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ABSTRACT

Stable vascular networks are prerequisite for scaffold-guided reconstruction of
large voluminous bony defects. However, induction of angiogenesis remains a major
challenge for bone-tissue engineering. The present in vivo study evaluates human
umbilical cord derived vascular endothelial cells (HUVEC) or hematopoietic stem cells
(HSCs)-mediated formation of microvascular networks in a biocompatible PCL-βTCP
hybrid scaffold in an immuno-compromised nude mouse. The PCL-βTCP scaffold (30%
PCL: 70% βTCP; 70% porosity) with interconnected open pores was fabricated in
6x6x6mm cubes. They were seeded with human mesenchymal stem cells (MSCs) plus
HUVECs or HSCs. Groups (N=12) consisted of scaffold samples seeded with MSCs
alone, MSCs and HUVECs, MSCs and HSCs, and no cells. Cell suspension containing
thrombin was evenly seeded into the micro porous constructs, sealed with fibrinogen, and
implanted into immunodeficient mice for 8 weeks. At the end of the 8th week, mouse
blood vessels were perfused with radiopaque microfil. The scaffolds were harvested,
demineralized and analyzed for neovasculature by microcomputed tomography (microCT). The formation of microvasculature was significantly higher in the MSC-HUVEC
and MSC-HSC constructs than those seeded with MSC alone or cell-free constructs.
Volumetric analysis showed that MSC-HUVEC constructs contained 250% more
microvasculature than cell-free construct and 180% more microvasculature than MSC or
MSC-HSC constructs. Furthermore, neovascularization in the cell free construct was
limited to the surface of the construct. The development of neovascularization from
noninvasive sources constitutes an important step in the development of clinical
ii

strategies for tissue vascularization of large craniofacial defects.
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CHAPTER 1
INTRODUCTION
“Then the Lord God cast a deep sleep upon Adam: and when he was fast
asleep, he took one of his ribs, and filled up flesh for it. And the Lord God
built the rib, which he took from Adam into a woman: and brought her to
Adam. And Adam said: This now is bone of my bones, and flesh of my
flesh; she shall be called woman, because she was taken out of man.”
-Genesis I: 1
Craniofacial defects that result from trauma, tumor resection, or congenital
anomalies are a pressing challenge in orthodontic and surgical clinics around the world.
Extensive injuries to the head and face require immediate and follow-up reconstructive
surgeries to restore skeletal structures. The surgical procedures commonly involve the use
of autografts, allografts or polymeric and metallic implants. These approaches fall short
of the ideal; with a multitude of limitations including donor site morbidity, shortage of
donor tissue supplies, poor integration with the surrounding host tissue, host rejection,
potential disease transmission and bacterial colonization.
To date, the quest for a viable and readily available bone substitute to rebuild
large defects continues to elude orthodontists and surgeons. The generally accepted view
on ideal bone substitutes is that it should be biocompatible and biodegradable, and serve
as a transient scaffold while guiding and stimulating host bone tissue regeneration.
Recently, new and improved polymers showing promising potential for bone tissue
engineering applications are increasingly available. Such polymers are biocompatible and
can be 3-D printed to prepare for a custom-designed bone scaffold with intricate internal
and external architecture according to individual specifications. The repair of large
1

voluminous defects, nevertheless, remains to be a major challenge due to difficulties in
vascularizing scaffolds.
Bone is highly vascularized and its viability depends on nutrients and oxygen
delivered by blood vessels. Accordingly, angiogenesis is an essential pre-requisite for 3D scaffold-guided reconstruction of large bone volumes, highlighting a strong need for
developing strategies that can induce vascular networks in engineered constructs.
Lack of rapid vascular ingress in large scaffolds has limited utilization of
engineered materials in craniofacial bone reconstruction. Recent progress in biology,
scaffold materials and fabrication technology, provides us with more knowledge and
technical ability to overcome the paucity of angiogenesis and better design bioactive bone
scaffolds.
In the present study, we propose multifarious strategies to induce therapeutic
angiogenesis and biologically mimicked osteogenesis. We will utilize stem cells
harvested from donor patients in synergy with recombinant angiogenic growth factors
delivered in a controlled fashion. Another critical area of this study is optimal scaffold
design. Ideally, scaffolds need to exhibit macro and micro porosity sufficient for
osteogenic development, nutrient transport, and capillary formation and migration, while
mimicking cancellous bone. Cross-linked tri-calcium phosphate (TCP) and poly-caprolactone (PCL) are viable bone scaffold materials. The design of our scaffold will be
available in two different forms. For immediate reconstruction, the scaffold can be
generically formed by the surgeon to fit the defect. Alternatively, for more complex
surgeries, a 3D custom designed scaffold can be fabricated based on a CT scan.

2

CHAPTER 2
REVIEW OF THE LITERATURE
2.1 The Birth of Tissue Engineering
It is important to understand where we have been in order to set a path for where
we are headed. The first written description of tissue engineering can be found in
Genesis 1.1: “The Lord breathed a deep sleep on the man and took out one of his ribs.
The Lord God then built up into woman the rib taken from man.” Was the first tissue
engineer the God of the Old Testament? According to the Book of Genesis, the answer is
yes. It is interesting to note that the concept of taking a piece of tissue from one person
(autologous graft), extracting its potential (stem cells), and creating a new part (biologic
substitute) goes back to the first recorded event in human history. While the story is
likely allegorical in nature, it humbles the modern tissue engineer as to his current
capabilities. It also inspires him.
The first recorded use of the term tissue engineering was not until 1991, as
published in the article entitled “Functional Organ Replacement: The New Technology of
Tissue Engineering” (Vacanti and Vacanti, 1991). Modern tissue engineering’s roots are
indeed traced back to Boston and Cambridge, Massachusetts, a world away from the
Garden of Eden. It was in and around Boston, namely the Vacanti team, that tissue
engineering in its present form first hit the mainstream in scientific laboratories and
college campuses.
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2.2 Tissue Engineering Defined
Tissue engineering is an interdisciplinary field that applies the principles of
engineering and the life sciences towards the development of biological substitutes that
restore, maintain, or improve tissue function (Vacanti, 2000). A concept often used in
tissue engineering is the construction of a matrix or a scaffold to provide cells a physical
means for attachment. Cells are seeded on this scaffold to produce a tissue precursor in
vitro. A satisfactory surface is needed to which the cells can attach and on which the cells
deposit their extra-cellular matrix. A biodegradable material is often used, which allows
the cells and their extracellular matrix to replace the scaffold. In vitro tissue engineering
is often directed to the creation of a tissue precursor, instead of a mature tissue.
Generally, tissue engineered constructs still rely on in vivo maturation after implantation.
The advantage of tissue engineering is that it produces a living, bioactive implant that can
adapt to the implantation environment and can actively participate in the formation of
new tissue.

