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ABSTRACT
The field of tissue engineering has continually been described as “cells,
signals, and scaffolds.” The current thesis work describes the evaluation of a
continuously-graded microsphere-based scaffold technology for the regeneration of
the osteochondral interface where cartilage and bone have been damaged due to
degenerative conditions, such as osteoarthritis. This scaffold technology used
spatiotemporal release of bioactive factors from a biodegradable polymer for
simultaneous differentiation of stem cells into bone and cartilage. The work in the
current thesis evaluated the scaffold formulation in vitro, in vivo, and addressed the
feasibility of adding osteoconductive materials to the first generation design for
enhanced bone regeneration. Lastly, bioactive signal delivery and bioactivity was
investigated as a consequence of preparatory methods used to construct the bioactive
scaffolds. Results from the body of in vitro studies included stimulation of gene
expression, increased biochemical production, and tissue synthesis. Specifically,
gradient constructs outperformed control constructs in glycosaminoglycan content,
produced twice as much collagen, and were capable of facilitating regional tissue
synthesis. In vivo studies demonstrated the feasibility and potential efficacy of
bioactive factor inclusion at two different osteochondral interfaces. In the New
Zealand White rabbit knee, implants with embedded signals gradients were capable of
regenerating more bone tissue than negative controls. When used in a smaller defect
site, such as the New Zealand White rabbit mandibular condyle, the bioactive
scaffolds were beneficial in regenerating thicker layers of cartilage. Moreover, this
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thesis has bridged the gradient-based microsphere scaffold design from concept to
practice, in addition to opening new areas of investigation for further refinement of
the technology.
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CHAPTER 1: Introduction
The overall objective of this thesis was to characterize a novel microspherebased scaffold with continuous gradients of physicochemical signals for
osteochondral (bone and cartilage) tissue regeneration. The overall progression was to
evaluate preliminarily in vitro and in vivo performance, develop methods to
incorporate a physical mineral substrate in the bone-like region, and then have a
detailed look at protein release and bioactivity as a function of methods necessary to
create scaffold formulations utilizing both chemical and physical signals. Hence,
characterization of the scaffold design included four corresponding aims: (1) in vitro
analyses of gradients of bioactive factors for osteochondral regeneration, (2)
preliminary in vivo testing at two different osteochondral sites, (3) incorporation of
physical substrates relevant to bone tissue synthesis, and (4) protein release and
bioactivity of macromolecules as a function of scaffold fabrication and sterilization
procedures.
The first aim was to elucidate valuable information on the potential of protein
signals of transforming growth factor (TGF)-β1 and bone morphogenetic protein
(BMP)-2 in a continuously-graded, microsphere-based scaffold comprised of
poly(D,L-lactide-co-glycolide). The second aim tested the feasibility of the proteinloaded gradient scaffold design in two different osteochondral sites in the New
Zealand White rabbit: the medial femoral condyle of the knee, and the anterior
mandibular condyle of the temporomandibular joint (TMJ). The third aim
investigated the use of a calcium-based mineral, hydroxyapatite (HAp), to enhance
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osteogenesis in vitro, with plans to incorporate the mineral into future iterations of the
microsphere-based scaffold design. This would enable physical and chemical signals
for induction of osteogenesis in the bone-like region of a continuously-graded
scaffold. The fourth and final aim considered protein release characteristics and
bioactivity as a function of methods used to create the microsphere-based scaffolds
utilized in the first three stages. The progression of chapters is chronological with
respect to the development of the microsphere-based scaffold design, as each phase
provided information that guided the direction of subsequent phases. The
organization of the chapters is as follows:
Chapter 2 provides a historical background on the field of osteochondral
tissue engineering, and a new generation of scaffolds that utilize stratified layers or
continuous gradients of physical or chemical properties, facilitating biomimicry and
regeneration of cartilage and bone tissues in vitro and in vivo. This chapter makes a
clear distinction between stratified designs and continuous gradients, highlights key
applications, advantages, and disadvantages of each. Chapter 2 thus provides the
central literature review for this thesis, and sets the stage for the experimental
chapters (3 through 7).
Chapter 3 addresses the first aim, i.e., the continuously-graded scaffold
design, and provides insight into the major biochemical advantages and feasibility of
osteochondral tissue engineering with such an approach. The deliverables included
osteogenic and chondrogenic gene expression, biochemical output, tissue synthesis,
and mechanical properties of constructs cultured with human umbilical cord
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mesenchymal stromal cells (hUCMSCs) and human bone marrow stromal cells
(hBMSCs). The results of this study provided encouragement to translate the
observed in vitro potential into in vivo practice.
Chapter 4 addresses the second aim by discussing the first full-scale study in
which the gradient-based scaffold was used in vivo. Scaffolds were implanted into the
medial femoral condyles of New Zealand White rabbits. After sacrificing the animals
at 12 weeks, histology was performed to evaluate bone and cartilage tissue
regeneration. The results of this study were instrumental in illustrating polymer
degradation characteristics and the relevance of growth factor incorporation.
Chapter 5 further addresses the second aim with a second iteration of the
graded scaffold design used in vivo. In this study, a much smaller version of the
microsphere-based implant was placed in the anterior mandibular condyle of New
Zealand White rabbits for six weeks. Bone and cartilage regeneration were evaluated
with 9.4T magnetic resonance imaging (MRI) and histology after animal sacrifice.
This study suggested that the gradient-based design was highly adaptable for use in
osteochondral interfaces.
Chapter 6 addresses the third aim with an investigation on HAp incorporation
into the microsphere-based scaffolds. Biochemical output, gene expression,
histological, and mechanical data evaluated as a function of scaffolds with 0, 5, 10,
and 20 wt% HAp, seeded with hBMSCs. The results suggested that calcium-based
mineral incorporation might potentially be beneficial for producing bone-like tissue
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engineered constructs, where HAp could be used in conjunction with BMP-2 in the
bone-like region of scaffolds.
Chapter 7 addresses the fourth and final aim by monitoring long-term protein
release and bioactivity. Microspheres loaded with cartilage-promoting (TGF-β3) and
bone-promoting (BMP-2) factors were subjected to various conditions used in
scaffold fabrication and sterilization, such as ethanol (EtOH), subcritical carbon
dioxide (CO2), or ethylene oxide (EtO) exposure. Protein release was measured for
six weeks and bioactivity was evaluated with an accelerated cell stimulation study,
after which gene expression of major osteogenic and chondrogenic markers was
measured. The results suggested that processing and sterilization methods might have
minimal adverse effects on protein availability or bioactivity.
Chapter 8 serves as the conclusion, where key findings are summarized from a
global perspective, and recommendations are made with regard to future generations
of experiments, which attempt to address the overcoming of limitations of this
physicochemical microsphere-based scaffold design.
The work within this thesis proposes a solution for treating focal cartilage and
cartilage/bone defects, for which there are limited options available worldwide.
Current reconstructive procedures that do not use bioresorbable materials include
marrow stimulation (microfracture), osteochondral autograft transplantation (OATS),
and autologous chondrocyte implantation (ACI), all of which have patient recovery
times spanning from a few weeks to almost two years.
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Using bioresorbable materials is an attractive solution, as they may promote
retention of marrow elements crucial for tissue regrowth, while also providing
mechanical support for the defect area. One of the first instances of this approach was
the TruFit (Smith and Nephew), which utilized a biphasic plug made of
preferentially-aligned PLGA fibers embedded with 10% by weight calcium sulfate in
the “bone-like” region. Results with TruFit have varied, with some reports of
persistent symptoms, knee joint effusion, or delayed implant integration.26 Trials with
TruFit are still underway in the United States, as the FDA has not yet approved it for
treating osteochondral lesions. Similar technologies are being investigated in Europe,
most notably Chondromimetic (TiGenex) and the Cartilage Repair Device (Kensey
Nash), where bilayered approaches are used. The advantages of the technology
proposed within this thesis focus on continuous gradients in physicochemical
properties.
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CHAPTER 2: Emerging Techniques in Stratified Designs and
Continuous Gradients for Tissue Engineering of Interfaces1
ABSTRACT
Interfacial tissue engineering is an emerging branch of regenerative medicine,
where engineers are faced with developing methods for the repair of one or many
functional tissue systems simultaneously. Early and recent solutions for complex
tissue formation have utilized stratified designs, where scaffold formulations are
segregated into two or more layers, with discrete changes in physical or chemical
properties, mimicking a corresponding number of interfacing tissue types.

