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DEVELOPMENT OF ELECTROSPUN BONE-MIMETIC MATRICES FOR BONE
REGENERATIVE APPLICATIONS

MATTHEW CHRISTOPHER PHIPPS
CELLULAR AND MOLECULAR PHYSIOLOGY
ABSTRACT
Although bone has a dramatic capacity for regeneration, certain injuries
and procedures present defects that are unable to heal properly, requiring surgical inter-
vention to induce and support osteoregeneration. Our research group has hypothesized
that the development of a biodegradable material that mimics the natural composition and
architecture of bone extracellular matrix has the potential to provide therapeutic benefit to
these patients. Utilizing a process known as electrospinning, our lab has developed a
bone-mimetic matrix (BMM) consisting of composite nanofibers of the mechanically sta-
ble polymer polycaprolactone (PCL), and the natural bone matrix molecules type-I colla-
gen and hydroxyapatite nanocrystals (HA). We herein show that BMMs supported great-
er adhesion, proliferation, and integrin activation of mesenchymal stem cells (MSCs), the
multipotent bone-progenitor cells within bone marrow and the periosteum, in comparison
to electrospun PCL alone. These cellular responses, which are essential early steps in the
process of bone regeneration, highlight the benefits of presenting cells with natural bone
molecules. Subsequently, evaluation of new bone formation in a rat cortical tibia defect
showed that BMMs are highly osteoconductive. However, these studies also revealed the
inability of endogenous cells to migrate within electrospun matrices due to the inherently
small pore sizes. To address this limitation, which will negatively impact the rate of scaf-
fold-to-bone turnover and inhibit vascularization, sacrificial fibers were added to the ma-

trix. The removal of these fibers after fabrication resulted in BMMSs with larger pores,
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leading to increased infiltration of MSCs and endogenous bone cells. Lastly, we evaluat-
ed the potential of our matrices to stimulate the recruitment of MSCs, a vital step in bone
healing, through the sustained delivery of platelet derived growth factor-BB (PDGF-BB).
BMMs were found to adsorb and subsequently release greater quantities of PDGF-BB,
compared to PCL scaffolds, over an 8-week interval. The released PDGF-BB retained its
bioactivity, stimulating MSC chemotaxis in two separate assays. Collectively, these re-
sults suggest that electrospun matrices incorporating the bone matrix molecules collagen
I and HA, with sacrificial fibers, provide a favorable scaffold for MSC survival and infil-
tration as well as the ability to sequester PDGF-BB from solution, leading to sustained

local delivery and MSC chemotaxis.
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INTRODUCTION
Human Skeletal System

The human skeletal system provides our bodies with essential mechanical sup-
port, protection of vital organs, a reservoir of growth factors and minerals, and the neces-
sary microenvironment for hematopoiesis [1]. Mature skeletal bone is composed of both
an inorganic and organic phase. The inorganic phase is primarily carbonated hydroxyap-
atite (HA) crystals Ca;o(PO4)s(OH),, making up approximately two thirds of the total
bone weight. The organic phase primarily consists of type I collagen, but also lesser
amounts of other proteins, such as bone sialoprotein, and osteocalcin, as well as proteo-
glycans. Mature lamellar bone is made up of highly aligned collagen fibrils with inter-
spersed HA crystals (Figure 1). Concentric layers of lamellar fibrils combine to form os-
teons, cylindrical structures that surround blood vessels and nerves in the bone. This
highly organized structure combining organic and inorganic materials contributes to the
extraordinary mechanical properties of bone. The skeletal system is made up of five gen-
eral categories of bones: long bones, short bones, flat bones, sesamoid bones and irregu-
lar bones [1].

Flat bones, such as the cranium, form through the process of intramembranous os-
sification. This process is initiated by the differentiation of mesenchymal stem cells
(MSCs), the multipotent stem cells found in the bone marrow and periosteum, into osteo-
blasts, the primary bone-building cells, and the formation of an ossification center. These

cells then secrete an osteoid matrix, primarily consisting of type I collagen. This osteoid



matrix is subsequently mineralized by osteoblasts to form woven bone, a quickly forming
but mechanically weaker form of bone. Over time, the less-organized woven bone is re-
placed with mature lamellar bone. As more bone formation occurs, some osteoblasts be-
come trapped in the mineralized matrix, becoming osteocytes [2].

Other bone types, such as long bones (femur) and short bones (carpals), form
through a combination of intramembranous and endochondral ossification. In endochon-
dral ossification, the formation of mineralized tissue is preceded by chondrocyte produc-
tion of a hyaline cartilage matrix. A thin membrane of connective tissue containing bone
progenitor cells, known as the periosteum, then forms around the cartilage template, and
a primary ossification center begins to form with the invasion of blood vessels into the
cartilage as well as the differentiation of mesenchymal stem cells to osteoblasts. Chon-
drocytes begin the process of matrix calcification before undergoing apoptosis. Osteo-
blasts then enter the cavity left by the chondrocytes and secrete osteoid. Osteoclasts, the
primary bone-resorption cells, work in conjunction with osteoblasts to convert the calci-
fied cartilage and osteoid into mature lamellar bone. Ultimately, cancellous bone, a form
of bone with high surface area and vascularization, is formed to house the bone marrow
cavity and hematopoiesis. This cavity is surrounded by the more compact cortical bone,

which provides the mechanical strength of bone [2].

Bone Cells
The bone marrow, periosteum, and bone matrix house numerous cell types. These
cells are vital for not only maintaining and healing bone, but also for the replenishing of

blood cells through hematopoiesis. Although initially believed that only bone-building



cells were vital to the process of bone healing, research has shown that multiple cell types

work in conjunction to return a skeletal defect to its original strength and shape.

Mesenchymal Stem Cells

Researchers have studied the various cell types in the bone marrow for many dec-
ades, but it wasn’t until the end of the 20™ century that the multipotent nature of bone
marrow stromal cells was truly realized. Arnold Caplan first introduced the term mesen-
chymal stem cell (MSC) in 1991 [3], although they are also referred to as marrow stromal
stem cells, mesenchymal progenitor cells, and multipotent stromal cells. Pittenger et al.
[4], among others [5, 6], were among the earliest to definitively demonstrate the ability of
MSC:s to differentiate along adipogenic, chondrogenic and osteogenic lineages.

MSCs are adherent-dependent multipotent cells residing in the bone marrow and
periosteum, among other tissues. About one out of every 100,000-500,000 cells in the
bone marrow is an undifferentiated MSC [5], capable of differentiating along adipocytic,
chondrocytic, osteoblastic, and potentially other cell lineages [7-9]. Although believed to
be quiescent in vivo under normal conditions, MSCs are capable of undergoing rapid pro-
liferation following physiological changes to their environment. Following a bone injury,
MSC:s are recruited to the defect site in response to factors released during the inflamma-
tion stage, such as platelet-derived growth factor (PDGF) [10, 11]. Once at the site of the
defect, MSCs proliferate and differentiate into chondrocytes and osteoblasts. The differ-
entiation of MSCs is mediated by various growth factors, such as bone-morphogenic pro-
teins (BMPs), fibroblast growth factors (FGF), and transforming growth factors (TGF)

[10, 12].



MSCs are of especial interest in the tissue-engineering field due to their ability to
differentiate into multiple cell types and their relative ease in harvesting and culturing in
vitro [13]. Their importance in the bone healing process makes it essential to investigate
the interactions between MSCs and bone biomaterials. Additionally, many biomaterials
have the potential to serve as carriers for the delivery of exogenously expanded MSCs

into a bone defect.

Osteoblasts and Osteocytes

Osteoblasts are the primary cells responsible for synthesizing new bone matrix.
Mature osteoblasts have a cuboidal morphology with a large nuclei, enlarged Golgi struc-
tures, and extensive endoplasmic reticulum. They are typically found lining the bone in
conjunction with osteoblast precursors. Activated osteoblasts secrete the protein matrix
osteoid, composed of type I collagen and other matrix proteins, such as osteopontin, oste-
ocalcin, and bone sialoprotein [1]. Osteoblasts then mineralize this osteoid matrix, ulti-
mately converting the matrix into lamellar bone. During the bone building process, some
osteoblasts become trapped within the bone matrix. These cells, known as osteocytes,
remain isolated in lacunae and are believed to signal to other osteocytes and osteoblasts

in response to mechanosensory stimuli and bone injuries [14].

Osteoclasts
Osteoclasts are multi-nucleated cells formed by the fusion of monocyte-
macrophage precursor cells [15]. RANK ligand (RANKL), expressed on the surface of

osteoblasts, and macrophage colony-stimulated factor (M-CSF) are necessary for osteo-



clast formation and activation. Once activated, osteoclasts attach to the bone matrix (seal-
ing zone) and create a resorptive pit known as a Howship’s Lacunae. The cell membrane
in contact with the bone matrix forms a ruffled border to increase the surface area, and
hydrogen ions are then released into the resorptive pit in order to acidify the cavity and
facilitate the dissolution of the hydroxyapatite crystals [1]. Additionally, the osteoclasts

secrete proteases, such as cathepsin K, to degrade the bone matrix proteins [15].

Chondrocytes

Chondrocytes produce cartilaginous matrix through the secretion of collagen and
proteoglycans. The only cell present in cartilage, chondrocytes are also essential to the
process of endochondral ossification. Chondrocytic production of collagen type Il and X
is necessary for the growth of long bones [16] and is important in the healing of many
bone defects [17]. The matrix produced by chondrocytes acts as a template for osteoblast

bone matrix production.

Other Cells Present in Bone

The bone marrow cavity is home to hematopoiesis, and specifically hematopoietic
stem cells. The blood vessels, consisting of endothelial cells and pericytes, present
throughout the bone make it possible for hematopoiesis to occur, and angiogenesis fol-
lowing bone fracture is necessary for the healing process. Other cell types, such as adipo-

cytes and lymphocytes are also present in the bone marrow.



Bone Regeneration and Complications

In response to a skeletal injury, such as a fracture, the bone healing process is ini-
tiated with an inflammation stage. In the first few hours after the injury, a blood clot will
form and restriction of the blood vessels will prevent further bleeding. Growth factors
released during this stage initiate the chemotaxis of various cell types, including immune
cells such as macrophages and giant cells, fibroblasts, and MSCs, into the defect [18].
Additionally, new blood vessels begin to form during this stage, bringing in oxygen and
nutrients and removing waste. In the following days, the migrated MSCs will multiply
and differentiate into chondrocytes and osteoblasts, and begin laying down hyaline carti-
lage and woven bone, respectively. This newly formed tissue, known as the fracture cal-
lus, stabilizes the fracture site [19]. Over time, the loosely organized fracture callus is re-
placed with lamellar bone through endochondral ossification and creeping substitution,
restoring most of the inherent strength [2]. The defect site will continue to undergo re-
modeling for several years in order to finally return the bone to its original shape and
strength.

Although skeletal bone has a dramatic capacity for regeneration, cases of signifi-
cant bone loss or other extenuating circumstances may exceed the body’s natural healing
capabilities. These defects require surgical intervention in order to assist in the healing
process, often utilizing fixators and bone grafts [20]. Fixation is necessary to provide me-
chanical stability to the bone during the healing process. Depending on the location of the
bone injury, various fixation techniques can be used. These include external fixators, in-
tramedullary nails, bridging plates, and cast immobilization, among others [19]. A lack of

mechanical stability during the healing process will lead to excessive fibrous scar tissue,



inhibiting new bone growth. In contrast, excessively rigid fixation may inhibit fracture

callus formation, increasing the time necessary for the bone to heal.

Bone Graft Materials

Depending on the severity of the skeletal defect, bone grafts may be used to 1)
provide an osteoconductive matrix to serve as a framework for new bone growth, 2) de-
liver cells with osteogenic potential, and/or 3) deliver an osteoinductive molecule to
stimulate new bone formation [21]. Numerous types of bone grafts are used clinically,
with autograft, bone harvested from the patient, being the current gold standard.
Although autograft possesses all three of the previously mentioned uses of bone grafts,
thereby making it very effective, its use has numerous limitations. Autograft is typically
harvested from the iliac crest of the patient’s pelvic bone, requiring a secondary surgery
and increased operating time, often leading to donor site morbidity [22]. In some patients,
such as those suffering from osteoporosis or diabetes, the quality of harvestable bone may
not be optimal for use as a bone graft. Additionally, the limited supply of harvestable
bone may not meet the needs of severe defects [20, 23].

In attempt to alleviate the need for harvesting a patient’s own bone tissue, clini-
cians have the option of using allograft, or bone transplanted from other humans. In order
to reduce the risk of disease transmission and immune rejection, these grafts must be pro-
cessed to destroy all bone cells, drastically reducing their osteogenic potential [19]. Allo-
genic bone graft comes in multiple forms, such as bone chips, bulk allograft, cortical
struts, and demineralized bone graft [21]. First published by Urist in 1965, demineraliza-

tion of allograft bone was found to expose osteoinductive molecules, such as BMP-2,



within the underlying matrix [24]. Although allografts provide benefit to some patients
with bone defects, the successful fusion rate of procedures using allograft is still lower
than that of autogenous grafts, creating the need for improved graft materials.

Clinicians and researchers have also investigated the use of synthetic alternatives
with the potential to support new bone growth. These biomaterials include (but are not
limited to) calcium-containing biomaterials such as HA, tri-calcium phosphate (TCP),
calcium sulphate (plaster of Paris), as well as collagen sponges, and combinations of the-
se materials [21, 25]. These products are typically considered only osteoconductive, and
therefore have limited use, such as a bone graft extender when used in conjunction with
autograft [20]. Despite the numerous products available, a suitable alternative to com-

pletely replace autogenous bone grafting has yet to be developed.

Engineered Bone Biomaterials

The steadily increasing occurrence of bone grafting procedures has created a ma-
jor clinical need for a material capable of stimulating new bone formation, thereby reduc-
ing the necessity of harvesting a patient’s own bone. In response to this demand, interdis-
ciplinary researchers in the field of tissue engineering have made considerable advances,
with materials evolving from bioinert, to biodegradable, to being capable of stimulating
cellular responses at the molecular level [25]. To this end, biodegradable materials capa-
ble of supporting cell adhesion, proliferation, controlled differentiation and tissue-
ingrowth, ultimately being replaced by native bone, are currently being developed. These
materials typically mimic the natural structure and composition of bone through the in-

corporation of natural bone molecules or bio-mimetic peptides. Additionally, many labs



are currently investigating novel methods to deliver bioactive molecules and growth fac-
tors capable of stimulating bone formation.
Hydrogels

A hydrogel is a general term used to describe highly absorbent cross-linked poly-
mers. These gel-like materials are very flexible and malleable, allowing them to conform
to a desired space. Therefore, most hydrogels are injectable, a beneficial property for
non-invasive surgeries [26]. The aqueous environment of a hydrogel allows it to easily
deliver cells [27] or therapeutic agents locally, making it a potential delivery vehicle [28].
However, hydrogels can be difficult to sterilize, and typically lack biological compo-
nents. Many researchers are investigating ways to functionalize hydrogels in order to in-
crease their biological activity, such as the inclusion of cell attachment mediators and in-

corporation of calcium phosphate minerals [29].

Solvent Casting

Another popular engineering technique is solvent casting. In this technique, pol-
ymers are dissolved in an organic solvent, and the solution is then added to a mold. After
the solvent evaporates, the resulting polymer material will have adopted the architecture
of the mold, thereby allowing control of the structure on the macro-scale. Additionally,
particles and/or proteins can be added to the polymer solution prior to casting, thereby
creating advanced composites [30]. For instance, the addition of porogens, such as salt
particles or microspheres [31, 32], has been used as a sacrificial material to increase the
porosity of the resulting scaffold. After casting, the material can be placed in a bath to

dissolve the porogens, leaving pores in their place [33, 34].



Although solvent casting is a versatile technique, it does present some potential
drawbacks and limitations. Deposits of the solvent left over after fabrication may be toxic
to cells and tissues. Furthermore, the most common methods for increasing the porosity
of the material, such as salt leaching, do not guarantee the formation of interconnected

pores, limiting the effectiveness of the pores in vivo.

Electrospinning

A promising technique capable of creating biodegradable, nanofibrous scaffolds is
electrospinning [35-38]. Originally developed in the textile industry, the process of elec-
trospinning has received steadily increasing attention since it was demonstrated to pro-
duce fibrous meshes that mimic the architecture found in native extracellular matrix [39,
40]. An electrospinning set-up (Figure 2) consists of a polymer or composite solution
pumped from a syringe into a positively charged metal needle. Once the electrostatic re-
pulsion of the charged particles overcomes the surface tension of the solution, a cone
forms at the tip of the needle, called a Taylor cone, and a thin fiber is expelled from the
tip of the cone, which travels through the air towards a grounded collecting plate [36]. As
the fiber travels, electrostatic repulsion causes the fiber to whip around, the solvent used
evaporates and the fiber elongates and thins out prior to deposition, where the charge dis-
sipates. The resulting matrix consists of fibers with diameters in the nano- to micrometer
range (similar to collagen bundles [41]), with a large surface-to-volume ratio and inter-
connected pores.

The adjustment of processing parameters during electrospinning allows for the

tailoring of fiber diameter size and arrangement. For instance, increasing the voltage ap-
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plied to the solution or the distance between the needle and the collecting plate has been
shown to decrease the average fiber diameter [38]. The arrangement of the collecting fi-
bers can also be controlled in a variety of ways, such as using different types of collecting
plates. Cylindrical collecting plates rotating with high angular velocity on an axis per-
pendicular to the direction of the electrospun fibers have been shown to align the ar-
rangement of the collecting fibers [42]. These highly aligned matrices may provide bene-
fit in applications where maximum mechanical properties are needed in a uniaxial direc-
tion, such as tendon tissue engineering. However, it is postulated that these aligned matri-
ces decrease the porosity of the scaffold, thereby hindering cellular infiltration.

A large portion of the current literature on electrospun biomaterials has focused
on using 100% synthetic polymers, such as polycaprolactone (PCL) [43-45], polyglycolic
acid (PGA) [46], and polylactic acid (PLA) [47, 48], due to the relative ease of electro-
spinning these molecules and controlling their fiber architecture and orientation. Howev-
er, these polymers do not provide biological signals to cells, and are therefore poor sub-
strates for cell adhesion. Consequently, many researchers have investigated coating pol-
ymer scaffolds with hydroxyapatite [49, 50], collagen mimetic peptides[51] or full-length
collagen I [52, 53] in order to provide biological factors for cells. Although benefits to
cell adhesion and survival have been reported in these studies, passively coating the sur-
face of meshes consisting of polymer fibers creates a heterogeneous matrix, with interior
fibers receiving little if any biological modification. Therefore, after the exterior layers of
the scaffold degrade and cells migrate within the scaffold, the cells will only be exposed
to 100% polymer fibers, providing no biological signals to the cells. In this study, we hy-

pothesized that electrospinning a solution of collagen I and hydroxyapatite nanoparticles

11



with polycaprolactone (PCL) will create a matrix consisting entirely of bone-mimetic,
biodegradable nanofibers. Using nanohydroxyapatite particles with average diameters of
50nm, we can obtain an even dispersion of HA throughout the matrix, with little agglom-
eration [54]. Therefore, our matrices present infiltrating cells with bone-like extracellular
matrix (ECM) throughout the scaffold, even after the outer layers of the scaffold have
degraded. We chose PCL, an aliphatic polyester with a degradation rate slower than that
of collagen, to provide mechanical stability to the scaffolds and control the rate of resorp-
tion [55]. PCL is a biodegradable polymer that has received FDA approval for many ap-

plications, including drug delivery devices [56] and sutures [57].

