was noted for
Cathepsin K and CD200 in periosteum.

C. Images of calvarial suture stained with DPI, DPI-Scrambled, or DPI-VTK.
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Chapter 4: Investigation of Dual-Functional BMP-Binding and Mineral-Binding Peptide
KIP-VTK and its Potential Synergy with DPI-VTK

4.1 Abstract

Recombinant bone morphogenetic proteins (BMPs) have seen extensive use in clinical
bone grafting due to their high osteoinductive potential. While effective, these recombinant
proteins have significant limitations such as high cost and side effects such as inflammation and
ectopic bone formation. Peptides have been derived from sequences of BMP binding domains,
including the BMP-2 knuckle-epitope derived peptide KIPKASSVPTELSAISTLYL (KIP). BMP
peptides such as KIP have the potential to be cheaper, easer to manipulate, and have increased
stability while retaining the osteoinductive effects of BMP-2. When combined with material-
binding peptides, these peptides could be used to create BMP functionalized biomaterials. By
combining the mineral binding peptide VTKHLNQISQSY (VTK) with KIP, a dual-functional
BMP- and mineral- binding peptide GGKIPKASSVPTELSAISTLYLGGGSVTKHLNQISQSY
(KIP-VTK) was created. We hypothesized that KIP-VTK could be co-adsorbed with
mesenchymal stem cell (MSC) binding peptide DPI-VTK on mineralized biomaterials to
enhance the osteogenic differentiation of MSCs. KIP-VTK had higher absorption to bone-like
mineral than KIP alone and could be co-adsorbed to mineral with peptide DPI-VTK. When
human mesenchymal stem cells were cultured on KIP-VTK and DPI-VTK co-functionalized

mineral films, no synergistic interaction on osteogenic differentiation was found, possibly due to
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the inability of the KIP domain to sufficiently activate BMP signaling. These results demonstrate
the limitations of dual-functional peptides and the importance of understanding structure-
function relationships in peptide design. Understanding such relationships can help guide the
creation of peptide sequences that are optimized to bind and activate their receptors while

tethered to a biomaterial.

4.2 Introduction

One strategy to repair bone defects without the use of cellular transplantation is to use
osteoinductive agents such as the bone morphogenetic proteins (BMPs). BMP-2 and BMP-7 are
both clinically approved for the treatment of certain bone defects such as open tibial fractures
and lumbar spinal fusions, but have also been used off-label for other defects such as craniofacial
bone grafting [1]. In order to compensate for the short half-life of recombinant growth factors,
BMP-2 and BMP-7 are usually delivered in high doses (>1 mg) [2]. While effective in inducing
bone formation, these treatments have been associated with side effects such as inflammation
and ectopic bone formation. The high doses required, coupled with the high cost of recombinant

BMP, means that a single treatment can cost thousands of dollars [2—4].

An approach to overcome these limitations in using recombinant proteins is to use
peptides derived from the active sites of the proteins. Peptides are advantageous because they are
typically less expensive to manufacture than recombinant proteins and the increased stability
from being bound to a material surface provides longer half-life (thus requiring lower doses) [5—
7]. Linking such peptides to biomaterials could reduce the side effects by requiring lower doses

and providing for localized delivery [5]. While proteins can be chemically conjugated to
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materials, this often results in loss of activity due to alteration of their fragile structures [8,9]
Because of their simpler and more stable structures, peptides retain their activity even when
coupled to biomaterial scaffolds [5,10,11].

Choosing the correct peptide sequence from a protein sequence is key to developing
therapeutic peptides. Typically, peptides are derived from the binding domains of the proteins as
these are the sequences that bind and activate the target receptor. BMP-2 has two binding
domains that interact with its target receptors. The large wrist epitope binds BMPR-IA while the
smaller knuckle epitope binds BMPR-II. Binding of the BMP-2 protein through these domains to
its receptors triggers oligomerization of the receptors and activates downstream signaling such as
Smad phosphorylation. The large size of the wrist epitope makes it an unideal target for peptide

derivation, while the small size of the knuckle-epitope makes it an attractive target.

A sequence derived from the knuckle epitope of BMP-2, KIPKASSVPTELSAISTLYL
(KIP) which corresponds to residues 73-92, induces osteogenic differentiation and ectopic bone
formation when delivered on an alginate scaffold [7]. This discovery is important because the
knuckle epitope peptide was able to induce bone formation independent of the wrist epitope.
Further studies also demonstrated clinical utility of this sequence in promoting osteogenic
differentiation, particularly when combined with cell binding peptides such as the RGD sequence

[5,10].

While many integrin and cell binding peptides have been derived from the sequences of

native proteins, screening techniques such as phage display have been increasingly used to

discover novel cell binding sequences [12]. Phage display can also be used to discover sequences
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with high affinity for specific material surfaces [13]. The hydroxyapatite (HA) binding sequence
VTK (VTKHLNQISQSY), and the mesenchymal stem cell (MSC) binding sequence DPI
(DPITYALSWSGMA) were discovered via phage display[13,14] Combining these two domains
into the dual peptide DPI-VTK (GGDPIYALSWSGMAGGGSVTKHLNQISQSY) allows for
the tethering of MSCs to mineralized materials. DPI-VTK increases the strength of adhesion and
promotes bone and vascular regeneration in an ectopic transplantation model [13,14]. With the
success of DPI-VTK, there is a possibility to use the VTK domain to tether other peptide
domains to Ca-P biomaterials. For example, the knuckle-epitope BMP-2 peptide KIP could be
combined with VTK to anchor it to mineralized scaffolds to induce bone formation. When
combined with integrin binding peptides such as DPI-VTK, this effect on osteogenic
differentiation could be further enhanced since crosstalk between integrin binding
peptides/proteins and BMP signaling has been established and integrin activation has a

synergistic effect on osteogenic gene expression [15-17].

By combining BMP derived peptides with biomaterial and MSC binding peptides, it
could be possible to create dual-functional materials that are both osteoconductive and
osteoinductive. Combining a peptide derived from the knuckle epitope of BMP-2
(KIPKASSVPTELSAISMLYL) with mineral binding peptide VTK could allow for the
conjugation of mineralized films with BMP signals and provide a synergistic effect with DPI-
VTK by combining the osteoconductive properties of DPI-VTK with the osteoinduction of BMP.
The hypothesis of this work is that VTK will enhance the binding of KIP to mineral, and that the
co-adsorption of KIP-VTK and DPI-VTK on mineral surfaces will enhance the osteogenic

differentiation of human MSCs. To test this hypothesis, peptide KIP-VTK along with peptides
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KIP, VTK, and DPI-VTK were tested to determine the effect of adding the material-binding
anchor VTK on the absorption of KIP to Ca-P biomaterials. Then MSC differentiation was
assessed by preparing bone-like mineral films functionalized with no peptide, DPI-VTK, KIP-
VTK, and both DPI-VTK and KIP-VTK. Soluble hBMP-2 was used as a positive control.
Human MSCs were cultured on films for different time points (3, 7, and 14 days) and then
analyzed for alkaline phosphatase activity as a marker of osteogenic differentiation or probed via
western blotting for expression of osteogenic proteins Runx2, P-Smad, Osx, and Ocn to
determine any synergistic effect between DPI-VTK and KIP-VTK. In order to test the effect of
the peptides on mineralization, an alternative to mineralized films was developed due to the
interference with the mineralized films on Alizarin Red Staining. A chemical coupling scheme
was used to chemically conjugate the peptides to glass slides and MSCs were cultured for 21
days. Lastly, MSCs were cultured on films with or without DPI-VTK and with or without

soluble thBMP-2 to determine any synergistic effect between DPI-VTK and rhBMP-2.

4.3 Materials and methods

4.3.1 Peptides

Peptides were synthesized by the University of Michigan Peptide Core using solid phase
peptide synthesis (Table 4,1). All peptides were verified at >95% purity with HPLC. Peptides
were stored lyophilized at -20°C until use. Stock solutions of peptides were prepared by
dissolving peptides in distilled water followed by dilution in PBS before use. Fluorescently

tagged peptides were obtained by reacting FITC or Rhodamine isothiocyanate with peptides in
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pH 9 carbonate buffer overnight and then dialyzing for 48 hours. Fluorescently tagged peptides
were lyophilized, dissolved in DMSO, and diluted in PBS before use. All peptides were sterile

filtered with a 0.22 um syringe filter before use in cell culture experiments.

4.3.2 Preparation of mineralized films

A 5% w/v solution of PLGA in chloroform was prepared and pipetted (250ul) onto 1.5
cm diameter circular glass coverslips. The films were loosely covered and allowed to evaporate
overnight in a fume hood followed by placement in a vacuum chamber to complete evaporation
of the solvent. Films were then functionalized by incubation in 0.5 M NaOH for 7 minutes
followed by three washes with Milli-Q water. Fresh 2x modified simulated body fluid (mSBF)
was prepared. 1x mSBF contains 141 mM NaCl, 4.0 mM KCI, 0.5 mM MgS0O4, 1.0 mM MgCl2,
4.2 mM NaHCO3, 5.0 mM CaCl22H20, and 2.0 mM KH2PO4 at pH 6.8. The films were
incubated in 2x mSBF at 37°C for 48 hours, at which point a continuous layer of bone-like
mineral had formed on the surface. The films were then washed with Mill-Q water, dried, and
stored in a vacuum desiccator until use. When used for cell culture, the films were placed in
sterile 24 well plates and sterilized with 70% ethanol for 15 minutes. The ethanol was aspirated
and the films were washed with sterile water. Peptide solutions (100 pg/mL in PBS) or PBS for
controls were pipetted (500 puL per well) into each well with a sterilized film. The plate was
sealed with parafilm and placed in a 37°C incubator for 3 hours. The peptide solutions were

removed, and the films were washed with PBS three times before seeding with cells.
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4.3.3 Quantification of peptide absorption

Stock solutions of peptides (1 mg/mL) were prepared and used to make standard curves.
Films were placed in 24 well plates and 500 uL of peptide solution (100 pg/mL) was placed in
each well (n=3). Blank wells with PBS were also prepared. The plates were sealed with parafilm
and placed in an incubator at 37°C for 3 hours. Afterwards, the peptide solutions were collected
from the wells and quantified with UV absorbance at 214 nm. The concentrations were
calculated from the standard curve and the absorbed peptide was determined by subtracting the

final concentrations from the initial concentrations.

4.3.4 Quantification of peptide co-adsorption

FITC-DPI-VTK or Rhodamine-KIP-VTK were combined at different ratios (100:0- 100
pg/mL DPI-VTK, 0 ng/mL KIP-VTK; 75:25- 75 pg/mL DPI-VTK, 25 pg/mL KIP-VTK; 50:50-
100 pg/mL DPI-VTK, 100 pg/mL KIP-VTK; 25:75- 25ug/mL DPI-VTK, 75 pg/mL KIP-VTK;
0:100- 0 pg/mL DPI-VTK, 100 pg/mL KIP-VTK) (n=3/ratio) and incubated with mineralized
films for 3 hours. Peptide concentration was quantified by measuring absorbance of solutions
following incubation with films and calculating concentration using a plate reader. The absorbed
peptide was calculated by subtracting from initial concentration. Absorbed films (n=3/ratio) were
mounted on slides with Vectashield and imaged for FITC (DPI-VTK) and rhodamine (KIP-
VTK) fluorescence using a Nikon Ti-Eclipse confocal microscope with a 20x objective. 5 fields

of view were obtained for each sample.

4.3.5 Cell Culture
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Human mesenchymal stem cells were purchased from RoosterBio and used from
passages 2-5. The cells were expanded in RoosterBio media. During experiments, the cells were
switched to alpha-MEM with 10% FBS with antibiotics. Osteogenic media was prepared by
adding 10—8 M Dexamethasone, 2 x 107 to 5 x 107> M B-glycerophosphate, 10~* M ascorbic

acid to complete media.