This

method has brought forth promising results, along with a myriad of regenerative
techniques. The latest designs, however, are employing “continuous gradients” in
properties, where there is no discrete segregation between scaffold layers. This
review compares the methods and applications of recent stratified approaches to
emerging continuously-graded methods.

INTRODUCTION
The course of tissue engineering and regenerative medicine over the last
decade has been nothing short of remarkable, and at the current rate of new
discoveries and questions, one must wonder whether scientists and engineers will
ever run out of phenomena to investigate. Researchers are familiar with the greater
1

Published as Dormer N.H., Berkland, C.J., Detamore M.S., “Emerging techniques in stratified and
continuous gradients for interface tissue engineering,” Invited article for Annals of Biomedical
Engineering: Special issue on Interfacial Bioengineering, 38(6) 2121-2141, 2010.
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purposes: to understand natural phenomena, to translate knowledge into application,
and to adapt applications for the benefit of others. Anatomy and physiology are taught
such that there are a defined number of tissue types, and a corresponding set of tissue
interfaces. Yet, just because tissues are separated from one another by type, function,
location, or anatomical prevalence, does not necessarily mean that the interfaces are
as easily distinguishable, as the interfaces themselves are highly complex.
Interface tissue engineering has emerged as a subset of functional tissue
engineering.17,

62,

98,

129

Functional tissue engineering involves hierarchical

examination of native tissues from the molecular level upward, carefully
characterizing tissue structure to identify essential relationships between structure and
function, and translating these relationships to scaffold formulation and application.
Interfacial tissue engineering introduces another variable: the interface, the study of
two or more structure-function relationships performing together in unison.
The concept of using different structures, materials, and cell sources for bulk
tissues has gained appreciable support. Most approaches that directly target tissue
engineering of interfaces have been stratified in nature. Stratified scaffolds utilize two
or more discrete layers of differing physical or chemical properties (Fig. 2.1).
Because of this definition, technically, any three-dimensional (3-D) multiphasic
construct approach could be considered to be “graded,” and many groups are now
referring to even biphasic designs as such. Biphasic and other interfacial designs for
bone, cartilage, ligaments, tendons, and other soft tissues have been reviewed
eloquently and thoroughly, along with detailed analyses of the respective anatomical
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attributes of the native tissues.27, 32, 61, 77, 91, 95, 103, 107, 114, 115, 124, 126, 137, 154, 196 Hence,
this review will not attempt to re-address all previously reviewed methods, and will
focus instead on recent stratified orthopedic investigations outside of meniscus-bone
and muscle-tendon solutions, for which there are a limited number of current tissue
engineering solutions (see review196). In addition, the relevance and distinct
advantages of stratification in vascular systems will be presented with recent
examples of how these interfaces can be formed. Of foremost importance, however, is
an introduction to the emerging approach of using continuously-graded 3-D designs
for orthopedic interface tissue engineering (Fig. 2.1), urging readers to revisit
traditional multiphasic designs for critical comparison between the two methods.

GRADIENTS IN TISSUE ENGINEERING
Singh et al.158 and others55, 107, 134 have compiled comprehensive reviews on
state of the art applications for incorporating gradients in tissue engineering,
illustrating numerous current and potential strategies for interfacial tissue
engineering. Basic concepts for formulating multiple tissue systems126 rely on one or
more forms of chemical or physical stimuli, which affect cell-specific movement,
substrate affinity, or tissue formation.158 Furthermore, the majority of twodimensional (2D) gradients utilizing these techniques have been intended for simply
characterizing tissue engineering phenomena in the form of high-throughput
screening, and have not necessarily been translated to 3-D interfacial tissue
applications. In addition, the resolution of native interfaces can take many forms, as
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primary interfaces (such as between soft tissue and bone, muscle and tendon), or
subsidiary interfaces (between articular cartilage layers, mineralized and nonmineralized layers of fibrocartilage, tunicae of the vasculature, and dermal layering),
which may imply a need for analogous resolution in the form of either stratified
scaffolds or continuously-graded approaches.