2.3 Tissue Engineering as an Organization: The Society
The Tissue Engineering Society (TES) was conceived in 1994 and officially
incorporated in 1996 by Drs. Charles and Joseph Vacanti of the Massachusetts General
Hospital. The Society held meetings biannually and was international in its member
base. The first meeting was held in 1996 in Orlando, Florida, with 300 attendees
representing thirteen countries (Vacanti, 2006). It was from this small group of pioneers
in the field of tissue engineering that knowledge was shared and the hopes of advancing
4

the field into a specialty were birthed. Today, the society boasts thousands of members
from every advanced scientific country on the globe. The Society has also broadened its
reach; now named the Tissue Engineering International & Regenerative Medicine
Society.

2.4 Tissue Engineering as an Organization: The Journal
In order for a society to effectively communicate its message and scientific
discoveries, the founding members of the field acted to conceive a journal. Drs. Vacanti
and Mikos founded the journal Tissue Engineering in 1994, with an editorial board
consisting of basic scientists and physicians (Vacanti, 2006). The journal has grown
from aggressively soliciting manuscripts to fill its pages to its present state as the gold
standard arena in which to publish tissue engineering research; boasting an impact factor
of 4.6.

2.5 The Foundation of Stem Cell Research
According to Oxford dictionary, histology is defined as the study of microscopic
structures. The term originally came into being in 1819 by Mayer. Eleven years later the
building block of bone tissue, the osteoblast, was discovered by Goodsir. Prior to this,
little knowledge existed as to how and why bone tissue develops. Interestingly, it was
not until 1861 that the cell theory was developed. The cell theory states that all living
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things are composed of cells, which multiply to new cells from pre-existing ones
(Carlson, 2005).
In the 20th century, the foundation of modern day bioengineering was laid. It was
in this century that the techniques of cell culture were developed, paving the way for stem
cell research. The mid-1950s also bore the principles of how genes affect expressed
phenotype by Waddington and others. The discovery of the “secret of life”, the double
helix of DNA, by Watson and Crick in 1953 earned them the Nobel Prize in Medicine
and Physiology. It also set the pace for the race to code the human genome. This led to
the understanding of cellular and molecular processes such as replication, transcription
and translation. The 1970s saw DNA recombinant technology come into the mainstream,
allowing scientists to genetically engineer some of the growth hormones used in modern
day bioengineering (Carson, 2005).

2.6 Connective Tissue Disorders and Current Treatment
Osteoarthritis, rheumatoid arthritis and trauma are major causes of physical
disabilities (Buckwater, 2002). Current procedures used in orthopedics and surgery is
cartilage plug transplantation and total joint replacement through autografts, allografts,
xenografts and artificial prostheses. These procedures, however, have yielded various
levels of success (Jacobs et al., 2001; Buckwalter, 2002; Goldberg, 2002; Jakob et al.,
2002; Tom and Rodeo, 2002).
Total joint replacement is the only clinical option for patients with severe arthritis
whereby a large portion of the articular condyle has deteriorated. Current orthopedic
approaches, however, are associated with certain deficiencies such as donor site
6

morbidity, limited tissue supply, immunorejection, potential transmission of pathogens,
and implant loosening (Ahmad et al., 2002; Mori et al., 2003).
Materials used for total joint replacement are metal alloys made in the shape of
the condylar head fitted into a polyethylene socket (Goldberg, 2002). The limited lifespan
and necessity for revision surgeries create the strong demand for tissue engineered
substitutes developed from the patient’s own progenitor cells, such as bone marrow
derived mesenchymal stem cells. For long-term success the tissue-engineered substitutes
should be capable of fully integrating into the physiology of the patient and remodel, thus
mimicking normal physiologic function.