Cellular Responses to Electrospun Biomaterials

Biodegradable materials designed for bone regeneration must provide cells that
have been recruited into the bone defect with a matrix that supports cell adhesion and
proliferation. Additionally, the ability of a matrix to influence cell differentiation has
been reported by many [58-60], and therefore biomaterials capable of supporting or even
stimulating osteogenic differentiation of bone progenitor cells offer increased therapeutic
benefit. The implant must also biodegrade, allowing bone cells to turn over the temporary
scaffolding material into new bone. Biomaterials capable of supporting the infiltration of
bone cells into the interior of the scaffold will help facilitate this process by allowing new
bone formation throughout the implant [25]. This will ultimately increase the rate at
which the defect is replaced with native bone, allowing the patient to return to normal

activities sooner. An ideal bone regenerative biomaterial will support all of these various
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cellular responses, spanning from initial cell attachment to deposition of mineralized ma-
trix, providing a framework for new bone formation.
Cell Recruitment

In response to skeletal injury, the chemotaxis of numerous cells into the site of the
defect is essential for proper healing. These include neutrophils, macrophages, fibroblasts
and MSCs. The recruitment of MSCs from the neighboring bone marrow and periosteum
is vital to the healing process, since they are the progenitors for chondrocytes and osteo-
blasts. Therefore, stimulating the migration of MSCs has the potential to provide thera-
peutic benefit in cases of insufficient bone healing. Many researchers have investigated
the propensity of chemokines, growth factors, and small molecules to stimulate MSC mi-
gration in vitro and in vivo [61-64]. Incorporation of one or more of these factors onto

electrospun biomaterials may ultimately lead to improved patient prognosis.

Cell Adhesion

The ability of a biomaterial to facilitate the cellular adhesion of invading cells is
an important step in the bone healing process. The binding of cell surface integrins, het-
erodimeric transmembrane glycoproteins consisting of an a and 3 subunit, to ligands in
the ECM such as collagen I, leads to the formation of protein complexes at the cytosolic
integrin tails. These protein complexes activate cell signaling cascades, ultimately influ-
encing cell adhesion, proliferation and differentiation (Figure 3) [65-68]. Therefore, it is
important for biomaterials to present anchorage dependent cells, such as MSCs, with in-

tegrin ligands.
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In addition to incorporating integrin ligands, such as collagen I, into bone bio-
materials, the ability of a biomaterial to adsorb proadhesive proteins from the surround-
ing microenvironment provides an additional method for facilitating cell adhesion. It is
known that high levels of proadhesive proteins, such as fibronectin (FN) and vitronectin
(VN), are present in blood and serum. Once a biomaterial is implanted into a patient, it
quickly becomes covered in the patient’s blood, thereby exposing it to these proteins. It
has been shown that HA containing biomaterials are capable of adsorbing vast quantities
of FN and VN from serum and the bone microenvironment, and these adsorbed proteins

facilitate increased MSC adhesion over uncoated HA [69-71].

Cell Differentiation

MSCs are multipotent stem cells, capable of differentiating along multiple cell
lineages, notably adipocytes, chondrocytes and osteoblasts. The commitment to a specific
lineage is dependent on soluble molecular cues and the extracellular matrix. Culturing
MSCs in media supplemented with ascorbic acid-2-phosphate (AsAP), B-
glycerolphosphate (B-GP), and dexamethasone (Dex), has been shown to induce osteo-
blastic differentiation in vitro [72]. Numerous other factors, including BMP-2 [73], BMP-
7 [74], bFGF [75], TGF-B [76], parathyroid hormone [77], and platelet derived growth
factor-BB (PDGF-BB) [78] have all been reported to induce MSC differentiation into os-
teoblasts in vitro, either alone or in conjunction with other molecules.

MSC differentiation along the osteoblastic lineage is initially characterized by an
alteration of cell morphology, from a small body with long, thin extended processes to a

cuboidal shape with large amounts of rough endoplasmic reticulum. The early stages of
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differentiation also include an increase in alkaline phosphatase activity and the upregula-
tion of the transcription factors RUNX2 and Osterix [79]. The later stages of differentia-
tion involve increased production of the bone matrix proteins collagen I, bone sialopro-
tein, osteocalcin, and osteopontin. Induced MSCs will also begin to form mineralized
nodules through the seeding of nanocrystalline calcium phosphate molecules into the se-
creted protein matrix in late stages of differentiation [80].

The properties and composition of the extracellular matrix exposed to MSCs have
also been shown to play an important role in cellular fate. For instance, matrix stiffness is
capable of influencing MSC commitment along cell specific lineages, with more rigid
surfaces promoting osteoblastic cell phenotype [58]. In addition to its role in MSC adhe-
sion, collagen I has also been reported to induce the osteoblastic differentiation of MSCs
through the o, integrin, leading to increased matrix mineralization and upregulation of
osteoblastic genes [81, 82]. Therefore, incorporation of collagen I in bone biomaterials
has the potential to positively influence cell adhesion and subsequent MSC differentia-

tion.

Cell Infiltration

The infiltration of bone cells into a biodegradable implant is a crucial step in the
replacement of the temporary scaffold with new bone through a process known as creep-
ing substitution. Additionally, vascularization of the biomaterial is important to bring nu-
trients and oxygen to the bone cells [83]. It has been shown that non-porous materials,
such as some metals, inhibit bone ingrowth, thereby reducing the strength of the im-

plant/bone interface [19]. The ideal pore size for bone ingrowth into a biomaterial is con-
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troversial, however interconnected pores with sizes ranging from 30-100pum have been
shown to facilitate substantial cell infiltration and biointegration [84, 85].

In addition to the presence of pores created in the biomaterial during fabrication,
degradation of the implant in vivo will also influence cell infiltration. Ideally, a bone bi-
omaterial will resorb at a similar rate as new bone formation, facilitating a natural turno-
ver of implant/bone. Materials that resorb too slow or too quickly will negatively affect

the healing process [86].

Strategies for Improving Electrospun Orthopedic Implant Materials

Incorporation of Cell Ligands

Although 100% polymer scaffolds possess favorable tensile properties, the lack of
biological cues presented to cells limits cell adhesion and the activation of cellular signal-
ing cascades, which leads to proliferation and differentiation. By incorporating natural
cellular ligands into electrospun polymer matrices, a composite material can be created
that more closely mimics the natural ECM of the target tissue. It is believed that these
biomimetic matrices will be able to influence cellular responses as well as provide me-
chanical stability. A variety of proteins have been investigated for their ability to posi-
tively influence cellular behavior when incorporated into electrospun fibers, including
collagens [87], gelatin [88], chitosan [89], silk fibroin [90], laminin [91] and elastin [92].
In this study, the primary goal was to create a biomimetic bone matrix, therefore we in-
vestigated the benefits of including two of the largest constituents of natural bone, colla-

gen [ and HA.
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Increased Porosity

Recent literature from our lab as well as others has brought to light the inability of
cells to infiltrate into standard electrospun matrices in vitro and in vivo [44, 83, 93, 94].
Although the fibrous meshes present a high porosity with interconnected pores, the mean
pore size is too small to facilitate cell infiltration. Therefore recent work in the field has
attempted to address this key limitation through a variety of methods. One such method
involves the use of unique, patterned collecting plates, which are capable of controlling
fiber alignment and packing density. This method has been successfully reported with
PCL fibers in a concave shell with embedded metallic needles [95], PCL fibers onto pat-
terned flat collecting plates, including metal wire meshes [96], and PLGA fibers onto a
rotating frame with horizontal metal struts [97]. All studies reported significant increases
in cell infiltration in comparison to standard electrospinning set-ups. Alternatively, Nam
et al. [98] and Wright et al. [99] both reported on the incorporation of salt crystals during
the electrospinning process. After electrospinning, the salt particles were washed away,
leaving voids in their place, which facilitated increased cellular infiltration of CFK2 cells
into PCL matrices and MC3T3-E1 cells into PLLA matrices, respectively. Similarly,
Leong et al. constructed an electrospinning environment that supported spontaneous ice
crystal formation within collecting electrospun fibers of PLA [100]. After the ice crystals
were melted away, the resulting matrices promoted cell infiltration of fibroblasts in vitro
and in vivo in subcutaneous skin pouches. Instead of using sacrificial particles, Baker et
al. [101] and Milleret et al. [102] reported increasing the mean pore sizes of electrospun
scaffolds via the incorporation of sacrificial fibers of water-soluble polymers during ma-

trix fabrication, with subsequent removal of the fibers by washing the scaffolds in water.
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It should be noted that the vast majority of studies investigating ways to increase the po-
rosity of electrospun scaffolds has been performed with 100% polymer solutions. There-
fore a major goal of the current study was to examine possible mechanisms for increasing

the mean pore sizes of our bone mimetic matrices.

Delivery of Therapeutic Agents

In order to increase the therapeutic potential of bone biomaterials, many research-
ers have investigated using them as delivery vehicles for recombinant proteins and other
molecules to promote endogenous repair mechanisms. By locally delivering these mole-
cules, a higher concentration and extended duration of the therapeutic agent can be
achieved at the defect site [103]. Additionally, limiting systemic exposure has the poten-
tial to reduce the occurrence of unwanted side effects. Depending on the delivery vehicle
and therapeutic agent chosen for delivery, specific consideration must be given to protein
stability, loading dose and release kinetics. Numerous mechanisms have been explored
for loading growth factors and other molecules to electrospun matrices and similar bio-

materials, with varied levels of success.

Bone Morphogenic Protein-2. BMP-2 is a member of the TGF- superfamily and
a powerful inducer of osteoblastic differentiation in vitro and new bone formation in vivo
[104]. BMP-2 has been approved for use in certain clinical applications of bone healing,
specifically in Medtronic’s Infuse”™ bone graft for the treatment of lumbar spinal fusions,
tibia fractures and sinus augmentation. The Infuse® bone graft consists of a collagen I

sponge scaffold soaked in BMP-2 prior to implantation [105]. The degradation of colla-
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gen I sponges in vivo leads to the rapid release of adsorbed BMP-2, and therefore high
initial loading doses of BMP-2 protein are necessary. Recently, the Infuse® product has
fallen under controversy from off-label use and subsequent side effects caused by the dis-
semination of large doses of BMP-2 [106, 107]. It has become apparent that better deliv-
ery vehicles are needed to deliver BMP-2, offering greater control over the release kinet-

ics and ultimately allowing for the use of smaller doses.

Bone Morphogenic Protein-7. Another member of the TGF-f§ superfamily, BMP-
7, also known as osteogenic protein-1 (OP-1), has shown similar potential to that of
BMP-2. Treatment of MSCs with BMP-7 leads to the expression of osteoblastic genes in
MSCs cultured in vitro [108]. A product from Olympus Biotech, Opgenra® (formerly
OP-1 from Stryker), combines BMP-7 with bovine collagen I and carboxymethylcellu-
lose sodium to form a putty for use in spinal fusions and tibia fractures [109]. Its use has
also been controversial in the USA, where it has struggled to gain complete approval by
the Food and Drug Administration (FDA), although it has been approved for spinal fu-
sions in much of Europe. As a means to control the delivery of BMP-7, other researchers
have investigated the use of delivery vehicles such as poly-D, L-lactic-acid (PDLLA) pel-
lets [110] and poly(lactic-co-glycolic acid) (PLGA) nanospheres [111], with both studies

reporting the induction of ectopic bone formation in vivo.

Insulin-like Growth Factor-1. 1GF-1 is a hormone that plays a very important role

in childhood growth, particularly the extension of long bones [104]. During endochondral

ossification, IGF-1 stimulates the proliferation of chondrocytes and subsequent extracel-
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lular matrix production, thereby lengthening the cartilage template in growing bones.
IGF-1 is primarily released by the liver in response to growth hormone secreted from the
pituitary gland. However, it has been reported that numerous tissue specific cell types are
also capable of secreting IGF-1, such as osteoblasts [103]. Xian et al. have also reported
the ability of IGF-1 to induce osteoblastic differentiation of MSCs [112]. Recent work
has explored the effects of locally delivered IGF-1 on healing skeletal defects and perio-
dontal tissues. In attempt to extend the delivery of IGF-1, Wang et al incorporated the
protein into PLGA microspheres to sustain its release in a model of dental implantation in
diabetic rats [113] and noted improved osseointegration. Similarly, increased periodontal
tissue regeneration was reported when IGF-1 release was sustained locally using dextran-

co-gelatin microspheres [114]

Platelet-Derived Growth Factor-BB. PDGFs are mitogenic and chemotactic
agents for cells of mesenchymal origin, as well as inducers of angiogenesis, making them
key molecules in the repair of many tissue types [115]. The PDGF family consists of 4
distinct subunits that are secreted as disulfide linked homo- or heterodimers. Primarily
synthesized and released by platelets in response to tissue injury, PDGFs are also pro-
duced by numerous other cell types, including macrophages, chondrocytes, and fibro-
blasts [10]. PDGF-BB is the only isoform capable of activating all three known receptors
of PDGF, and therefore is considered the most biologically active isoform [11]. PDGF-
BB has been shown to be present at the site of skeletal defects during the inflammation
stage, and its local delivery has led to an increase in the rate of bone healing [116].

PDGF-BB has been studied in a wide range of preclinical models for safety [117] and is
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currently FDA approved for delivery from B-tricalcium phosphate (TCP) in periodontal
procedures (GEM21S® Osteohealth). The use of PDGF-BB with B-TCP (Augment Bone
Graft®, Biomimetic Therapeutics, Inc) in foot and ankle fusions is currently under review
for approval by the FDA. However, the dissemination of PDGF-BB from these B-TCP
particles is extremely rapid in vitro and in vivo. After implantation in a rat cranial defect,
approximately 90% of PDGF had been released by 72hrs [118]. It has been hypothesized
that extended release of PDGF-BB will help encourage angiogenesis in addition to MSC
migration and proliferation. Therefore, novel vehicles for delivering PDGF are needed to
extend the delivery time in vivo, curtailing unwanted dissemination and potentially reduc-

ing the amount of PDGF-BB loaded onto the biomaterial.

Research Objectives

To address the ever-growing clinical need for bone grafts, the primary objective
of this dissertation was to develop a synthetic material capable of supporting robust bone
regeneration. We hypothesized that the most successful material for achieving this goal
would mimic the structure and composition of natural bone matrix. To create such a ma-
terial, we chose to combine the natural bone molecules collagen I and HA with the FDA
approved biodegradable polymer PCL into a nanofibrous matrix using the process of
electrospinning. The initial goals of this work included developing the apparatus for elec-
trospinning and determining the optimal parameters for material construction.

In order to analyze a material for its potential use as a bone biomaterial, our lab
and others have shown the importance of studying the initial cellular responses of MSCs

[70, 71, 87, 119, 120]. In order to support new bone formation and proper osseointegra-

21



tion, MSCs must be able to firmly adhere and proliferate on a material. Initially, we in-
vestigated the response of MSCs to 100% electrospun collagen I scaffolds. We hypothe-
sized that these matrices, consisting entirely of the natural bone protein collagen I, would
provide cells with an excellent matrix for cell adhesion. However, it was found that the
poor mechanical properties and rapid degradation of 100% collagen I scaffolds inhibited
cell adhesion, and subsequently cell survival [87]. Based on these findings, we hypothe-
sized that combining collagen I with the biodegradable polymer PCL would increase the
mechanical properties and degradation times of the scaffolds, and therefore investigated
the MSC responses between our bone-mimetic matrices (BMMs), consisting of PCL, col-
lagen I, and nanoparticulate HA, and 100% PCL matrices, allowing us to evaluate how
the presence of natural bone molecules affects cellular behavior. These experiments
showed that BMMs were able to retain the mechanical stability of PCL, yet provided
cells with biological cues leading to increases in MSC integrin activation, firm adhesion,
and proliferation. Additionally, BMMs adsorbed greater amounts of proadhesive proteins,
from both serum and the bone microenvironment, than PCL scaffolds. Previously, our lab
has shown that HA containing biomaterials are capable of adsorbing vast quantities of
proadhesive proteins from solution, and that these proteins help facilitate cell adhesion
[70].

The second overarching goal of this project was to develop a straightforward, re-
producible way to increase the pore sizes of our BMMs. Previous results revealed that
although BMMs were able to support robust new bone formation in vivo, the mean pore

sizes of our BMMs were not large enough to promote cellular infiltration into the bio-
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material. We therefore investigated possible techniques for increasing the average pore
size in our BMMs.

Initially, we posited that the collagen present in the BMMs could be a target for
controlled degradation, thereby increasing pore sizes. MSCs and other cells would poten-
tially be able to use the collagen as a ligand for integrins, and subsequently release prote-
ases capable of cleaving the collagen fibers, opening pores for their migration. Using col-
lagenase as a model protease in vitro, we pretreated both BMMs and PCL matrices to
evaluate changes in pore size and subsequent cell infiltration. Although collagenase was
able to successfully cleave fibers in the BMM matrix, these fiber breakages were unable
to facilitate cell infiltration.

Alternatively, we attempted to decrease the packing density of the electrospun fi-
bers during the fabrication process. We hypothesized that by using a unique collecting
plate consisting of a flat polystyrene surface with metallic probes perpendicularly exiting
the plate, it could be possible to reduce the density at which the fibers collect. The result-
ing matrices for PCL showed an advanced architecture with large pores and deep chan-
nels, however this could not be recapitulated with our BMMs.

As a final means of increasing the mean pore size of electrospun scaffolds, we
tested the inclusion of sacrificial fibers during the fabrication process. Specifically, we
examined the possibility of electrospinning distinct fibers of the water-soluble polymer
polyethylene oxide (PEO) during the fabrication of our BMMs. We anticipated that the
resulting matrices could be soaked in water in order to remove the PEO fibers, thereby

increasing the size of the pores between the BMM fibers. BMMs with PEO fibers re-
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moved showed significant increases in mean pore size, and supported the infiltration of
MSC:s in vitro and endogenous bone cells ex vivo.

Lastly, our final objective was aimed at increasing the therapeutic potential of our
BMMs by evaluating their ability to deliver a chemotactic agent for MSCs. We hypothe-
sized that local sustained delivery of such a factor from our BMMs could potentially
stimulate an increase in the number of bone building cells at a skeletal defect. This would
lead to an accelerated healing process, providing benefit to the patient. Initial studies re-
vealed that platelet-derived growth factor-BB had the greatest effect on MSC chemotaxis
in vitro, and was successfully able to stimulate MSC migration when adsorbed and sub-

sequently released from BMMs.
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Figure 1. Bone microstructure. Mature skeletal bone consists of highly organized
collagen I molecules with interspersed hydroxyapatite nanocrystals. These constructs
combine to form collagen fiber bundles. Aligned collagen fiber bundles combine into la-
mellar sheets, which create the concentric layers of the osteon. The osteon houses blood
vessels and nerves in the bone.
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Figure 2. Diagram of electrospinning apparatus. A polymer or composite solution
is loaded into a syringe and the needle of the syringe is attached to a high voltage power
supply. Once the solution enters the needle, it becomes positively charged, causing a thin
fiber to eject from the tip of the needle and travel through the air towards the grounded
collecting plate. As the fiber travels, electrostatic repulsion causes the fibers to whip
around and the solvent to evaporate, resulting in the deposition of fibers in the nano- to
micro-meter diameter.
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Figure 3. Integrin mediated cell adhesion and signaling cascades. Integrins on the
cell surface consist of an alpha and beta subunit. When bound by their specific ligand,
such as collagen I in the extracellular matrix, conformational changes lead to the recruit-
ment of various cytosolic proteins, such as focal adhesion kinase (FAK) to the integrin
tail. These proteins typically become phosphorylated, and interact with other proteins to
activate downstream signaling cascades. Ultimately, integrin ligand interactions can lead
to the activation of transcription factors, leading to cell survival, proliferation, and focal
adhesion among other cell fates.
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Abstract

The performance of biomaterials designed for bone repair depends, in part, on the
ability of the material to support the adhesion and survival of mesenchymal stem cells
(MSCs). In this study, a nanofibrous bone-mimicking scaffold was electrospun from a
mixture of polycaprolactone (PCL), collagen I, and hydroxyapatite (HA) nanoparticles
with a dry weight ratio of 50/30/20 respectively (PCL/col/HA). The cytocompatibility of
this tri-component scaffold was compared with three other scaffold formulations; 100%
PCL (PCL), 100% collagen I (col), and a bi-component scaffold containing
80%PCL/20%HA (PCL/HA). Scanning electron microscopy, fluorescent live cell imag-
ing, and MTS assays showed that MSCs adhered to the PCL, PCL/HA and PCL/col/HA
scaffolds, however more rapid cell spreading and significantly greater cell proliferation
was observed for MSCs on the tri-component bone-mimetic scaffolds. In contrast, the
col scaffolds did not support cell spreading or survival, possibly due to the low tensile
modulus of this material. PCL/col/HA scaffolds adsorbed a substantially greater quantity
of the adhesive proteins, fibronectin and vitronectin, than PCL or PCL/HA following in
vitro exposure to serum, or placement into rat tibiae, which may have contributed to the
favorable cell responses to the tri-component substrates. In addition, cells seeded onto
PCL/col/HA scaffolds showed markedly increased levels of phosphorylated FAK, a
marker of integrin activation and a signaling molecule known to be important for direct-
ing cell survival and osteoblastic differentiation. Collectively these results suggest that
electrospun bone-mimetic matrices serve as promising degradable substrates for bone re-

generative applications.
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Introduction

Bone is the second most transplanted tissue in the body (after blood transfusions).
Autografting of bone is extensively employed in orthopedic and dental surgeries; howev-
er the harvesting of the patient’s own bone requires a second surgery that can greatly in-
crease the time and cost for the procedure. Additionally, nonunion at the repair site is a
common problem, and iliac crest harvest can lead to complications in as many as 20% of
patients [1-3]. Another limitation is that the supply of bone material from the iliac crest
may be inadequate when a large amount of graft material is required [4]. For these rea-
sons, there is an immediate need for a biomaterial that can either substitute for autograft-
ed bone or serve as a temporary matrix that induces regeneration of native bone at im-
plant sites.