STRATIFIED INTERFACES
Recent stratified interfacial designs have focused on porosity or pore size,76,
110, 111, 178

matrix proteins,110,

127, 168, 169, 179

mineral,110,

111, 168, 169, 179

and bioactive

factor169 incorporation to resolve transitioning orthopedic tissue structures. There also
exist stratifications of cell types8,

54, 106

or other features29,

70, 87, 93, 170, 199

for

vasculature network interface formation. Although it could be argued that a stratified
approach does not yield a “true” continuous gradient, it can have many discrete
advantages over continuous gradients. Because of the inherent discontinuous
fabrication methods (developing sections separately and fusing together), however,
design effort must be placed on ensuring that the interfacing layers are
interconnected. Some emerging interfacial tissue engineering solutions currently exist
only as methods, while others have been tested for their biological relevance in vitro
or in vivo. The following sections review some recent design concepts and tissue
regeneration on stratified constructs.
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The Cortical-Cancellous Bone Interface
There exist many morphological and physiological characteristics of bone,
such as osteon and Haversian canal localization to the cortical region, and marrow
localization to the cancellous region. Tissue engineering solutions for this interface,
however, rely largely on the differences in porosity and mineralization. For instance,
a critical factor in designing constructs for bone tissue engineering is ensuring proper
osseointegration within the host. A relevant method for accomplishing this comes
from mineral incorporation within the scaffold itself. Ample evidence exists in the
bone biology and tissue engineering literature for calcium-based minerals30,

35, 146

promoting osteoblastic behavior and the rate of in situ bone matrix formation, as
variations of these minerals are already present in the native tissue. On a larger scale
than seen in most tissue engineering applications, Hsu and colleagues76 demonstrated
how to fabricate a composite scaffold mimicking the change in porosity between the
cortical-cancellous bone interface, composed of only hydroxyapatite (HA) and
tricalcium phosphate (TCP) (Table 2.1). Polyurethane foams were either stitched or
press-fitted together then vacuum impregnated with HA and TCP, or dipped in
ceramic slurry. Following drying, the polyurethane was removed by burnout. The
resulting structure reflected a biphasic porosity, similar to the native tissue
morphology, and four point bending tests suggested that the interface between the
two layers was robust. However, the influence of this particular interface on in vitro
and in vivo performance has yet to be demonstrated.
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Using bioactive glass composites for bone tissue engineering,3,

85, 173, 177

specifically for mimicking the cortical-cancellous interface, is another method of
interest, due to favorable biocompatibility and to moduli similar to native bone tissue.
Vitale-Brovarone et al.178 used such a material to fabricate six different stratified
porosity patterns (Table 2.1). Blocks of higher porosity were fabricated by burnout of
polyethylene particles or polyurethane sponges from dried bioglass mixtures. Low
porosity samples were made by layering and compressing the bioglass mixture. The
resulting bi-porous composites were made by heat sintering sections together. These
constructs were then subject to unconfined compression or cultured for a short period
in simulated body fluid (SBF). The interfaces between porous regions were well
integrated morphologically, and testing did not indicate that this area was a specific
structural weakness. Incubation of the high porosity stratified constructs from sponge
replication in SBF showed HA formation on the surface after only seven days.
Just as with Hsu et al.’s approach,76 full in vitro characterization is needed to
evaluate the effectiveness of this stratified technique for cortical-cancellous interface
tissue engineering. With both techniques, an effective design to eliminate interface
delamination was proposed, which is an important theme in stratified approaches to
interfacial tissue engineering.

The Ligament/Tendon-Bone Interface
The bone-to-ligament interface (similar in many respects to the tendon-bone
interface196) is comprised of mineralized (hypertrophic chondrocytes and collagen
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type X) and non-mineralized (ovoid chondrocytes and collagen types I and II) regions
of fibrocartilage. Flanking this fibrocartilage interface are the ligament proper
(fibroblasts) and subchondral bone (osteoblasts, osteoclasts, and osteocytes). This
interface is unique, in that it is a more anatomically and physiologically
distinguishable region than between cortical and cancellous bone, for instance. In
fact, subsidiary interfaces exist within this interface, as between the non-mineralized
and mineralized fibrocartilage. Furthermore, the bone-to-ligament transition can
provide valuable information on how to approach all stratified orthopedic interfaces,
addressing the issues of whether multiple tissue segments should be regarded as one
large interface (or perhaps two, maybe three interfaces), and how one should
formulate a scaffold design.
Munoz-Pinto and colleagues132 recently introduced a method for ligament-tobone interface tissue engineering using hybrid hydrogels of poly(ethylene glycol)
(PEG) and star poly(dimethylsiloxane) (PDMSstar) (Table 2.1). A stratified or graded
construct was not explicitly fabricated, but the authors characterized the effects of
PDMSstar-to-PEG weight ratio on osteoblast phenotype, gene expression, and
biochemical production. With increasing inorganic (PDMSstar) content, there was a
decrease in bone-like matrix and an increase in cartilage-like matrix.
Lu’s group114, 115 has made considerable and detailed progress with addressing
functional tissue regeneration of the bone-to-ligament interface. For example, a
notable in vitro investigation by Wang et al.,183 using co-culture of fibroblasts and
osteoblasts, emphasized the extensive influence that adjacent tissues have on forming
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the fibrocartilage interface (Table 2.1). Not only did overall cell proliferation
decrease during co-culture, compared to culturing osteoblasts and fibroblasts
separately, mineralization was also diminished in osteoblasts and enhanced in
fibroblasts. Both cell types showed upregulation of genetic markers pertinent to the
interfacial tissue, but a specific fibrocartilaginous interface was never formed. The
absence of a fibrocartilaginous interface was also observed on a novel 3-D triphasic
construct during co-culture conducted by Spalazzi and colleagues.,164 where an entire
scaffold segment was dedicated to the interface. With all evidence indicating a
missing aspect for formation of a fibrocartilage area, studies continued using coculture and tri-culture of differing cell types (with chondrocytes for the interfacial
region) in vivo (Table 2.1).129, 163 Interestingly, tri-culture succeeded in forming a
fibrocartilage region along with interface-relevant tissue matrix. However, this
fibrocartilage was not fully localized to the intended middle phase of the scaffold
(Fig. 2.2 A, B). The authors acknowledged a limitation relating to scaffold production
and chondrocyte seeding, and hinted at future methods for mitigating chondrocyte
migration (and subsequent fibrocartilage formation) outside of the center of the
construct. It could be concluded, perhaps, that more than one region of the construct
was conducive to successful fibrocartilage formation.
In summary, efforts to regenerate the ligament-bone interface have included
2D and 3-D studies to guide scaffold design. Important factors in the analysis of these
designs have included the examination of how interfacing cell types react genetically,
biochemically, and histologically to each other’s presence.
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The Cartilage-Bone Interface
The cartilage-to-bone interface is comprised of several layers of collagen
fibrils, with increasing chondrocyte density, and decreasing aggrecan content,
approaching the articular surface. This articular surface is composed primarily of
collagen type II, whereas the subchondral bone layer consists of osteoblasts,
osteoclasts, and chondrocytes embedded in collagen type I and calcium-based
minerals. Traditionally, cartilage-to-bone applications have used biphasic constructs
to mimic the transition from chondrocytes in articular cartilage to osteoblasts in
subchondral bone.77,