4.3.6 ALP activity assays

ALP assays were performed using a commercially available ALP assay from Abcam.
Human MSCs were cultured on mineralized films (n=3/condition/time) with no peptide,
absorbed DPI-VTK, absorbed KIP-VTK, both absorbed DPI-VTK and KIP-VTK, and no peptide
films with soluble 100 ng/mL rhBMP-2 (R&D Systems) as a positive control for 3, 7, or 14 days.
Media was aspirated from the mineralized films in the 24 well plates and the films were washed
with PBS. Assay buffer was placed in each well and the cells were scraped off using a cell
scraper along with the assay buffer into a centrifuge tube. The tubes were homogenized in an
ultrasonic bath and then centrifuged at 13,000 rpm for 15 minutes. Samples were placed in a 96
well plate, reacted with pNPP for 60 minutes, and read on a plate reader at wavelength 405 nm.
A standard curve was used to calculate the ALP activity (U/mL) which was then normalized to

DNA content.

4.3.7 Western Immunoblotting

In each well (n=3/condition), the media was aspirated, and the cells were washed with

sterile PBS followed by addition of RIPA buffer with protease inhibitors. Using a cell scraper,
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the cells and lysis buffer were scraped and transferred to centrifuge tubes and homogenized in an
ultrasonic bath for 5 minutes. This was followed by centrifugation at 13,000 rpm for 10 minutes.
The protein concentrations were quantified using the Pierce BCA assay following the
manufacturer’s instructions. The samples were diluted with RIPA buffer to ensure equal protein
concentrations, and then diluted with 5X Laemmli buffer before heating at 95°C for 5 minutes.
10 ug of protein were loaded per well. SDS-PAGE gels were run at 225 V for 50 minutes in Tris-
Glycine buffer. This was followed by transfer onto PVDF membranes at 50 V for 1.25 hours.
Membranes were blocked with 3% BSA in TBST for 1 hour at room temperature and incubated
overnight at 4°C with primary antibodies. After 3 washes with TBST, the membranes were
incubated with secondary antibodies for 1 hour at room temperature and washed 3 more times
before development with ECL reagent. After imaging, the bands were quantified with Image-J
and normalized to Actin as a loading control. Osteogenic factors analyzed include P-Smad,
Runx2, Osx, Ocn, Opn, and Coll A. BMP signaling was quantified by normalizing

phosphorylated Smad 1,5,8 to Smad.

4.3.8 Mineralization assay utilizing chemically coupled peptide

To perform an in vitro cell mineralization assay without interference from the
mineralized films, a chemical coupling strategy was utilized. Circular glass coverslips (1.5 mm
diameter) were cleaned by immersion in anhydrous ethanol and sonicated in an ultrasonic bath
for 5 minutes. This was followed by three washes with MilliQ water. Piranha solution was
prepared by adding 30% hydrogen peroxide to concentrated sulfuric acid dropwise in a 1:3 ratio.
The container was immersed in an ice bath to control the temperature. The cleaned glass

coverslips were immersed in the piranha solution for 2 hours. Afterwards, the piranha solution
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was removed, and the coverslips were washed several times with water. Then the coverslips were
submerged in an aqueous-ethanol solution of 3-aminopropyl-triethoxysilane for 2 hours. After
drying in a vacuum oven, the coverslips were submerged in an acetone solution of DSC and
washed with dry acetone. The functionalized coverslips were reacted with solutions of peptides
(100 ug/mL) for 3 hours to create peptide coated coverslips. Peptide coupling efficiency was
quantified with UV absorbance at 214 nm. The concentrations were calculated from the standard
curve and the absorbed peptide was determined by subtracting the final concentrations from the
initial concentrations. Cells were seeded onto coverslips (n=3/condition) in osteogenic media for
21 days. On day 21, the cells were washed with PBS and fixed in 4% PFA solution for 15
minutes before washing with distilled water. The coverslips were stained with Alizarin Red

solution and imaged to qualitatively compare the amount of mineralization.

4.3.9 Statistics

Significant differences between groups in the ALP and western blotting assays were
determined with One-way ANOVA with Tukey’s multiple comparisons. Student’s t test was

used to determine significant differences between groups in the peptide absorption studies.
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4.4 Results

4.4.1 Addition of VTK domain to peptide KIP enhances absorption to bone-like mineral

When absorbed on bone-like mineral, the absorption of peptide KIP-VTK is
approximately double that of KIP and has similar absorption to peptide DPI-VTK (Figure 4.1).

Both peptides KIP-VTK and DPI-VTK were significantly increase (p>0.05) compared to KIP.

4.4.2 DPI-VTK and KIP-VTK can be co-adsorbed onto bone-like mineral

When co-adsorbed, peptides DPI-VTK and KIP-VTK were both able to be conjugated
onto BLM. At a 100:0 ratio of DPI-VTK to KIP-VTK, only DPI-VTK was absorbed (4.1 pg). At
a 75:25 ratio, approximately equal DPI-VTK (2.4 ng) and KIP-VTK (2.7 ng) was absorbed. At a
1:1 ratio in the absorbing solution, more KIP-VTK (7.1 pg) was absorbed than DPI-VTK (4.4
ng). At a 25:75 ratio, KIP-VTK (8.3 pg) was absorbed but no DPI-VTK. At 0:100 ratio, only
KIP-VTK was absorbed (11.9 png). When analyzed with confocal microscopy, the peptides had

an even distribution throughout the films, but formed clusters of either DPI-VTK or KIP-VTK

(Figure 4.2).

4.4.3 Co-adsorbed DPI-VTK and KIP-VTK does not enhance ALP activity

Human MSCs were cultured on mineralized films functionalized with no peptide, DPI-
VTK, KIP-VTK or both peptides. 100 ng/mL thBMP-2 was used as a positive control. After

culturing for 3, 7, and 14 days, there was no significant difference between peptide groups
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(Figure 4.3). At the day 3, and 7 timepoint, there was no significant difference with the positive
control BMP-2 and the no-peptide control. There was, however, a significant difference between

BMP-2 and all other groups at the day 14 timepoint.

4.4.4 Co-adsorbed DPI-VTK and KIP-VTK does not enhance BMP signaling

Human MSCs were cultured on mineralized films functionalized with no peptide, DPI-
VTK, KIP-VTK or both peptides for 3 hours before lysis. 100 ng/mL BMP-2 was used as a
positive control. BMP signaling was quantified by normalizing phosphorylated Smad 1,5,8 to
Smad. There was no significant increase in Smad phosphorylation with the co-adsoprtion of DPI-

VTK and KIP-VTK (Figure 4.4).

4.4.5 Co-adsorbed DPI-VTK and KIP-VTK does not enhance expression of osteogenic factors

Human MSCs were cultured on mineralized films functionalized with no peptide, DPI-
VTK, KIP-VTK or both peptides. 100 ng/mL rhBMP-2 was used as a positive control.
Timepoints included 3, 7, and 14 days. At day 7, there was a significant difference between DPI-
VTK+KIP-VTK and the control group, but no significant differences between DPI-VTK+KIP-
VTK and each peptide alone. At Day 14, there was a significant difference between the KIP-
VTK and the control group, but no difference between KIP-VTK and DPI-VTK+KIP-VTK

(Figure 4.5).

4.4.6 Co-coupling of DPI-VTK and KIP-VTK does not enhance mineralization
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Peptide coupling through published protocols coupled more peptide (Figure 4.6) than
passive absorption on mineral (Figure 4.1). There was, however, less peptide coupled when
peptides DPI and KIP were co-coupled compared to KIP alone (Figure 4.6). One-way ANOVA
with multiple comparisons shows that there is a significant difference between KIP and DPI, and
KIP and DPI+KIP, but no difference between DPI and DPI+KIP. After culturing human MSCs
for 21 days in osteogenic media, there was no difference in mineralization between groups

(Figure 4.7).

4.4.7 DPI-VTK does not enhance osteogenic effects of rhBMP-2

Human MSCs were cultured on mineralized films with or without DPI-VTK, with or
without 100 ng/mL BMP-2 (4 groups total). The timepoints used were 3 days, 7 days, and 14
days. At day 3, there was a significant difference between the BLM BMP group and the BLM
control for Runx2 expression, but no difference between BLM BMP and DPI-VTK BLM (Figure
4.8). For the Day 7 timepoint, there were significant differences between the BMP groups and
non-BMP groups, but no difference between BLM BMP and DPI-VTK BMP groups for osterix
expression. There were no significant differences for the other proteins probed, Runx2 and
osteopontin (Figures 4.8, 4.9). For the Day 14 timepoints, there were significant differences
between the BMP groups and non-BMP groups, but no difference between BLM BMP and DPI-
VTK BMP groups for osterix expression. There were no significant differences for the other
proteins probed, Runx2, osteocalcin, and collagen 1A (Figure 4.10). While BMP was expected to
significantly increase all osteogenic markers versus the non-BMP controls, the only significant

increase was for osterix expression.
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4.5 Discussion

The BMP-2 knuckle-epitope derived peptide KIP has shown promising results in the field
of bone tissue engineering [7]. For example, delivery of KIP in a scaffold caused ectopic bone
formation in mice and coupling of KIP to an alginate scaffold resulted in enhance osteogenic
differentiation of MSCs [7,10]. Also, these peptides act synergistically with adhesion peptides
such as RGD by enhancing ALP activity and expression of osteogenic factors [5,10]. These
studies motivated the hypothesis that KIP would act synergistically with dual-functional peptide
DPI-VTK. The first experiments involved testing if the addition of the VTK domain would
improve absorption of the KIP domain. Indeed, KIP-VTK had improved absorption to BLM
films compared to KIP, and similar absorption to DPI-VTK (Figure 4.1). Both peptides could be
co-adsorbed onto BLM films (Figure 4.2). These results verified the first hypothesis of this Aim

that the VTK domain would enhance the binding of the KIP domain to mineral surfaces.

After culturing human MSCs on mineralized films functionalized with peptides, there
was no difference in ALP expression between the films with a combination of DPI-VTK and
KIP-VTK, versus each peptide alone at different timepoints (3,7,14 days; Figure 4.3). Likewise,
similar non-significant differences between peptide groups were seen with Runx2. (Figure 4.5).
No significant effect on BMP signaling was seen from the BMP derived peptides (Figure 4.4),
which contradicts other results [5,10]. To test the effect of the peptides on mineralization,
Alizarin Red staining was utilized. This was complicated by the fact that the existing mineral on
the mineralized films would interfere with the staining of secreted mineral by the cells.
Therefore, for it was not possible to test this using the mineral binding DPI-VTK and KIP-VTK

peptides and a chemical coupling approach was used instead with the single peptides rather than
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dual peptides. The chemical coupling was successful in coupling DPI, KIP, and DPI+KIP to
glass slides. Interestingly, significantly more KIP was coupled when alone compared to DPI
alone or KIP in combination with DPI (Figure 4.6). Also, a greater amount of peptide was
coupled compared to the absorption onto mineralized films (Figure 4.1). Despite this, after
culturing MSCs on the functionalized slides for 21 days in osteogenic media, there was no
observable difference in mineral secretion by any of the groups, demonstrating that the peptides

lacked any activity when chemically coupled (Figure 4.7).