2.7 Vascularization in Tissue Engineering
Bone is a highly vascularized tissue that, like most other tissues, relies on the
blood vessels to supply the individual cells with nutrients and oxygen. A crucial element
of maintaining a tissue engineered construct is adequate blood supply. It is in fact a
primary limiting factor in tissue engineering complex organs in vitro as oxygen diffusion
is limited to approximately two hundred micrometers (Griffith et al., 2002).
The process of angiogenesis and vascular remodeling involves proliferation and
regression of endothelial cells are regulated by certain growth factors (Kazemi et al.,
2002). VEGF and bFGF work in concert to regulate new blood vessel formation and are
thought to be the main growth factors which induce the proliferation, differentiation,
patterning, and migration of angioblasts in vitro (Pepper et al., 1992). Interesting studies
have demonstrated that the absence of bFGF reduces the number of angioblasts and
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absence of VEGF caused decreased cell proliferation and migration (Murphy et al., 2004;
Wenger et al., 2004).
Previous meritorious studies have demonstrated the efficacy of using PLGA
(poly(lactide-co-glycolide)) and PEGDA (polyethylene glycol di-acrylate) as a scaffold
for vascular tissue engineering (Murphy et al., 2004; Stosich et al., 2009).
Characterization of VEGF loaded microspheres has proven successful in discovering the
release kinetics of growth factor encapsulated PLGA microspheres (Moioli et al., 2006).
The function of the vasculature is to transport nutrients and soluble factors to
tissues of the body, and hence is one of the earliest events in organogenesis (Coultas et al
2005 ). Vasculogenesis is the process in embryonic development in which vascular
networks sprout through de novo angioblast formation into a primitive vascular plexus.
Angiogenesis leads to the onset of functional circulatory system through the remodeling
of nascent bridging existing vessels (Jain, 2003).
The importance of engineering a vascular network within tissue-engineered grafts
is underscored by the fact that any alteration in the vascular supply to one tissue can lead
to skeletal pathologies such as osteonecrosis (Childs 2005). The engineering of
neovascularization from non-invasive sources poses a significant challenge for tissue
engineers (Oh et al., 2009). Lack of blood vessel formation in graft transplantation and
wound healing pose significant limitations toward the end of normal healing. Recent
evidence has demonstrated the importance of endothelial precursor cells as essential in
neovascularization (Carmeliet et al., 2003).
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2.8 The Challenge of Angiogenesis
Angiogenesis remains a critical challenge in tissue engineering (Koike et al.,
20040. In situations of neoangiogenesis in the adult the events that lead to the normal
development of the embryonic vasculature are recapitulated (Carmeliet, 2003). There are
a number of factors involved in neoangiogenesis, namely, Vascular Endothelial Growth
Factor (VEGF), basic Fibroblast Growth Factor (bFGF), various members of the
Transforming Growth factor beta (TGFβ) family and Hypoxia-inducible transcription
factor (HIF). Other factors that have angiogenic properties include the angiopoietins,
(Ang-1); hepatocyte growth factor (HGF); Platelet-derived growth factor (PDGF-BB);
Insulin-like growth factor family (IGF-1, IGF-2) and the Neurotrophins (NGF)
(Madeddu, 2005).
Cell-based approaches may offer hope in the journey towards engineering
vascularized grafts. Neovasculogenesis through the use of biocompatible scaffolds and
endothelial cells or proangiogenic growth factors may represent a solution to voluminous
vascular generation (Hoffman et al., 2002). Endothelial progenitor cells (EPCs) play an
important role in adult neovascularization. Human umbilical vein endothelial cells
(HUVEC) have been shown to demonstrate promise in vascular tissue engineering.
Though these strategies can increase the rate of vascularization, it will still take a
considerable amount of time before the middle of the implant is perfused. In vivo
prevascularization can in principle result in the instantaneous perfusion of a construct
after implantation at the final site, since the construct is microsurgically anastomosed to
the host vasculature. Before implantation to the final site, a pre-implantation period is
9

necessary. During this stage, the implant has to rely on spontaneous angiogenesis from
the vascular axis into the construct. Nutrient limitations, however, are likely to occur
during this stage. In vitro prevascularization does not result in the instantaneous perfusion
of a construct. Vessels from the host have to grow into the construct until they reach the
vascular network that was formed in vitro. If anastomosis is then successful, the entire
construct can become perfused with blood. In principle this can decrease the time needed
for vascularization of the implant dramatically, since host vessels do not have to grow
into the entire construct, but only into the outer regions.

2.9 Application of Tissue Engineering in Modern Warfare
Craniofacial trauma remains one of the most common and under-addressed
treatment areas of battlefield injury care. While the head, face, and neck comprise only
12% of the total body area exposed to combat, these areas have sustained a
disproportionally high number of injuries leading to disfigurement in major conflicts of
the 20th century (Carey, 1997).
Since commencement of Operation Iraqi Freedom, 23,314 American military
personnel have been wounded in action. Of these wounded, 61% had a head and neck
wound (Wade et al., 2006; Xyadakis et al., 2006). This is likely due to the form of the
interceptor body armor system, which protects the chest and abdomen, and leaves the
face exposed.
Hard tissue facial injuries from gunshot wounds often result in an associated loss
of the zygoma, inferolateral orbit, maxillae, and mandibular body. Further, it was found
10

that surgical intervention for hard tissue damage from firearm trauma was required 32%
to 76% of the time (Hollier et al., 2001).
Xydakis et al performed an analysis of battlefield head and neck injuries in Iraq
and Afghanistan in 2006. It was concluded from soldiers treated at Landstuhl that head
and neck trauma resulted from the 3 B’s of injury: ballistic, blast, and burn, resulting in a
significant number of craniofacial injuries necessitating immediate and follow-op
reconstructive surgeries.
Despite the high survival percentage of craniofacial trauma, patients experience
physical and psychosocial trauma from facial defects, and accordingly have a strong need
for optimal reconstruction. Furthermore, facial and oral disfigurement may interfere with
vital functions such as breathing, eating, swallowing, and speaking. The burden of such
trauma restricts military activities and re-integration into work, school, and home, and
often significantly diminishes the quality of life.
Often, the complexity and diversity of the involved tissue phenotypes involved in
craniofacial defects requires a multi-disciplinary approach for reconstruction. Current
surgical and prosthetic approaches have significant limitations such as donor site
morbidity, poor material integration, host rejection, and infection with acinetobacter
baumannii.
A wide range of technical approaches are used to reconstruct disfigured oral and
craniofacial structures including bone grafting by means of autografts, allografts, and
xenografts. Improved surgical reconstructive techniques include pedicle flaps and
microvascular free tissue transfers of composite flaps that can be designed to compensate
for both hard and soft tissue deficits.
11

These methods, however, still result in significant morbidity and a certain clinical
challenge. The outcome of true form and function is still compromised. Despite various
level of clinical success, these procedures suffer from deficiencies such as donor site
necrosis, limited tissue supply, immune rejection, and potential transmission of
pathogens.
In 2005, surgeons in France performed the first face transplant for a female
patient whose face was disfigured by a dog attack. The risks of chronic
immunosuppression, malignancy, and infection are the major downfalls of this complex
and risky operation (Preminger and Fins, 2006). Yet another limitation to face
transplantation is the ethical controversy and the psychological impact of wearing
another’s skin (Roberton, 2004).