91, 124, 137

Triphasic methods can introduce higher interfacial

resolution, where a middle scaffold phase is incorporated to mimic the calcified
cartilage transition region near the native osteochondral tidemark. Many applications
even address subsidiary interfaces between individual cartilage layers.95 The
following is an overview of the latest stratified osteochondral applications.
As noted, type I collagen incorporation for bone tissue engineering is gaining
considerable attention, due to its ability to modulate cellular adhesion and
phenotypes,36,

66, 128, 133, 148

aside from being the most abundant collagen in bone

tissue. Wahl et al.179 presented a method for incorporating HA and type I collagen
within shape-specific scaffolds via solid freeform fabrication (SFF). Using varying
collagen concentrations, a stratification in pore size and porosity was achieved, where
porosity was inversely proportional to Young’s Modulus (Table 2.1), just as seen in
Vitale-Brovarone et al.’s178 application.
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Similarly, Liu and colleagues110 used multinozzle low-temperature deposition
manufacturing (M-LDM) with collagen type I, chitosan, gelatin, TCP, and poly(D,Llactic-co-glycolic acid) (PLGA) to create extremely complex interfacing surfaces for
use with virtually any tissue engineering application (Table 2.1). Scanning electron
microscopy (SEM) revealed that integration between natural and synthetic polymers
was feasible, and the authors highlighted the ability to possibly interface materials
with differing hydrophilicities, which could influence fluid dynamics, nutrient
exchange, and biodegradation within any given construct. Recently, the same group
conducted an in vivo study aiming to recreate the bone-to-cartilage transition with a
triphasic composite.111 In addition to having triphasic porosity, there was also a
stratification in materials (Table 2.1). After six weeks in a rabbit model, the scaffold
performed favorably overall compared to a sham procedure, with a sharp transition
between in situ tissues, instead of a stratification of mineralization.
Ho and colleagues69 utilized a biphasic construct with a change in porosity
and TCP concentration, then implanted the scaffolds into porcine defects of the
medial and patellar condyles (Table 2.1). Extensive characterization revealed that the
presence of transplanted cells was beneficial compared to having just the scaffold.
One design by Mimura et al.127 used a radial change in collagen, with a higher
collagen concentration in the scaffold center, to induce mesenchymal stem cell
(MSC) migration to the center of full-thickness osteochondral defects as a possible
treatment for injuries that are beyond the critical limit (Table 2.1). It was found that a
step change of 33% collagen concentration was more effective at regeneration than a
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change of 50%, demonstrating that the benefits of stratification were not strictly
proportional to the magnitude of change in chemical composition between layers.
Common materials for hard tissue engineering, such as chitosan and HA, can
also be used in stratified designs for bioactive factor release. Teng and colleagues169
fabricated a radial change in material and porosity, which subsequently influenced the
release of tetracycline hydrochloride from a core structure (Table 2.1). Having several
layers of a porous construct could not only allow for cell penetration and tissue
growth, but also for sequential delivery of growth factors to the site of regeneration.
In another triphasic design for osteochondral defects, layers of differing
collagen type I and HA content were used to create a stratification of mineralization
(Table 2.1).168 Although, in vitro, constructs were shown to favor chondrocyte matrix
deposition only in the cartilage-like layer, tissue regeneration in vivo resembled two
distinct tissue regions resembling bone and a cartilage-like tissue (Fig. 2.2 C, D).
Similarly, in a clinical study, Kon and colleagues100 used a triphasic scaffold, with a
stratification of collagen I and HA, in thirteen patients with osteochondral knee
lesions (Table 2.1). Results of gross tissue regeneration and implant stability at 6
months were encouraging although the long-term clinical implications for this
method, as other discussed orthopedic applications, are currently unknown.
In conclusion, stratifications of mineral content, collagen, and porosity are
common approaches for osteochondral regeneration. In addition, it should be noted
that SFF or M-LDM could be used to create not only layered designs (as seen here),
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but also continuous gradients, as it is a time dependent and highly customizable
process.