It is hypothesized that the most successful biomaterials for bone repair will be those
that mimic the natural extracellular matrix, thereby minimizing foreign body or fibrotic
responses. Mature bone matrix is composed of 65% mineral and 35% protein. The
mineral phase is a calcium phosphate mixture that is predominantly hydroxyapatite (HA).
The organic phase consists of 90% collagen I fibers, and the remaining 10% is composed
of various proteoglycans and other proteins [5]. Many investigators have attempted to
model the natural matrix by producing materials containing HA [6-9] and/or collagen I
[10-13], and in vitro studies suggest that these matrices are usually highly
osteoconductive [14, 15]. There are currently several commercial products that utilize
collagen in combination with other molecules, such as growth factors, to stimulate or
guide bone regeneration. However, in order to prevent rapid degradation, these collagen-

based materials must be cross-linked, which unfortunately has some disadvantages [16].
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First, the use of chemical cross-linking agents, such as glutaraldehyde, has been shown to
produce prolonged toxic effects [17]. In addition, cross-linking collagen biomaterials
greatly reduces the average pore size, delaying vascularization of the biomaterial and the
tissue in-growth necessary for complete healing [18]. As an alternative to cross-linking,
combining collagen with a synthetic polymer such as polycaprolactone (PCL) can be
used to improve the mechanical properties. PCL is a semicrystalline, aliphatic polyester
that has a much lower rate of degradation than collagen, and is useful in a composite
scaffold for increasing mechanical strength, and fine-tuning the rate of resorbability [19-
21].

Electrospinning is a particularly promising technique for synthesizing biomimetic
matrices [22-26]. With this approach, scaffolds can be produced with nanoscale fibers
that mimic the size and arrangement of native collagen fibers [27]. Additionally,
electrospun scaffolds have a high surface to volume ratio, and interconnecting pores,
which facilitate cell adhesion and formation of cell-cell junctions. In a prior study we
described the synthesis and characterization of a tri-component electrospun scaffold
composed of PCL, collagen I, and nanoparticulate HA [28]. The average fiber diameter
of the scaffold was 180 + 50 nm, which approximates the collagen fiber bundle diameter
characteristic of the native extracellular matrix of bone [29]. Moreover, a uniform
dispersion of nanoscale HA particles along the fiber length was observed, with only
minor agglomeration. Due to problems with agglomeration, many groups have
alternately explored deposition of an HA layer onto the surface of electrospun scaffolds.
One benefit of electrospinning HA along with PCL and collagen I is that the presence of

HA nanoparticles throughout the scaffold provides a continuous bone-like matrix to cells
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as the scaffold degrades in vivo. In the current investigation we evaluated mesenchymal
stem cell (MSC) responses to the bone-like tri-component PCL/col/HA scaffolds
(50%PCL/30%col 1/20% HA), in direct comparison with three other scaffold
formulations; 100% PCL, 100% collagen I, and a PCL/HA composite

(80%PCL/20%HA).

Materials and Methods

Preparation of Electrospun Scaffolds

Four types of scaffolds were produced by electrospinning as described previously
[28]: (1) 100% PCL, (2) 80wt% PCL + 20wt% HA, (3) 50wt% PCL + 30wt% collagen |
+ 20wt% HA, and (4) 100% collagen I. Solutions were made by adding hexafluoroiso-
propanol (HFP, Sigma-Aldrich) to each mixture such that the solid weight was 7.5% of
the total solution weight. PCL (MW = 110,000 Da) was purchased from Birmingham
Polymers, lyophilized calf skin collagen I was from MP Biomedicals, and HA nanoparti-
cles (10 — 50 nm particle size) were synthesized as described [28]. The solutions were
magnetically stirred at room temperature for 1h before loading into disposable syringes.
Voltages between 15 and 25 kV were applied using a high-voltage power supply (Gam-
ma High Voltage Research, Ormond Beach, FL). Higher voltages were found to be nec-
essary in order to effectively spin the collagen-based mixtures without fiber beading. The
grounded aluminum collection foil was located 12cm from the tip of the electrically
charged 27-gauge needle. A syringe pump was used to feed polymer solution into the

needle at a feed rate of 2mL/h. The resulting samples were randomly arranged fibers de-
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posited as a sheet with estimated thickness between 50 and 100 um. No chemical or ra-
diation-induced cross-linking of PCL or collagen fibers was performed.

Following electrospinning, samples were placed under vacuum for 48 hours to re-
move the residual HFP solvent. To quantify residual HFP, a 25 mg sample of each scaf-
fold was dissolved in 1mL of deuterated chloroform (Cambridge Isotope, Andover, MA).
F NMR data were collected on a Bruker DRX400 spectrometer at ambient temperature
with the following parameters: 30° pulse width, 64 scans, 100 ppm spectral width, 4.6
second recycle time. A 1.0 Hz line broadening was applied before the Fourier transform.
The results were compared to a standard of 10 ppm HFP in d-chloroform, and it was
found that following the 48-hour vacuuming step, the amount of HFP was below the limit

of detection (< 1 ppm).

Tensile Testing of Scaffolds

The bulk tensile properties of each scaffold formulation were determined under wet
and dry conditions. The scaffolds were cut into rectangular strips (50 mm % 6 mm). The
thickness of the fibrous specimen was measured at 3 different positions and the average
thickness was taken to calculate the cross sectional area of the specimen. Each sample (n
=5 specimens) was loaded into the tensile testing fixture of a dynamic mechanical ana-
lyzer (DMA, TA Instruments Inc., DE) and subjected to a load of 18N in the ramp force
mode [30]. A ramp force of 0.1 N/mm was applied. Displacement was measured with an
optical encoder. The stress vs. strain curve was generated and the elastic modulus was

determined from the initial 10% strain at the linear regime for each specimen. The stress
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at maximum from the stress vs. strain curve was taken as the tensile strength of the spec-

imen. The data were reported as average value + standard deviation.

Isolation and Culture of MSCs

Human MSCs were isolated from bone marrow donations, as previously described
[31]. Briefly, cells were pelleted by centrifugation, resuspended in Dulbecco's Modified
Eagle Medium (DMEM), and then applied to a Histopaque-1077 column (Sigma, St.
Louis, MO). A density gradient was generated by centrifugation at 500g for 30 min. Cells
from the DMEM/Histopaque interface were extracted with a syringe and seeded onto tis-
sue culture dishes and cultured in DMEM containing 10% fetal bovine serum. For fluo-
rescent live cell imaging studies, lentivirus-transduced human MSCs constitutively-
expressing green fluorescent protein (GFP) were provided by the Tulane Center for Gene
Therapy (New Orleans, LA). The GFP-MSCs were selected for stable GFP expression
by the vendor. The protocols for isolation and propagation of MSCs were approved by
the Univ. of Alabama Institutional Review Board, which determined that our studies
qualified for the "No Human Subjects" designation and therefore did not require in-

formed consent (approval # N060810001).

Scanning Electron Microscopy (SEM) Analysis of MSC Morphology:

MSCs grown on scaffolds for 24 h were fixed in 2.5% glutaraldehyde and then dried
in a gradient of ethanol in water, followed by a gradient of hexamethyldisilazane
(HMDS) in ethanol. SEM imaging was performed on a Philips 515 SEM with an accel-

erating voltage of 15kV.
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Live Cell Imaging of GFP-Labeled MSCs

Scaffolds were placed into sterile 24-well CellCrown™™ inserts (Scaffdex, Tampere,
Finland) to prevent sample floating or deformation. The effective area of the scaffold
when placed in a 24-well CellCrown™ is 0.8cm”. Scaffolds were sterilized in 70% EtOH
prior to cell seeding. GFP-labeled MSCs were seeded at a density of 9,000 cells/cm?
(~7,500 cells/scaffold) and cultured in growth media (DMEM containing 4.5 g/L glucose,
supplemented with 10% fetal bovine serum) at 37°C, exchanging media every 2-3 days.
Visualization of the GFP-expressing cells was performed using a Nikon 80i stereomicro-

scope.

MSC Proliferation on Electrospun Scaffolds

Scaffolds were placed into sterile 48-well CellCrown'™ inserts as described above.
The effective area of the scaffold when placed in a 48-well CellCrown™ is 0.4cm’.
MSCs were seeded at a density of 10,000 cells/cm? and cultured in growth media at
37°C, exchanging media every 2-3 days. At time points of 1 and 4 days, a modified MTS
assay (Promega, Madison, WI) was performed to calculate relative cellular proliferation
rates. After incubation in media containing MTS reagents, scaffolds were removed from
the CellCrown"™ and washed in PBS. The scaffolds were then boiled in 1% TX-100 ly-
sis buffer to ensure MTS product was removed from the scaffolds and cells. The super-
natant was then read for absorbance at 490nm on a BioTek Synergy 2 microplate reader.
Experiments were performed three separate times, with each independent experiment per-

formed in duplicate, and values were normalized to cell proliferation on PCL scaffolds at
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day one. Error bars indicate Standard Error of the Mean. Statistical analysis between
groups was performed using an unpaired student t-test. Differences were considered sig-

nificant for probability values less than 0.05.

Protein Adsorption on Scaffolds

Scaffolds were either coated overnight with FBS, or placed into rat tibial defects for
30 minutes as previously reported [32]. For the tibial implants, male Sprague-Dawley
rats were anesthetized with a 4% isoflurane/oxygen mixture. Under a sterile field, a Imm
round defect was made in the proximal right tibia, and a scaffold was inserted. After 30
minutes, the scaffolds were retrieved and washed extensively to remove loosely bound
proteins. Proteins remaining on the FBS-coated, or tibial-implanted, scaffolds were solu-
bilized in boiling sodium dodecyl sulfate (SDS)-buffer (50mM Tris, 2% SDS, 5% -
mercaptoethanol) for 30 minutes, with constant agitation. The supernatants were collect-
ed and stored at -80°C. Desorbed proteins were resolved on a 7% polyacrylamide gel.
Proteins were transferred to a polyvinyldifluoride (PVDF) membrane, and exposed to an-
tibodies for fibronectin (Chemicon AB1954, 1:1000), or vitronectin (Abcam MAB 1945,
1:2500); followed by an HRP-conjugated secondary antibody (Amersham Life Sciences,
NA934V, 1:5000, and NA931V, 1:2500). Proteins were detected using chemilumines-
cence reagents (Amersham Life Sciences or Millipore).

Experiments involving male Sprague-Dawley rats were carried out in strict accord-
ance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocol was approved by the Institutional Ani-

mal Care and Use Committee at the University of Alabama at Birmingham (approval #
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091107667). Surgeries were performed under isoflurane anesthesia, and all efforts were
made to minimize suffering. Two independent runs of this experiment were performed
with one animal per scaffold for each run. Western blot images are representative of both

runs.

Immunocytochemical Staining for Phosphorylated Focal Adhesion Kinase

Scaffold solutions were electrospun onto cover slips in order to create a coating of
electrospun nanofibers. Coated cover slips were placed into low-adhesion wells of a 24-
well plate and sterilized with 70% EtOH. MSCs were seeded onto substrates at a density
of 800 cells/cm” and allowed to adhere for 5 hours. After this time point, cells were fixed
in 4% formaldehyde and permeabilized in a 0.1% TX-100 solution. Immunostaining was
performed using primary rabbit antibodies against phosphorylated Focal Adhesion Ki-
nase (pFAK Y397, Invitrogen 44-624G, 1:400 dilution); followed by an Alexa Fluor 568
conjugated secondary anti-rabbit antibody (Invitrogen A10042, 1:400, dilution). Cells

were counterstained with DAPI (Invitrogen 1:20,000) in order to show cell nuclei.

Results and Discussion

Tensile Properties of Electrospun Composites

One of the benefits in mixing PCL with collagen I is that it allows tuning of scaffold
tensile strength. This is important in light of recent evidence demonstrating that cells ex-
hibit poor adhesion and survival on matrices that lack sufficient stiffness [33, 34]. Ac-
cordingly, we tested the mechanical properties of the four electrospun formulations. The

tensile properties of the scaffolds under both dry and wet conditions are given in Table 1.
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Dry properties provide information regarding durability in surgical handling, whereas wet
properties represent the physiological condition experienced by cells. As shown in Table
1, the wet modulus of the PCL, PCL/HA and PCL/col/HA substrates ranged from 13.4 -
8.4 MPa, and the wet tensile strength was 6.5 - 2.6 MPa. Notably, the hydrated scaffolds
composed of 100% collagen I were markedly more fragile; in fact, scaffolds broke apart
immediately upon applying force, therefore values could not be recorded. Similar find-
ings have been reported by Shields et al., claiming that electrospinning of collagen dis-
rupts the natural intermolecular cross-linking of collagen which in turn leads to dissolu-
tion of the scaffolds when placed in aqueous solutions [35]. In comparison, blending col-
lagen I with PCL (as represented by the PCL/col/HA scaftfolds) significantly increased
scaffold strength relative to scaffolds composed of collagen I alone, thus providing a use-

ful alternative to chemical cross-linking of collagen fibers.

Table 1

Tensile Properties of dry and hydrated scaffolds. Values represent the average + standard
deviation calculated in the linear portion at 10% strain. The hydrated collagen scaffolds
have very low mechanical properties and could not be measured by this technique.

SCAFFOLD  TENSILE STRENGTH TENSILE MODULUS TENSILE STRAIN (%)
(MPa) (MPa)
Dry Wet Dry Wet Dry Wet
PCL 6.5+0.74 646+034 14.63+0.85 1337140 73.96+3.5 87.35+3.20
PCL/HA 399+031 3.03+098 9.14+1.15 9.23+1.88 93.82+8.3 51.48+4.2

PCL/col/HA 4.67+0.82 2.62+0.92 1393+494 838+029 70.64+798 753+15.69

col 1.46 £ 0.35 - 18.26 £3.14 --- 20.0£5.0 ---

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.
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MSCs adhere and spread on scaffolds composed of PCL, PCL/HA and PCL/col/HA, but
not col 1

As a first step toward evaluating scaffold cytocompatibility, human MSCs were
seeded onto the substrates, and evaluated 24 hrs later for attachment and spreading using
scanning electron microscopy (SEM). As shown in Fig. 1A, cells were able to adhere
and spread on scaffolds composed of PCL, PCL/HA, and PCL/col/HA, however, MSCs
on col scaffolds remained very rounded, suggesting poor cell adhesion. While there are
several factors that could account for the lack of cell spreading on col, one possibility was
that some inhibitory factor may have been released from the col scaffolds. To test this
hypothesis, electrospun col scaffolds (without cells) were incubated in culture media at
37°C to allow for the potential release of soluble factors into the media, and after 24
hours, the media was collected. MSCs were then suspended into this media and seeded
onto PCL scaffolds. After 24 hours of adhesion to PCL scaffolds (while in conditioned
media from col scaffolds), SEM images were collected (Fig 1B). These results showed
extensive cell spreading, indicating that the poor response of MSCs to the electrospun col

scaffolds was not due to any cytotoxic factors released from the substrate.

Growth of MSCs on Scaffolds

In order to assess cell responses to the scaffolds over more extended culture peri-
ods, GFP-expressing MSCs were seeded onto the scaffolds and subjected to live cell im-
aging at varying time points. The value of this approach is that real-time changes in cell

morphology and survival can be monitored on the same samples over the course of their
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culture, and in addition, using a low magnification allows simultaneous visualization of
nearly the entire scaffold surface. Thus, live cell imaging experiments reduce the chance
of bias associated with fixing cells at designated time points and then selecting individual
representative fields for study. At 7 h following the seeding of GFP-expressing MSCs,
adherent cells were apparent on all four of the scaffold formulations (Fig 2A). The cells
adopted a slightly spread morphology on the PCL, PCL/HA and col scaffolds, however
spreading was noticeably more extensive on the PCL/col/HA scaffolds at 7 h (see Fig
2B), suggesting that the tri-component scaffolds provided cells with unique cues that in-
fluenced cytoskeletal reorganization. At 24 h, the cells were spread on PCL, PCL/HA
and PCL/col/HA scaffolds, and more cells were apparent on the PCL/HA and
PCL/col/HA scaffolds as compared with PCL alone. In contrast, only a few very rounded
cells, and some cell aggregates, were observed on the col scaffolds at this time point,
consistent with the SEM images shown in Fig 1. At one week following seeding, cells
had survived on PCL, PCL/HA and PCL/col/HA scaffolds, although again there appeared
to be greater numbers of cells on PCL/HA and PCL/col/HA substrates as compared with
PCL. In fact cells were confluent on the PCL/col/HA scaffolds, suggesting that an in-
creased level of proliferation occurred on these substrates. In marked contrast, no cells
were apparent on the col scaffolds at one week, reflecting poor survival.

The reason for the lack of cell attachment and survival on col scaffolds is not current-
ly understood. We speculate that this response may be due to the low substrate tensile
properties when hydrated. Others have also reported the very low mechanical properties
of non-cross-linked electrospun collagen when placed in an aqueous solution, such as cell

culture media [18, 35, 36]. A burgeoning literature is revealing that substrate stiffness
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has a dramatic effect on cell survival and differentiation status [37]. For example, it has
been reported that tactile sensing of substrate stiffness by cells feeds back on cell adhe-
sion and cytoskeletal organization [33, 38], and in addition, substrates that are too elastic
can cause cell apoptosis [38]. The most common method of increasing the mechanical
properties of collagen biomaterials is to use chemical cross-linking agents [16, 17, 35, 36,
39-41]. However, residual cross-linking agent in the biomaterial has been shown to be
cytotoxic [16] and it has been reported that chemical cross-links created by glutaralde-
hyde, the most common cross-linking agent, can degrade and release cytotoxic aldehydes
into the environment [42, 43]. Additionally, Haydarkhan-Hagvall et al. reported that
cross-linking of electrospun scaffolds drastically reduces the porosity of the scaffolds,
which negatively impacted cell seeding [18]. As an alternative approach to cross-linking,
the incorporation of a synthetic polymer to electrospun collagen scaffolds can be used to
increase the mechanical properties [18]. Our results clearly show that scaffolds incorpo-
rating both PCL and col stimulate greater cell spreading and survival as compared with
either PCL or col alone. Elucidating the exact mechanism underlying this result will re-
quire future studies, however col substrates were not studied further in the current inves-

tigation due to the poor mechanical properties and unfavorable cell responses.