2.10 Summary
The potential for tissue engineering approaches to craniofacial reconstruction is
immense because there is no need for immunosuppressants, multiple surgeries, and the
generated tissue is from one’s own cells. Further, integration of new healthy tissue to the
patient is realized, meeting the goal of replacing what was lost and restoring the patient to
health, form and function.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Cell Culture
Bone marrow derived human mesenchymal stem cells (hMSCs) were purchased
from Thermo Scientific (Waltham, MA) and cultured in AdvanceSTEM Mesenchymal
Stem Cell Basal Medium containing AdvanceSTEM Mesenchymal Stem Cell Growth
Supplement (Thermo Scientific). The cells were expanded up to 6 passages and used for
in vitro studies. For in vivo study, fresh bone marrow samples of anonymous adult male
donors were purchased from AllCells (Berkeley, CA), and used to isolate human
mesenchymal stem cells (hMSCs). Isolation of mesenchymal stem cell populations from
the bone marrow sample was carried out, using RosetteSep® Human Mesenchymal Stem
Cell Enrichment Cocktail and Ficoll-Plaque® (StemCell Technologies, Vancouver,
Canada). Briefly, A total of 500 µl of RosetteSep® Human Mesenchymal Stem Cell
Enrichment Cocktail was added to 10 ml of bone marrow sample (50µl/ml of bone
marrow). The sample was mixed and incubated for 20 min at room temperature. Next, 20
ml of PBS containing 2% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA) and 1 mM EDTA was added to the bone marrow sample. 15 ml of the mixture was
layered on 15 ml of Ficoll-Paque® in a 50 ml tube and centrifuged for 25 min at 300g at
room temperature, and the mesenchymal stem cell enriched layer was removed from the
interface between Ficoll-Paque® and plasma. The cells were washed with PBS
containing 2% FBS and 1mM EDTA and plated at an initial density of 0.5-1×106 cells
per 10 cm cell culture plate. The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Sigma-Aldrich Inc, St. Louis, MO) containing 10% FBS and 1% antibiotic13

antimycotic (Gibco, Carlsbad, CA); this medium is referred to as basal medium
henceforward. After 24 hours, non-adherent cells were removed (Pittenger et al., 1999).
The medium was changed every other day. Upon 90% confluence, the cells were
passaged four times before they were used in the study.
CD34 positive hematopoietic stem cells (HSCs) were obtained from University of
Pennsylvania Hematopoietic Stem Cell and Lukemia Core Facility. They were culture
expanded in Iscove's Modified Dulbecco's Medium containing 10% FBS, 100ng/ml of
granulocyte colony stimulating factor, and 100ng/ml of stem cell factor, and 100ng/ml of
thrombopoietin (StemCell Technologies, Vancouver, BC). Human umbilical vein
endothelial cells (HUVECs) were purchased from AllCells (Berkeley, CA) and cultured
in HUVEC Basal Medium containing HUVEC Stimulatory Supplement (AllCells). The
culture media was changed two times per week.

3.2 Solid Freeform Fabrication of Scaffold
The scaffolds were fabricated from a mix of 30% polycaprolactone (PCL) and
70% β-tricalcium phosphate (TCP) in a 6mm x 6mm x 6mm cubic form with a porosity
of 70% and a pore size ranging from 100 to 200 µm (TCP) at Therics (Princeton, NJ).
Fabrication of the scaffold begins with a thin distribution of PCL-βTCP powder spread
over the surface of a powder bed in a layered pattern. Using a technology similar to inkjet printing, a binder material selectively joins particles where the object is formed.
Proper droplet placement is employed to create surfaces of controlled texture and to
control the internal microstructure. This layer-by-layer process is repeated until the
predetermined shape of a 3-D construct is achieved. The construct is sintered at 37C in a
14

dry oven for several days and unbound powder is removed. All scaffolds used in this
study were sterilized using ethelyene oxide gas (ETO) for 20 hours at 37C.

3.3 In Vitro Osteogenic Differentiation Assays
hMSCs were seeded in a 12 well tissue culture plate at a density of 5x103/well
and cultured in osteogenic differentiation medium, DMEM supplemented with 100nM
dexamethasone, 0.05mM ascorbic acid and 100mM β-glycerophosphate. Media was
changed every 3–4 days. On day 5, cells were stained for alkaline phosphatase activity
(RocheDiagnostics, Mannheim, Germany). On day 14, cells were stained with Alizarin
red-S to visualize mineral deposition. Effect of thrombin on osteogenic differentiation of
hMSC was also tested on a PCL-βTCP scaffold. hMSCs were seeded on 2mm x 6mm x
6mm scaffolds (3 million cells/mL in 0, 1, 2, or 4U/mL of thrombin) and cultured in
osteogenic differentiation medium for 5 days and stained for alkaline phosphatase
activity.

3.4 In Vitro Assays for Angiogenesis
The angiogenic effect of thrombin was evaluated using the In Vitro Angiogenesis
Assay Kit (MILLIPORE®, Billerica, MA). Briefly, 50µL aliquots of a matrigel solution
(ECMatrix™; MILLIPORE®), which had been pre-cooled to 4°C, were dispensed to
wells in a 96-well plate. The plate was then incubated at 37°C for 1 hour to allow for
polymerization of the matrigel. Angiogenic effect of thrombin on HUVECs was studied
by directly adding various concentrations of thrombin (0, 1, 2, 4u/ml) (SigmaAldrich, St.
Louis, MO) to HUVECs seeded on matrigel-precoated wells and culturing for 24 hours.
15

HUVECs were seeded at a density of 5.0 x 103 cells/well in HUVEC Basal Medium
(StemCell Technologies). To determine the effect of thrombin on hMSC production of
angiogenic factors, HUVECs were cultured on matrigel with conditioned medium from
thrombin treated hMSC cultures. To prepare the conditioned media, hMSCs were plated
at 30,000cells/well in a 96 well plate in the MSC basal medium. The following day the
medium was replaced with serum free HUVEC Basal Medium containing various
concentrations of thrombin (0, 1, 2, 4u/ml). After 48 hours of thrombin treatment, the
conditioned media were harvested from hMSC cultures, centrifuged to remove any cell
debris and treated with thrombin inhibitor. HUVEC cells were seeded on matrigelprecoated wells in media containing 50% of HUVEC Basal Medium and 50% of the
conditioned media, and cultured for 24 hours. HUVEC cultures were examined for
angiogenesis and photographed with an inverted light microscope at 5, 8, 12 and 24hrs
after initial plating. Angiogenesis was quantified by measuring and counting the
capillary tube branch points. Data were collected from 5 randomly selected view
fields/well from 3 wells and averaged with standard deviation. The entire experiment
was repeated three times.