Vasculature Tissue and Network Interfaces
Tissue engineering of the vasculature with stratified scaffold designs is a
relatively recent development. Anatomically, there exist three primary tissue layers in
arteries and veins: the tunica externa (loose fibrous and connective tissue), the tunica
media (smooth muscle), and the tunica intima (endothelial cells). Regeneration of
such layers has great potential for traditional bypass techniques. In addition, these
vessels are located throughout the body, creating a network for nutrient exchange.
Thus, there are also interfaces between vessels and bulk tissue, where stratification is
used to mainly recreate network hierarchies, as opposed to tunicae layers. Recent
methods focus on regenerating both of these interface types.
For vascular layering, Thomas et al.170 used electrospinning to fabricate a trilayered annular construct with a shallow radial change of porosity and mechanical
properties, accomplished by transitioning between mass ratios of gelatin or elastin
embedded in a bio-artificial polyglyconate (Table 2.2). Subsequent biodegradation
studies demonstrated reduced mechanical integrity and inner layer delamination by
three weeks, although the constructs still maintained a tensile strength near that of the
native femoral artery.199
Gauvin and colleagues54 developed a cell-only single-step method for
recreating small-caliber arterial grafts (a tunica media and intima) with layers of
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dermal fibroblasts and smooth muscle cells (Table 2.2). The two cell types were
cultured adjacently to each other and allowed to integrate for 28 days, and were then
rolled onto a tubular support; smooth muscle cells first, then fibroblasts (Fig. 2.3 A).
After the constructs were cultured for 14 days, mechanical testing demonstrated
enhanced ultimate tensile strength, burst pressure, and linear modulus compared to
rolling the two layers separately.
A poly(L-lactide-co-ε-caprolactone) (PLCL) solution spun onto a tubular shaft
in a non-solvent to create a bilayered pore stratification was used by Kim et al.93
(Table 2.2). The shaft was pre-treated with sodium chloride (NaCl), which became
incorporated with the inner layer of the PLCL fibers during deposition. The salt was
leached out following fabrication, creating smaller pores on the inner layer, while
fiber collection on the outside formed larger pores. Mechanical testing revealed
circumferential and longitudinal tensile strengths that were superior to those of the
canine abdominal aorta.
Ju and colleagues87 created a 3-D bilayered scaffold with poly(caprolactone)
(PCL) and collagen via electrospinning (Table 2.2). A change in fiber diameter, and
subsequent change in pore volume, was created by layering different concentrations
of PCL and collagen in a solvent. Mechanical testing showed that smaller fiber
diameters had higher ultimate tensile strengths, elastic moduli, and percent
elongations at failure. In addition, the construct was able to localize endothelial and
smooth muscle cells to the different layers.
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Other techniques focused on creating neo-synthesized tissue networks, and
stratified designs in bioactive factors can be used to address the intricacies of forming
such interfaces within a bulk tissue. The relevance of this hierarchy in patterning
blood vessel formation was fully appreciated by Chen and colleagues (Table 2.2),29 in
atypical applications of stratified scaffolds that they recognized earlier.145 Their
investigation was particularly unique for two reasons. Firstly, a stratified scaffold
design was used to introduce a spatial element to temporal formation, and maturation,
of neo-synthesized blood vessels. Secondly, while growth factor loading was biphasic
in nature, a continuous gradient in concentration existed when the proteins were
eluted.
Another recent method for pre-vascularization of tissues was introduced by
Asakawa et al.8 by layering of only fibroblasts and endothelial cells in alternating
patterns (Table 2.2). A fibrin gel was used to fuse cell layers with a plunger and dish
apparatus. The method demonstrated that the cell types remained within their
intended stratified regions, and endothelial cell placement controlled the size and
location of lumen formation within the construct (Fig. 2.3 B).
Similar methods in epidermis printing have the potential to be used in
vasculature networks as well, as these are contiguous tissue components in the body.
Recently, Lee and colleagues106 created a ten-layer construct for epidermis grafting.
Even though some layers were identical in composition, the technique enabled the
isolation of fibroblasts or keratinocytes to 300 µm slices, with the whole construct
being less than 3.0 mm in thickness (Table 2.2). Fluorescent labeling confirmed cell
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localization to the intended layers. In this case, having a continuous gradient along
the depth of the construct would not allow for isolated cell printing, where perhaps
many layers of different cell types, or discretely controlled cell densities, would be
possible. Although not directly applied to graded interface tissue engineering, recent
applications using two-photon laser scanning (TPLS) photolithographic techniques in
bioactive hydrogels could be similarly applied for 3-D migration and localization of
cell populations.104
Finally, stratifications in microvascular density can be used to address organwide regenerative therapies. A notable and recent computer-aided design created
radial changes in vascular diameter, length, and density to mimic the venous
architecture of a liver lobule (Table 2.2).70 Sheep’s blood was pumped through
molded PDMS in vitro to simulate native blood flow. Interestingly, the stratification
of physical dimensions created a continuous pressure gradient across the assembly, all
while minimizing the variation of shear stress at the wall (Fig. 2.3 C). This method
could also have large-scale potential, as multi-layering of such radial networks could
create 3-D stratifications.
Furthermore, a stratified approach for vascular interfaces may prove to be
superior to a continuously-graded one, as localization of specific cell types and tissue
morphologies to different regions of regenerated vessels is crucial to prevent blood
leakage, maintain mechanical integrity, and to create high resolution in these
networks with cellular layering.
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Summary of Stratified Designs
In summary, stratified 3-D scaffold designs for interfacial tissue regeneration
are being used diversely, with most applications generating improvements in
mechanical properties and/or tissue integration. There exist simple fabrication
methods that mimic a structure-function relationship for the cortical-cancellous
interface, or add even more complexity to this structure-function with time-dependent
or protein- and mineral-based processes for cartilage-bone and ligament-bone
interfaces. In addition, novel applications capitalizing on the aspect of having
compartmentalized regions, such as in de novo vascular formation, endothelial cell
layering, epidermal printing, and vascular network hierarchies, may be comparable or
superior to continuous gradient approaches. Another distinct advantage of stratified
designs is for bioactive factor encapsulation, where layering can provide a delayed
release or multiple specific sequential release rates. The key issue, however, is how
much influence the physical or chemical characteristics of the whole construct have
on the regeneration of the interfacial region. Studies reviewed here, along with
reviews of other stratification methods,91, 95, 124, 137, 196 have made it possible for tissue
engineers to begin to critically assess the performance of stratified interface designs
for specific applications, compared to continuously-graded approaches. Specifically,
as observed in some in vivo orthopedic applications highlighted earlier,111, 163, 168 the
morphology or occurrence of neo-tissue formation is not necessarily dependent upon
stratified scaffold design intricacies. This does not imply that material selection or
characteristics are irrelevant, but perhaps specific physical, chemical, or topological
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properties can be utilized continuously in such a way that is conducive to multiple
tissue formation in one seamless construct. Such concepts are gaining attention in the
tissue engineering community, and with a burgeoning number of continuously-graded
3-D designs for interfacial strategies.