Cells Exhibit Greater Proliferation on Tri-Component Scaffolds

To quantify the proliferation of MSCs adherent to the scaffolds, an MTS assay
was performed (Fig 3). At 1 day following cell seeding, greater numbers of cells were
observed on PCL/col/HA and PCL/HA scaffolds as compared to PCL alone (p<.05), con-

sistent with better cell adhesion to these substrates. At day four, the cell number on
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PCL/col/HA scaffolds was significantly higher than either PCL or PCL/HA, suggesting
that the PCL/col/HA surfaces supported the highest rate of proliferation. MTS is a very
common method for monitoring cell proliferation, and is useful because it specifically
detects viable cells, in contrast to many other labeling protocols that do not discriminate
between live and dead cells. Although it is possible for MTS readings to be influenced
by changes in cellular metabolic activity, the MTS results shown in Fig 3 are in excellent
agreement with the GFP-labeled cell imaging studies, which are not influenced by meta-
bolic activity and show that cells are confluent on PCL/col/HA, but not PCL or PCL/HA,
scaffolds at 7 days following seeding (Fig 2).

The quantitative MTS assays lend support for the hypothesis that the addition of col
and HA in electrospun scaffolds provides a favorable matrix for MSC attachment and
growth. Other groups have seen similar benefits when including collagen or HA in nano-
fibrous biomaterials. For example, Lee et al. reported significant increases in cellular
proliferation of osteoblasts grown on PCL/collagen I electrospun scaffolds compared to
PCL alone [44]. Likewise, the addition of HA in PCL electrospun scaffolds by Chuen-
jitkuntaworn et al. leads to significantly higher levels of primary bone cell growth com-
pared to scaffolds of PCL alone [45]. One of the advances provided by the current study
is that both col and HA were incorporated into polymeric electrospun scaffolds, and as
previously reported, we were able to minimize agglomeration of the HA particles, thus
achieving excellent dispersion of nanoscale HA crystals that approximate the size of na-

tive bone HA crystals [28].
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Tri-Component Scaffolds Adsorb Greater Amounts of Adhesion Molecules
The adsorption of bioactive proteins within the tissue microenvironment to the

biomaterial surface is known to influence cell/material interactions. This is especially
important upon implantation of a biomaterial in a patient, where it is immediately coated
with blood and other bodily fluids that contain large amounts of pro-adhesive proteins.
Given that HA is known to have a high capacity for protein adsorption, we hypothesized
that the incorporation of HA into the scaffolds would increase the amounts of fibronectin
(FN) and vitronectin (VN) adsorbed from serum in the media, which in turn would be
expected to stimulate integrin-dependent behaviors such as cell adhesion and survival.
To test this hypothesis, we monitored the amount of FN and VN bound to the scaffolds
following incubation in fetal bovine serum (FBS). Protein adsorption was assessed by
Western blot analysis of proteins that were desorbed by incubation in boiling SDS buffer.
As shown in Fig. 4A, the PCL/HA scaffolds adsorbed greater amounts of FN and VN
from FBS than PCL alone, as expected. However, markedly greater protein adsorption
was apparent on PCL/col/HA scaffolds when compared with either of the other two for-
mulations, indicating that the inclusion of collagen I into the scaffolds increased protein
adsorption beyond that observed with HA. This is likely due to the fact that col is known
to have specific binding interactions with both FN and VN [46, 47]. The enhanced ad-
sorption of FN and VN from serum may have contributed to the increased cell adhesion
and proliferation observed on tri-component scaffolds (Figs 2 and 3).

The adsorption of FN and VN has clinical relevance since implanted biomaterials
are immediately exposed to the patient’s bodily fluids. Once FN and VN are adsorbed

onto a biomaterial, they provide adhesive ligands for MSCs that infiltrate into the wound
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site. It is well established that FN and VN promote integrin-dependent cell adhesion,
survival and proliferation [48] and these molecules have also been implicated in osteo-
blastic differentiation [14, 15, 49]. To evaluate protein adsorption in a bona fide implant
site, scaffolds were implanted into rat tibiae for 30 minutes to allow endogenous protein
adsorption from the bone microenvironment. As shown in Fig 4B, substantially greater
amounts of FN and VN were bound to the retrieved tri-component scaffolds. Collective-
ly these results suggest that in vivo, tri-component scaffolds will provide a surface rich in
integrin-binding proteins, such as col, FN, and VN, that in turn can direct binding of os-

teogenic cells to the material surface.

Tri-Component Scaffolds Promote the Phosphorylation and Activation of Focal Adhesion
Kinase

Anchorage-dependent cells, such as MSCs, rely on the binding of integrins to lig-
ands in order to promote cell survival through downstream signaling cascades. Upon in-
tegrin attachment to proteins within the extracellular matrix, one of the early intracellular
events to occur is the autophosphorylation of FAK [50]. Activation of FAK, a protein ty-
rosine kinase, initiates numerous signal transduction pathways that ultimately lead to in-
creased MSC survival and proliferation [15, 51]. To evaluate the capacity of the matrices
to induce integrin-associated signaling, MSCs were seeded onto PCL, PCL/HA, or
PCL/col/HA scaffolds, and then immunostained for phosphorylated FAK. Cells were
also counterstained with DAPI to show cell nuclei. It was apparent that cells seeded on
tri-component scaffolds showed markedly increased levels of pFAK, as well as greater

cell spreading, as compared with PCL or PCL/HA (Figure 5). Some weak and diffuse
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cytosolic pFAK staining was evident for cells on PCL/HA scaffolds, but not on PCL.

The limited activation of pFAK observed on cells attached to PCL/HA scaffolds may be
due to the HA in the scaffolds adsorbing pro-adhesive proteins such as FN and VN from
the FBS in the media, as shown previously (Figure 4). As with collagen I, integrin bind-
ing to FN and VN induces FAK phosphorylation [52]. Of note, it was observed that the
pFAK staining pattern for cells adherent to PCL/col/HA was more punctate than the clas-
sic focal adhesion-type staining observed with cells adherent to FBS-coated glass cover
slips (Figure 5). These results are consistent with other studies reporting punctate pFAK
staining for cells grown in 3-dimensional matrices such as collagen gels [53], rather than
2D tissue culture substrates. The higher levels of FAK phosphorylation observed in cells
adherent to PCL/col/HA suggest stronger activation of integrin-dependent signaling cas-
cades, which in turn are important for cell survival and osteoblastic differentiation of
MSCs. For example, multiple investigators have shown that the phosphorylation of FAK
upon integrin binding leads to activation of the osteogenic transcription factor,
Runx2/Cbfa-1, as well as enhanced expression of other osteoblastic markers [52, 54].
Future studies will be focused on examining the capacity of tri-component matrices to

induce osteoblastic differentiation of MSCs and in vivo bone regeneration.

Conclusion

The results presented in this study suggest that tri-component, bone-mimetic,
PCL/col/HA scaffolds blend the advantageous mechanical properties of PCL with the
favorable biochemical cues provided by the native bone molecules, collagen I and HA.

As compared with scaffolds composed of col I, PCL or PCL/HA, tri-component scaffolds
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supported better cell adhesion, spreading, proliferation and FAK activation. Tri-
component scaffolds also adsorbed greater amounts of fibronectin and vitronectin from
both serum and the bone microenvironment, thus providing additional ligands for cell
surface integrins. Taken together, results from the current study suggest that tri-
component PCL/col/HA matrices have high potential to serve as excellent supports for
endogenous reparative cells that infiltrate into the implant site, as well as promising sub-

strates for the delivery of exogenously-expanded stem cells.
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PCL/HA

Cells grown on PCL in
conditioned media from
col scaffolds

Figure 1. SEM images of MSCs cultured on nanofibrous scaffolds for 24 hours. A) Cell
spreading was observed on PCL, PCL/HA, and PCL/col/HA scaffolds, but not on 100%
collagen I (col). B) Col scaffolds (without cells) were incubated in culture media for 24
hrs to allow the potential release of soluble factors, and then the solution was collected.
MSCs were suspended into this conditioned media, seeded onto PCL scaffolds, and al-
lowed adhere in the media for 24 h. Under these conditions cell spreading was extensive,
suggesting that lack of cell spreading on col substrates was not due to any soluble factors
released from these scaffolds.

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.
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Figure 2. Live cell imaging of GFP-expressing MSCs seeded onto electrospun scaffolds.
A) Cells were seeded onto scaffolds and imaged over varying time points. Panels a-c:
PCL scaffolds; panels d-f: PCL/HA scaffolds; panels g-i: PCL/col/HA scaffolds and pan-
els j-1: col scaffolds. Scale bar = 100 mm. B) Higher magnification images of GFP-
expressing MSCs at seven hours on electrospun scaffolds (panels m-p).

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.

52



SRR I

B rcuicoiHa

Relative Cell Proliferation
w

HH

Day 1 Day 4

Figure 3. MTS assay quantifying cell proliferation on electrospun scaffolds of PCL,
PCL/HA or PCL/col/HA. At day one, cell number was significantly higher on PCL/HA
and PCL/col/HA scaffolds in comparison to PCL. By day four, PCL/HA was still signif-
icantly higher than PCL, and PCL/col/HA was significantly higher than PCL/HA and
PCL. In addition, cell number on PCL/col/HA was significantly higher on day four than
day one. An * denotes p<0.05

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.
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Figure 4. Adsorption of FN and VN by electrospun scaffolds. Scaffolds were coated
with fetal bovine serum (A), or implanted into rat tibial osteotomies for 30 min (B).
Scaffolds were then washed to remove loosely bound proteins, and proteins were subse-
quently desorbed by incubation in boiling SDS-containing solution. The amounts of FN
and VN were evaluated by Western blot.

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.
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Figure 5. Immunostaining for phosphorylated focal adhesion kinase. MSCs were seeded
onto glass coverslips coated with electrospun nanofibers, or with FBS as a control. After
5 hours, cells were fixed and stained for phosphorylated Focal Adhesion Kinase (red).
Cells were counterstained with DAPI to show cell nuclei (blue). Cells seeded onto
PCL/col/HA scaffolds were better spread, and exhibited greater amounts of punctuate
pFAK staining (site pY397) as compared with cells on PCL or PCL/HA. Cells seeded
onto FBS-coated glass coverslips displayed pFAK staining in focal adhesion-type struc-
tures (white arrows), as expected for cells grown on 2D surfaces.

Note: From “Mesenchymal Stem Cell Responses to Bone-Mimetic Electrospun Matrices
Composed of Polycaprolactone, Collagen I and Nanoparticulate Hydroxyapatite” by
M.C. Phipps, W.C. Clem, S. A. Catledge, Y. Xu, K.M. Hennessy, V. Thomas, M. J. Ja-
blonsky, S. Chowdhury, A. V. Stanishevsky, Y. K. Vohra, S. L. Bellis, 2011, PLoS ONE,
6, €16813. Copyright 2011 by Phipps et al. Reprinted with permission.
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Abstract

Bone mimetic electrospun scaffolds consisting of polycaprolactone (PCL), colla-
gen I and nanoparticulate hydroxyapatite (HA) have previously been shown to support
the adhesion, integrin-related signaling and proliferation of mesenchymal stem cells
(MSCs), suggesting these matrices serve as promising degradable substrates for osteore-
generation. However, the small pore sizes in electrospun scaffolds hinder cell infiltration
in vitro and tissue in-growth into the scaffold in vivo, limiting their clinical potential. In
this study, three separate techniques were evaluated for their capability to increase the
pore size of the PCL/col I/nanoHA scaffolds: limited protease digestion, decreasing the
fiber packing density during electrospinning, and inclusion of sacrificial fibers of the wa-
ter-soluble polymer PEO. The PEO sacrificial fiber approach was found to be the most
effective in increasing scaffold pore size. Furthermore, the use of sacrificial fibers pro-
moted increased MSC infiltration into the scaffolds, as well as greater infiltration of en-
dogenous cells within bone upon placement of scaffolds within calvarial organ cultures.
These collective findings support the use of sacrificial PEO fibers as a means to increase
the porosity of complex, bone-mimicking electrospun scaffolds, thereby enhancing tissue
regenerative processes that depend upon cell infiltration, such as vascularization and re-

placement of the scaffold with native bone tissue.

Introduction
Although significant advances have been made in the development of biomateri-
als for bone repair, there is still a pressing need for viable clinical alternatives to bone

autografting [1], which is currently the gold standard treatment [2]. Autografting presents
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multiple drawbacks for the patient, including increased surgery time, donor site pain, and
limited quantity of harvestable bone [2-5]. Biomaterials capable of promoting osteore-
generation would provide a promising solution for many common clinical procedures,
such as repair of long bone defects, spinal fusions, craniofacial and dental surgeries [6].
Some of the fundamental features of biomaterials thought to be important for effective
bone regeneration include: (i) a biochemical composition and structure that supports os-
teogenic cell responses, (i1) appropriate kinetics of biodegradability, without any release
of toxic byproducts, and (iii) a highly interconnected porous network that allows for
proper tissue in-growth and vascularization of the biomaterial [7].

In order to engineer a successful osteoinductive material, many researchers have
turned toward the process of electrospinning [8-12]. Electrospinning has garnered sub-
stantial attention in recent years due to the relatively simple fabrication process, com-
bined with the significant potential to tailor these materials to mimic native bone matri-
ces. Electrospun scaffolds have a nanofibrous structure with interconnecting pores and a
large surface to volume ratio, resembling natural extracellular matrix (ECM), and are also
amenable to the incorporation of biological factors that influence cellular fate [11, 13].
Several investigators have developed electrospun scaffolds that combine degradable pol-
ymers such as polycaprolactone (PCL) with native bone matrix molecules including col-
lagen I and hydroxyapatite (HA) [13-18]. For example, we previously reported that scaf-
folds composed of blended PCL/collagen I nanofibers, with nanoparticles of HA distrib-
uted throughout the thickness of the matrix, promoted greater mesenchymal stem cell
(MSC) adhesion, cell spreading, activation of focal adhesion kinase, and cell prolifera-

tion, as compared with scaffolds composed of PCL alone [19]. Thus, the PCL/col/HA
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scaffolds represent promising substrates for supporting endogenous cells in a bone-
healing environment, and also have potential utility as a delivery vehicle for exogenously
expanded MSCs.

However, one known limitation of electrospun scaffolds is that the pore sizes
within the matrices are typically too small to allow efficient cellular infiltration [20-24].
Migration of cells into a biodegradable scaffold is a crucial step for the success of the
synthetic graft and the overall healing of the bone defect [20]. Additionally, the small
pore sizes constrain vascularization of the biomaterial, which restricts nutrient delivery
and waste removal, limiting the amount of tissue-ingrowth that can be supported [20]. To
overcome this problem, numerous investigators have proposed mechanisms for increas-
ing the average pore size of electrospun scaffolds with varying levels of success. Pham et
al. addressed this issue by alternating layers of microfibers with nanofibers, however cell
infiltration under static culture conditions was minimal [25]. Also, the decrease in the
number of nanofibers resulting from this method caused diminished cell spreading. Oth-
ers have used common engineering techniques of salt leaching [26, 27] or cryogenic elec-
trospinning [28] and have achieved moderate success, however these techniques require
advanced electrospinning set-ups and can also affect the surface properties of the nano-
fibers. Another potentially useful approach involves reducing the packing density of the
electrospun scaffolds during the fabrication process [29], or alternatively, decreasing the
packing density post-electrospinning by employing an ultrasonication method to mechan-
ically separate the fibers, resulting in greater pore sizes and enhanced cellular infiltration

[30]. Lastly, several investigators have explored co-electrospinning sacrificial fibers
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along with stable fibers, thereby creating larger pores after removal of the sacrificial fi-
bers; this strategy has been successful in facilitating cell infiltration [24, 31, 32].
Despite the many new electrospinning techniques developed to increase scaffold
pore size, the vast majority of studies in this area have focused on scaffolds composed
solely of synthetic polymers, which offer minimal biologic cues for cells. Therefore it is
essential for these techniques to be adapted in order to engineer custom, complex matri-
ces that incorporate biological molecules specific for their intended application. In this
study, our goal was to compare various methods for increasing the pore size of bone-
mimetic, PCL/col/HA (“TRI”) electrospun scaffolds in order to facilitate the infiltration

of osteogenic cells.

Materials and Methods

Preparation of Electrospun Scaffolds

TRI component and PCL electrospun scaffolds were fabricated as described pre-
viously [19]. Briefly, electrospinning solutions of 50wt% PCL + 30wt% collagen I +
20wt% HA (TRI), and 100wt% PCL were dissolved in hexafluoroisopropanol (HFP,
Sigma-Aldrich) so that the solid weight was 7.5% of the total solution weight. PEO was
dissolved in HFP so that the solid weight was 5.5% of the total solution weight. PCL
(MW = 100,000 Da) was purchased from Scientific Polymer Products (Ontario, NY),
PEO (MW = 200,000 Da) was purchased from Polysciences, Inc. (Warrington, PA), ly-
ophilized calf skin collagen I was from MP Biomedicals (Solon, OH), and HA nanoparti-
cles (20-50nm) were purchased from Berkeley Advanced Biomaterials, Inc. (San

Leandro, CA). The solutions were magnetically stirred at room temperature for over one
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hour followed by brief sonication before loading into disposable 3cc syringes. A voltage
of 22.5kV was applied using a high-voltage power supply (Gamma High Voltage Re-
search, Ormond Beach, FL). The grounded aluminum collection plate (9cm diameter)
was located 15cm from the tip of the electrically charged 27-gauge needle (Jensen Global
Inc., Santa Barbara, CA). A syringe pump (Harvard Apparatus) was used to feed polymer
solution into the needle at a flow rate of 2ml/h. The resulting samples were randomly ar-
ranged fibers deposited as a sheet with average thickness of 300pum. A Humboldt Boring
Machine (Fisher) was then used to cut out electrospun scaffolds in fixed diameter circles
to insure equal sample size. No chemical or radiation-induced cross-linking of PCL, PEO
or collagen fibers was performed.

For studies aimed at reducing the packing density of electrospun scaffolds, a
unique collecting plate was used. As shown in Figure 4A, a plastic petri dish (9cm diame-
ter) was added to cover the grounded aluminum collecting plate. Twenty evenly spaced
19-gauge (1.5 length) needles (Jensen Global) were inserted perpendicularly through
holes created in the petri dish, touching the aluminum plate underneath.

Following electrospinning, samples were placed under vacuum for 48 hours to
remove the residual HFP solvent. Scaffolds were sterilized in 70% EtOH for one hour

prior to use.

Implantation of Scaffolds into Rat Tibiae
PCL or TRI scaffolds were implanted into cortical defects created in rat tibias of
four male Sprague-Dawley rats as previously described [33] (two rats per scaffold type).

The wounds were closed with vicryl sutures, and buprenorphine was given as an analge-
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sic. The tibiae, with implants in place, were retrieved after 7 days, fixed in 4% formalin,
and embedded in poly(methylmethacrylate). Multiple Sum sections were stained with
Goldner’s Trichrome, which stains mineralized tissue green, non-mineralized extracellu-
lar matrix red, and cell nuclei black. Low power survey images were acquired with a Ni-
kon SMZ-U stereomicroscope. Higher magnification bright field images were acquired
with a Nikon Eclipse TE2000-U. NIH guidelines for the care and use of laboratory ani-
mals (NIH publication #85-23 rev.1985) were observed, and all protocols were per-
formed with prior approval from the University of Alabama Institutional Animal Care

and Use Committee.

Scanning Electron Microscopy (SEM) Imaging of Electrospun Scaffolds

Electrospun scaffolds were visualized for fiber integrity and architecture using
scanning electron microscopy. For collagenase treatment testing, scaffolds were placed in
a collagenase solution (2mg/ml Roche Applied Sciences) for one week prior to being
dried in increasing gradients of ethanol in water. SEM imaging was performed on a
Philips 515 SEM with an accelerating voltage of 15kV.

In the subcutaneous skin pouch studies, scaffolds were implanted into dorsal sub-
cutaneous sites of male Sprague-Dawley rats as described previously [34]. After one
week, animals were sacrificed and implants were retrieved and washed. Scaffolds were
dried in gradients of ethanol in water followed by a gradient of hexamethyldisilazane in
ethanol. SEM imaging was performed on a Philips 515 SEM with an accelerating voltage

of 15kV.
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For reduced packing density studies, SEM imaging was performed on a Philips
XL-30 SEM with an accelerating voltage of 10kV. Scaffolds were dried in a desiccator

for 48 hours prior to imaging.