The hypothesis that DPI-VTK and KIP-VTK would have a synergistic effect was not
supported by the data. It is possible that although the VTK domain enhances absorption of KIP
to the mineral, it is not available enough to bind to its receptor. KIP has induced osteogenesis
when chemically coupled to alginate scaffolds. One study involved the use of KIP sequences
modified with cysteine groups to create maleimide linkages, allowing more precise control of the
orientation [10]. While the absorption mechanism of VTK to mineral has been investigated [18],
the absorption mechanism of KIP or KIP-VTK has not been, so it is possible that the binding site
is obscured when absorbed to mineral. The KIP-VTK does have a glycine spacer between the
two sequences, a longer spacer made from a biocompatible polymer such as polyethylene glycol
(PEG) may be necessary for sufficient activity. The KIP domain is connected to the VTK domain
through the carboxy terminus, connecting it through the amino terminus instead could also create
a more active confirmation. Also, compared to the full BMP-2 protein, the KIP peptide has
significantly less activity (Figure 4.4) [10]. While KIP has been shown to induce osteogenesis
despite binding only one of the two types of BMP receptors, it is possible that this significantly

limits its effect on BMP signaling compared to the native BMP protein [7].
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These results demonstrating the lack of activity of KIP-VTK led to the formation of
another hypothesis, that DPI-VTK would enhance the osteogenic response of MSCs to rhBMP-2.
This hypothesis was supported by previous studies that have shown synergistic effects between
ECM proteins such as collagen and BMP-2 [14,19,20]. The data (Figures 4.8-4.10), however,
showed that there was no effect of the DPI-VTK on osteogenesis when BMP-2 was
administered. DPI-VTK does influence expression of osteogenic genes [17], but this work shows
that this is minimal compared to the osteogenic effects of BMP-2 (Figure 4.8-4.10). The non-
significant effect of DPI-VTK on osteogenic protein expression suggests that although DPI-VTK
can recruit MSCs through chemotaxis and adhesion (Figure 3.1), it does not have osteogenic
effects. Despite the lack of synergistic cell signaling seen in these experiments, DPI-VTK may
still be useful in combination with recombinant BMP-2 because of its effects on cell recruitment.
While the data presented here shows a lack of synergy on the molecular level when DPI-VTK is
combined with rhBMP-2, these experiments did not account for the migratory effects of the DPI-
VTK peptide which were seen in Chapter 3 (Figure 3.4). In effect, the DPI-VTK would bring

more MSCs into a defect/scaffold while rhBMP-2 would act as the osteo-inductive agent.
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Table 2 Peptides used in Chapter 4

Peptide Sequence Description MW Net Acidic
(g/mol) | Charge | Residues
DPI DPIYALSWSGMA MSC-binding 1310.49 | -1 3
peptide
VTK VTKHLNQISQSY Mineral-binding | 1417.59 | 1 2
Peptide
DPI-VTK | GGDPIYALSWSGMAGG Dual-functional | 3025.35 | 0 5
GSVTKHLNQISQSY MSC and
mineral binding
peptide
KIP KIPKASSVPTELSAISTLYL Knuckle-epitope | 2118.47 |1 1
BMP-2 derived
peptide
KIP-VTK | GGKIPKASSVPTELSAIS Dual-functional | 3890.35 | 2 1
TLYLGGGSVTKHLNQISQSY | BMP-2 derived

peptide and
mineral binding

peptide
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Figure 4.1 Peptide Absorption on Bone-like mineral

Quantification of peptides VTK, KIP, KIP-VTK, and DPI-VTK after absorption on BLM films
for 3 hours. KIP-VTK and DPI-VTK had significantly higher absorption than KIP.
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Figure 4.2 Co-Adsorption of Peptides DPI-VTK and KIP-VTK on bone like mineral

FITC-DPI-VTK and rhodamine-KIP-VTK were co-adsorpbed on BLM films at different ratios.
Quantification showed that at equal ratios, more KIP-VTK was absorbed than DPI-VTK.
Confocal images show presence of both peptides when co-adsorbed.
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Figure 4.3 Effect of peptide functionalized mineral on alkaline phosphatase activity

ALP activity of human MSCs was quantified after 3, 7, or 14 days of culture on BLM films.
Absorbed DPI-VTK, KIP-VTK, or DPI-VTK+KIP-VTK had no significant effect on ALP

activity at any timepoint versus control. The positive control (100 ng/mL BMP-2) only
significantly increased ALP activity at the 14 day timepoint.
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Figure 4.4 Effect of peptide functionalized mineral on BMP activity

Smad phosphorylation was quantified and normalized to unphosphorylated Smad in MSCs after
3 hours on mineralized films. The BMP-2 group was significantly increased compared to the no-
peptide control but there was no other significant differences.
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Figure 4.5 Effect of peptide functionalized mineral on Runx2 expression

Runx2 expression was quantified in MSCs after 3, 7, or 14 days of culture on mineralized films.
There were significant differences between DPI-VTK+KIP-VTK and no-peptide control at Day7
and KIP-VTK and no peptide control at Day 14.

96




o)
(=
|

*

o
T

Peptide Coupled (ug)
N e
o o
| |
3

Figure 4.6 Chemical Coupling of peptides to glass coverslips

After chemically coupling peptides to glass coverslips, there was a significant increase in the
amount of peptide KIP coupled compared to DPI and DPI+KIP.
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Figure 4.7 Mineralization of hMSCs after culture on peptide functionalized coverslips.

After 21 days of hMSC culture in osteogenic media on chemically functionalized coverslips,
there was no qualitative difference in mineralization between groups.
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Figure 4.8 Effect of DPI-VTK and rhBMP-2 on osteogenesis after 3 days

After 3 days of culture on mineralized film, MSCs cultured on no-peptide BLM mineralized with
BMP-2 had significantly increased Runx2 expression compared to the control. There was no
significant difference between the BMP groups with or without DPI-VTK.
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Figure 4.9 Effect of DPI-VTK and rhBMP-2 on osteogenesis after 7 days

After 7 days of culture on mineralized film, the groups exposed to BMP-2 had significantly
increased osterix expression compared to the non-BMP groups, but no difference between BMP
groups with or without DPI-VTK. There was no significant difference in Runx2 or OPN.

100



£ Osx Day 14
c B sx Day
B Runx2 Day 14 < 20
2 2 —
BMP - - - - - - + + + + + + 2 14 3 —
3 & —
8 T 1.5
& £
- s 1.2 * £
DPIVIK . L = %+ + + - - - 4+ + + I 5.
g 5 g
c 10 @
8 2
Runx2 - - . - - § oo £
8 o g
: 2 o0
208 k] & & &
Osx K I EN N EO eSS g &I E
g &S & & &
3 §
V‘}Q\"(“ M Oq\' QQ\
<
Ocn s - ’ £
W g Ocn Day 14
- > > - < 14 § Col1A Day 14
s 2 20
2
%1.2 E
T W W WT T T £ 5 15
H ®le 1
') 2 2 s
ClA MEBEE S eS
2
£ 08 $ o5
:
o o
-— e p— -— wn e @ 2 06 T 7
Actin - T T - g S & & & 3 &£ LSS
k] & B *ﬁ“ 4 *Qe‘(&oe o"‘ &
9 O > N
& & Vo‘?"é & &
N
&

Figure 4.10 Effect of DPI-VTK and rhBMP-2 on osteogenesis after 14 days

After 14 days of culture on mineralized film, the groups exposed to BMP-2 had significantly
increased osterix expression compared to the non-BMP groups, but no difference between BMP
groups with or without DPI-VTK. There was no significant difference in Runx2, OCN, or
CollA.
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Chapter 5: Additional Data: Investigation of DPI-VTK binding mechanism

5.1 Introduction

Cell-matrix interactions are primarily mediated through integrin receptors. Integrins are
present in the cell membrane as pairs of alpha and beta subunits [1]. Extracellular matrix proteins
such as fibronectin and collagen have peptide motifs that bind to integrins [2]. Integrin binding
peptides have received much interest in engineering biomaterials for bone regeneration due to the
key role of integrins in osteoblast survival and differentiation [3]. Many of these peptides,
however, are derived from extracellular matrix proteins and consequently have broad-spectrum
cell binding [4]. The phage display derived peptide DPI-VTK, in contrast, shows specificity
toward binding MSCs. In the presence of anti-integrin antibodies, the binding of DPI-VTK to
MSCs is disrupted, suggesting a possible integrin mediated mechanism [5]. The high specificity
of DPI-VTK to MSCs, however, may suggest that other types of proteins mediate the binding as
well.

Identifying the mechanism of MSC binding to DPI-VTK is significant for several reasons.
First, understanding mechanism could facilitate the enhancement of DPI-VTK’s clinical
capabilities. For example, the DPI-VTK sequence could be modified to have greater interactions
with the target proteins, or recombinant target proteins could be expressed in cells to enhance the
cells’ interactions with DPI-VTK. Another reason for investigating this mechanism is that the
specificity of DPI-VTK to unique to MSCs. This specificity would be important because MSCs

are heterogeneous and the currently identified markers for MSCs are not specific enough. The
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discovery of an MSC specific peptide could make it easier to identify and isolate MSCs, facilitating
both basic science research and clinical translation. In Chapter 3, the target cell population of DPI-
VTK was evaluated for expression of MSC markers. CD90 and CD200 are two MSC markers that
were expressed by both the DPI-VTK binding population and the population induced to migrate
into a calvarial defect. It is possible that these markers interact with DPI-VTK binding integrins
or even be binding targets themselves. To advance our understanding of what types of binding
targets on MSCs are required to create MSC-specific interactions, several pilot experiments were
performed. To identify binding targets for DPI-VTK, an affinity purification protocol involving
the labeling of DPI-VTK target probes with biotin followed by purification with magnetic beads
and evaluation with western blotting was tested. A colocalization experiment testing the binding
of DPI-VTK to focal adhesions was performed. Lastly, data from the flow cytometry experiment
presented in Chapter 3 was analyzed for evidence of DPI-VTK binding to MSC markers. While
Chapter 3 had focused on whether DPI-VTK binding cells express MSC markers, this chapter

focuses on direct binding between DPI-VTK and the marker proteins.

5.2 Methods

5.2.1 Affinity purification of DPI-VTK target proteins

For the binding assay, DPI-VTK was conjugated with sulfo-SBED (Pierce) according to
the manufacturer’s instructions. Human iPS-MSCs were incubated with the peptides for 30
minutes and crosslinked for 10 minutes with UV. Cells were lysed with RIPA buffer and affinity

purified with streptavidin Dynabeads. The purified proteins as well as the supernatants were
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subjected to SDS-PAGE and western blotting. After affinity purification, the supernatants were
removed from the Dynabeads. 2X Laemmli buffer was added to both the supernatants and the
Dynabeads and the samples were heated at 95°C for 5 minutes. Samples were loaded onto SDS-
PAGE gels and run at 225 V for 50 minutes in Tris-Glycine buffer. This was followed by
transfer onto PVDF membranes at 50 V for 1.25 hours. Membranes were blocked with 3% BSA
in TBST for 1 hour at room temperature and incubated overnight at 4°C with primary antibodies
for integrin Alpha 5. After 3 washes with TBST, the membranes were incubated with HRP-
tagged secondary antibodies for 1 hour at room tempura and washed 3 more times before

development with ECL reagent.

5.2.2 Co-localization of DPI-VTK with focal adhesions

Human iPSC-MSCs were seeded on fibronectin coated glass slides for 24 hours in Alpha-
MEM with 10% FBS and antibiotics. They were then fixed in 4% PFA for 15 minutes, washed
with PBS, permealized with Triton X-100, and co-stained with FITC-DPI-VTK and anti-vinculin
antibodies. They were then mounted with Vecta-shield and imaged with fluorescence

microscopy. Co-localization was evaluated qualitatively.

5.2.3 Flow cytometry

Calvaria were dissected from 4—5-week-old male C57/BL6 mice (n=7) and digested in
collagenase solution to yield a heterogenous cell suspension. The cells were resuspended in flow
cytometry buffer and stained with primary antibodies for MSC markers CD29, CD45, CD73,

CD90, CD105, CD106, Sca-1, CD31, CD44, and CD200 followed by APC tagged secondary
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antibodies and FITC tagged DPI-VTK. The stained cells were submitted to the University of

Michigan Flow Cytometry core for analysis on a BD LSRFortessa Cell Analyzer.

5.3 Results

5.3.1 Affinity purification of DPI-VTK target proteins

Western blotting for integrin alpha 5 showed that Alpha 5 protein was pulled down by the
streptavidin beads when the Sulfo-SBED-DPI-VTK tagged the cells but not in the control group
(Figure 5.1). The presence of bands in the supernatants for both the Sulfo-SBED and the control
groups confirms that integrin Alpha 5 was present in both samples, but was only pulled down by

the magnetic beads when Sulfo-SBED-DPI-VTK was added to the cells.

5.3.2 Co-localization of DPI-VTK with focal adhesions

Human MSCs were stained with vinculin as a marker for focal adhesions as well as FITC
tagged DPI-VTK. Clusters of vinculin (red) and FITC-DPI-VTK (green) are seen throughout the
cells. When merged, co-staining for vinculin and FITC-DPI-VTK showed co-localization

(yellow), showing evidence that DPI-VTK targets focal adhesions.