3.5 RNA Isolation and RT-PCR
hMSCs and HUVECs cultured in basal media were treated with various
concentrations (0, 1, 2, 4u/ml) of thrombin for 48 hours. RNA was extracted from cell
cultures using Trizol (Invitrogen, Carlsbad, CA) and analyzed for VEGF expression by
RT-PCR. The details of the RT-PCR protocol are as follows:
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Before performing the RT reaction, 5 µg of total RNA was heated in a 10µl volume at
65°C for 5 to 10 minutes and then quench on ice. In a 1.5mL Eppendorf tube the
following components were added: 10.0 µl heat denatured RNA, 3.0 µl 10 x PCR buffer
2.5 µl 10mM dNTPs, 6.0 µl 25mM MgCl2, 1.0 µl random primers (1.8 mg/ml), 0.5 µl
SuperScript II reverse transcriptase, and 17.0 µl water. The samples were left at 25°C
for 10 minutes then incubated at 42°C for 1 hour. The cDNA was then denatured at 95°C
and placed on ice. The PCR reaction was performed by assembling the following
components in a 0.5 PCR tube: 6.0 µl cDNA product, 1.5 µl 10 x PCR buffer, 0.2 µl
Taq polymerase, 0.5 µl primer 1 (1.0 mg/ml), 0.5 µl primer 2 (1.0 mg/ml), and 10.3 µl
water. The PCR reaction was performed for 105 seconds at 95C, (15 seconds 90C,
30seconds 60C) 35X, 7min.72C and run, with hot start.

3.6 Implantation of Cell Seeded PCL-βTCP Scaffolds in Nude Mice
PCL-βTCP scaffolds in 6mm x 6mm x 6mm size were seeded with hMSCs only,
hMSCs and HUVECs, hMSCs and HSCs, or no cells (4 Groups, n=4/Group). Cells were
suspended in a thrombin-hydrogel at a density of 3x106 cells/ml. The thrombin-hydrogel
was prepared from TISSEEL(Baxter, Deerfield, IL). The components of TISSEEL,
thrombin and fibrinogen were reconstituted to 4U/ml for thrombin and 20mg/ml for
fibrinogen. After seeding scaffolds with 125 uL of cell-thrombin suspension, 125uL of
fibrinogen was injected around each construct and placed in the incubator for 1 hour.
Culture media was then added atop the constructs and allowed to incubate overnight
before implantation.
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Six week-old athymic nude mice were anesthetized by intraperitoneal injection of
ketamine 100mg/kg and xylazine 5mg/kg. The cell-seeded scaffolds were implanted in
dorsal subcutaneous pockets for 8 weeks. Four scaffolds were implanted per mouse in
separate pockets. The Institutional Animal Care and Use Committee of the Children’s
Hospital of Philadelphia approved all animal procedures. No side effects or inflammation
was observed following surgery.

3.7 Microfil Perfusion
To assess microvascular network formation within the implanted constructs, mice
were systemically perfused with microfil (Flow Tech Inc, Carver, MA) at the end of 8th
week of implantation. Under general anesthesia, the abdominal aorta was catheterized
and the inferior vena cava severed. The left ventricle was flushed with 0.9% saline and
subsequently fixed with 10% formalin and the vasculature was injected with microfil and
allowed to polymerize for 90 minutes.

3.8 MicroCT Analysis of the Tissue Engineered Construct
Microfil perfused implants were removed from mice, fixed in formalin,
decalcified in Decal (Tallman, NY), and analyzed for vascular network formation by
micro-computed tomography.

3.9 Histology
Alkaline Phosphatase Activity (ALP) staining was performed on samples
immediately following pretreatment (PT) to verify osteogenic differentiation.
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For ALP staining per the manufacturer’s recommendations, culture wells were rinsed
twice with PBS, and then incubated with Napthol as-biphosphate, N-N
dimethylformamide, and Fast Red buffered with 50 mL Tris buffer for 1 hour at 37°C.
In addition, samples were stained for mineral deposition using the von Kossa Silver
Nitrate method. Following fixation with 10% Formalin at room temperature for 30
minutes, 2.5% Silver Nitrate (w/v) was administered for 30 minutes at room temperature.
Culture wells were rinsed and kept wet with ddH2O during imaging. Active Alkaline
Phosphatase enzyme was stained red and positive mineralization appears black in the
images.
Tissue engineered implants were processed for histology following fixation in
10% Formalin solution. Tissue samples were sent to Pathology Core (University of
Pennsylvania), where the following histology protocol was performed. The implants
were embedded in paraffin wax and sectioned to 5-micron slices, and then stained using
Hematoxylin and Eosin reagents. Stained slices were placed on microscope slides and
secured with resin. Imaging was performed using a Nikon E800 upright microscope and
digital images were recorded.
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CHAPTER 4
RESULTS