Isolation and Culture of MSCs

For in vitro infiltration studies, human MSCs were isolated from bone marrow
donations, as previously described [35]. Briefly, cells were pelleted by centrifugation,
resuspended in Dulbecco's Modified Eagle Medium (DMEM), and then applied to a His-
topaque-1077 column (Sigma, St. Louis, MO). A density gradient was generated by cen-
trifugation at 500g for 30 min. Cells from the DMEM/Histopaque interface were extract-
ed with a syringe and seeded onto tissue culture dishes and cultured in DMEM containing
10% fetal bovine serum. Bone marrow samples were obtained with approval from the
University of Alabama Institutional Review Board. For fluorescent studies, lentivirus-
transduced human MSCs containing green fluorescent protein (GFP) were provided by

the Tulane Center for Gene Therapy (New Orleans, LA).

Collagenase Treatment of Electrospun Scaffolds

TRI scaffolds were treated with a 2mg/ml collagenase solution at 37°C for one
week. The dry weight of the scaffolds was measured before collagenase treatment, and
then the scaffolds were dried in a dessicator before being weighed again. The change in
mass is presented as the percent change between the initial and final weighing. 100%

PCL scaffolds were used as control.
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MSC Infiltration into Electrospun Scaffolds

MSC infiltration into electrospun scaffolds was tested in two separate experi-
ments. In the first, TRI or PCL scaffolds were treated with collagenase solution (2mg/ml)
overnight prior to being sterilized in 70% ethanol for one hour. Scaffolds were placed in
24-well CellCrowns™ (Scaffdex, Tampere, Finland) to maintain scaffold orientation.
GFP-expressing MSCs were seeded at a density of 3.8 x 10* cells/cm” onto the top of the
scaffolds and cultured in growth media (DMEM containing 4.5 g/L glucose, supplement-
ed with 10% fetal bovine serum) at 37°C, exchanging media every 2-3 days. After two
weeks, cells on the scaffolds were fixed in 70% EtOH prior to embedding the cell loaded
scaffolds in frozen HistoPrep blocks (Fisher Scientific). 6um sections were cut using a
Leica cryostat. Sections were visualized using a Nikon fluorescent microscope for pres-
ence of GFP-expressing cells within the scaffold.

In the second cell infiltration assay, TRI/PEO or TRI scaffolds were washed
overnight to remove PEO fibers prior to being sterilized in 70% ethanol for one hour.
Scaffolds were again placed in 24-well CellCrown™™ and MSCs were seeded at a density
of 5 x 10* cells/cm? onto the top of the scaffolds and cultured in growth media for one
week. Cells were then fixed in 70% EtOH prior to embedding the cell-loaded scaffolds in
frozen HistoPrep blocks. 6um sections were cut using a Leica cryostat. Sections were

stained with DAPI to visualize the location of cell nuclei.

Removal of Sacrificial Fibers of PEO

After electrospinning, sacrificial fibers of PEO were removed from electrospun

scaffolds by soaking in HO overnight at room temperature. The removal of PEO fibers
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was visualized by adding fluorescent dyes to the electrospinning solutions prior to elec-
trospinning. The green fluorescent dye DiOC;g(3) (Invitrogen Corp., Carlsbad, CA) was
added to TRI solutions, and the red fluorescent dye DilC;g(3) (Invitrogen) was added to
PEO solutions.

For percent mass loss studies, scaffolds were weighed before soaking in water for
one week, then dried in a desiccator before being weighed again. The change in mass is

presented as the percent change between the initial and final weighing.

Measuring Pore Sizes of TRI/PEO Scaffolds

TRI/PEO and TRI solutions were electrospun onto glass coverslips attached to the
collecting plate. 0.05mL of solution was electrospun for all samples to ensure equal scaf-
fold thickness. TRI solutions were fluorescently stained with DiOC;g(3). After washing
scaffolds, the fibers were visualized fluorescently using a Zeiss LSM 710 Confocal mi-
croscope. 10um sections were captured by stacking consecutive image slices. Images
were analyzed using the Area Auto Detect feature on the NIS-Elements Basic Research
software (Nikon Instruments Inc., Melville, NY). The macro was used to automatically
detect boundaries and measure areas between fluorescent fibers of 25 pores manually se-
lected at random for each image. Three images were analyzed per sample, two samples
per group. All images were taken at 20x. Average pore size was calculated using the im-

aging software.

65



Infiltration of Cells from Calvarial Organ Cultures

4-day-old Swiss White mice pups were euthanized via decapitation. The calvarial
bones were excised as described by Mohammad et al. [36] and placed on top of a steel
grid in 6-well plates. Electrospun scaffolds of TRI or TRI/PEO (soaked in water over-
night to remove PEO) were placed on top of the calvaria. Calvaria were cultured in serum
free media for eight days. Calvaria/scaffold constructs were then fixed in 70% EtOH and
embedded in frozen HistoPrep blocks. 6um sections were cut using a Leica cryostat. Sec-

tions were stained with DAPI to visualize the location of endogenous cell nuclei.

Statistics
Percent mass loss studies were performed at least two independent times. MSC

infiltration studies were performed two independent times in triplicate. Two representa-
tive microscopic fields were analyzed per sample, giving a total of 12 fields analyzed for
each scaffold formulation. Organ culture studies were performed with seven samples per
group. Two representative fields were analyzed per sample, giving a total of 14 fields an-
alyzed for each scaffold type. Data sets were assessed using an unpaired Student’s t-test
parametric analysis, and data were reported as mean + standard deviation. A confidence
level of at least 95% (p <0.05) was considered significant and denoted by “*”. Addition-

ally, (p <.0001) was denoted by “**”,
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Results
Controlled Degradation of Collagen Fibers

Previous studies have shown that bone-mimetic electrospun scaffolds consisting
of PCL, collagen I and nano HA (“TRI”’) support MSC responses in vitro that are favora-
ble for new bone formation [19]. However, it has become apparent that the small pore
sizes within these scaffolds restrict cellular infiltration, consistent with most other types
of electrospun scaffolds. As can be seen in Figure 1A, TRI scaffolds implanted into a cor-
tical defect created in a rat tibia supported excellent new bone formation, and higher
magnification images (Fig 1B) revealed that newly synthesized bone was in direct contact
with the implant surface. However cells lined the surface of TRI scaffolds, with minimal
infiltration into the scaffold (inset in Fig 1B).

To address this issue, we first tested whether the collagen present in the TRI scaf-
folds could be used to our advantage as a target for controlled degradation, thereby creat-
ing larger pores in order to facilitate cellular infiltration. We hypothesized that a limited
treatment with collagenase solution could be employed to introduce selective fiber breaks
(without completely eliminating collagen from the scaffolds). To test this, TRI scaffolds,
and PCL scaffolds as a control, were treated with collagenase, and substrates were then
analyzed by SEM to screen for the presence of fiber breakages. As shown in Figure 2A,
SEM images of the treated scaffolds revealed breakage of fibers in the TRI (e) but not
PCL (b) scaffolds. This cleavage of fibers in TRI scaffolds was also observed when scaf-
folds were placed into rat subcutaneous skin pouches, where they are exposed to endoge-
nous collagenases (). Additionally, the cleavage of collagen fibers was confirmed by

comparing the dry-weight of scaffolds before and after treatment with collagenase solu-
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tion in vitro. On average, TRI scaffolds lost 15.6% of their mass after one week, while

PCL scaffolds exhibited no decrease in mass (Fig 2B).

Cell Infiltration in Scaffolds Pre-Treated with Collagenase

After observing that collagenase treatment creates specific fiber breakages in TRI
scaffolds, thereby opening larger pores, we tested to see if this would facilitate cellular
infiltration. MSCs that stably express GFP were seeded on top of TRI scaffolds that had
been pre-treated with collagenase solution and then placed into Scaffdex CellCrown™™
well inserts (to ensure the scaffold orientation was maintained). MSCs seeded onto the
scaffolds were cultured in standard growth media. After two weeks of culture, the sam-
ples were fixed and scaffolds sectioned vertically to monitor migration of cells into the
scaffold. As can be seen in Figure 3, panel b, the MSCs remained on the surface of the
scaffolds, with negligible cellular infiltration observed.

Given the minimal level of cellular infiltration observed, we questioned whether
or not the basal migration level of the GFP-MSCs was too low to observe infiltration into
the scaffolds. To stimulate MSC migration, we coated the bottom side of the scaffolds
with the chemo-attractant platelet derived growth factor (PDGF-BB), which has been
shown to be a potent inducer of MSC migration [37-39]. By coating the underside of the
scaffold with PDGF-BB, a chemo-attractive gradient was created through the scaffold for
the MSCs. Despite the pretreatment of scaffolds with collagenase to increase pore sizes in
addition to the inclusion of PDGF, there was still negligible cell infiltration at time points
of two (Figure 3, panel c) and three weeks (not shown). Therefore it was apparent that

this technique was not an adequate solution for facilitating robust cellular infiltration.
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Reducing the Packing Density of Electrospun Fibers

We next developed a modified electrospinning protocol aimed at decreasing the
packing density of scaffold fibers. Specifically, a plastic petri dish was used to cover the
normal aluminum collecting plate, and twenty evenly spaced holes were created in the
petri dish, followed by the placement of 19 gauge needles through the holes touching the
grounded collecting plate. A schematic of the collecting plate can be seen in Figure 4A.
During electrospinning, the fibers were attracted to the grounded needles protruding from
the petri dish, and bridged from one needle tip to the other. The limited amount of
grounded points for fiber attachment reduced the packing density of the electrospun fi-
bers, creating a more three dimensional scaffold with larger pore sizes. However, it was
discovered that this three-dimensional scaffold fabrication technique was only successful
with 100% PCL scaffolds, and could not be replicated with TRI scaffolds (Fig 4B). SEM
confirmed that while the PCL scaffolds showed large pore distribution and channels, the
TRI fibers remained densely packed (Fig 4C). Despite numerous modifications to the
protocol, including changes to the solution composition and electrospinning conditions,
as well as alterations in the collecting plate set-up, we failed to generate TRI scaffolds
with the type of 3-dimensional architecture that was achievable with scaffolds composed
of PCL alone. Given the importance of collagen I and nanoHA in stimulating MSC re-
sponses critical for osteogenesis, it seems unlikely that the greater porosity of PCL scaf-
folds spun with multiple grounded needles can compensate for the favorable biochemical
signals provided by TRI scaffolds. Hence, alternative electrospinning methods were pur-

sued.
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Inclusion of Sacrificial PEO Fibers in Scaffolds

As another method to increase the pore sizes of TRI scaffolds, the inclusion of
sacrificial fibers of the water-soluble polymer poly(ethylene oxide) was evaluated. By
simultaneously electrospinning separate solutions of PEO and TRI, a mixed scaffold was
created. After fabrication, soaking the scaffolds in water washed away the sacrificial fi-
bers, leaving just the TRI scaffold with voids where the PEO fibers had previously been.
To facilitate the mixing of the fibers onto a flat collecting plate, a fixed gear motor was
installed to rotate the collecting plate on an axis parallel to the electrospinning direction.
By adding fluorescent dyes to the electrospinning solutions prior to electrospinning, fluo-
rescent microscopy confirmed scaffolds were created with a mixture of two separate fi-
bers, and that the fibers of PEO were removed after soaking in water, leaving just the TRI
fibers (Fig 5A). Furthermore, the removal of PEO was confirmed by comparing the dry

weight of the scaffolds before and after soaking them in water (Fig 5B).

Measuring the Pore Sizes of Electrospun Scaffolds

To quantify the pore sizes of electrospun scaffolds created with sacrificial fibers
of PEO, fluorescent confocal microscopy experiments were performed. Electrospun scaf-
folds of TRI or TRI/PEO were collected onto glass coverslips taped onto the rotating col-
lecting plate. To ensure equal fiber distribution, equal volumes of TRI solution were elec-
trospun. TRI solutions were stained with fluorescent dye (DiOC,3(3)) prior to electro-
spinning. After soaking in water, scaffolds were imaged using a Zeiss confocal micro-

scope. Individual scans of the samples were combined to create a 10um thick picture.
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NIS-Elements software was used to analyze the resulting images. 25 pores were selected
at random using the Area Auto Detect feature. In Figure 6A, representative images are
shown to illustrate boundary selection by the software. The mean pore size in TRI scaf-
folds created with sacrificial fibers of PEO was 1826.11um?, significantly greater than

the mean size of pores for TRI scaffolds created without PEO fibers (424um?) (Fig 6B).

MSC Infiltration in Scaffolds with PEO Fibers

After successful fabrication of scaffolds consisting of separate TRI and PEO fi-
bers, scaffolds were evaluated for the effect of PEO fiber removal on cellular infiltration.
Electrospun scaffolds of TRI/PEO were first soaked in water overnight to remove the
PEO fibers. Scaffolds were then loaded into Scaffdex holders to maintain their orienta-
tion and seeded with MSCs. TRI scaffolds created without PEO were used as controls.
After one week in culture, the samples were fixed and vertical sections of the scaffolds
were stained with DAPI to visualize the nuclei of cells infiltrating into the scaffold. As
can be seen in Figure 7A, MSCs were present within the interior of the TRI/PEO scaf-
folds, showing that removal of sacrificial fibers facilitated cellular infiltration. In compar-
ison, MSCs were only present on the surface of TRI scaffolds created without PEO.

In order to quantify the amount of cellular infiltration observed in these experi-
ments, a custom MATLAB script was created to process the images. Phase contrast and
DAPI images were taken of the scaffold cross-sections and loaded into the MATLAB
program. The phase contrast image was used in order to set the boundaries of the scaffold
and calculate the thickness of the scaffold. The scaffold boundaries were then mapped

onto the DAPI image, and the script calculated the distance from each cell nuclei to the
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top of the scaffold. Results of this analysis showed that TRI scaffolds created with PEO
had an average cell infiltration of 45.49um, compared to 6.13um for TRI scaffolds with-
out PEO (Fig 7B), confirming that sacrificial fibers of PEO facilitate cellular infiltration

of MSCs.

Infiltration of Endogenous Cells from Calvarial Organ Cultures

To examine the infiltration of endogenous cells from a bone microenvironment, a
mouse organ culture model was used. This ex-vivo model has numerous advantages over
in vitro cell migration assays. The excised calvariae retain the three-dimensional architec-
ture of developing bones and also possess the relevant cell types found in bone, including
osteoblasts, osteocytes, stromal and pre-osteoblastic cells [36, 40]. With all of these dif-
ferent cell types interacting with one another through paracrine and endocrine signaling
molecules, this model provides a physiologically relevant environment to study cellular
infiltration of bone cells. Excised calvariae from neonatal mice were placed into culture
on top of a steel grid to keep them from floating and hold them at the liquid/air interface.
TRI or TRI/PEO (previously soaked in water to remove PEO) scaffolds were placed di-
rectly on top of the calvariae, where they come into contact with the bone-lining cells.
After 8 days in culture, the calvaria/scaffold constructs were fixed and vertical sections
were stained with DAPI to show cellular nuclei. As can be seen in Figure 8A, TRI scaf-
folds created with sacrificial fibers of PEO showed greater cellular infiltration of cells
from the mouse calvaria into the scaffold.

In order to quantify the distance traveled by infiltrating endogenous cells, a cus-

tom MATLAB script was used as outlined above. Results of this analysis showed that
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cells on TRI/PEO scaffolds were able to infiltrate 63.15um on average, compared to
20.06um for cells on regular TRI scaffolds (Fig 8B). Collectively these results confirm
that sacrificial fibers of PEO can be included in the electrospinning process in order to
create electrospun scaffolds that facilitate the infiltration of MSCs and endogenous bone

cells.

Discussion

As the average age of the current population continues to increase, the need for
bone grafts to repair skeletal defects will correspondingly rise [6]. Therefore, creating a
synthetic bone graft that can replace or supplement autografted bone has become a major
goal in the field of tissue engineering [7, 41]. One of the more promising techniques for
fabricating a synthetic bone graft is the process of electrospinning, due to the ease in cre-
ating a nano-fibrous matrix that mimics natural ECM structure [42, 43]. Additionally, by
combining synthetic and biological components, more complex, bone-mimetic scaffolds
can be created that have tunable mechanical and resorbable properties (enabled by the
synthetic polymer) while providing important biologic cues (from bone-derived mole-
cules) to osteogenic cells [44]. As an example, several investigators have studied the in-
corporation of collagen I and hydroxyapatite into electrospun scaffolds since these two
molecules comprise the principal constituents of bone ECM. These studies have shown
that electrospun nanofibers that have incorporated HA [15, 16, 45] and/or collagen [17-
19, 46] facilitate the adhesion, proliferation, and osteoblastic differentiation of bone cells

in vitro as well as support robust bone formation in vivo.
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Although these results show promise towards the end goal of creating a synthetic
bone graft, there is a significant limitation associated with electrospun scaffolds. Due to
the dense packing of electrospun nanofibers during the fabrication process, the resulting
matrix has very small pore sizes, which hinders the infiltration of cells in vitro and limits
tissue-ingrowth and vascularization in vivo [20, 21, 47]. In order to maximize the success
of a biodegradable implant, the implant must support the infiltration of bone cells
throughout the thickness of the material, allowing the implant to be replaced with native
bone over time through the process of creeping substitution [48]. Additionally, vasculari-
zation of the biomaterial is an essential step in tissue healing, as this process provides the
nutrients and oxygen needed for bone cells to survive, while facilitating removal of waste
products from cell metabolism [20, 21, 47, 49]. Accordingly, a growing focus in the field
of tissue engineering is to discover techniques that increase the mean pore sizes of elec-
trospun scaffolds and thereby facilitate cellular infiltration.

In this study, we investigated several techniques for creating bone-mimetic TRI
scaffolds that have permissive pore sizes for cellular infiltration. We initially observed
that limited treatment of the bone-mimetic scaffolds with a collagenase solution in vitro
created specific fiber breakages throughout the scaffold, thereby opening up larger pores.
However, it was observed that the pores created by collagenase treatment were insuffi-
cient to allow MSC infiltration. As a second approach, we developed a modified electro-
spinning protocol with the goal of decreasing fiber packing density, creating larger pores
between the fibers. Several groups have similarly attempted to decrease fiber-packing
density using a variety of methods. Mitchell and Sanders reported the creation of a con-

trolled electrospinning set-up in order to tightly control fiber diameter and inter-fiber
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spacing [50, 51]. Although cell infiltration was not evaluated, it was found that the die-
lectric strength of the collecting plate had a significant effect on inter-fiber spacing. Va-
quette and Cooper-White tested a number of patterned collecting plates, and determined
that electrospun PCL fibers would collect along the patterns of the plate [51]. Some of
these patterns could be used to create larger pores, and the resulting scaffolds facilitated
infiltration of NIH 3T3 fibroblasts. Soliman et al. tested both micro- and nano-fiber
meshes of either low or high density fiber packing and found that the microfiber low den-
sity fiber packing scaffolds supported the greatest cell infiltration of GFP-HUVECs [21].
Lastly, Blakeney et al. were able to significantly decrease the packing density of electro-
spun PCL scaffolds by using a custom collecting surface consisting of a spherical foam
bowl with an array of embedded stainless steel probes [29]. The resulting electrospun
scaffold possessed a flufty, three-dimensional structure, which supported high levels of
INS-1 cell infiltration in vitro. These collective results from multiple investigators pro-
vide excellent support for the concept of increasing pore size through controlled fiber
packing, however it should be noted that all of these prior studies were performed with
single polymer solutions (e.g. 100% PCL). In the current study, we created a unique col-
lecting plate consisting of a 19 gauge needles protruding perpendicularly through a plas-
tic petri dish. This strategy was very successful for scaffolds composed of 100% PCL; the
scaffolds formed in biscuit- like sheets, with very loosely packed fibers between the
sheets. Additionally, the scaffolds had a wide range of pore sizes and deep channels, cre-
ating a structure resembling natural trabecular bone. Unfortunately, these results could
not be replicated using our bone-mimetic scaffolds, despite many adaptations to the pro-

tocol including changing the needle gauge, needle density, electrospinning voltage, solu-
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tion viscosity, and the replacement of the plastic collecting plate with Styrofoam. Clearly
there is a need for further studies aimed at adapting novel electrospinning protocols for
use with complex scaffolds incorporating biologic molecules. In this regard, Hutmacher’s
group used a combination of electrospinning and electrospraying to create PCL/col elec-
trospun scaffolds with pockets of hyaluronan gel; this approach was very effective in
promoting infiltration of multiple cell types [22, 47].