5.3.3 Data from flow cytometry

When the cells were stained with CD90 and CD31 antibodies, the percentage of the total
cell population that bound DPI-VTK decreased by more than 50%, indicating possible

competitive binding between DPI-VTK and the antibodies.
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5.4 Discussion

Blocking integrins a5, aV, 1, B3, B5, and 021 inhibited the adhesion of iPSC-MSC
cells to DPI-VTK [5], suggesting that DPI-VTK targets integrins. Because of the promiscuous
binding nature of integrins, a more targeted approach was used. Using the biotin transfer agent
sulfo-SBED, DPI-VTK target proteins were labeled with biotin and purified with streptavidin
functionalized magnetic beads. Western blotting for integrin alpha 5 showed that integrin alpha 5
was a binding target of DPI-VTK (Figure 5.1). This proof-of-concept experiment demonstrates
the possibility of using this approach to identify the binding targets of DPI-VTK. Rather than
using western blotting, the purified proteins could be analyzed using mass spectrometry to

determine the peptide binding targets in a less biased approach.

Co-staining of DPI-VTK and vinculin demonstrated co-localization (Fig. 5.2). Vinculin is
a key marker of focal adhesion complexes [6,7]. When binding the substrate, integrins cluster
into focal adhesion complexes. The colocalization of DPI-VTK with these complexes supports
the integrin binding hypothesis. In Chapter 3, a flow cytometry approach was used to determine
which MSC markers were expressed by the DPI-VTK binding cell population. During the
experiment, the samples were split into groups that were stained with antibodies for the different
markers. All groups were stained with equivalent amounts of fluorescently tagged DPI-VTK.
Although the percentage of the total cell population that bound the peptide should have been

equivalent for all the groups, two of the groups were significantly lower, CD90 and CD31. An
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explanation for this unexpected result is that the antibodies for CD90 and CD31 are acting as
competitive inhibitors and blocking the binding of DPI-VTK. This suggests that CD90 and CD31
could be possible binding targets of peptide DPI-VTK, which would complicate the hypothesis

that DPI-VTK targets just integrins.

In the Chapter 3 studies, CD90 was identified as a key marker of the cells that DPI-VTK
recruits in vivo, so CD90 being a key binding target would explain the specificity. There have
been several publications which have investigated interactions between CD90 and various
integrins, particularly in the context of cellular migration [8—10]. CD90 can interact with
integrins in both a cis (within the same cell) and trans (between different cells) manner [9].
CD90 and integrin interactions are important in trans-endothelial migration of leukocytes by
allowing the leukocytes to bind to endothelial cells [8]. CD90 also induces migration of
metastatic cancer cells in an integrin B3 dependent manner [10], although this has not been
confirmed in MSCs. In addition, CD90 has been found to be important for regulating integrin
activity through an integrin binding RLD motif [9]. These interactions could be key in explaining
the cell-specific and chemotactic effects of DPI-VTK and warrant further investigation.
Understanding the mechanism of DPI-VTK induced migration would not only reveal how DPI-
VTK obtains cellular specificity, but could also result in insights into the molecular mechanisms

of MSC migration that could be useful in the development of cell specific homing therapies.
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Figure 5.1 Affinity Purification Assay

Peptide DPI-VTK labeled with Sulfo-SBED was incubated with a suspension of human MSCs.
Exposure to UV light coupled the biotin markers to DPI-VTK target proteins. After lysis, the
biotinylated proteins were purified with magnetic streptavidin beads and analyzed wit western
blotting for integrin Alpha 5. Control cells without the peptide probe were also lysed and
purified. Supernatants of both biotinylated and control cells were analyzed to confirm presence
of integrin Alpha 5.
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Figure 5.2 Co-localization of DPI-VTK with focal adhesions

Human MSCs were stained with anti-vinculin antibodies (red), FITC-DPI-VTK (Green), and
DAPI (Blue). Merging images reveals colocalization (yellow) of vinculin (focal adhesions) with
DPI-VTK.
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Figure 5.3 CD90 and CD31 antibodies disrupt binding of DPI-VTK

Mouse calvarial cells were stained with antibodies for MSC markers as well as FITC-DPI-VTK.
CD90 and CD31 antibodies reduced the total percent of cells binding with DPI-VTK.
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Chapter 6: Summary and Future Directions

6.1 Summary of Dissertation

The limitations of current bone grafting techniques have motivated the development of
tissue engineering approaches to heal bone defects. As this field has developed, the need for
more targeted approaches has become apparent. High-throughput screening methods such as
phage display have allowed for the development of specific peptide sequences for both cellular
and material substrates. This method creates the possibility of developing peptide functionalized
materials with affinity for specific cell types. For example, the combination MSC binding and
mineral binding DPI-VTK peptide was used to create mineralized scaffolds with enhanced
adhesion of MSCs for bone tissue engineering applications. The early application of DPI-VTK,
however, was limited to transplanted cells, which is complicated by logistical issues in cellular
harvesting and expansion. Therefore, work in this dissertation investigated the use of DPI-VTK

as a chemotactic agent for MSCs.

Transwell assays were first conducted to determine the effect of DPI-VTK on MSC
migration. In transwell assays, DPI-VTK stimulated the migration of human iPS-MSCs. No
effect was seen on the MC3T3s or MDFs (Figure 3.1A). Next, transwell assays using singular
peptides DPI and VTK along with DPI-VTK demonstrated that DPI domain is responsible for

the chemotactic effect independent of the VTK domain (Figure 3.1B). Additionally, a significant
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migratory effect on mouse calvarial cells was shown (Figure 3.1C) when transwell assays were
performed with primary mouse cells. To determine if DPI-VTK could be successfully delivered
with mineralized scaffolds to induce migration of MSC in vivo, the minimum concentration
required to induce migration was determined to be 50 pg/mL (Figure 3.2C). In order to ensure
this concentration was achieved in vivo, a bolus of peptide was delivered with the scaffolds in a
mouse calvarial defect model. One week following administration of DPI-VTK along with a
mineralized scaffold, a significant increase in CD90 and CD200 positive cells was seen in the
defect, providing evidence that DPI-VTK enhances migration of CD90 and CD200 cells in vivo
(Figure 3.4). To better characterize the cells that DPI-VTK targets in the calvaria, flow
cytometry analysis was used to confirm that the peptide binds calvarial cells with MSC markers.
Additional analysis involving staining of calvarial sections with DPI-VTK showed that the
peptide targets cells in the calvarial suture as well as periosteum with MSC markers Figure 3.3).
Lastly, a bone regeneration study was performed to determine if DPI-VTK could increase bone
regeneration in vivo. This experiment showed that DPI-VTK enhances bone formation versus an

acellular control (Figure 3.5).

While DPI-VTK enhances the osteoconductivity of mineralized biomaterials through
both migration and adhesion, it is not osteoinductive. BMPs have been used extensively in the
clinic as osteoinductive agents. There are several limitations such as high cost and side effects
that have not been completely addressed. BMP derived peptides could address some of these
limitations through their cheaper cost and greater flexibility to be modified. Based on the success
of the DPI-VTK peptide for anchoring MSCs to biomaterials, it was hypothesized that the

coupling of VTK to the BMP derived KIP peptide could allow for more precise delivery of
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osteoinductive BMP signals on mineralized materials and act synergistically with MSC binding

DPI-VTK.

While VTK enhanced the mineral binding of KIP compared to KIP alone (Figure 4.1),
and could be co-adsorbed with DPI-VTK (Figure 4.2), there was no significant effect on
osteogenesis from the combination of DPI-VTK and KIP-VTK. There was significant difference
in Runx2 expression between the KIP-VTK group and the control group at day 14 as well as the
KIP-VTK+DPI-VTK group at the day 7 timepoints, suggesting the KIP peptide does have a
weak effect on osteogenesis (Figure 4.5). There was, however, no effect on Smad
phosphorylation when the peptide was absorbed on mineralized films (Figure 4.4). Other studies
found KIP to have significant effects on osteogenesis when coupled to an alginate scaffold
[11,12]. It is possible that the KIP’s efficacy is dependent on its presentation. While coupling to
the VTK peptide did improve the absorption of KIP to mineral, the absorbed peptide had no
significant effect on osteogenesis. There is a possibility that when absorbed to the mineral
surface, the KIP domain is not displayed in a way to effectively bind with its receptor. This work
demonstrates that when designing dual-functional peptides, one must consider the structure-
function relationships that are affected when coupling different domains together. For example,
the linker must be sufficiently long and flexible enough to allow each domain to act
independently of the other. Also, when absorbed to materials, it is critical that anchoring domain
is interacting with the material surface while the cell-binding domain is available to bind to its
receptor. When delivered along with BMP-2 there was also no effect with the addition of

absorbed DPI-VTK. Although DPI-VTK and other integrin binding domains enhance osteogenic

117



differentiation, this data demonstrates the effect is not strong enough to yield synergistic results

in biochemical outcomes.

6.2 Future Directions

Following the completion of this work, there are several interesting directions that can be
taken to build upon the results. With the discovery that DPI-VTK can act as a chemotactic agent,
more investigation should be done on how to utilize this clinically. While the bolus delivery
method was effective, more sophisticated delivery methods could be used. For example,
controlled release systems involving encapsulation of the peptides within biodegradable
polymers or bioceramics could help maintain effective concentrations of the peptide over a
longer period of time. Previous work on co-precipitation of biomolecules within BLM using SBF
could be applied to peptide DPI-VTK [13]. To better optimize the delivery of DPI-VTK, its

biological half-life in vivo as well as its other pharmacokinetic properties should be investigated.

Although KIP-VTK was not effective at inducing osteogenic differentiation with or
without DPI-VTK, there is additional work that could be done. For example, the glycine linker in
the KIP-VTK peptide may not be long and flexible enough to allow the peptide to fully interact
with the BMP receptors while absorbed to the surface. Using chemical bioconjugation
techniques, it could be possible to link the KIP and VTK domains with a flexible PEG linker.
This may allow the KIP domain to fully interact with the BMP receptors on the cells and induce
osteogenic effects. Since PEG is available in many different lengths/molecular weights, it would

be possible to test different PEG linker sizes to optimize the ideal length for stimulating activity.
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While no synergistic effect between DPI-VTK and BMP-2 was found on the molecular level, it
is possible that these two bioactive agents could act synergistically when delivered together in an
in vivo system. This is because the chemotactic and adhesive effect of the DPI-VTK would
improve the migration of MSCs into a defect, while BMP-2 would provide the osteoinductive
signals. Thus, DPI-VTK would recruit more MSCs that would be induced to differentiate by the

BMP-2, resulting in greater bone regeneration.

Of particular importance to this work is the specificity of DPI-VTK to MSCs. Previous
work had identified the cell-specific adhesion of the peptide in vitro [4], but this dissertation
provided further insight into the in vivo population that the peptide targets. The definition of
MSC:s is a controversial issue that is subject to debate. Therefore, determining if a bioactive
agent such as DPI-VTK specifically targets MSCs is a significant challenge. Many cellular
populations have been described as MSCs, so it is better to consider MSCs as a broad
classification of different cells with a common phenotype rather than a specific type of cell. Flow
cytometry analysis of the calvarial cells binding DPI-VTK showed that the DPI-VTK binding
cells expressed known MSC markers, but not CD45, a negative marker. While this work has
provided evidence that DPI-VTK targets a population of MSCs within the calvaria, more work
can be done to further elucidate this population. Flow cytometry done with more sophisticated
gating strategies could more precisely define this population. Also, these studies could be done
with cells derived from other anatomical locations, such as bones from the axial skeleton. This is
particularly interesting due to the different embryonic origins of craniofacial bones versus axial

bones. Data showed a more significant effect on migration for the calvarial cells versus bone
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marrow cells form the long bones (Figure 3.1AC), suggesting that DPI-VTK may especially

suited for craniofacial applications.

The development of an MSC specific chemotactic and adhesive agent also has broader
implications for the field of tissue engineering. Since MSCs are capable of multi-potent
differentiation into bone, cartilage, adipose and other tissue types, this peptide could be applied
to tissue engineering of other tissue types as well. It may also be useful for establishing
interfaces between different tissues. For example, DPI-VTK could stimulate the migration and
attachment of MSCs to dentin to regenerate the periodontal-tooth interface.