4.1. Fabrication of 3D PCL-beta-TCP Scaffold
The PCL-beta-TCP co-polymer is a biocompatible and biodegradable material
that induces osteogenic cell differentiation. Because of these properties, PCL-beta-TCP
is considered as one of the most promising materials for regenerative bone tissue
engineering. Clinical application of scaffold-guided bone tissue engineering technology
to large bone defects, however, remains essentially experimental due to a difficulty of
introducing a sufficient amount of vascular network into bone scaffold constructs.
Earlier studies have shown that the pore/channel size and connectivity greatly influence
vascularization of a scaffold. In humans, an average diameter of capillaries is 50 microns
and they are populated in about 200 microns apart. As the average thickness of an adult
cranium is about 4-5 mm, we designed a PCL-beta-TCP scaffold in a 6 mm x 6 mm x 6
mm cubic with 70% porosity, which contained interconnected pores with 150-250 micron
diameters (Fig 1A). The scaffold was fabricated using the fused deposition modeling.
After fabrication, micro-CT was used to confirm that fabricated scaffolds had
interconnectivity and diameters of the pores/channels, and porosity as prescribed (Fig
1B).
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A

B

Figure 1. PCL-βTCP scaffold A, a photograph of a PCL-βTCP scaffold measured 6mm
x 6mm x 6mm is shown with a scale bar. B, a typical micro-CT rendering of the porous
PCL-βTCP scaffold is shown. The scaffold exhibits an interconnected pore structure of
150-250 microns with a porosity of 70%. The dense structure observed is indicative of a
high quality sinter of the PCL-βTCP.

4.2. In vitro Determination of Angiogenic Effect of Thrombin
In order to determine the angiogenic potential of thrombin, MSCs and HUVEC
cells were cultured and subjected to thrombin in vitro. It is known that thrombin is
inherently angiogenic, yet its effect on our different cell phenotypes needed to be
confirmed. VEGF, a known marker of angiogenic activity, was the key marker
examined.
RT-PCR demonstrated that thrombin triggered an up-regulation of VEGF, in a
dose dependent manner from the HUVEC cells, but not from the MSCs. Levels of

21

GAPDH and ribosomal RNA were consistent among each sample group, demonstrating
that overall RNA production remained unchanged.
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Figure 2. VEGF analysis A, shows VEGF expression of HUVECs in a dose dependent
manner. B, shows uniform VEGF expression unrelated to dose.

4.3. Osteogenic Differentiation of hBM-MSCs
In order to assess the osteogenic capacity of hBM-MSCs, fifth passage cells were
subjected to osteogenic medium for a period of seven and fourteen days.
During the pre-treatment phase of the cell culture experiment, those cultures that
were exposed to osteogenic supplement media demonstrated a distinct morphological
change from the usual fibroblast-like spindle shape of MSCs to a more cuboidal shape.
During differentiation, a cuboidal shaped cell is a sign of osteogenic differentiation.
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After 7 days of exposure to osteogenic medium, MSCs stained positive for alkaline
phoshphatase, an early marker of osteogenic differentiation. Following 14 days of
osteogenic medium exposure MSCs stained positive for alizarin red, a later stage marker
of osteogenic differentiation. In order to determine the in vitro capacity of MSCs and
HUVECs, cell groups were subjected to thrombin in a dose dependent manner for one
week.

A

B

Figure 3. Osteogenic marker stain A, positive alkaline phosphatase stained
mesenchymal stem cells at 7 days. B, positive alizarin red stained cells at 14 days
illustrating production of osseous markers following exposure to osteogenic culture
medium.

4.4. Osteogenic Capacity of hMSC-Thrombin/Fibrinogen Seeded Scaffolds
After confirmation that MSCs were capable of osteogenic differentiation in our
laboratory, the next step was to combine MSCs, thrombin, and fibrinogen to determine
23

the osteogenic capacity of the MSC-thrombin biomatrix seeded in PCL-beta-TCP
constructs. The addition of fibrinogen was necessitated by the need to utilize a
biocompatible gel to seal the scaffold, hence preventing escape of the cell-thrombin
biomatrix. After the cell-thrombin biomatrix scaffolds were sectioned, they were
subjected to osteogenic medium for a period of 7 days.
The MSC-thrombin scaffold stained positive for alkaline phosphatase, whereas
the cell-free stained negative. This demonstrates that the construct itself is not inherently
osteogenic, and that when the synergistic combination of MSCs in a thrombin carrier are
seeded within the scaffold, the scaffold is actually osteoconductive, a desirable
characteristic for bone tissue engineering applications.
A

B

Figure 4. Sectioned scaffolds loaded with stem cell- thrombin biomatrix A, culture
medium treated control stained negative for alkaline phosphatase at 7 days. B, the
scaffold treated with osteogenic culture medium stained positive for alkaline phosphatase
at 7 days.
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4.5. Application of Microfil Perfusion to Evaluate Neovasculaization
A novel method needed to be developed to explore the 3D presence of
neovasculature within the tissue-engineered scaffolds. Microfil is a medical grade
solution which selectively binds and opacities in blood vessels and forms a threedimensional cast of the vasculature. Under post-mortem conditions, an abdominal aorta
catheterization technique was implemented to systemically perfuse, under physiological
pressure, a solution of Microfil. Under general anesthesia, the abdominal aorta was
catheterized and the inferior vena cava severed. The left ventricle was flushed with 0.9%
saline and subsequently fixed with 10% formalin and the vasculature was injected with
Microfil, a radiopaque silicone rubber containing lead chromate and allowed to
polymerize for 90 minutes. This unique technique and material allow for a novel means
of visualizing the exact architecture of the smallest vascular networks within the scaffold.

Figure 5. Microfil injection technique Technique utilized on an anesthetized athymic
nude mouse. By injecting microfil at a slow, paced, constant force, the microfil perfused
the entire vascular structure of the mouse, including the neovasculature within the
implanted scaffolds. This is unique to the study.
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4.6. Gross Appearance of Microfil Perfused Explanted Constructs
At 8 weeks the animals were euthanized by cervical dislocation and the
subcutaneous pockets exposed. Upon examination, the implants were well integrated
surrounded by a fibrous capsule. The general shape was well preserved but the
dimension of the construct was decreased by 33% after 8 weeks in vivo. The extent of
Microfil perfusion was readily detectable by gross examination of the samples. MSCHUVEC constructs demonstrated the greatest amount of microfil infiltration as revealed
by the orange colored microfil infiltrating the outside of the constructs (Fig 6A) as
compared to MSC-HSC, MSC, and Cell free control (Fig 6B,6C,6D).