Another emerging method for increasing scaffold porosity involves the incorpora-
tion of sacrificial fibers of PEO during the electrospinning process. This technique was
first reported by Baker et al. [31], and its effectiveness has since been confirmed by oth-
ers [24, 32]. However, to our knowledge, PEO fibers have yet to be utilized in conjunc-
tion with bone-mimetic fibers mixing collagen I, nanoHA and PCL, creating a complex,
tissue-specific matrix. In the current study, composite fibers of PCL/col/HA were co-
spun with separate fibers of PEO. Washing the scaffolds removed the PEO fibers, leaving
larger voids in the matrix between the remaining PCL/col/HA fibers. Increased pore size
was confirmed by fluorescent confocal microscope and NIS-Elements imaging software.
In order to evaluate the effectiveness of using sacrificial fibers to promote cellular infil-
tration, MSCs were grown on the TRI scaffolds created with PEO fibers and the positions
of nuclei on scaffold cross-sections were measured. It was observed that scaffolds created
with PEO fibers were able to support a significantly greater level of cellular infiltration
compared to scaffolds created without PEO fibers. These data establish that the inclusion
of sacrificial fibers of PEO can be readily adapted to more complex electrospun scaffolds
consisting of composite fibers designed to mimic a specific natural extracellular matrix.

In future studies one important objective will be to test varying amounts of PEO in bone-
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mimetic scaffolds, with the goal of tailoring PEO fiber number to control the degree of
cell infiltration. Previous studies by others [31, 32] have shown a positive correlation be-
tween the degree of cell infiltration and the percentage of PEO within electrospun PCL
scaffolds.

Although in vitro studies of cell infiltration are commonly employed to evaluate
the effects of scaffold pore size, few investigators have monitored scaffold infiltration by
endogenous cells within bone matrix. Due to the complexity of intact tissues, where nu-
merous cell types and soluble factors cooperate to regulate cell and tissue responses, it
can be difficult to accurately model bone cell behavior. Therefore we felt it was essential
to examine cell infiltration in a more physiologically-relevant system. This was accom-
plished by using a mouse calvarial organ culture. In this ex vivo model, the calvaria retain
the three-dimensional architecture of developing bones and also possess the relevant cell
types found in bone, which constantly interact with one another in a bone microenviron-
ment [36, 40]. Our results show that cells from the natural bone matrix interact favorably
with the PCL/col/HA scaffolds; specifically, cells were able to migrate from the calvaria
and attach to the surface of the these scaffolds. Most importantly, significantly greater
cell infiltration was observed in TRI matrices created with PEO fibers. These results pro-
vide strong evidence that matrices composed of PCL/col/HA are not only effective in
promoting bone cell adhesion and survival, but the further inclusion of sacrificial PEO
fibers represents a successful and technically straightforward method for enhancing po-

rosity, leading to enhanced cell infiltration.

77



Conclusion

In prior studies electrospun PCL/col/HA scaffolds were developed that supported
greater MSC adhesion, signaling and proliferation as compared with scaffolds composed
of PCL or collagen I alone, however the small pore sizes of these bone-mimetic scaffolds
limited cell infiltration. In this investigation, we evaluated the efficacy of multiple tech-
niques in increasing the pore size of the PCL/col/HA scaftfolds, thereby enhancing cell
infiltration. We found that incorporation of PEO sacrificial fibers in the electrospinning
process facilitated MSC infiltration in vitro, as well as infiltration of endogenous cells
when scaffolds were placed within calvarial organ cultures. While there is currently much
interest in developing methods to increase the pore size of electrospun scaffolds, few of
these have been adapted for use with multi-component scaffolds incorporating biologic
molecules. Results from this study show that electrospinning PEO sacrificial fibers is a
relatively simple approach that can be used with complex tissue-mimicking electrospun
scaffolds to increase cell infiltration. More importantly, the enhanced cell infiltration
achieved by incorporating PEO sacrificial fibers overcomes one of the major limitations
of bone-mimetic PCL/col/HA matrices, which have already shown promise as supportive

matrices for osteoregeneration.
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Figure 1. PCL/col/HA scaffolds (“TRI”), or scaffolds composed of 100% PCL, were im-
planted into a cortical defect in a rat tibia for seven days. A) Low magnification images
of transverse sections stained with Goldner’s Trichrome show new bone stained light
blue-green, soft tissue stained red, and cell nuclei stained black. TRI scaffolds supported
robust new bone formation throughout the defect (A), especially in direct contact with the
scaffold surface (B). However, endogenous cells can be seen lining the edge of scaffolds
(B inset). The small pore sizes of electrospun TRI scaffolds hinder cell infiltration and
tissue-ingrowth.

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 526. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 2. SEM images of selective cleavage of collagen I present in TRI scaffolds. A)
Treatment with collagenase solution in vitro (b, €) or exposure to endogenous collagenas-
es in a rat subcutaneous skin pouch (c, f) are able to cleave the collagen within fibers of
TRI scaffolds creating larger pores (red circles), but have no effect on PCL scaffolds. B)
Weighing the scaffolds before and after soaking in collagenase solution verified cleavage
of collagen fibers in TRI scaffolds. An ** denotes p <.001.

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 527. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 3. Pre-treating scaffolds with collagenase does not facilitate cell infiltration of
MSC:s in vitro. GFP-expressing MSCs were seeded onto TRI scaffolds previously treated
with collagenase to create larger pores, or untreated scaffolds as a control. After two
weeks, samples were fixed and sectioned to evaluate MSC infiltration into the scaffolds
(a and b). Collagenase treatment did not facilitate significant cellular infiltration. In at-
tempt to stimulate cellular infiltration, PDGF-BB, a known MSC chemoattractant, was
added to the underside of scaffolds after collagenase treatment and prior to cell seeding.
This was done to create a chemoattractive gradient through the scaffold. MSC infiltration
remained minimal (c).

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 528. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 4. Decreasing the packing density of electrospun fibers. A unique collecting plate
was used in order to decrease the packing density of electrospun fibers and therefore cre-
ate larger pores (A). Although 100% PCL scaffolds formed in loosely packed layers (B)
and possessed a favorable 3-dimensional architecture with deep channels (C), these re-
sults were not observed when TRI scaffolds were electrospun using the same collecting
plate.

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 529. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 5. Removal of sacrificial electrospun fibers. A) As an alternative method to in-
crease pore sizes, water-soluble fibers of PEO were incorporated into TRI scaffolds. Flu-
orescent dyes confirmed that separate fibers of PEO (Red) and TRI (Green) were inter-
mixed in the scaffold (a). After washing scaffolds in water, PEO fibers were removed (b).
B) Weighing the scaffolds before and after washing indicated removal of PEO fibers by
mass loss.

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 529. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 6. Mean pore size analysis of electrospun TRI and TRI/PEO scaffolds. A) Fluo-
rescently stained TRI/PEO scaffolds (washed to remove PEO) or TRI scaffolds electro-
spun without PEO fibers were visualized using a Zeiss confocal microscope. The area of
25 pores manually selected at random were measured using the auto area detect feature of
NIS-Elements software. B) The mean pore size of TRI/PEO scaffolds was significantly
greater than TRI scaffolds. An ** denotes p<.0001

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 530. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 7. Electrospun scaffolds created with PEO fibers support cell infiltration of MSCs
in vitro. After removal of PEO fibers from TRI/PEO scaffolds by washing, MSCs were
seeded for one week. A) Scaffolds were sectioned and stained with DAPI to show cellu-
lar nuclei location. MSCs were able to infiltrate into the TRI/PEO scaffolds, but not TRI
scaffolds, as seen by presence of nuclei within TRI/PEO scaffolds. B) Cell infiltration
was quantified using a custom MatLab script. On average, MSCs seeded on TRI/PEO
scaffolds migrated 45.59um into the scaffold, significantly greater than infiltration on
TRI scaffolds (6.13pum). An ** denotes p<.0001

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 531. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Figure 8. Electrospun scaffolds created with PEO fibers support infiltration of endoge-
nous cells from calvarial organ cultures. After removal of PEO fibers from TRI/PEO
scaffolds by washing, scaffolds were placed directly on top of excised calvaria from neo-
natal mice. After 8 days in culture, the scaffold/calvaria constructs were fixed and verti-
cal sections were stained with DAPI to show cellular nuclei location (it should be noted
that the apparent gap between the scaffold and the calvaria is an artifact introducing dur-
ing processing and sectioning of the samples). A) Endogenous cells were observed with-
in the TRI/PEO scaffolds, while remaining largely on the surface of TRI scaffolds. B)
Cell infiltration was quantified using a custom MatLab script. On average, endogenous
bone cells migrated 63.15um into TRI/PEO scaffolds, which was significantly greater
than infiltration levels observed on TRI scaffolds (20.06pm). An ** denotes p<.0001

Note: From “Increasing the Pore Sizes of Bone-Mimetic Electrospun Scaffolds com-
prised of polycaprolactone , collagen I and hydroxyapatite to enhance cell infiltration” by
M.C. Phipps, W.C. Clem, J.M. Grunda, G.A. Clines, S. L. Bellis, 2011, Biomaterials, 33,
p. 532. Copyright 2012 by Elsevier et al. Reprinted with permission.
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Abstract

The recruitment of mesenchymal stem cells (MSCs) is a vital step in the bone
healing process, and hence the functionalization of osteogenic biomaterials with chemo-
tactic factors constitutes an important effort in the tissue engineering field. Previously we
determined that bone-mimetic electrospun scaffolds composed of polycaprolactone, col-
lagen I and nanohydroxyapatite (PCL/col/HA) supported greater MSC adhesion, prolifer-
ation and activation of integrin-related signaling cascades than scaffolds composed of
PCL or collagen I alone. In the current study we investigated the capacity of bone-
mimetic scaffolds to serve as carriers for delivery of an MSC chemotactic factor. In ini-
tial studies, we compared MSC chemotaxis toward a variety of molecules including
PDGF-AB, PDGF-BB, BMP2, and a mixture of the chemokines SDF-1a, CXCL16, MIP-
la, MIP-1B, and RANTES. Transwell migration assays indicated that, of these factors,
PDGF-BB was the most effective in stimulating MSC migration. We next evaluated the
capacity of PCL/col/HA scaffolds, as compared with PCL scaffolds, to adsorb and release
PDGF-BB. We found that significantly more PDGF- BB was adsorbed to, and subse-
quently released from, PCL/col/HA scaffolds, with sustained release extending over an 8-
week interval. The PDGF-BB released was chemotactically active in transwell migration
assays, indicating that bioactivity was not diminished by adsorption to the biomaterial.
Complementing these studies, we developed a new type of migration assay in which the
PDGF-BB-coated bone-mimetic substrates were placed 1.5 cm away from the cell migra-
tion front. These experiments confirmed the ability of PDGF-BB-coated PCL/col/HA
scaffolds to induce significant MSC chemotaxis under more stringent conditions than

standard types of migration assays. Our collective results substantiate the efficacy of
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PDGF-BB in stimulating MSC recruitment, and further show that the incorporation of
native bone molecules, collagen I and nanoHA, into electrospun scaffolds not only en-
hances MSC adhesion and proliferation, but also increases the amount of PDGF-BB that

can be delivered from scaffolds.

Introduction

Bone has a dramatic capacity for regeneration following injury, and undergoes con-
stant remodeling during homeostasis. This remarkable regenerative process is initiated by
recruitment and differentiation of progenitor cells of mesenchymal origin along with in-
flammatory cells in order to first form granulation tissue, followed by hyaline cartilage,
endochondral ossification and finally the restoration of normal bone structure during re-
modeling. These activities are coordinated and controlled by an intricate system of
growth factors and cytokines/chemokines, such as TGF-b, PDGF, FGF-2, and BMP-2
[1].

Despite bone’s regenerative capability, certain types of bone injuries or pathologies
are not able to heal properly, and require intervention in the form of either bone grafts or
engineered biomaterials that induce osteoregeneration. Biomaterials designed for bone
repair typically serve as a carrier system for delivery of ex vivo-expanded mesenchymal
stem cells (MSCs), or alternatively provide a supportive matrix for the attachment and
growth of endogenous MSCs that migrate into the implant site. MSCs are multipotent
cells within bone marrow (and other tissues) and these cells are a prime candidate for
cell-based therapies involving regeneration of bone and other connective tissues [2].
Nonetheless, the inability to efficiently target these cells to selected tissues is a barrier to

implementation of MSC therapy [3]. The identification of chemotactic factors for MSCs
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is crucial in this regard, however there is less known concerning optimal chemoattract-
ants for MSCs when compared with other cell types such as vascular or immune cells.

Platelet-Derived Growth Factor (PDGF) is a polypeptide growth factor that is secret-
ed from cytokine-laden granules of aggregated platelets early after tissue injury [4, 5].
The active form of PDGF, consisting of either a homo- or heterodimer, functions by bind-
ing to cell-surface receptors on most cells of mesenchymal origin [6, 7], and participates
in the development and remodeling of multiple tissue types, including bone [6]. The po-
tent stimulatory effects of PDGF as a chemoattractant [8, 9] and a mitogen [10, 11], along
with its ability to promote angiogenesis [12, 13], position it as a key regulatory molecule
in tissue repair. PDGF has been studied in a variety of preclinical models for safety [14,
15] and tissue regeneration as well as clinical trials in periodontal and orthopedic patients
[13, 16-18]. These combined studies have confirmed the effectiveness of PDGF in the
repair of musculoskeletal tissue defects. However, the specific molecular mechanisms by
which PDGF regulates the activity of multiple cell types to control tissue development
require further elucidation. Much of the research in this area has focused on the role of
PDGEF in controlling vascularization of the nascent tissue forming within the wound site
[19].

Despite its potency, the half-life of PDGF within blood is only a few minutes [20],
indicating that a sustained local delivery of the growth factor will be critical to achieve
clinical success. To date, PDGF has been utilized mostly with various carriers in animal
models or clinical investigations to overcome the limitation of the short half-life. Exam-
ples of previous delivery strategies include: 1) encapsulating PDGF in porous scaffolds or

microspheres [21-25], 2) a heparin-controlled delivery system [26], 3) modification of
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PDGF with a collagen-binding motif for coupling to collagen carriers [27], and 4) chemi-
cal cross-linking of PDGF to demineralized bone matrix [28]. All of these approaches
were successful to some degree in extending the PDGF release profile.

In the current study we tested whether delivery of PDGF from bone-mimetic electro-
spun scaffolds would be effective in stimulating MSC chemotaxis. Electrospinning is a
promising and technically-straightforward approach for generating materials that have a
porous, nanofibrous architecture similar to native extracellular matrix [29-33], and this
method also allows synthesis of composite substrates incorporating native matrix mole-
cules. Previously we reported that bone-mimetic electrospun scaffolds consisting of
blended nanofibers of PCL and collagen I, with embedded nanoparticles of HA, support-
ed greater MSC attachment, survival, proliferation and activation of integrin-related sig-
naling cascades than scaffolds composed of either PCL or collagen I alone [34]. In addi-
tion, bone-mimetic scaffolds adsorbed increased amounts of the integrin-binding cell ad-
hesive proteins, fibronectin and vitronectin, from serum, or following implantation into
rat tibiae [34]. These results highlighted the benefit of blending the favorable mechanical
properties of PCL with the biochemical cues provided by collagen I and nanoHA. We
now show that electrospun scaffolds incorporating collagen I and nanoHA, as compared
with scaffolds composed of PCL alone, adsorb and release greater quantities of PDGF-

BB, leading to enhanced MSC chemotaxis.
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Materials and Methods

GFP-MSCs

GFP-expressing human MSCs were obtained from Texas A&M University Health
Sciences Center, Institute for Regenerative Medicine. The MSCs were analyzed exten-
sively by the provider institute for cell growth characteristics, osteoblast, adipocyte, and
chondrocyte lineage differentiation, and also selected surface markers using flow cytome-
try. Cells were cultured in aMEM with 2mM L-Glutamine, and 16.5% Fetal Bovine Se-
rum, as recommended by the provider. Some experiments used reduced serum media, as

noted. Cells used in all experiments were passages 2-7.

PCL/col/HA Scaffold Preparation

PCL/col/HA or 100% PCL scaffolds were prepared as described previously [34, 35].
Briefly, the tri-component scaffolds were electrospun from a 2 mL mixture of polycapro-
lactone (PCL, MW 100,000), type-I collagen from calf skin (col), and hydroxyapatite
(HA) nanoparticles (20-70 nm in size) in a total of 0.262 grams with a dry weight ratio of
50:30:20, respectively, in hexafluoroisopropanol solvent (HFP) (Sigma-Aldrich, St Louis,
MO). The polymer solution was filled in a syringe with a 27-gauge needle, placed in a
syringe pump, and the solution was electrospun onto an aluminum foil-grounded target at
rate of 2 mL/h under approximately 16-22 KV voltage (Gamma High Voltage Research,
Ormond Beach, FL). After electrospinning, residual HFP solvent in the scaffolds was
removed by placing scaffolds at room temperature in a vacuumed desiccator for 72 h.
PCL, Col, and HA were purchased from Scientific Polymers (Ontario, NY), MP Biomed-

icals (Solon, OH), and Berkeley Advanced Biomaterials (Berkeley, CA), respectively.
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Adsorption and Release of PDGF-BB from Scaffolds

Purified recombinant human PDGF-BB (1.5 mg, Leinco Technologies Inc., St. Louis,
MO) was passively absorbed to PCL/col/HA or PCL scaffolds (diameter=11 mm, area =
95 mm?) in 300 mL of PBS at 4°C for 24 h. The amount of PDGF-BB remaining in the
solution after incubation with scaffolds (representing the unbound fraction) was measured
using an ELISA kit (R&D Systems, Minneapolis, MN). PDGF-BB adsorption by the
scaffolds was quantified by subtracting the unbound PDGF-BB from the total amount of
protein initially added to the scaffolds (1.5 pg).

To measure release, scaffolds were coated with PDGF-BB as above, rinsed briefly with
PBS, and then placed in 5 mL sterile plastic tubes containing 1mL of PBS, pH 7.2, con-
taining 1% BSA. The scaffolds were incubated at 37°C with gentle agitation for 8 weeks.
Samples of the supernatant were collected at varying time intervals, and the amount of
released PDGF-BB in solution was quantified by ELISA. The release was calculated and

expressed as the ng amount of PDGF-BB at a given time point.

Boyden Chamber Migration Assays

Chemotaxis of human GFP-MSCs was performed in Boyden chamber units with
transwell inserts (Corning Inc. Corning, NY), 6.5 mm in diameter with 8 mm pore size
filters. To facilitate initial cell attachment, the upper side of the insert filter was pre-
coated for 2 h at 37°C with the following solution: a minimum essential medium (aMEM,
Invitrogen, Grand Island, NY) containing 1% fetal bovine serum (FBS) and 0.25% (w/v)
bovine serum albumin (BSA). Serum-free tcMEM with 0.25% BSA (hereafter designated
as “assay media”) was placed into the lower wells of the Boyden chambers. For some

trials, chemotactic factors were added to the assay media in the lower chambers; these
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included PDGF-AB, and PDGF-BB, BMP-2, and a chemokine cocktail containing SDF-
la CXCL16, MIP-1a, MIP-1b, and RANTES (R&D Systems, Minneapolis, MN). After
setting up the chambers with or without chemotactic factors, GFP-MSCs (4 x 10*) were
seeded into the upper chambers and allowed to migrate at 37°C for 20 h. The cells on the
upper face of the filter (non-migrating cells) were then removed by wiping 3 times with a
wet cotton wool swab. Transmigration of GFP-MSCs to the bottom surface of the filter
was visualized by a fluorescent stereomicroscope Leica MZ16F (Leica Microsystems,
Bullerlo Grove, IL). Quantification of migrated cells was performed by trypsinizing cells
on the underside, and lysing cells in 1% Triton X-100 in 50 mM Tris-HCI buffer, pH 7.5
(“lysis buffer”). Fluorescence of the lysates, due to released GFP, was measured by fluo-
rometry. Data shown in Figure 1A and B are representative of three independent runs,
each performed in duplicate.