The use of a phage-display derived peptide as a chemotactic agent is a novel concept.
While phage display has traditionally been used to develop adhesive agents, this work serves as a
proof of principle that it could also be used to develop a new generation of cell-specific
chemotactic agents. This could be done by screening cells with peptide libraries while
performing transwell assays to isolate sequences that can improve migration.

The fact that DPI-VTK acts as both a chemotactic and adhesive agent demonstrates the
potential in developing other novel combination chemotactic and adhesive peptides. Although
the coupling of VTK to the KIP peptide failed to work as expected in the conditions tested, there
remains the potential in coupling other peptide sequences to VTK to functionalize the surface of
mineralized materials. VTK could also be coupled to synthetic polymers and even larger
molecular weight proteins. For example, rather than using the KIP peptide coupled to VTK,
VTK could be coupled to the BMP-2 protein to enhance its absorption to apatite. Overall, the
capabilities of phage-display to develop novel peptide sequences has the potential to significantly

impact the field of tissue engineering. Discovering different peptide domains and combining
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them in a modular manner such as DPI-VTK has potential to create custom-tailored biomaterials
for numerous applications. With the relative ease of functionalizing mineralized materials with
mineral binding peptides such as VTK, along with the common usage of mineralized materials in
clinical settings, peptides could be easily added to materials depending on the clinical needs. For
example, in patients with compromised vasculature, vascularization promoting peptides could be
added; in situations where cell transplantation is not possible, migration promoting peptides
could be utilized. This could also allow for adding multiple peptides to the same graft material,
and different combinations could be studied to determine the optimal formulations. Using phage-
display derived peptides in this manner would be translatable to a clinical setting and allow for
progress in bone grafting techniques. In addition, more advanced delivery methods could be
incorporated to deliver the peptides in a stepwise manner to create more sophisticated peptide-

functionalized biomaterials.

6.3 Concluding Remarks

The work presented in this dissertation demonstrates the cell-specific chemotactic effects
of the dual-functional MSC-binding and mineral-binding peptide DPI-VTK and its applications
in bone tissue engineering. Findings resulting from these experiments demonstrate the potential
for developing cell-specific biomolecule functionalized materials using phage display
technology. Future work with the DPI-VTK peptide can help further understand the specific-cell
population that it attracts and help expand knowledge on osteogenic stem cells for bone tissue
engineering. Although the dual-functional BMP-derived and mineral binding peptide KIP-VTK

failed to show any synergistic relationship with DPI-VTK, the studies presented in this work can

121



help guide design of future dual-functional peptides by understanding the limitations of this
approach. Overall, this thesis furthers our understanding of dual-functional peptides for the
application of bone tissue engineering by demonstrating the capabilities of phage display to
develop novel cell-specific peptides that can promote both migration and adhesion of

mesenchymal stem cells.
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Appendix

Appendix A

Bioceramics?
Introduction

The clinical goal when using ceramic biomaterials, as with any biomaterial, is to replace
lost tissue structure and/or function. The rationale for using ceramics in medicine and dentistry
was initially based upon the relative biological inertness of ceramic materials compared to metals.
However, in the past 30 years, emphasis has shifted towards the use of bioactive ceramics,
materials that elicit normal tissue formation and also form an intimate bond with tissue through
partial dissolution of the material surface. Bioceramics are also used in conjunction with biological
therapies, where the ceramic delivers cells, proteins and/or genes, with an end-goal of regenerating
functional tissue.

Ceramic biomaterials are processed to yield one of four types of surfaces and associated
mechanisms of tissue attachment (Kohn and Ducheyne, 1992): (1) fully dense, relatively inert
crystalline ceramics that attach to tissue by either a press fit, tissue growth onto a roughened
surface, or via a grouting agent; (2) porous, relatively inert ceramics, where tissue grows into the

pores, creating a mechanical attachment between the implant and tissue; (3) fully dense, surface

2 Published as Madsen, E; Kohn, D. Biomedical Engineering Fundamentals, 3rd Edition, M. Kutz, McGraw-Hill,
New York, 2019
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reactive ceramics, which attach to tissue via a chemical bond; and (4) resorbable ceramics that
integrate with tissue and eventually are replaced by new or existing host tissue. Ceramics may
therefore be classified by their macroscopic surface characteristics (smooth, fully dense,
roughened or porous) or their chemical stability (inert, surface reactive or bulk
reactive/resorbable). The integration of biological (i.e. inductive) agents with ceramics further
expands the clinical potential of these materials.

Relatively inert ceramics elicit minimal tissue response and lead to a thin layer of fibrous
tissue adjacent to the ceramic surface. Surface-active ceramics are partially soluble, resulting in
ion-exchange and the potential to lead a direct chemical bond with tissue. Bulk bioactive ceramics
are fully resorbable, have greater solubility than surface-active ceramics, and may be replaced by
an equivalent volume of regenerated tissue. The relative level of bioactivity mediates the thickness
of the interfacial zone between the biomaterial surface and host tissue (Fig. 1). There are no
standardized measures of "reactivity", but the most common are pH changes, ion solubility, tissue
reaction, and assays for cell function.

Five main ceramics are used for musculoskeletal reconstruction and regeneration: carbon
(Christel et al. 1987, More et al., 2004), alumina (Al2O3) (Kohn and Ducheyne 1992, Popat &
Desai 2013, Hannouche et al. 2013), zirconia (ZrOz) (Kohn and Ducheyne 1992, Cales and Stefani
1995), bioactive glasses and glass ceramics (Kohn and Ducheyne 1992, Ducheyne 1985, Hench &
Best 2013) and calcium-phosphates (Kohn and Ducheyne 1992, Van Raemdonck et al. 1984).

In this Chapter, 3 types of bioceramics (bioinert, surface bioactive, bulk bioactive) are
discussed, with a focus on musculoskeletal and dental applications. A materials science approach
is taken to address design issues of importance to a biomedical engineer; the processing-structure-

composition-property synergy is discussed for each material, then properties important to the
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design and clinical success of each class of bioceramic are presented. Within the framework of
discussing the processing-composition-structure synergy, issues of material selection, service

conditions, fabrication routes and characterization methodologies are discussed.

Bioinert Ceramics

Ceramics are fully oxidized materials and are therefore chemically stable and less likely to
elicit an adverse biological response than metals, which only oxidize at their surface. Three types
of "inert" ceramics are of interest in musculoskeletal applications: carbon, alumina and zirconia.
Carbon

The benign biological reaction to carbon-based materials, along with the similarity in
stiffness and strength between carbon and bone, made carbon a candidate material for
musculoskeletal reconstruction almost 50 years ago (Bokros et al. 1972). Carbon has a hexagonal
crystal structure that is formed by covalent bonds. Graphite has a planar hexagonal array structure,
with a crystal size of approximately 1000A (Bokros 1978). The carbon-carbon bond energy within
the planes is large (114 kcal/mol), whereas the bond between the planes is weak (4 kcal/mol)
(Hench and Ethridge 1982). Therefore, carbon derives its strength from the strong in-plane bonds,
whereas the weak bonding between the planes results in a low modulus, near that of bone (Bokros
1978).

Isotropic carbon, on the other hand, has no preferred crystal orientation and therefore
possesses isotropic material properties. Pyrolytic carbons are formed by the deposition of carbon
from a fluidized bed onto a substrate. The fluidized bed is formed from pyrolysis of hydrocarbon
gas (Hench and Ethridge 1982). Low temperature isotropic (LTI) carbons are formed at

temperatures below 1500°C. LTI pyrolytic carbon possesses good wear resistance and
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incorporation of silicon can further increase wear resistance (Bokros 1978). Vitreous carbon is a
fine-grained polycrystalline material formed by slow heating of a polymer. Upon heating, the
more volatile components diffuse from the structure and only carbon remains (Hench and Ethridge
1982). Properties of all three forms of carbon are summarized in Table 1.

Deposition of LTI coatings onto metal substrates is limited by the brittleness of the coatings
. Carbon may also be vapor deposited onto a substrate by the evaporation of carbon atoms from a
high temperature source and subsequent condensation onto a low temperature substrate (Hench
and Ethridge 1982). Vapor deposited coatings are ~ 10Jm thick, allowing properties of the
substrate to be retained. Diamond-like carbon (DLC) coatings also improve fixation to bone
(Koistinen et al. 2005, Reikeras et al. 2004) and wear resistance (Allen et al. 2001). Carbon-based
thin films are produced from solid carbon or liquid/gaseous hydrocarbon sources, using ion beam
or plasma deposition techniques, and have properties intermediate to those of graphite and
diamond (Allen et al. 2001).

With the advent of nanotechnology, interest in carbon has been rekindled, in the form of
carbon nanotubes (CNTs). CNTs have been proposed as scaffolds to support osteoconductivity
(Zanello et al. 2006) and as a second phase in polymer scaffolds (Shi et al. 2006). Carbon
nanotubes can guide the spatial deposition of mineral in hydrogels (Cancian et al. 2016). Carbon
nanotubes have also been combined with hydroxyapatite and collagen to make composites.
CNT/collagen/HA composites exhibit increased stiffness, MSC proliferation, spreading,
osteogenic gene expression, and bone formation (Jing et al. 2017). Despite these many uses, there
are concerns about toxicity. Several mechanisms of toxicity have been proposed, including trace
metals generating reactive oxygen species, membrane rupture, and disruption of biochemical

processes. Smaller sized carbon nanotubes are especially toxic due to increased surface area. The
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toxic effects are greatest when the carbon nanotubes are dispersed or in suspension, and minimized
when bound to a substrate (Newman et al. 2013).
Alumina

High density, high purity, polycrystalline alumina is used for femoral stems, femoral heads,
acetabular components and dental implants (Kohn and Ducheyne 1992, Boutin et al. 1988, Heimke
et al. 2002, Nizard et al. 2008, Tateiwa et al. 2008, Hannouche et al. 2011, Popat & Desai 2013).
Ion-modified and nanostructured Al,Os have been synthesized, to increase strength and bioactivity
(Webster et al. 2000, Zreiqat et al. 1999). In addition to chemical stability another attribute of
alumina is wear resistance. A main motivation for using alumina in orthopaedic surgery is to
increase tribological properties, and many total hip replacements are now designed as modular
devices —i.e. an alumina femoral head is press-fit onto the neck of a metal femoral stem.

High purity alumina powder is isostatically compacted and shaped. Sintering (1600-
1800°C) transforms a preform into a dense polycrystalline solid having a grain size < 5[Jm (Boutin
et al. 1988). Single crystals (sapphire) may be grown by feeding powder onto a seed and allowing
build up.

The mechanical properties of alumina are a function of purity, grain size, grain size
distribution, porosity and inclusions (Kohn and Ducheyne 1992, Boutin et al. 1988, Dorre and
Dawihl 1980) (Table 1). The elastic modulus of dense alumina is 2-4 fold greater than that of
metals used in bone and joint reconstruction. Both grain size (d) and porosity (P, 0< P<1) affect
strength (1) via power law and exponential relations, respectively (Egs. 1,2), where [l is the
strength of the dense ceramic, A, n and B are material constants, experimentally determined, and
nis~0.5.

] =Ad™ (1)
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(p= g eBP (2)

Decreasing grain size of from 7 to 4[Jm increases strength by ~ 20% (Dorre and Dawihl 1980). It
is now possible to fabricate alumina with grain sizes ~ 1['m increasing strength further. Wear in
alumina-alumina bearing couples can be 10 times less than in metal-polyethylene systems
(Hannouche et al. 2011, Lusty et al. 2007).

The major limitation of alumina is its low fracture toughness. As a consequence, alumina
is sensitive to stress concentrations and overloading. Retrieved alumina total hip replacements
exhibit damage caused by fatigue, impact or overload (Walter and Lang 1986).

Zirconia

Yttrium oxide partially stabilized zirconia (YPSZ) is an alternative to alumina, and there
are > 500,000 zirconia components in clinical use (Mantripragada et al. 2013). YPSZ has a higher
toughness than alumina, since it can be transformation toughened, and is used in bulk form or as a
coating (Filiaggi et al. 1996).