CONTINUOUS INTERFACES
Here, a diverse sampling of methods for creating continuous 3-D gradients for
interfacial tissue engineering is presented. Recent methods employed gradients in
transcription factors,141 nanoparticle incorporation,46 porosity,24 bioactive factor
release,160, 189 and HA precipitation.109 There exist a myriad of continuously-graded
2D and 3-D studies158 that have been used in modifying surface chemistry or
quantifying cellular guidance, applied to implant design, or simply inferred for
potential use in tissue engineering applications.
Fabrication methods for creating changes in porosity and pore size need not be
a multiple step process. For example, Bretcanu and colleagues24 utilized a bioactive
glass and heat treatment, along with an aluminum mold, to fabricate a continuous
gradient in porosity (Table 2.3). With this method, a gradient could theoretically be
created in any direction, at any length, creating narrow or broad pore size ranges.
Once the pore gradient is made, a construct of any shape could be extracted. This type
of fabrication might be most useful in filling longitudinal-, wedge-, or cubical-shaped
defects that penetrate a small volume of cortical and cancellous bone. Full
circumferential recreations of the cortical-cancellous interface, as seen previously
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with stratified techniques,76, 178 may be more difficult to recreate. Additionally, the in
vitro and in vivo potential has yet to be evaluated.
The incorporation of calcium-based additives along with proteins or
polysaccharides is a recurring theme for osteochondral applications, as seen in the
current review alone.110, 111, 168, 169, 179 Recently, Liu et al.109 proposed a method for
creating a collagen scaffold with a gradient of HA (Table 2.3). Fabrication was based
upon a modified diffusion method, where phosphate and calcium ions migrated down
their respective concentration gradients, across the base construct. Depending on the
concentration of calcium in any given region, different morphologies of HA crystals
were formed, and the overall porosity was controlled by collagen content.
Electrospinning is another time-dependent process that makes fabrication of
continuously-graded scaffolds possible. Erisken and colleagues46 used a twin-screw
extrusion process with PCL to create a continuous gradient of TCP nanoparticles
(Table 2.3). The presence of a TCP gradient was evident through SEM and Von
Kossa staining. Due to incorporation of a stiff nanomaterial, the scaffolds were also
functionally graded, which was verified by mechanical testing. In addition, the
compressive modulus and toughness of the graded constructs increased considerably
after culture with pre-osteoblasts.
Singh et al.160 published the first report of a technique for formulating a
continuous 3-D gradient in bioactive factors using microspheres.160 Using
programmable pumps and a precision particle fabrication process that created
monodisperse microparticles, an axial gradient in volumetric composition was made
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(Table 2.3). Although the initial characterization included only microspheres loaded
with rhodamine dye to demonstrate the gradient profile, essentially any bioactive
factor could be encapsulated in either side (e.g., bone morphogenetic protein (BMP)-2
and transforming growth factor (TGF)-β1 for a bone-cartilage interface), formulating
opposing gradients for interface generation. Recently, the same technology was used
to encapsulate titanium dioxide (TiO2) and calcium carbonate (CaCO3), formulating a
gradient in stiffness.159 Combining a stiffness and growth factor gradient could also
be achieved with this process, along with many types of microsphere formulations
(double-walled,99, 201 porous,2, 88 or with HA155).

Recently,

Dormer

et

al.41

completed an in vitro characterization of the microsphere-based gradient design,
where opposing growth factor gradients of TGF-β1 and BMP-2 produced regionalized
extracellular matrix and outperformed the blank control scaffolds in biochemical
production and gene expression of some major osteogenic and chondrogenic markers
(Table 2.3).
Wang and colleagues189 presented a gradient microsphere method, but
suspended PLGA or silk microspheres inside silk or alginate gels with MSCs. Using
BMP-2 and insulin-like growth factor (IGF)-1, single or opposing gradients were
made to regenerate the soft tissue-to-bone transition (Table 2.3). Most notably, the
study found that opposing (dual) gradients in bioactive signaling increased GAG and
calcium content, along with collagen I and collagen II gene expression, compared to
groups having only a single growth factor gradient. With this method, a bioactive
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gradient may be better maintained over time, as the gel environment may mitigate
rapid growth factor diffusion out of their respective regions of the construct.
Lastly, Phillips et al.141 presented a method for localizing continuous gradients
onto interfacial constructs, and not relying on growth factor elution to induce cell
differentiation (Table 2.3). Using a time-dependent dipping procedure with a
motorized dip coater, a gradient of retrovirus encoding runt-related transcription
factor 2 (Runx2) was deposited on top of a gradient of poly(L-lysine). The gradient
was oriented along the length of the collagen scaffold. When seeded with fibroblasts,
the construct was successful in creating a gradient of osteoblastic differentiation
(osteoblasts and fibroblasts on one construct). When the scaffolds were evaluated in
vitro and in vivo for mineral deposition, the in vivo mineral distribution appeared to
be more biphasic in nature after just two weeks, while the in vitro constructs
maintained a more continuous mineral gradient for 42 days (Fig. 2.4). The in vivo
behavior is reminiscent of an application for ligament-bone interface engineering163
and other cartilage-bone applications,111, 168 where tissue generation patterns did not
necessarily adhere to the initial scaffold design. In addition, Phillips et al.’s141
technique induced a functional gradient from a strictly biochemical surface gradient.

Summary of Continuous Gradients
In summary, techniques to create continuous 3-D gradients for orthopedic
interface tissue engineering generally involve a time-dependent process, as do the
more complex stratified designs. Incorporation of bioactive factors can have varying
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levels of control over the effective region, either by release directly into the cell
culture medium, into a gel network, or being completely immobilized on a substrate.
In vitro, continuous gradients thus far have demonstrated continuous gradients of
tissue-specific matrix as intended, however, in vivo, a continuous design may
abandon its original continuous gradation, as it becomes subject to cascades of native
biological processes that define location and morphology of the interface.
Specifically, a gradient approach could provide more regenerative control to nature,
using a continuous transition of signals, directing the interface to form in a specified
region, which, ultimately, may be conducive to custom-made, patient-specific
regenerative designs. Methods for creating such smooth, seamless transitions between
tissue regions are not necessarily more elaborate, or time-consuming, than their
stratified counterparts.