In addition to experiments performed with purified recombinant chemotactic factors,
we monitored chemotaxis toward PDGF-BB that had been released from scaffolds. Spe-
cifically, the conditioned media was collected from PDGF-BB-coated scaffolds that had
been incubated in serum-free aMEM for 72 hr at 37°C with agitation. This solution was
then placed in the lower chamber of a Boyden chamber, and migration of GFP-MSCs to-
ward the PDGF-BB-containing conditioned media was monitored by measuring the fluo-
rescence of cell lysates as described above. We also determined the concentration of re-
leased PDGF-BB within the media by ELISA. Purified PDGF-BB (10 ng/ml) and serum-
free media were used as positive and negative controls, respectively. Three independent
runs were performed in duplicate. Analysis of variance was carried out with StatPlus:mac

LE (AnalystSoft Inc., www.analystsoft.com) with Tukey’s HSD post-hoc tests used to
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make pair-wise comparisons between groups. A confidence level of at least 95% (p<.05)
was considered significant.

To validate the use of cell lysate fluorescence as a reporter for relative cell number, a
standard curve was generated. GFP-MSCs were detached from tissue culture flasks by
trypsinization and then counted with a hemocytometer. A defined number of cells was
placed into an eppendorf tube and centrifuged. The supernatant was removed and the cell
pellet resuspended in lysis buffer for 15 minutes at room temperature. Solution fluores-
cence of the released GFP was measured by fluorometry (Fig 1). Seven independent ex-
periments were performed in duplicate with cells from passages 2-7. Linear regression

and the coefficient of determination were determined using StatPlus:mac LE.

GFP-MSC Proliferation on PDGF-BB Coated PCL/col/HA Scaffolds

PCL/col/HA scaffolds were coated with either 0, 0.15, 0.3, or 1.5ug of PDGF-BB
in 300uL of PBS at 4°C for 24 h. Scaffolds were washed in PBS prior to being seeded
with 4x10° GFP-MSCs in 500uL of reduced serum media (5% FBS). After 1 or 4 days of
culture, cells were trypsinized from the scaffolds and then lysed in 1% Triton X-100 in 50
mM Tris-HCI buffer, pH 7.5. Solution fluorescence of the released GFP was measured by

fluorometry. Three independent experiments were performed in duplicate.

Modified MSC Migration Assay

GFP-MSCs were seeded at 8 x 107 cells/well in 8-well rectangular tissue culture
plates (Nunclon/Fisher Scientific,Pittsburg, PA ), and allowed to establish confluence. A
central line was then drawn horizontally across the wells (on the underside of the dish),
and the cells in the upper half of each well (above the line) were removed using a cell

scraper. After removal of the cells, a scaffold was placed into the cell free side of the
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well at a distance 1.5 cm from the cell front created by the cell scraper. Specifically,
scaffolds were pre-coated with or without 1.5 mg PDGF-BB for 24 hours, and then one
scaffold per well was placed on a steel wire grid to suspend the scaffold in the media. The
cultures containing scaffolds and GFP-MSCs were incubated at 37°C without further dis-
turbance, which allowed the adsorbed PDGF-BB to release and diffuse through the media
towards the cell front and stimulate migration. After 72 h of culture, cells were fixed,
stained with DAPI, and migration was examined and imaged microscopically by using a
fluorescent stereomicroscope Leica MZ16F.

To quantify cell migration, a total of 24 images were analyzed per sample (3 inde-
pendent experiments performed in duplicate for a total of 6 wells per sample, 4 images
per well). A custom MATLAB script was created to quantify the number and location of
cells migrated across the cell front towards the scaffold. The script calculated the location
of each cell nuclei that had migrated across the line created originally when manually re-
moving cells. Cell number was analyzed using an unpaired Student’s t-test parametric
analysis and analysis of variance for cell migration distances was carried out with Stat-
Plus:mac LE with Tukey’s HSD post-hoc tests used to make pair-wise comparisons be-

tween groups. A confidence level of at least 95% (p<.05) was considered significant.

Results and Discussion
PDGF-BB is a Potent Chemotactic Factor for MSCs.
The migration capacity of MSCs is influenced by a large range of growth factors, cy-
tokines, and chemokines [8, 36, 37]. As a first step toward identifying an optimal chem-
otactic agent for delivery on bone-mimetic scaffolds, we used Boyden chamber assays to

compare MSC migration in response to PDGF-AB, PDGF-BB, BMP2, or a chemokine
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mixture containing SDF-1a, CXCL16, MIP-1a, MIP-1b and RANTES. Chemoattract-
ants, or serum-free media as a negative control, were added to the lower wells of
transwell chambers, and GFP-expressing human MSCs were seeded in the upper cham-
ber. After a 20-hr incubation, migrated cells on the underside of the filter were lysed and
solution fluorescence was quantified. As shown in Fig 2A, the two PDGF isoforms,
PDGF-AB and PDGF-BB, induced markedly greater chemotaxis than the chemokine
mixture, and PDGF-BB also induced considerably more chemotaxis compared to BMP-2
(Fig 2B). Additionally, MSC response to PDGF-BB was observed in a dose-dependent
manner with 10ng/ml having the greatest effect (Fig 2C). These results are consistent
with a growing literature suggesting that PDGF-BB is superior to BMP-2 or CC/CXC
chemokines in stimulating chemotactic activity of human bone marrow-derived MSCs.
For example, Ozaki et al. tested 26 different growth factors/chemokines, and of these
PDGF-BB had the greatest effect on MSC chemotaxis in multiple assays. Additionally,
anti-PDGF-BB antibodies were able to inhibit PDGF-BB induced MSC migration [8].
RANTES, MIP-1a and MIP-1b (CC family) or SDF-1a and CXCL16 (CXC family) are
chemokines involved in recruitment of immune cells to areas of inflammation and their
receptors have also been shown to be expressed by human MSCs [37]. In our study,
MSCs exhibited a low level of migratory response to the cocktail of the chemokines, alt-
hough the response was dose-dependent. Given this weak response, the individual chem-
otactic profile of each chemokine in the cocktail was not further tested. Our results are in
agreement with the findings of Ponte et al., who observed limited MSC chemotaxis to-
ward RANTES, SDF-1, or macrophage-derived chemokine (MDC) [36]. Intriguingly, in

this same study pre-treatment of MSCs with TNFa significantly enhanced MSC migra-
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tion toward RANTES and SDF-1, which prompted these authors to suggest that these
chemokines may play important roles in MSC homing to inflamed tissue sites. The oste-
oinductive protein, BMP-2, has also been suggested to serve as a chemotactic factor for
selected cell types, including bone-associated cells. For example, BMP-2 stimulates
chemotaxis of human osteoblasts, bone-marrow derived osteoblasts, and human osteosar-
coma cell lines [38]. However, in the current study BMP2 failed to elicit chemotaxis of
MSCs. This may be due to phenotypic differences between MSCs and more differentiat-
ed osteoblastic cell types, or other variables relating to isolation or propagation of distinct

cell cultures.

Bone-Mimetic Scaffolds Adsorb Greater Amounts of PDGF-BB as Compared with PCL
Scaffolds

Prior studies from our group indicated that the inclusion of collagen I and nanoHA in
electrospun PCL scaffolds increased the capacity of scaffolds to adsorb the adhesive pro-
teins, fibronectin and vitronectin [34]. To evaluate the propensity of the bone-mimetic
scaffolds to adsorb PDGF-BB, PCL/col/HA or PCL scaffolds were coated with solution
containing 1.5 mg of PDGF-BB. We found that 1.37 mg £ 0.02 and 0.83 mg + 0.08 of the
protein were adsorbed to PCL/col/HA and PCL scaffolds, respectively, representing 91%
and 55% of the total PDGF-BB in the starting solutions (Fig 3A). These results confirm
that bone-mimetic scaffolds have an increased capacity for adsorbing PDGF-BB, relative

to scaffolds composed of PCL alone.
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PCL/col/HA scaffolds release greater amounts of PDGF-BB over an §-week time inter-
val.

To evaluate release kinetics, PCL/col/HA or PCL scaffolds coated with PDGF-BB,
washed briefly, and then resuspended in PBS. At varying time points, samples of the
conditioned PBS were collected and monitored for PDGF-BB release using an ELISA
assay (Fig 3B). It was found that a rapid release of PDGF-BB occurred within the first 4
days from the scaffolds, with greater amounts released from PCL/col/HA scaffolds, con-
sistent with the greater loading capacity of this material. Continuous release was ob-
served over an 8 week interval, with levels declining gradually. At every time point, a
greater amount of PDGF-BB was released from PCL/col/HA, as compared with PCL
scaffolds. These data suggest that PCL/col/HA scaffolds are suitable carriers for PDGF-

BB.

PDGF-BB released from scaffolds stimulates MSC chemotaxis

The adsorption of proteins onto biomaterial carriers can influence protein activity
[39]; for example, many studies have shown that proteins can become denatured, or adopt
altered conformations, when adsorbed to certain material surfaces. Thus it was important
to test whether the PDGF-BB released from electrospun scaffolds was active. To this end,
PCL/col/HA scaffolds were coated with PDGF-BB, washed briefly and then resuspended
in serum-free media. After a 72-hr incubation, the conditioned media was collected and
placed in the lower well of a transwell chamber. GFP-labelled MSCs were seeded into
the upper chamber and allowed to migrate for 20 hrs. In addition, MSC migration was
monitored in transwell chambers containing serum-free media with 10 ng/ml purified

PDGF-BB (positive control) or serum-free media alone (negative control). As shown in
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Fig 4, PDGF-BB released from scaffolds induced a significant level of MSC migration
compared to serum-free media, and no significant difference in MSC migration was ob-
served between released and purified PDGF-BB (10ng/ml). ELISA assays of the PDGF-
BB released from scaffolds revealed a concentration of 12.465 + 3.557 ng/ml in the con-
ditioned media used for Boyden chamber assays. These combined results show that the
amount of PDGF-BB released from bone-mimetic scaffolds is sufficient to promote MSC
migration, and also that adsorption to the scaffolds, and subsequent release, does not in-

hibit the bioactivity of the PDGF-BB.

Mitogenic effects of PDGF-BB

In addition to its chemotactic function, PDGF-BB is a known mitogen for many cell
types including MSCs [40, 41]. Thus, we investigated whether MSCs would exhibit
greater proliferation when adherent to PDGF-BB-coated scaffolds. PCL/col/HA scaf-
folds were pre-coated with varying concentrations of PDGF-BB and then GFP-MSCs
were seeded onto the scaffolds and incubated for four days. Relative cell number was
quantified by lysing cells and measuring fluorescence. As seen in Fig 5, no significant
difference was observed between uncoated and PDGF-BB-coated samples. It is possible
that this lack of effect may be due to the presence of suboptimal PDGF-BB concentra-
tions for inducing mitosis. Alternatively, PDGF-BB may not be able to stimulate MSC
proliferation beyond the level stimulated by PCL/col/HA scaffolds themselves, as we
have previously shown that PCL/col/HA scaffolds promote significantly greater MSC
proliferation than PCL scaffolds. While further studies will be needed to determine the

reason for the lack of mitogenic activity of PDGF-BB when coupled to scaffolds, these
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results suggest that under the conditions used in this study, the principal benefit of ad-

sorbed PDGF-BB is in its function as a chemotactic, rather than proliferative, factor.

PDGF-BB released from scaffolds stimulates MSC chemotaxis in a stringent migration
assay.

Boyden chamber assays represent a standard method for evaluating chemotaxis, how-
ever in vivo, chemotactic gradients may need to act over greater distances, and rapid dilu-
tion of the factors can occur. Accordingly, we developed a more stringent chemotaxis
assay to better model the capacity of PDGF-BB-modified bone-mimetic scaffolds to in-
fluence endogenous MSC recruitment. As diagrammed in Fig 6A, MSCs were grown to
confluence in rectangular tissue culture wells; a defined region of the cell cultures was
then removed using a cell-scraper to create a distinct cell front. A PDGF-BB-coated
PCL/col/HA scaffold, suspended on a steel wire grid, was placed at one end of the well,
at a distance of 1.5 cm from the cell front. As controls, cell cultures were set up with a
PCL/col/HA scaffold lacking PDGF-BB. After a 72 h incubation, DAPI staining of cell
nuclei and subsequent fluorescent imaging revealed robust MSC migration toward the
PCL/col/HA scaffolds coated with PDGF-BB, but very little toward uncoated
PCL/col/HA scaffolds, indicating that PDGF-BB released from scaffolds was effective in
stimulating chemotaxis even when the source of PDGF-BB was 1.5 cm from the cell
front (Fig 6B). In addition, imaging of GFP-labeled MSCs showed that cells in wells
with PDGF-BB-coated scaffolds exhibited an altered morphology (Fig 6C), consistent
with the known effects of PDGF on cell shape [9, 42, 43]. In order to quantify the num-
ber and location of cells migrating beyond the original cell front, a custom MATLAB

script was created to decrease processing time and remove user bias. The script used an
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algorithm to locate clusters of connected pixels to identify DAPI-stained cell nuclei, and
then calculated the distance from the center of the nuclei to the original cell front. Re-
sults from this analysis showed that wells with PDGF-BB-coated scaffolds had a signifi-
cant increase (p<.0001) in the total number of MSCs migrating beyond the original cell
front (Fig 6D). As an additional measure of chemotaxis, we subdivided the area above
the cell front into defined regions, and calculated the percentage of cells within each of
these regions relative to the total number of cells that had crossed the central line. These
data showed that cells exposed to PDGF-BB-releasing scaffolds migrated significantly
greater distances than cells incubated with uncoated bone-mimetic scaffolds (Fig 6E).
Finally, it is noteworthy that the tissue culture wells that the scaffolds were placed into
contained 4.5 mL of media, resulting in a substantial dilution of the released PDGF-BB.
Thus, PDGF-BB released from PCL/col/HA scaffolds can induce MSC migration under
conditions of greater dilution and distance than typically employed in standard Boyden

chamber assays.

Conclusion

In the present study we show that bone-mimetic electrospun scaffolds composed of
PCL, collagen I and nanoparticulate HA have a greater capacity to adsorb and release
PDGF-BB than scaffolds composed of PCL alone, and release is sustained for at least 8
weeks. Furthermore, the PDGF-BB released from the PCL/col/HA scaffolds is effective
in stimulating chemotactic migration of MSCs under stringent assay conditions. These
collective results suggest that electrospun scaffolds incorporating the bone matrix mole-
cules, collagen I and HA, not only provide favorable matrices for MSC attachment and

proliferation, but also serve to concentrate and deliver growth/chemotactic factors, much
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like native extracellular matrices. In sum, PDGF-BB-modified bone-mimetic scaffolds

represent promising materials for bone regenerative therapies.
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Figure 1. Standard curve of GFP fluorescent signal from lysed GFP-MSCs. GFP-MSCs
were counted using a hemocytometer and set numbers of cells were spun down in a cen-
trifuge. Cell pellets were lysed and solution fluorescence was measured by a fluorometer.
The coefficient of determination for the linear regression was 0.999, showing a very
strong linear correlation between GFP-MSC number and solution fluorescence.

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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Figure 2. Chemotactic responses of MSCs. GFP-expressing MSCs (4x10*) were seeded
onto the top of transwell chambers, with various cytokines/chemokines placed in the bot-
tom of the chambers, some wells contained serum-free media (SFM) as a negative con-
trol. After a 20 hr incubation at 37°C, the GFP-MSCs that had migrated across the
transwell membrane were lysed and quantitated by fluorescence intensity of GFP. The
following chemoattractants were evaluated: A) recombinant human PDGF-BB, PDGF-
AB, or a mixture of SDF-1a, CXCL16, MIP-1a, MIP-1B3, and RANTES, each at the indi-
cated concentrations (ng/mL) (representative of 3 independent runs) B) PDGF-BB and
BMP-2 (representative of 3 independent runs) and C), varying concentrations of PDGF-
BB showing dose response.

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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Figure 3. Adsorption and release of PDGF-BB from scaffolds. A) Scaffolds were incu-
bated in PBS containing 1.5 ug PDGF-BB for 24h at 4°C. ELISA assays were used to
measure the unbound PDGF-BB in the supernatants. Adsorption of PDGF-BB to the
scaffolds was determined by subtracting the unbound PDGF-BB from the 1.5 mg of
PDGF-BB initially added. Data are from three independent experiments (* denotes p <
0.01). B) ELISAs were used to measure the amounts of PDGF-BB in conditioned PBS
solution collected from the scaffolds at the indicated time intervals over a period of 8
weeks (for many of the data points, error bars are too small to be visualized).

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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Figure 4. PDGF-BB released from PCL/col/HA scaffolds stimulates MSC chemotaxis.
The lower wells of transwell chambers were filled with either purified PDGF-BB (10
ng/mL), serum-free medium (SFM) or PDGF-BB-containing conditioned media collected
from PDGF-BB-coated PCL/col/HA scaffolds after 72 hrs. GFP-MSCs were seeded in
the upper chambers and allowed to migrate for 20 hrs. After this interval, MSCs adherent
to the underside of the transwells were visualized by fluorescent microscopy (top panel,
representative images). In addition, MSC migration to the underside of the filter was
quantified by lysing cells and measuring solution fluorescence (lower panel). Three inde-
pendent experiments were performed for solution fluorescence. Analysis of variance with
Tukey’s HSD post-hoc was used to establish significance (* denotes p <.01).

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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Figure 5. Mitogenic effects of PDGF-BB. GFP-MSCs (4x10°) were seeded onto
PCL/col/HA scaffolds and grown in reduced serum media (5% FBS). Cell number was
measured at one day on PCL/col/HA scaffolds and four days for scaffolds pre-coated
with varying concentrations of PDGF-BB. MSCs were lysed and solution fluorescence of
the released GFP was measured.

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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Figure 6. Released PDGF-BB induces chemotaxis of MSCs in a stringent migration as-
say. A) Schematic showing experimental set-up (not drawn to scale). GFP-MSCs were
seeded in 8-well rectangular plates. After cell confluence was established, cells were
completely removed from the top half of the well by scraping along a pre-drawn central
line. Subsequently, a PDGF-BB-adsorbed PCL/col/HA/ scaffold, placed on a steel wire
mesh, was placed 1.5 cm away from the cell front. As a control, some chambers were set
up with PCL/col/HA scaffolds lacking PDGF-BB. B) After a 72 hr-incubation in the
chambers described, MSCs were stained with DAPI and visualized by fluorescence mi-
croscopy. The original cell front created is denoted by a white line. C) GFP-images show-
ing change in cell morphology of MSCs exposed to PDGF-BB. D) Significantly greater
cell number was observed migrating toward PDGF-BB-coated scaffolds compared to un-
coated. E) The images were further analyzed by counting the number of cells in three de-
fined regions of distance beyond the original cell front. The distribution of cells in the
PDGF-BB wells showed a greater percentage of the migrated cells were located in the
region beyond 400um. In comparison, the greatest percentage of migrated cells in the
control wells were in the region below 150um. A total of six samples were analyzed for
each condition. An asterick (*) denotes significant differences observed with p < .01, (**)
denotes p <.0001.