At room temperature, pure zirconia has a monoclinic crystal symmetry. Upon heating, it
transforms to a tetragonal phase at ~ 1000-1100°C, and then to a cubic phase at approximately
2000°C (Fig. 2). A partially reversible volumetric shrinkage (density increase) of 3-10% occurs
during the monoclinic to tetragonal transformation (Christel et al. 1989). The volumetric changes
resulting from the phase transformations can lead to residual stresses and cracking. Because of
the large volume reduction, pure zirconia cannot be sintered. However, sintering and phase
transformations can be controlled via the addition of stabilizing oxides. Yttrium oxide (Y203)

stabilizes the tetragonal phase such that upon cooling the tetragonal crystals are maintained in a
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metastable state and do not transform back to a monoclinic structure. The tetragonal to monoclinic
transformation and volume change are also prevented by neighboring grains inducing compressive
stresses on one another (Christel et al. 1989).

The modulus of partially stabilized zirconia is approximately half that of alumina, while
the bending strength and fracture toughness are 2-3 times greater (Table 1). The strength and
toughness result from transformation toughening, where crack nucleation and propagation lead to
locally elevated stresses and energy in the tetragonal crystals surrounding the crack-tip (Fig. 3).
The elevated energy induces the metastable tetragonal grains to locally transform into monoclinic
grains. Since the monoclinic grains are larger than the tetragonal grains, there is a local volume
increase, compressive stresses are induced, more energy is needed to advance the crack, and crack
blunting occurs.

The wear rate of YPSZ on UHMWPE is variable, but can be less than the wear rate of
alumina on UHMWPE (Chen et al. 2016). Wear resistance is a function of grain size, surface
roughness and residual compressive stresses induced by the phase transformation. The increased
mechanical and tribological properties of zirconia may allow for smaller diameter femoral heads
to be used in comparison to alumina.

Partially stabilized zirconia is typically shaped by cold isostatic pressing and then densified
by sintering.  The material is usually presintered until 95% dense and then HIP-ed to remove
residual porosity (Christel et al. 1989). Sintering can be performed without inducing grain growth,
and final grain sizes can be less than 10m.

Zirconia has seen increasing use in dentistry as a material for crown restorations, bridges
and onlays/inlays. CAD/CAM systems that can mill such restorations from a ceramic block make

zirconia attractive compared to full cast metal and porcelain fused to metal restorations that require
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time-consuming casting techniques to fabricate (Bona et al. 2015). Zirconia dental implants have
also received much attention as an alternative to titanium due to improved aesthetics. Despite good
osseointegration, zirconia implants have ncreased risk of fracture, although there is a lack of long-
term clinical studies (Cionca et al. 2017).

Critical Properties of Bioinert Ceramics

Properties of bioinert ceramics important for their long-term clinical function include
stiffness, strength, toughness, wear resistance and biological response. Stiffness represents a
gauge of the mechanical interaction between an implant and surrounding tissue. Stiffness is a
determinant of the magnitude and distribution of stresses at a biomaterial/tissue interface, and
dictates the potential for stress shielding. Load-bearing biomaterials must also be designed to
ensure that they maintain their structural integrity — i.e. designed to be fail-safe at stresses above
peak in-service stresses for a lifetime greater than the expected service life of the prosthesis. Thus,
the static (tensile, compressive and flexural strength), dynamic (high cycle fatigue) and toughness
properties of ceramics, in physiological media, under a multitude of loading conditions and rates
must be well-characterized.

Although knowledge of these properties is an important aspect of bioceramic design, the
mechanical integrity of a bioceramic is also dependent on its processing, size and shape. Failure
of ceramics usually initiates at a critical defect, at a stress level that depends on the geometry of
the defect. To account for these variables and minimize the probability of failure, fracture
mechanics and statistical distributions are used to predict failure probability at different load levels

(Soltesz and Richter 1984).

Bioactive Ceramics
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The concept of bioactivity originated with bioactive glasses via the hypothesis that the
biocompatibility of an implant is optimal if it elicits the formation of normal tissues at its surface,
and if it establishes a contiguous interface capable of supporting the loads which occur at the site
of implantation (Hench et al. 1972). Three classes of ceramics may fulfill these requirements:
bioactive glasses and glass ceramics, calcium phosphate ceramics and composites of gasses and
ceramics. Incorporation of inductive factors into each of these ceramics may enhance bioactivity.
These different classes of ceramics (and biological constituents) are used in a variety of
applications, including: bulk implants (surface active), coatings on metal or ceramic implants
(surface active), permanent bone augmentation devices/scaffold materials (surface active),
temporary scaffolds for tissue engineering (surface or bulk active), fillers in cements or scaffolds
(surface or bulk active), and drug delivery vehicles (bulk active).

The nature of the biomaterial/tissue interface and reactions (e.g. ion-exchange) at the
ceramic surface dictate mechanical, chemical, physical and biological properties. For resorbable
materials, additional design requirements include: the need to maintain strength and stability of
the material/tissue interface during material degradation and host tissue regeneration; material
resorption and tissue repair/regeneration rates should be matched; and the resorbable material
should consist only of metabolically acceptable species.

Bioactive Glasses and Glass Ceramics

Bioactive glasses are used as bulk implants, coatings on metal or ceramic implants, and
scaffolds for guiding biological therapies (Kohn and Ducheyne 1992, Hench & Best 2013, Brauer
et al. 2015, Jones 2015) (Table 2). Chemical reactions are limited to the surface (~300-5001m)

of the glass, and bulk properties are not affected by surface reactivity. The degree of activity and
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physiologic response are dependent on the chemical composition of the glass, and may vary by
over an order of magnitude.

Ceravital, a variation of Bioglass®, is a glass-ceramic. The seed material is quench melted
to form a glass, then heat-treated to form nuclei for crystal growth and transformation from a glass
to a ceramic. Ceravital has a different alkali oxide concentration than bioglass — small amounts of
alkaline oxides are added to control dissolution rates (Table 2) - but the physiological response to
both glasses is similar (Gross and Strunz 1980). A glass-ceramic containing crystalline oxyapatite,
fluorapatite and [J-wollastonite in a glassy matrix, denoted glass-ceramic A-W, is another
bioactive glass ceramic (Kitsugi et al. 1986, Kokubu et al. 1990, Nakamura et al. 1985). A-W
glass-ceramic bonds to bone through a thin calcium and phosphorus-rich layer which is formed at
the surface of the glass-ceramic (Kitsugi et al. 1986, Nakamura et al. 1985). In-vitro, if the
physiological environment is correctly simulated in terms of ion concentration, pH and
temperature, this layer consists of small carbonated hydroxyapatite (HA) crystallites with a
defective structure, and the composition and structural characteristics are similar to those of bone
(Kokubu et al. 1990).

Glass and glass-ceramics interact with the physiological microenvironment because
ceramics are susceptible to surface changes in an aqueous media. Lower valence ions segregate
to surfaces and grain boundaries, leading to concentration gradients and ion exchange. These
reactions are dependent on the local pH and can be biologically beneficial or adverse.

When placed in physiological media, bioactive glasses leach Na* ions, and subsequently
K*, Ca*", P>, Si* and Si-OH. These ionic species are replaced with H3O" ions from the media
through an ion exchange reaction which produces a silica-rich gel surface layer. The depletion of

H*/H3O0" ions in solution causes a pH increase, which further drives dissolution of the glass
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surface. The high surface area silica-rich surface gel chelates calcium and phosphate ions, and a
Ca-P-rich, amorphous apatite layer forms on top of the silica-rich layer. ~The amorphous Ca-P
layer eventually crystallizes and CO3? substitutes for OH" in the apatite lattice, leading to the
formation of carbonated apatite. Bioactive glasses have also been prepared with added strontium,
and Sr-doped glassdownregulates RANKL while upregulating OPG, demonstrating the potential
to modulate both bone resorption and formation (Fiorilli et al. 2018).

In parallel with these physical/chemical-mediated reactions, in an in-vivo setting, proteins
adsorb/desorb from the silica gel and carbonate layers. The bioactive surface and preferential
protein adsorption can enhance attachment, differentiation and proliferation of osteoblasts and
secretion of an extracellular matrix (ECM). Crystallization of carbonated apatite within an ordered
collagen matrix leads to an interfacial bond.

The rate of change of the glass surface, R, is quantified as the sum of the reaction rates of
each stage of the reaction (Hench & Best 2013):

R = -kt%5 -kot!0 + kst' 0 + kat¥ + kst? 3)
where: k; is the rate constant for each stage, i and represents, respectively, the rate of exchange
between alkali cations in glass and H"/H30" in solution (k), interfacial SiO> network dissolution
(k2), repolymerization of SiO> (ks3), carbonate precipitation and growth (ks4), and other precipitation
reactions (ks). Using these rates, the following design criterion may be established: the kinetics of
each stage, especially Stage 4, should match the rate of biomineralization in-vivo. For R >> in-
vivo rates, resorption will occur, whereas if R << in-vivo rates, the glass will be non-bioactive
(Hench & Best 2013).

The degree of activity and physiological response (e.g. rates of formation of the Ca-P

surface and glass/tissue bond) therefore depend on the glass composition and time, and are
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mediated by the biomaterial, solution and cells. The dependence of reactivity and rate of bond
formation on glass composition is defined by the ratio of network former to network modifier:
Si0,/[Ca0 + NaO + K»O] (Hench and Clark 1982). The higher this ratio, the less soluble the
glass, and the slower the rate of bone formation. A SiO2-NaO-CaO ternary diagram (Fig. 4) is
useful to quantify the relationship between composition and biological response (Hench and Best
2004). The diagram may be divided into 3 zones: Zone A - bioactive bone bonding: glasses are

characterized by CaO/P,0s ratios > 5 and SiO,/[CaO + Na,O] < 2; Zone B — nearly inert: bone

bonding does not occur (only fibrous tissue formation occurs), because the SiO> content is too high
and reactivity is too low - these high SiO; glasses develop only a surface hydration layer or too
dense of a silica-rich layer to enable further dissolution and ion exchange; Zone C — resorbable
glasses: no bone bonding occurs because reactivity is too high and SiO; undergoes rapid selective
alkali ion exchange with protons or H3O", leading to a thick but porous unprotected SiO»-rich film
that dissociates at a high rate.

The level of bioactivity is related to bone formation via an Index of Bioactivity, Ig, which
is related to the amount of time it takes for 50% of the interface to be bonded (Hench & Best 2013):

Iz = 100/to 588 4
The compositional dependence of the biological response may be understood by iso-Ig contours
superposed onto the ternary diagram (Fig. 4). The cohesion strength of the glass/tissue interface
will be a function of surface area, thickness and stiffness of the interfacial zone, and is optimum
for Igs ~ 4 (Hench & Best 2013).
Calcium-Phosphate Ceramics

Among the calcium phosphates (Ca-P), the apatites, defined by the chemical formula

Mi10(XO4)sZ2, are most relevant to biomaterials Apatites form a range of solid solutions as a result
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of ion substitution at the M?*, XO4* or Z" sites. The M?* species is typically a bivalent metallic
cation, such as Ca?"or Sr**, the X4 species is typically POs*, and the monovalent Z" ions are
usually OH™ or F~ (Van Raemdonck et al. 1984). More complex ionic structures may also exist.
For example, replacing the two monovalent Z- ions with a bivalent ion, such as COs*, results in
the preservation of charge neutrality, but one anionic position becomes vacant. The M?* positions
may also have vacancies; in this case, charge neutrality is maintained by vacancies at the Z-
positions or by substitution of trivalent PO4*" ions with bivalent ions (Shin et al. 2007).

The most common apatite used in medicine and dentistry is hydroxyapatite,
Caio(PO4)s(OH). (Fig. 5). Hydroxyapatite has ideal weight percents of: 39.9% Ca, 18.5% P and
3.38% OH and an ideal Ca/P ratio of 1.67. The crystal structure and crystallization behavior of
HA are affected by ionic substitutions.

The impetus for using synthetic HA as a biomaterial stems from the hypothesis that a
material similar to the mineral phase in bone and teeth will have superior binding to mineralized
tissues and is therefore advantageous for replacing these tissues. Additional advantages include
elastic properties similar to bone, control of in-vivo degradation rates through control of material
properties, and the potential for ceramic to function as a barrier when coated onto a metal.