CONCLUSION
As tissue engineering and regenerative medicine moves forward, the search
continues for missing ingredients in regenerating ideal tissue interfaces, a process that
must take tissue functionality into consideration (Fig. 2.5). What are these missing
elements for interfacial tissue engineering? In some instances, as seen in this review,
the missing elements could be one or several things (e.g., simply taking the design
from 2D to 3-D or from in vitro to in vivo environments, adding an extra cell type or
bioactive substrate, a slower release profile for a growth factor, or a combination of
these). After several iterations of this process, researchers will be able to determine a
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minimum formulation of concerted regenerative signals, such as (1) critical physical
morphologies like pore size or porosity, (2) specific concentrations, locations, or
temporal release profiles of bioactive signals, (3) essential bulk material properties
such as mineral density or protein content, and (4) all of the aforementioned
characteristics presented in a stratified manner or continuously-graded fashion for
dual tissue regeneration.
While stratified and continuous scaffold designs have primarily been
employed in orthopedics, new applications of these interfacial gradient designs (e.g.,
vascular regeneration) are rapidly growing. Stratified and continuous scaffold designs
each have their advantages. For example, stratified techniques can have specialized
applications for localization of endothelial or epithelial cell populations, creating
discrete sequences of drug release, or large-scale vascular network patterning. In
addition, depending on available equipment, the technology to create continuous
gradients may not be available. However, there are numerous instances where
equipment being used for fabricating stratified scaffolds could easily be adjusted to
create continuous gradients (e.g., various SFF methods). In contrast, continuous
gradient designs represent a seamless interfacial transition that better approximates
the gradual, rather than sharp, interface between native tissues. Only time will tell
whether continuous or stratified scaffold designs will provide better results in vivo, or
whether one may be more well suited than the other depending on the specific
application. Nevertheless, continuously-graded designs may represent the next
generation of interfacial tissue engineering solutions.
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CHAPTER 3: Osteochondral Interface Tissue Engineering Using
Macroscopic Gradients of Bioactive Signals2
ABSTRACT
Continuous gradients exist at osteochondral interfaces, which may be
engineered by applying spatially patterned gradients of biological cues. In the present
study, a protein-loaded microsphere-based scaffold fabrication strategy was applied to
achieve spatially and temporally controlled delivery of bioactive signals in threedimensional (3-D) tissue engineering scaffolds. Bone morphogenetic protein-2 and
transforming growth factor-β1-loaded poly(D,L-lactic-co-glycolic acid) microspheres
were utilized with a gradient scaffold fabrication technology to produce microspherebased scaffolds containing opposing gradients of these signals. Constructs were then
seeded with human bone marrow stromal cells (hBMSCs) or human umbilical cord
mesenchymal stromal cells (hUCMSCs), and osteochondral tissue regeneration was
assessed in gradient scaffolds and compared to multiple control groups. Following a
6-week cell culture, the gradient scaffolds produced regionalized extracellular matrix,
and outperformed the blank control scaffolds in cell number, glycosaminoglycan
production, collagen content, alkaline phosphatase activity, and in some instances,
gene expression of major osteogenic and chondrogenic markers.

These results

suggest that engineered signal gradients may be beneficial for osteochondral tissue
engineering.
2

Published as Dormer N.H., Singh M., Wang L., Berkland C.J., Detamore M.S., “Osteochondral
interface tissue engineering using macroscopic gradients of bioactive signals,” Invited article for
Annals of Biomedical Engineering: Special issue on Interfacial Bioengineering 38(6): 2167-2182,
2010.
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INTRODUCTION
Spatial patterning of biological cues is vital to some of the most fundamental
aspects of life, from embryogenesis, to wound healing, to nerve cell signaling; all
involve concentration gradients of signaling molecules. Gradient-based signal
delivery strategies have so far gained the most attention in the fields of neural tissue
engineering25, 38, 89 and in the study of chemotaxis.23, 96 Continuous gradient-based
bioactive signal delivery systems have seldom been applied in the area of interfacial
tissue regeneration. While various strategies have been developed to create gradients
of bioactive signals (see review158), a major limitation with many of these techniques
is that they allow the delivery of only haptotactic cues via gel-based substrates.
Integration of controlled release technology with graded-signal delivery from
macroporous polymeric scaffolds may be a valuable tool in regenerative medicine.
Moreover, such interfacial tissue engineering strategies also address a biomimetic
approach towards tissue regeneration, where regeneration of a tissue may be
enhanced by the presence of endogenous signals provided by the neighboring tissue.56
Furthermore, using gradients of multiple bioactive factors, multiple tissue
regeneration can be addressed via a single cell source, where, for example, stem cells
can be differentiated along different lineages within the same constructs.
From the perspective of osteochondral tissue engineering, an in vitro study
reported that only co-culture with chondrocytes (as opposed to fibroblasts or
osteoblasts) was successful at promoting osteogenic differentiation of mesenchymal
stem cells in a selective manner,56 indicating the importance of simultaneous
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triggering of osteo- and chondro-induction for osteochondral tissue regeneration. An
integrated scaffold with embedded gradients of growth factors at the interface may
trigger simultaneous tissue formation, and may have a synergistic effect on tissue
regeneration. For osteochondral tissue engineering, there are only a few previous
reports of scaffold designs having a heterogeneous distribution of growth factors
embedded within an integrated scaffold.63, 71, 72 A recent study investigated the release
of bone morphogenetic protein (BMP)-2 and insulin-like growth factor (IGF)-1 inside
poly(D,L-lactic-co-glycolic acid) (PLGA) and silk fibroin microspheres, suspended in
a gradient pattern, inside alginate gels.189 Another study reported a gradient-gene
delivery strategy, where a zonal organization of osteoblastic and fibroblastic cellular
phenotypes was engineered in a single construct for the purposes of interfacial tissue
engineering.141 To the best of our knowledge, continuous gradient-based signal
delivery from microparticles alone has never before been applied in the area of
osteochondral tissue engineering.
Microsphere-based tissue engineering scaffold designs have gained increasing
interest over the past few years.140, 155, 189, 190 Utilizing microspheres as the building
block of a scaffold offers several benefits, which include the ease of fabrication,
control over morphology and physicochemical characteristics, and versatility of
controlling the release kinetics of encapsulated factors.16 The properties of a scaffold,
in turn, can be tailored by altering the microsphere design. For example, the pore size
and porosity of a scaffold at micro-levels can be made application-specific by altering
the size or changing the interior morphology of the microspheres.20,

21

Similarly,
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macromechanical properties and degradability can be altered with the selection of the
raw material. To design biodegradable matrices, PLGA, an aliphatic α-hydroxy
polyester, is one of the most widely used polymers that has been approved for use in
several products. The polymer also offers flexibility in the degradation kinetics,
modulated by altering one or more factors, such as molecular weight, co-polymer
ratio, tacticity, crystallinity, etc.172, 194
The goal of the present study was the integration of controlled release
technology with a gradient scaffold fabrication strategy, where microsphere-based
scaffolds containing opposing gradients of chondrogenic and osteogenic factors were
fabricated using monodisperse protein-loaded microspheres and an ethanol sintering
method. TGF-β1 is widely known for inducing chondrogenesis,37, 65, 174 as BMP-2 is
for osteogenesis.97,