Note: From “Delivery of Platelet-Derived Growth Factor as a Chemotactic Factor for
Mesenchymal Stem Cells by Bone-Mimetic Electrospun Scaffolds” by M.C. Phipps, Y.
Xu, J.M. Bellis, 2011, PLoS ONE, 7, €40831. Copyright 2012 by Phipps et al.
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CONCLUSIONS

To address the ever growing need for an off-the-shelf material capable of safely
and effectively stimulating bone regeneration, a major goal in the field of tissue engineer-
ing is the development of advanced biomaterials that can support cellular responses con-
sistent with new bone formation [19, 25]. Many currently available clinical products at-
tempt to accomplish this goal using natural bone molecules, such as calcium phosphate
minerals, collagen I, and osteoinductive factors. Studies have shown that calcium phos-
phate minerals, such as hydroxyapatite (HA), are highly osteoconductive [21, 121], and
HA coatings on metal implants have been successfully used to improve implant osseoin-
tegration [122-124]. However, the resorption time of bulk HA is typically slower than
new bone formation, leaving implanted particles at the defect site well beyond the neces-
sary healing period [125]. Although this can be addressed through the combined use of
HA with other calcium phosphates with faster resorption times, such as B-tricalcium
phosphate (TCP) [125], these materials are limited in their use due to their lack of oste-
oinductive capability.

The other main constituent of natural bone, collagen I, has also been studied as a
potential material for supporting new bone formation. Depending on processing tech-
niques, collagen I can be used in a variety of forms, such as sponges [126, 127] and gels
[128]. Although an important protein in cell adhesion, collagen I is rapidly degraded by
proteases in vivo, and therefore it must be cross-linked [129] or incorporated into other

materials with slower degradation rates in order to be effective [87]. Recently, collagen I
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grafts have been investigated for their ability to deliver therapeutic agents, such as bone
morphogenic protein 2 (BMP-2) [105, 130] and osteogenic protein 1 (OP-1) [131]. Col-
lagen I is believed to be an effective drug delivery vehicle due to the known interactions
between collagen I domains and other proteins, such as platelet-derived growth factor-BB
(PDGF-BB) [132], allowing collagen I to sequester proteins from solution. However the
release kinetics of these adsorbed proteins are often rapid in vivo, and this uncontrolled
dissemination has the potential to trigger unwanted side effects and decrease the efficacy
of the treatment. Accordingly, the primary focus of this dissertation has been to combine
the natural bone molecules collagen I and HA in a nanofibrous matrix with tunable re-
sorption times, thereby mimicking the composition of bone extracellular matrix, and po-
tentially creating a more successful synthetic bone graft. Subsequently, we have evaluat-
ed the ability of our bone-mimetic matrix to deliver a chemotactic and mitogenic factor
for mesenchymal stem cells, PDGF-BB.

In this study, the process of electrospinning was chosen to create our bone-
mimetic scaffolds due to the relative ease in fabricating nanofibrous matrices with inter-
connected pores and a large surface to volume ratio, thereby mimicking the architecture
of natural extracellular matrix [39, 133]. Electrospinning has received substantial recog-
nition as a viable technique to create matrices specific for a variety of tissues, such as
bone [134, 135], cartilage [136, 137], blood vessels [138, 139], and skin [140, 141]. A
major advantage of the electrospinning technique is the ability to fabricate complex ma-
trices, such as through guiding fiber alignment [142], the incorporation of natural cell lig-
ands [143-145], and various methods for controlling the delivery of therapeutic agents

[146, 147]. In order to investigate the use of electrospinning for our studies, our first aim
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included the construction of an electrospinning apparatus in the laboratory. Numerous
parameters, such as the flow rate of the solution, the voltage applied, and the distance be-
tween the needle and the collecting plate had to be optimized in order to create matrices
with fiber diameters approximately 200nm in diameter, comparable in size to the colla-
gen fiber bundles characteristic of natural bone matrix [41]. Additionally, using HA na-
noparticles (20-50nm diameter) and sonication of the solution prior to electrospinning,
we achieved a good dispersion of HA throughout the scaffold fibers, with minimal ag-
glomeration [54]. The agglomeration of HA particles is a major problem in the field of
electrospinning, and has led many investigators to passively coat the surface of their ma-
trices with HA instead [49, 50, 148]. Successfully incorporating HA and collagen I into
the electrospun solution creates a matrix entirely of bone-like fibers.

After optimizing the fabrication parameters, multiple scaffold formulations were
tested for their ability to support MSCs in vitro, since the initial responses of these bone
progenitor cells provide important information regarding the potential success of a syn-
thetic bone graft [25]. The compositions of the scaffolds tested were 100% polycaprolac-
tone (PCL), 80%PCL/20%HA, 50%PCL/30%co0l/20%HA, and 100% collagen I (col).
We hypothesized that matrices containing collagen would present MSCs with natural in-
tegrin ligands, and therefore be the most successful at supporting MSC adhesion and sur-
vival. However it was observed that MSCs did not survive on 100% col matrices at 7
days [87]. Although we were initially surprised by these results, tensile testing of the
scaffolds revealed that the lack of MSC survival on 100% col matrices was likely due to
the low mechanical properties of our non-cross-linked 100% col matrices when wet. The

matrices fell apart immediately upon application of mechanical force, below the limits of
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detection by the dynamic mechanical analyzer. It has been shown that materials with an
extremely low tensile modulus are not able to support cell adhesion and can even lead to
the activation of cell apoptosis [58, 149-151]. Although the use of cross-linking agents
has been reported to increase the mechanical properties of collagen biomaterials, the
presence of residual cross-linking agents is capable of producing prolonged toxic effects
[152]. Cross-linked collagen fibers also lead to a reduction in scaffold porosity, limiting
the vascularization and tissue in-growth into the biomaterial [153].

As an alternative to chemical cross-linking, we have combined collagen I with
HA and the biodegradable FDA approved polymer PCL, which has a much slower rate of
degradation than collagen. It was found that these matrices possessed favorable mechani-
cal properties for maintaining their integrity in vitro and in vivo, and supported greater
integrin activation (as measured by FAK phosphorylation), adhesion and proliferation of
MSCs compared to PCL/HA or 100% PCL scaffolds. Additionally, the incorporation of
the collagen and HA within the electrospinning solution creates composite fibers
throughout the biomaterial, continually providing cells with biological cues as they mi-
grate within the scaffold and the scaffold resorbs. In comparison, many studies by others
have simply coated the surfaces of electrospun polymer matrices with collagen I [52, 53,
154-156] or HA [148, 157], and while these studies have shown benefits on cell respons-
es over uncoated polymer fibers, the coating is largely restricted to the outer layer of fi-
bers. Therefore cells exposed to the interior of the scaffold via cell migration or scaffold
degradation will not receive the benefits of these molecular signals.

Our findings that bone-mimetic matrices (BMM) supported greater MSC adhe-

sion and proliferation relative to 100% PCL scaffolds was not surprising due to the colla-
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gen I providing ligands for MSC integrins. It has been repeatedly shown that cell attach-
ment to collagen I activates signaling cascades leading to firm cell adhesion, survival,
and proliferation [66-68, 158]. However, we hypothesized that the HA nanoparticles were
also playing an indirect role in these MSC responses. Our lab has previously shown that
HA containing biomaterials are able to adsorb substantial quantities of proadhesive pro-
teins, such as fibronectin and vitronectin, from blood and serum and these proteins sub-
sequently support the binding of purified integrins and MSC adhesion [70, 71, 119]. Test-
ing this hypothesis both in vitro and in vivo, our results show that electrospun matrices
containing HA particles are able to adsorb greater quantities of proadhesive proteins from
both serum and the bone microenvironment when compared to 100% PCL scaffolds. Ad-
ditionally, bone-mimetic matrices containing HA and collagen I were able to adsorb
greater quantities of protein than PCL/HA scaffolds. This is likely due to the known in-
teractions between collagen I and some extracellular matrix proteins, including fibron-
ectin [159] and vitronectin [160], leading to increases in their adsorption. The ability of a
material to adsorb proadhesive proteins is an important characteristic of biomaterials, as
they will quickly be coated with the patient’s blood upon implantation, and the adsorbed
proteins can then help facilitate cell adhesion.

As a result of the favorable responses observed from MSCs seeded on our bone-
mimetic matrices in vitro, we decided to test the ability of these scaffolds to support bone
formation in vivo in a rat tibia cortical defect. After one week of implantation, our find-
ings that BMMs supported robust new bone formation throughout the defect and new
bone was being deposited directly on the surface of the implant once again suggest the

benefits of incorporating natural bone molecules in a nanofibrous matrix. In comparison,
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defects with implanted PCL scaffolds showed primarily soft tissue formation around the
implant. However, these experiments revealed the inability of endogenous cells to mi-
grate within the electrospun matrices. Additional work in our lab as well as reports by
others have confirmed that the pore sizes of electrospun nanofibrous matrices are too
small to allow for cell infiltration [44, 83, 93, 94]. In order to maximize the success of a
biodegradable bone matrix, the scaffold needs to facilitate cell infiltration and tissue in
growth, thereby allowing the replacement of the synthetic bone graft with new bone
through the process of creeping substitution [83].

In order to address this issue, the second goal of this thesis project was to develop
a viable method for increasing the pore sizes of BMMSs, creating matrices capable of fa-
cilitating cell infiltration. As noted, this has become a major issue for researchers using
electrospinning for the creation of biomaterials for tissue regeneration. Numerous ap-
proaches have been reported as a means for increasing the mean pore size of electrospun
scaffolds. These include the creation of larger pores through laser ablation [161], the in-
corporation of cell-mediated degradation sites [162], the inclusion of sacrificial particles
[98, 100] or fibers for subsequent removal [101, 163], and the reduction of the packing
density of electrospun fibers during fabrication [95], among other techniques. However,
the majority of these studies have solely examined 100% synthetic matrices. Therefore,
we tested multiple mechanisms to increase the pore sizes of our BMMs.

In natural ECM, cells cleave fibrous proteins via the secretion of proteases in or-
der to create pores large enough to facilitate migration [164]. To model this mechanism,
many researchers have incorporated specific protease domains within biomaterials, al-

lowing cells to degrade the matrix and migrate into the interior [165, 166]. Similarly, we
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hypothesized that the collagen in our BMMs could potentially provide domains for prote-
ase cleavage, opening larger pores for infiltration. Although treating our BMMs with col-
lagenase in vitro created specific fiber breakages, culture of MSCs on BMMs pretreated
with collagenase did not facilitate cell infiltration.

Next, we hypothesized that using a unique patterned collecting plate could poten-
tially reduce the packing density of the electrospun fibers during fabrication. When elec-
trospinning onto flat collecting plates, the fibers deposit tightly on top of each other in
order to dissipate the charge they received from the power supply. The permittivity, or
the amount of resistance to form an electric field in a medium, of the collecting plate
largely determines the ability of the material to dissipate charge [167]. Therefore, a col-
lecting plate capable of rapidly dissipating the positive electrical charge (low resistance)
from a deposited fiber will permit the next deposited fibers to pack very tightly on top of
one another. Alternatively, a collecting plate with a higher resistance will increase the
amount of residual positive charge on deposited fibers. This residual charge will subse-
quently repel positively charged fibers collecting on top of it, thereby reducing the fiber
packing density and potentially creating larger pores. Some examples of materials used in
electrospinning collecting plates with reduced permittivity include air (patterned plates
with gaps in between metal) [96, 97], Styrofoam [95], and polystyrene. Using a unique
collecting plate that combined a flat polystyrene back with equally spaced stainless steel
needles, we created 100% PCL matrices with advanced architecture, including deep
channels and large pores. However, this scaffold structure could not be recapitulated with
BMM fibers, despite testing changes to a variety of fabrication parameters. At this time,

it is unclear why the inclusion of collagen I and HA prohibits the formation of matrices
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with structures similar to that of 100% PCL fibers. Due to the numerous advantages pre-
viously described with the BMMs over PCL, this technique was not considered viable at
this time. Future studies will be necessary to develop an effective technique for reducing
the packing density of BMMs.

Lastly, we tested the addition of sacrificial fibers of polyethylene oxide (PEO), a
water-soluble polymer that can be washed away after electrospinning. When electrospin-
ning two separate solutions in the same direction, the positively charged fibers repel each
other in the air, and therefore deposit on opposite sides of the collecting plate. To mix
these fibers into one matrix, a fixed gear motor was added to continually rotate the
grounded collecting plate at a low-RPM on an axis parallel to the direction of the electro-
spun fibers. After fabrication, washing away the PEO fibers leaves just the BMM with
voids left by the sacrificial fibers, thereby creating larger pores. Our findings showed a
significant increase in pore sizes of PEO/BMM scaffolds, with a mean pore size of
~25um?. This is comparable to the optimal cell infiltration pore size for biomaterials re-
ported by Ratner et al. [85]. We observed that BMMs with sacrificial PEO fibers were
able to facilitate a significant increase in the infiltration of MSCs in vitro. These results
were encouraging, however we felt it was essential to study the infiltration of endogenous
bone cells in a bone microenvironment, where multiple cell types are communicating and
influencing each other through paracrine and autocrine signaling mechanisms. Using a
mouse calvarial organ culture, which maintains the bone microenvironment with all rele-
vant bone cells, including osteoblasts, osteoclasts, and stromal cells [168], a significant
increase was observed in the number of endogenous bone cells migrating into BMM/PEO

scaffolds. These results concur with a study by Baker et al, wherein PEO fibers success-
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fully facilitated the infiltration of MSCs into matrices of aligned PCL fibers. In their
study, it was found that increases in the percentage of sacrificial fibers in the scaffold
were directly correlated with larger pore sizes and subsequently increased cell infiltration
[101]. Therefore, we hypothesize that varying the amount of PEO in our matrices, which
was slightly over 25% in the current study, has the potential to tune the relative amount
of cell infiltration.

Our findings strongly suggest that BMMs are promising matrices for supporting
new bone formation by providing cues for MSCs, and we have addressed a key limitation
of inhibited cell infiltration through the incorporation of sacrificial fibers of PEO. How-
ever, in order to increase the therapeutic potential of our matrices, the third goal of this
thesis project was to evaluate the capacity of BMMs to serve as a delivery vehicle for a
biological molecule capable of improving patient prognosis. Due to the essential role of
MSC:s in the bone healing process, we hypothesized that local delivery of a chemotactic
factor for MSCs would stimulate increased migration of MSCs to skeletal defects. This
increase in bone building progenitor cells at the defect site would potentially increase the
rate of new bone formation, thereby creating a more effective synthetic bone graft and
improving clinical outcome [169]. Compared to many other cell types, such as inflamma-
tory and immune cells, the optimal chemoattractants for MSCs are not as well understood
[170]. We therefore studied the migration of MSCs in vitro in response to multiple
growth factors and chemokines. Our findings strongly suggest that PDGF-BB is a robust
stimulator of MSC migration. These results correlate with findings by others showing
that PDGF-BB stimulated significantly greater amounts of MSC migration in vitro in

comparison to a wide array of growth factors and chemokines [171, 172]. PDGF-BB has
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also been shown to stimulate MSC proliferation in vitro, and the MSC secretion of vascu-
lar endothelial growth factor (VEGF). PDGF and VEGF are known to play an important
role in the sprouting and formation of new blood vessels, therefore, local sustained deliv-
ery of PDGF-BB has the potential to stimulate angiogenesis in addition to MSC chemo-
taxis and proliferation, adding to its therapeutic potential [11].

Currently, PDGF-BB is FDA approved for clinical use in combination with 3-
TCP in periodontal procedures (GEM-21S®, Osteohealth) and awaiting FDA approval for
foot and ankle fusion procedures (Augment, BioMimetic Therapeutics Inc.). However,
the rapid dissemination of PDGF-BB from B-TCP (100% release after 90 minutes in vitro
[118]) may limit the therapeutic efficacy of the PDGF, which has a short half-life in
blood. Since it is speculated that prolonged release of PDGF will further stimulate MSC
proliferation and angiogenesis, other researchers have been investigating methods for
controlling the release of PDGF from various delivery vehicles, such as heparin-
conjugated scaffolds [147], PLGA microspheres [173], and a photo-crosslinked PVA hy-
drogel [174]. These studies report release times from several days to months in vitro,
showing a wide range of possibilities based on the delivery vehicle used.

In the current study, we investigated the passive adsorption of PDGF-BB onto our
BMMs and found that BMMs adsorbed significantly more PDGF-BB from solution than
PCL scaffolds. This is likely due to the known ability of HA to adsorb proteins from so-
lution, as well as the reported interactions between PDGF and collagen I [132]. Addition-
ally, PDGF-BB released from the scaffolds maintained its bioactivity, stimulating robust
MSC chemotaxis in transwell assays, as well as a custom, stringent assay designed to bet-

ter represent cell migration in vivo where released PDGF is diluted in greater volumes
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and required to stimulate cells at farther distances than a transwell assay. Lastly, release
of PDGF-BB was sustained for 8 weeks with agitation in vitro, suggesting that BMMs
are promising carriers for PDGF-BB, although additional studies are needed to fully elu-
cidate the safety and efficacy of delivering PDGF-BB from BMMs in vivo.

Based on the findings presented in this study, we postulate that electrospun matri-
ces consisting of collagen I, nanoparticulate HA, and PCL are promising materials for use
in many clinical applications of bone regeneration. Additionally, the tailoring of BMMs,
such as varying the percentage of PEO fibers, provides a means to customize the matrix
for specific applications. For example, BMMs without PEO, and therefore small pore siz-
es, are well suited for use as cell-occlusive membranes in ridge augmentation for dental
implants. These membranes, currently comprised solely of collagen I, are necessary to
isolate the bone healing environment from invading gingiva tissue, allowing the jaw bone
to regrow and support a dental implant [175]. In comparison, BMMs with PEO are prom-
ising substrates for many procedures requiring a biodegradable substrate that will be re-
placed by natural bone, such as spinal fusion and non-routine tibia fractures. The inclu-
sion of PDGF, and potentially other growth factors, provides a means to further increase
the bone healing response and patient prognosis.

Future studies are essential to develop a greater understanding of the delivery of
PDGF-BB from BMMs prior to clinical use. In particular, animal models will need to be
developed to study the ability of BMMs to deliver PDGF in vivo. For example, implanta-
tion of BMMs coated with radiolabeled PDGF-BB will provide a means to measure the
release kinetics of PDGF in a bone defect [118]. Based on these results, the amount of

PDGF-BB loaded onto the scaffolds may be adjusted to maintain an optimal release of
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growth factor. Additionally, BMMs could potentially be used to deliver multiple thera-
peutic agents. Other researchers have investigated the co-delivery of PDGF-BB with oth-
er growth factors, such as BMP-7 [176], basic fibroblast growth factor [177], and
VEGF/TGF-p [178] in order to stimulate multiple pathways of bone healing. Concurrent
studies in our lab have begun to investigate the delivery of a bioactive BMP-2 peptide
with a specific domain capable of tightly anchoring to HA particles. We hypothesize that
co-delivery of passively adsorbed PDGF-BB, which will provide a bolus release to stimu-
late MSC chemotaxis, and tightly anchored BMP-2 peptides, capable of inducing the os-
teogenic differentiation of invading MSCs, has the potential to synergistically stimulate
new bone formation. To examine the co-delivery of PDGF-BB and a bioactive BMP-2
peptide, it will be necessary to look at their adsorption onto and release from BMMs, fol-
lowed by studying the effect of these growth factors on MSC migration, proliferation,
and osteoblastic differentiation in vitro. Finally, animal models will be needed to study
the ability of BMMs to co-deliver these factors and stimulate new bone formation.

In conclusion, the main focus of this thesis project was the development, adapta-
tion and application of an engineered matrix for use as a synthetic bone graft. The results
presented demonstrate that nanofibrous scaffolds consisting of the natural bone matrix
molecules collagen I and HA, with the biodegradable polymer PCL and sacrificial fibers
of PEO create encouraging biomaterials for bone regenerative applications. Additionally,
these matrices show promise for their use as delivery vehicles for PDGF-BB and poten-
tially other growth factors. Ultimately, the local sustained delivery of osteoinductive fac-

tors from a bone-mimetic matrix capable of supporting new bone formation has the po-
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tential to provide therapeutic benefit in numerous clinical procedures where increased or

guided bone regeneration is needed.
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