Most synthetic hydroxyapatites contain substitutions for the PO4* and/or OH" groups and
vary from the ideal stoichiometry and Ca/P ratios. Oxyhydroxyapatite, tricalcium phosphate,
tetracalcium phosphate and octocalcium phosphate have all been detected in commercially
available apatite implants (Table 3) (Segvich et al. 2008b).

Synthetic apatites are processed via hydrolysis, hydrothermal synthesis and exchange, sol-
gel techniques, wet chemistry, and conversion of natural bone and coral (Koeneman et al., 1990).

Differences in the structure, chemistry and composition arise from differences in processing
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techniques, time, temperature and atmosphere. Understanding the processing-composition-
structure-processing synergy for calcium phosphates is therefore critical to understanding the in-
vivo function of these materials. For example, at temperatures above 1050°C, HA decomposes
into [1-TCP and tetracalcium phosphate (Van Raemdonck et al. 1984), and at temperatures above
1350°C, U-TCP transforms into [I-TCP.

Bone bonding to calcium phosphates occurs by osteoblasts secreting a mineralized matrix
at the ceramic surface, resulting in a narrow, amorphous electron-dense band ~3-500m thick.
Collagen bundles form between this zone and cells. Bone mineral crystals nucleate within this
amorphous zone in the form of an octocalcium phosphate precursor phase and undergo a
conversion to HA. As the healing site matures, the bonding zone shrinks to ~0.05-0.2[Jm, and
bone attaches through a thin epitaxial layer as the growing bone crystals align with apatite crystals
of the material (de Brujin et al. 1995).

Calcium-phosphates are used as coatings on dense and porous implants to accelerate
fixation to tissue (Kohn and Ducheyne 1992, Ducheyne et al. 1980, Oonishi et al. 1994, Ong &
Chan 2017). Bond strength to bone, solubility and in-vivo function vary, suggesting a window of
material variability in parallel with a window of biological variability.

Processing techniques used to bond Ca-P powders to substrates include plasma and
thermal-spraying, sintering, ion-beam and other sputter techniques, electrophoretic deposition ,
sol-gel techniques, pulsed laser deposition and chemical vapor deposition (de Groot et al. 1987,
Ducheyne et al. 1990, Wolke et al. 1994, Chai et al. 1998, Garcia et al. 1998). Different structures
and compositions result from different processing approaches, and modulate biological reactions.
For example, increased Ca/P ratios, fluorine and carbonate content, and crystallinity lead to greater

stability. Ca/P ratios in the range 1.5 - 1.67 yield the most beneficial tissue response.
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Much interest exists in creating synthetic apatites with altered stoichiometries. For
example, strontium doped apatites increase osteoblastgenesis, while inhibiting osteoclastgenesis,
and have been used as a pharmaceutical agent to treat osteoporosis. This provides a mechanism
for strontium apatite to enhance bone formation (Chandran et al. 2016, Schumacher, et al. 2016).

Bioactive ceramics exhibit low strength and toughness, as the design requirement of
bioactivity supercedes mechanical property requirements. Bioceramic composites have been
synthesized as a means of increasing the mechanical properties of bioactive materials. Three
approaches are used in developing bioceramic composites: (1) utilize the beneficial biological
response to bioceramics, but reinforce the ceramic with a second phase, (2) utilize bioceramics as
the second phase to achieve strength and toughness, and (3) synthesize transient scaffold materials
for tissue (re)generation.

Critical Properties of Bioactive Ceramics

Important needs in bioactive ceramics research and development include: characterization
of the processing-composition-structure-property synergy, characterization of in-vivo function,
and establishing predictive relationships between in-vitro and in-vivo outcomes. Understanding
reactions at the ceramic surface and increasing ceramic/tissue bond strength depend on: (1)
characterization of surface activity, including surface analysis, biochemistry and ion transport, (2)
physical-chemistry, pertaining to strength and degradation, stability of the tissue/ceramic interface
and tissue resorption, and (3) biomechanics, as related to strength, stiffness, design, wear and tissue
remodeling.

Physical/chemical properties that are important to characterize and relate to biological

response include: powder particle size and shape, pore size, shape and distribution, specific surface
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area, phases present, crystal structure and size, grain size, density, coating thickness, hardness and
surface roughness (Table 4).

An additional factor that should be considered in evaluating chemical stability and surface
activity of bioceramics is the aqueous microenvironment. The type and concentration of
electrolytes in solution and the presence of proteins or cells influence how the ceramic surface
changesA solution with constituents, concentrations and pH equivalent to human plasma most
accurately reproduces surface changes observed in-vivo, whereas standard buffers do not
reproduce these changes (Kokubo et al. 1990).

Surface analyses can be accomplished with solution chemical methods, such as atomic
absorption spectroscopy; physical methods, such as x-ray diffraction (XRD), electron microprobe
analysis (EMP), energy dispersive x-ray analysis (EDXA), Fourier transform infrared
spectroscopy (FTIR); and surface sensitive methods, such as AES, x-ray photoelectron
spectroscopy (XPS), and secondary ions mass spectroscopy (SIMS) (Fig. 6).

The major factors limiting expanded use of bioactive ceramics are their low tensile strength
and fracture toughness. The use of bioactive ceramics in bulk form is therefore limited to
applications in which service loads are compressive. Approaches that may allow ceramics to be
used in sites subjected to tensile stresses include: use of the bioactive ceramic as a coating on a
metal or ceramic substrate, strengthening the ceramic via crystallization or nanotechnology, and
reinforcing the ceramic with a second phase (Ducheyne et al. 1980, Gross et al. 1981, Kitsugi et
al. 1986, Li et al. 1995, Zhao et al. 2018, Siddiqui et al. 2018).

No matter which of these strategies is used, the ceramic must be stable, both chemically
and mechanically, until it fulfills its intended function(s). The property requirements depend upon

the application. For example, if a metallic total hip prosthesis is to be fixed to bone by coating the
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stem with a Ca-P coating, then the ceramic/metal bond must remain intact throughout the service-
life of the prosthesis. However, if the coating will be used on a porous coated prosthesis to
accelerate bone ingrowth into the pores of the metal, then the ceramic/metal bond need only be
stable until tissue ingrowth is achieved. A number of interfacial bond tests are available, including:
pull-out, lap-shear, 3 and 4 point bending, double cantilever beam, double torsion, indentation,

scratch tests, and interfacial fracture toughness tests.
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Ceramics for Tissue Engineering and Biological Therapies

An ideal tissue substitute would possess the biological advantages of an autograft and
supply advantages of an allograft, but alleviate the complications each of these grafts is subject to.
Such a construct would also satisfy design requirements of: (1) biocompatibility, (2)
osteoconductivity — it should provide an appropriate environment for attachment, proliferation and
function of osteoblasts or their progenitors, leading to secretion of a new bone ECM, (3) ability to
incorporate osteoinductive factors to direct and enhance new bone growth, (4) allow for ingrowth
of vascular tissue to ensure survival of transplanted cells and regenerated tissue, (5) mechanical
integrity to support loads at the implant site, (6) degradability, with controlled, predictable, and
reproducible rate of degradation into non-toxic species that are easily metabolized or excreted, and
(7) be easily processed into irregular 3D shapes. Particularly difficult is the integration of criteria
(4) and (5) into one design, since transport is maximized by maximizing porosity, while
mechanical properties are maximized by minimizing porosity.

One strategy to achieve these design goals is to create a composite graft in which
autogenous or allogenic cells (primary cells, cell lines, genetically modified cells or stem cells) are
seeded into a degradable biomaterial (scaffold) that serves as an ECM analogue and supports cell
adhesion, proliferation, differentiation and secretion of a natural ECM. Following cell-seeding,
cell/scaffold constructs may be immediately implanted or cultured further and then implanted. In
the latter case, the cells proliferate and secrete new ECM and factors necessary for tissue growth,
in-vitro, and the biomaterial/tissue construct is implanted as a graft. Once implanted, the scaffold
is also populated by cells from host tissue. Ideally, for bone regeneration, secretion of a calcified
ECM by osteoblasts and occurs concurrently with scaffold degradation. In the long-term, a

functional ECM and tissue are regenerated, and are devoid of any residual synthetic scaffold.
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Bone regeneration can be achieved by culturing cells capable of expressing the osteoblast
phenotype onto synthetic or natural materials that mimic aspects of natural ECMs. Bioceramics
that satisfy the design requirements listed above, include bioactive glasses and glass ceramics
(Reilly et al. 2007, El-Rashidy et al. 2017), HA, TCP and coral (Kruyt et al. 2004, Holtorf et al.
2005, Bouler et al. 2017, Denry & Kuhn 2018), HA and HA/TCP + collagen (Kuznetsov et al.
1997, Cholas et al. 2016), and polymer/apatite composites (Shin et al. 2007, Segvich et al. 2008a,
Thomson et al. 1998, Guillaume et al. 2017, Ramaraju et al. 2017, 2019). Varying biomaterial
properties leads to a variation in biological outcome (e.g. osteoblast or progenitor cell attachment
and proliferation, collagen and non-collagenous protein synthesis, RNA transcription) (Leonova
et al. 2006, Puleo et al. 1991, Ducheyne et al. 1994, El-Ghannam et al. 1997, Thomson et al. 1998,
Zreigat et al. 1999, Chou et al. 2005). The nature of the scaffold also affects in-vivo response (e.g.
progenitor cell differentiation to osteoblasts, amount and rate of bone formation, intensity or
duration of any transient or sustained inflammatory response) (Ohgushi et al. 1990, Kuznetsov et
al. 1997, Krebsbach et al. 1997,1998, James et al. 1999, Hartman et al. 2005, Rossello et al.,

2014).
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Biomimetic Ceramics

Biomimetic materials, or man-made materials that mimic select aspects of biology, are
hypothesized to lead to a superior biological response. Compared to synthetic materials, natural
biominerals reflect a remarkable level of control in their composition, size, shape and organization
at all levels of hierarchy (Lowenstein and Weiner 1989). A biomimetic mineral surface could
therefore promote preferential absorption of proteins that regulate adhesion of osteogenic
precursors and cell-mediated biomineralization. The rationale for using biomimetic mineralization
as a material design strategy is based on the mechanisms of biomineralization (Lowenstein and
Weiner 1989, Mann and Ozin 1996) and bioactive material function (Section III). Bioactive
ceramics bond to bone through a layer of bone-like apatite, which forms on the surfaces of these
materials in-vivo, and is characterized by a carbonate-containing apatite with small crystallites and
defective structure (Nakamura et al. 1985, Combes and Rey 2002, Kokubo and Takadama 2006).
This type of apatite is not observed at the interface between non-bioactive materials and bone and
it has been suggested, but not universally agreed upon, that non-bioactive materials do not exhibit
surface-dependent cell differentiation (Ohgushi and Caplan 1999). It is therefore hypothesized that
a requirement for a biomaterial to bond to bone is the formation of a biologically active bone-like
apatite layer (Ducheyne 1987, Nakamura et al. 1985, Kokubo and Takadama 2006).

A bone-like apatite layer can be formed in-vitro at STP conditions (Murphy et al. 2000,
Shin et al. 2007, 2017, Bunker et al. 1994, Wen et al. 1997, Kokubo & Yamaguchi 2019),
providing a strategy to control the in-vivo response to a biomaterial. The basis for synthesizing
bone-like mineral in a biomimetic fashion lies in the observation that in nature, organisms use
macromolecules to control mineral nucleation and growth (Weiner 1986, Bunker et al. 1994).
Macromolecules usually contain functional groups that are negatively charged at the crystallization

pH (Weiner 1986), enabling them to chelate ions present in the surrounding media which stimulate
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crystal nucleation (Bunker et al. 1994). The key requirement is to chemically modify a substrate
to induce heterogeneous nucleation of mineral from a solution (Bunker et al. 1994). Biomimetic
processes are guided by the pH and ionic concentration of the microenvironment, and conditions
conducive to heterogeneous nucleation will support epitaxial growth of mineral (Fig. 7).