A

B

C

D
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Figure 6. Gross appearance of constructs The general shape was well preserved but the
dimension of the construct was decreased by 16% after 8 weeks in vivo. The extent of
Microfil perfusion was readily detectable by gross examination of the samples.

27

4.7. Lengthwise Assessment of Vascular Formation within Paraffin Blocks
The paraffin blocks of the constructs were prepared to assess the vascular
formation through the length of the scaffold center. The paraffin blocks of the constructs
were prepared to assess the vascular formation through the length of the scaffold center.
After paraffin embedding, the scaffolds were cut through the midpoint in a lengthwise
direction revealing microfil-perfused vasculature.
A

B

C

D

Figure 7. Paraffin Block Sections of In-Vivo Constructs Note the prominent
peripheral neovasculature in both HSC-MSC (C) and MSC-HUVEC (D) scaffolds as
compared to MSC (B) alone and cell free scaffolds (A).
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4.8. Micro-CT Reconstruction and Analysis of Neo-Vasculature
at Week 8
Micro-CT evaluation of tissue-engineered scaffolds offers a three-dimensional
technique to assess neovasculature. The application of Micro-CT on the harvested
scaffolds perfused with Microfil allows one to both quantitatively and qualitatively assess
the geometry and structure of the engineered vasculature.

A

B

C

D

Figure 8. Reconstructed 3D micro-CT images. Volumetric analysis showed that MSCHUVEC (D) constructs contained 250% (1.76mm3) more microvasculature than cell-free
construct (0.15mm3) (A) and 180% more microvasculature than MSC(0.63mm3) (B) or
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MSC-HSC (0.74mm3) (C) and cell free (0.15mm3) constructs. In particular, in the MSCHUVEC micro-CT reconstruction shows an abundant and well formed vascular tree can
be observed throughout the construct. Notably, neovascularization in the cell free
construct was limited to the surface of the construct.
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4.9. Quantitative Analysis of the Tissue Engineered Constructs for Blood Vessel
Volume
Quantitative analyses of the samples for blood vessel volume showed that the
constructs loaded with MSC+HUVEC cells showed most extensive blood vessel growth
followed by those loaded with MSC+HSC and MSC alone. The scaffold implanted
without cells showed minimal neovascularization within the constructs.
Cell-free TE MSC TE MSC-HSC TE MSC-HUVEC TE
BV [mm3]

0.1461

0.6329

0.7358

1.762

Table 1. Quantitative summary of blood volume (BV) in each construct
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Figure 9. Average Blood Volume mm3 / Scaffold- Cell Type as presented in Table 1
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4.10. Histological Evaluation of In Vivo Angiogenesis in a Large PCL-TCP Scaffold
Seeded with MSC/HUVEC/HSC /Cell-free
A

B

C

D

Figure 9. Representative H&E slides of Cell-free (A), MSC (B), MSC-HSC (C),
MSC-HUVEC (D) samples. A and B, the cell free and MSC samples little to no vascular
formation was observed. C, the MSC-HSC samples interspersed area of vascular lumens
were observed. D, the MSC-HUVEC samples abundant vascular lumens filled with
endothelial cells were observed throughout the construct. Histological examination of the
constructs showed extensive blood vessel formation in the MSC-HUVEC construct (D),
confirming the visual and micro-CT data.
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CHAPTER 5
DISCUSSION

In this study, we have developed a bioengineering approach to induce
angiogenesis for craniofacial replacement materials. The lack of rapid vascular ingress
into large scaffolds is the major roadblock for therapeutic applications of engineered bone
implant materials in craniofacial reconstruction. Recently, there have been significant
advances in our understanding of key molecular regulators of angiogenesis as well as
biomaterials science of controlled drug delivery and biofabrication technology. Collective
translation of such knowledge into the design of bone scaffolds provides an excellent
opportunity to address the issue of angiogenesis. Clinical applications in which
revascularization is the potential rate limiting factor makes the goal of tissue engineering
a viable alternative that is most sought after.
This study was specifically conducted to develop a multiple cell and growth factor
based approach to induce rapid neovascularization in a 3-D scaffold to guide tissue
regeneration. The overarching goal to engineer this network of blood vessels within a
customized, biocompatible matrix using stem cells and growth factors was achieved. We
envision the present strategy or close variation of; combining a structural, but
bioresorbable scaffold with a stem cell – thrombin biomatrix to induce vascularization to
provide a clinically feasible approach to regenerate lost or damaged hard tissue within the
craniofacial complex. It is conceivable that autologous stem cells will be isolated from
the injured patient via the present approach, cultured in the laboratory, and engineered
into a readily available implant for implantation back into the patient.
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It is widely known that the importance of engineering a vascular network within
tissue engineered grafts is underscored by the fact that any alteration in the vascular
supply to one tissue can lead to skeletal pathologies, such as osteonecrosis (Barry, 2003).
Indeed, any such alteration in vascular supply to newly implanted tissue engineered
elements will result in failure of the graft. It is with this in mind that engineering of
neovascularization from non-invasive sources poses such a significant challenge for
tissue engineers (Butler et al., 2009).