Surface functionalization may be achieved via hydrolysis, grafting, self-assembled
monolayers, irradiation or alkaline treatment (Murphy et al. 2000, Shin et al. 2007, Tanahashi et
al. 1995, Yamamoto et al. 1997, Wu et al. 1997, Hanawa et al. 1998, Kokubo & Yamaguchi 2019).
This biomimetic strategy has been used with metals to accelerate osseointegration (Kohn 1998,
Campbell et al. 1996, Wen et al. 1997, Hanawa et al. 1998, Kokubo & Yamaguchi 2016) as well
as glasses, ceramics and polymers (Murphy et al. 2000, Shin et al. 2007, Segvich et al. 2008a,
Hong et al. 2008, Tanahashi et al. 1995, Yamamoto et al. 1997, Wu et al. 1997, Kamei et al. 1997,
Du et al. 1999, Taguchi et al. 1999, Chou et al. 2005).

As an example of this biomimetic strategy, porous polyester scaffolds incubated in a
simulated body fluid (SBF, a supersaturated salt solution with a composition and ionic
concentrations approximating those of plasma), exhibit coordinated surface functionalization,
nucleation and growth of a continuous bone-like apatite layer on the polymer surfaces and within
the pores (Fig. 8) after relatively short incubation times (Murphy et al. 2000, Shin et al. 2007,
Segvich et al. 2008a). FTIR analyses confirm the nature of the bone-like mineral, and ability to
control mineral composition via controlling the ionic activity product (IP) of the SBF (Fig. 9). As
IP increases, more mineral grows on the scaffold pore surfaces, but the apatite is less crystalline
and the Ca/P molar ratio decreases. Since mineral composition and structure affect cell function,
the IP of the mineralization solution is an important modulator of both material properties and

biological outcomes. Mineralization of the polymer substrate also results in a 5-fold increase in
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compressive modulus, without a significant reduction in scaffold porosity (Murphy et al. 2000).
The increase in mechanical properties with the addition of only a thin sheath of mineral is
important in light of the competing design requirements of transport and mechanics, which
frequently may only be balanced by choosing an intermediate porosity.

The self-assembly of mineral within the pores of a polymer scaffold enhances cell
adhesion, proliferation and osteogenic differentiation, as well as modulates cytoskeletal
organization and cell motility in-vitro (Rossello & Kohn 2014, Leonova et al 2006). When
progenitor cells are transplanted on these materials, a larger and more spatially uniform volume of
bone is regenerated, compared to unmineralized templates (Rossello & Kohn 2014). An additional
benefit of biomimetic processing (room temperature, atmospheric pressure) is that growth factors
and plasmid DNA can be incorporated into the mineral without concern for denaturing (Fig. 10)
(Luong et al. 2006, 2009, 2012, Segvich et al. 2008a). Biomineralized materials can serve as a
platform for conductive, inductive and cell transplantation approaches to regeneration, and fulfill
the majority of the design requirements outlined above.

Inorganic/Organic Hybrid Biomimetics

Mineral-organic hybrids consisting of bone like apatites combined with inductive factors,
can increase cell proliferation, differentiation, and bone formation. The method of combining
inorganic mineral with organic factors can influence the release profile and, therefore, influence
the response of cells. The most basic method of incorporating proteins into ceramics is adsorption,
where the factor is loosely bound to the ceramic surface by submersion or pipetting. A second
way of incorporating protein with apatite is to create microcarriers that allow HA crystals to form

in the presence of protein or allow protein to adsorb to the HA (Ijntema et al. 1994) Barroug and
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Glimcher 2002, Matsumoto et al. 2004). A third method of protein incorporation is
coprecipitation, in which protein is added to SBF and becomes incorporated into the bone-like
apatite during calcium phosphate precipitation. Organic/inorganic hybrids combine the
osteoconductive properties provided by the apatite with the osteoinductive potential provided by
growth factors, DNA, and peptides.

Through coprecipitation, BMP-2 has been incorporated into biomimetic coatings deposited
on titanium, and biological activity has been retained (Liu et al. 2004). Biomolecules can be
incorporated at different stages of calcium phosphate nucleation and growth (Fig. 10) (Luong et
al. 2006, Azevedo et al. 2005), enabling spatial localization of the biomolecule through the apatite
thickness, and controlling its release. With spatial localization, there is also the potential for
delivery of multiple biomolecules.

Techniques used to incorporate growth factors into bone-like mineral can also be used to
incorporate genes. One of the most common methods of gene delivery is to encapsulate DNA
within a Ca-P precipitate (Jordan et al 1996). This method protects DNA from degradation and
encourages cellular uptake, but DNA is released in a burst. By utilizing coprecipitation to
incorporate plasmid DNA into a biomimetic apatite layer, more sustained release can be achieved
(Luong et al., 2009). The mineral increases substrate stiffness, which also enhances cellular uptake
of plasmid DNA (Kong et al. 2005).

Following co-precipitation, the release of biological factors and resultant biological
responses are influenced by many variables, including the concentration of the factor, the
expression of the receptors that are affected by the presence of the factor, the physical
characteristics of the delivery substrate and mineral/organic coating, and the site of implantation.

Release kinetics can be controlled via diffusion of the biological factor, dissolution/degradation of
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the carrier and/or osmotic effects. For delivery systems based on co-precipitation of a biological
molecule with a biomineral, the dissolution mechanisms of mineral are the most important.

Mineral dissolution is controlled by factors associated with the solution (pH, saturation),
bulk solid (solubility, chemical composition), and surface (adsorbed ions, phases). The apatite
that is typically formed from a supersaturated ionic solution is carbonated (Shin et al. 2007). The
presence of carbonate in an apatite lattice influences crystallinity and solubility (McElderry et al.
2013). The dissolution rate of carbonated HA depends pH, and occurs with the protonation of the
carbonate or phosphate group to form either carbonic acid or phosphoric acid (Hankermeyer et al.
2002).

Proteins simply adsorbed to an apatite surface are released in a burst, with most of the protein
released within the first 6 hours. In comparison, less than 1% of the protein incorporated within
bone-like apatite is released after 5 days (Liu et al. 2001). With coprecipitation, a sustained release
occurs because protein is incorporated within the apatite matrix, rather than just a superficial
association (Liu et al. 2001). The affinity a protein has for apatite influences the dissolution rate
of the mineral and, therefore, the release rate. Since protein release is proportional to apatite
dissolution, the possibility of temporally controlling the release profile, as well as developing
multi-factor delivery systems is possible due the ability to spatially localize the protein within the
biomimetically nucleated mineral (Luong et al. 2006, 2012).

In addition to controlling cell function via biomolecular incorporation within apatite, another
strategy is to present biomolecules on a biomimetic surface. While the objective of coprecipitation
is to control spatial and temporal release of biomolecules, the objective of presenting peptides with
conformational specificity on a material surface is to recruit a population of cells that can initiate

the early stages of bone regeneration. Proteins, growth factors, and peptides have been ionically
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or covalently attached to biomaterial surfaces to increase cell adhesion, and ultimately, the amount
of tissue regeneration. Proteins are prone to degradation and can change conformation because
they possess domains with varying hydrophobicities. On the other hand, peptides can mimic the
same response as a protein while being smaller, cheaper, and less susceptible to degradation.
Peptides have a greater potential for controlling initial biological activity, because they can contain
specific target amino acid sequences and can permit control of hydrophilic properties through
sequence design (Ladner et al. 2004).

Identification of cell recognition sequences has motivated the development of bioactive
materials that can recruit cells to adhere to a material surface via specific integrin mediated
bonding. One peptide sequence that interacts with a variety of cell adhesion receptors is the RGD
(Arg-Gly-Asp) sequence. Other peptide sequences have been designed to mimic sections of the
ECM proteins bone sialoprotein, osteopontin, fibronectin, statherin, elastin and osteonectin
(Fujisawa et al. 1997, Gilbert et al. 2000, Simionescu et al. 2005). Peptide sequences with
preferential affinity to HA and bone-like mineral have been discovered using phage display
libraries (Segvich et al. 2009).

Non-specific adsorption of peptides onto the surface of bioceramics can be a simple but
sufficient method for inducing a biological reaction. An excellent example of this is the P15
peptide, a collagen derived peptide that supports bone formation when adsorbed onto HA. Pepgen-
P15, is a commercially available product that consists of P15 peptide adsorbed onto bovine derived
bone particles (Gomar et al. 2007). RGD peptides have also been adsorbed onto HA, but reduce
cell adhesion due to competing interactions with serum proteins such as fibronectins (Hennessy et

al. 2008).
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The lack of affinity of many of these peptides to apatite results in poor adsorption or non-
optimal orientation, the development of more effective ways to functionalize ceramic surfaces.
One strategy is to use chemical crosslinking to covalently couple the active domains of the peptide
onto the ceramic the surface. For example, silane agents can react with hydroxyl groups on the
surface of zirconia to functionalize the surface with chemically active groups such as amines,
carboxylates, or alkyl halides. Subsequently, proteins and peptides can be coupled via amino and
carboxyl groups with the aid of crosslinking agents (Fernandez-Garcia et al. 2015).

Covalent coupling is not effective for calcium phosphate ceramics such as hydroxyapatite
due to their ionic nature. Another strategy is to use peptide sequences with preferential affinity for
apatite. Polyglutamate sequences have high affinity for HA via electrostatic binding due to their
strong negative charge and are found in naturally occurring bone-binding proteins such as
osteonectin (Fujisawa et al. 1997). Phage display, a high throughput screening technique, has been
used to identify peptides with strong affinity for apatite. These peptides include the
VTKHLNQISQSY (VTK) sequence, which has preferential affinity for the biomimetic carbonated
apatite found in bone like mineral (BLM) versus highly crystalline stoichiometric HA (Segvich et
al. 2009) and SVSVGMKPSPRP (Roy et al. 2008).

While these mineral binding sequences have no inherent cell-binding capabilities, they can
be coupled to cell binding sequences. For example, the sequence EEEEEEEPRGDT contains both
polyglutamate and RGD, and increases osteoblast attachment and differentiation on mineral
substrates (Fujisawa et al. 1997, Itoh et al. 2002). Collagen derived peptide DGEA has also been
combined with polyglutamate, resulting in 9 times greater loading onto allograft and significantly
increased peptide density (Culpepper et al. 2012). The VTK peptide was coupled to a

mesenchymal stem cell binding peptide DPIYALSWSGMA (DPI) and the dual-peptide DPI-VTK
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enhanced attachment of MSCs to mineralized scaffolds (Ramaraju et al 2017). Interestingly, this
dual peptide retains its high affinity for hydroxyapatite despite containing no net charge. DPI-VTK
mediates both the magnitude and specificity of MSC attachment to biomimetic apatite (Ramaraju
et al. 2017). When adsorbed onto 3-dimentional mineralized scaffolds and seeded with iPS-MSCs,
DPI-VTK increased bone and vasculature formation in vivo (Ramaraju et al. 2019).
Hydroxyapatite nanoparticles are another application of inorganic/organic hybrid
materials. Different preparation methodologies have been used, including chemical precipitation,
emulsions, electrospraying, vapor deposition, and hydrothermal methods (Haider et al. 2017).
Bioactive molecules can be incorporated into nanoparticles through encapsulation, co-
precipitation, and surface adsorption (Munir et al. 2018, Xie et al. 2010). Growth factors such as
BMP-2 have been incorporated into these particles for controlled delivery (Xie et al. 2010).
Another potential application of nanoparticles is a controlled release system for antibiotics for the
treatment of bone infections (Munir et al. 2018). HA nanoparticles have also been used to fabricate

larger and more complex constructs such as microspheres (Bi et al. 2019).

Summary

Bioceramics have a long clinical history, especially in skeletal reconstruction and
regeneration. Bioceramics are classified as relatively inert (a minimal tissue response is elicited
and a layer of fibrous tissue forms adjacent to the implant), surface-active (partially soluble,
resulting in surface ion exchange with the microenvironment and leading to a direct chemical bond
with tissue), and bulk bioactive (fully resorbable, with the potential to be completely replaced with
de-novo tissue). Ceramics are processed via conventional materials science strategies, as well as

strategies inspired by nature. The biomimetic approaches discussed above, along with all other
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strategies to reproduce the design rules of biological systems, do not completely mimic nature.
Instead, just selected biological aspects are mimicked. However, if the selected biomimicry is
rationally designed into biomaterial, then the biological system will be able to respond in a more
controlled, predictable and efficient manner, providing an exciting new arena for biomaterials

research and development.
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