The lack of blood vessel formation in graft

transplantation and wound healing presents significant limitations toward the end of
normal healing. Recent evidence has demonstrated the importance of endothelial
precursor cells as essential in neovascularization (Atala, 1999a).
In situations of neoangiogenesis in the adult, the events that lead to the normal
development of the embryonic vasculature are recapitulated (Atala, 1999a). There are a
number of factors involved in neoangiogenesis; namely, Vascular Endothelial Growth
Factor (VEGF), basic Fibroblast Growth Factor (bFGF), various members of the
Transforming Growth factor beta (TGFβ) family and Hypoxia-inducible transcription
factor (HIF). Other factors that have angiogenic properties include the angiopoietins,
(Ang-1); hepatocyte growth factor (HGF); Platelet-derived growth factor (PDGF-BB);
Insulin-like growth factor family (IGF-1, IGF-2) and the Neurotrophins (NGF) (Bruder et
al., 2005).
Angiogenesis represents one of the most crucial challenges in tissue engineering
and regenerative medicine today (Goldstein et al 2004). Cell based approaches may offer
hope in the journey towards engineering vascularized grafts. Neovasculogenesis through
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the use of biocompatible scaffolds and endothelial cells or proangiogenic growth factors
may represent a solution to voluminous vascular generation (Smith et al., 2004).
Endothelial progenitor cells (EPCs) play an important role in adult neovascularization
and human umbilical vein endothelial cells (HUVECs) have been shown to demonstrate
promise in vascular tissue engineering (Anseth et al., 2002).
Fibrin sealants have been widely used in plastic and reconstructive surgeries. The
human plasma derived components of which, fibrinogen and thrombin, possess unique
factors that are desirable for vascular engineering. Fibrinogen contains factor XIII and
plasminogen and thrombin itself is pro-angiogenic and anti-apoptotic. The inherent
problem with loading a liquid based stem cell-medium concoction into a scaffold is
encapsulation. How can one encapsulate this mixture preventing loss of therapeutic
cells?

Thrombin and fibrin sealants represented one such solution.

This evidence

prompted us to harness the potential of fibrin sealants in a reconstituted form utilizing
commercially available TISSEAL (Baxter, Deerfield, IL). TISSEAL is composed of a
high concentration of thrombin and fibrinogen and used in surgery to seal large wounds
that do not necessitate or cannot tolerate sutures.

In this study, we tested various

concentrations of reconstituted thrombin and fibrinogen to find an optimal concentration
that not only supports cell viability and act as a cell carrier, but that can temporarily seal
the scaffold allowing for cell attachment to the scaffold during incubation. Our results
also indicate that thrombin is angiogenic when cultured with HUVECs, as shown by our
PCR data. The properties of this mixture proved more favorable than previous studies
utilizing collagen gel as a carrier (Goldstein et al., 2010).
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Previous studies have demonstrated the advantage of an optimal pore size and
porosity percentage for tissue ingrowth (Yoo et al., 2009). In this study, PCL-beta-TCP
scaffolds were precisely manufactured and customized to our specifications to overcome
limitations due to imprecise structural characteristics. The scaffolds were of uniform
shape at 6mm x 6mm x 6mm, had an internal architecture of interconnected pores
ranging from 150 to 250 microns, and a porosity of 70%. Additionally, the material was
fully biocompatible, biodegradable, and sterilizable. These unique, customized
characteristics allowed us to truly harness the potential of the biomaterial.
The osteogenic capacity of hMSCs has been established in previous studies
(Pittenger et al., 2004). Our results confirm these findings. Interestingly, we found that
when hMSCs were encapsulated in a thrombin carrier within the scaffold, the synergistic
combination proved osteoconductive at seven and fourteen days when exposed to osteodifferentiation medium. This potential for future studies in bone tissue engineering is
promising.
The application of a novel approach towards evaluating engineered vasculature
was a key and unique feature of the present study.

Evaluation of retrieved tissue

engineered samples at 8 weeks showed abundant microvasculature in HUVEC-MSC
constructs. There are, however, limits to what one can claim with histology alone.
Traditionally, histological examination yields a 2D representation of a 3D structure.
Therefore, inherent limitations can be observed when using solely histology, such as a
distorted view of the vessels in question. Microcomputed tomography offers the
opportunity to view vascular structures in a reconstructed 3D format using 3D imaging
technology and silicon based injectable agent called microfil. Using micro-CT analysis,
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we have shown both quantitatively and qualitatively that through using intra-cardiac
injected microfil, vascular ingrowth and maturation can be both reconstructed and
volumetrically quantified in 3D in a non-destructive manner within tissue-engineered
constructs. Additionally, our micro-CT data confirms our histological data.
The present findings demonstrate that the PCL-beta-TCP scaffolds with a
controlled pore size are an effective delivery vehicle for stem cell driven
neovasculogenesis. These findings demonstrate that through the use of a thrombin based
MSC-HUVEC biomatrix, engineered microvasculature can be created in a recapitulated
form as seen in natural living tissues. The development of neo-vascularization from
noninvasive sources constitutes an important step in the development of clinical
strategies for tissue vascularization of large craniofacial defects.
Though we have achieved our goal and validated our hypothesis in the present
study, we have outlined in our laboratory a pathway for continued research on this topic.
Future direction of the current study can proceed in various directions using modified
methodologies to yield the common goal of a tissue engineered vascularized implant.
The first area of future study is in the use of umbilical cord blood stem cells (UCBs).
The cells are unique in nature due to their high concentration in the placenta and their
multi-potentiality. At birth, the placenta can be harvested, UCBs isolated, and frozen for
future therapeutic use. This process is termed stem cell banking, and is a growing trend
in the United States. Another area of future direction is in pretreatment of MSCs with
osetogenic medium prior to scaffold loading. We have begun this approach in vitro in the
present study. The rationale for not employing it presently was due to the osteoinductive
nature of the scaffold, however, it appears that an additional osteogenic pretreatment is
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beneficial.

The application to an in vivo model is the next logical step in tissue

engineering a vascularized osseous implant. Lastly, in situ imaging of the implanted
constructs to track where the cells are migrating to is an important tool to study remote
homing and survival of implanted stem cells. Data is presently being compiled and
analyzed to give us insight as to the possibility that host cells may be contributing to the
maturation of the tissue-engineered constructs.
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CHAPTER 6

CONCLUSIONS
Based on our data from this investigation we concluded that:
1.) Polycaprolactone nanofibers can be electrospun to acquire radial alignment within
a space of comparable to a natural PDL.
2.) Radially aligned electrospun polycaprolactone nanofiber scaffolds, seeded with
periodontal ligament stem cells, can direct cellular elongation and growth in the
fiber direction within 12 hours.

Electrospun PCL nanofiber scaffolds may be used to engineer a functionally competent
PDL on dental implants.
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