136, 174

In addition, the two proteins can also have mutually

inductive effects on differentiation,101,

165

such as forming the hypertrophic

chondrocyte region at the osteochondral interface. The current study attempted to
employ the different efficacies of the proteins, where endogenous concentrations of
BMP-2 can be several times greater than those used for TGF-β1 during in vitro
studies. A modest BMP-2 / TGF-β1 ratio of 2:1 was chosen with future in vivo studies
in consideration, where avoiding systemic toxicity of growth factors will be
important. The constructs were utilized for osteochondral tissue engineering using
bone marrow stromal cells (hBMSCs) and human umbilical cord mesenchymal
stromal cells (hUCMSCs). There is a growing interest in hUCMSCs as a
mesenchymal stem cell source, as they have been shown to have osteogenic,11, 75, 90,
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117, 185, 187, 200

chondrogenic,11, 90, 182, 188 cardiogenic,182, 193 and adipogenic11, 90, 117, 193

potential. This study evaluated for the first time the performance of these cells in
simultaneous osteogenic and chondrogenic (osteochondral) differentiation, and
compared their performance to hBMSCs.

MATERIALS AND METHODS
Scaffolding Materials
Poly(D,L-lactide-co-glycolic acid) copolymer (PLGA; 50:50 lactic acid :
glycolic acid, acid end group, MW ~42,000-44,000 Da) of intrinsic viscosity (i.v.)
0.36-0.37 dL/g was purchased from Lakeshore Biomaterials (Birmingham, AL).
Poly(vinyl alcohol) (PVA; 88% hydrolyzed, 25,000 Da) was obtained from
Polysciences, Inc. (Warrington, PA). Transforming growth factor (TGF)-β1 and
BMP-2 were purchased from Peprotech, Inc. (Rocky Hill, NJ).

Preparation of Protein-loaded Microspheres
BMP-2 was reconstituted in 10 mg/mL bovine serum albumin (BSA) in
phosphate buffered saline (PBS) (both from Sigma, St. Louis, MO). TGF-β1 was
reconstituted in 1 mg/mL BSA in PBS. The reconstituted protein solutions were
individually mixed with PLGA dissolved in dichloromethane (DCM) (20% w/v) at a
loading ratio of 10 ng TGF-β1 or 20 ng BMP-2 per 1.0 mg of PLGA. The final
mixture was then sonicated over ice (50% amplitude, 20 seconds). Using PLGAprotein emulsions, uniform protein-loaded PLGA microspheres were prepared using
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technology from our previous reports.15,

160

Briefly, using acoustic excitation

produced by an ultrasonic transducer, regular jet instabilities were created in the
polymer stream that produced uniform polymer droplets. An annular carrier nonsolvent stream (0.5% w/v PVA in DI H2O) surrounding the droplets was produced
using a nozzle coaxial to the needle. The emanated polymer/carrier streams flowed
into a beaker containing the non-solvent. Incipient polymer droplets were stirred for
3-4 hours to allow solvent evaporation, which were then filtered and rinsed with DI
H2O to remove residual PVA, and stored at -20 °C (Fig. 3.1 A). Blank control
microspheres were prepared in a similar manner, where the protein solution was
replaced with an equivalent volume of BSA solution (1 mg/mL). Following 48 hours
of lyophilization, the size distribution of microsphere preparations was determined
using a Coulter Multisizer 3 (Beckman Coulter Inc., Fullerton, CA) equipped with a
560-µm aperture.

Scaffold Fabrication
Gradient scaffolds were prepared using a technology reported previously.160
Briefly, lyophilized protein-loaded microspheres were dispersed in DI H2O 2.5% w/v,
and separately loaded into two syringes. Each construct in total contained ~50 mg of
microspheres. Thus, gradient and biphasic scaffolds each contained ~25 mg of BMP2-loaded polymer, and ~25 mg of TGF-β1-loaded polymer, the only difference being
the physical transition between the two bioactive signals. The suspensions were
pumped into a cylindrical glass mold (5.3 mm diameter, 3.0 cm in height) in a
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controlled manner using programmable syringe pumps (PHD 22/2000, Harvard
Apparatus, Inc., Holliston, MA). Using a filter (particle retention > 3 µm) at the
bottom of the mold, DI H2O was filtered, while the microparticles stacked in the mold
until a height of 2.5 mm was reached (Fig. 3.1 B). The profile for Gradient constructs
was linear, where the transition region from TGF-β1 to BMP-2 constituted the middle
half of the scaffold volume, and the top and bottom quarters contained one growth
factor. Using an additional infusion syringe pump and a vacuum pump, a constant
level of distilled water was maintained in the mold. The stacked microspheres were
then sintered using a 100% ethanol treatment for 1 hour.160 The molds (containing the
scaffolds) were freeze-dried for 48 hours, then the gradient scaffolds were retrieved
and stored at -20 °C. Blank scaffolds and constructs with a homogenous growth
factor content (loaded with either all TGF-β1 or all BMP-2) were prepared in a similar
manner.

Description of Experimental Groups
For constructs with hUCMSCs, six different groups were investigated: (i)
blank scaffolds (no growth factors encapsulated) with microspheres of ~220 µm in
diameter, (ii) blank scaffolds with microspheres of ~70 µm in diameter (to investigate
a smaller pore size), (iii) scaffolds loaded with all BMP-2 (homogeneous, no
gradient), (iv) scaffolds loaded with all TGF-β1 (homogeneous, no gradient), (v)
scaffolds with a biphasic (sharp interface) transition from “osteogenic” (BMP-2loaded) to “chondrogenic” (TGF-β1-loaded), and (vi) a gradient transition between
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microsphere types. Groups (iii) through (vi) used microspheres with a diameter of
~220 µm. For constructs with hBMSCs, only blank scaffolds were compared to
gradient scaffolds, each with ~220 µm microspheres (Fig. 3.1 C).

Cell Seeding and Culture
hBMSCs (from a 24 year old, non-smoking male, lot # PCBM1632) at P1,
(i.e., plated once) were purchased from StemCell Technologies (Vancouver, Canada).
hUCMSCs were harvested from umbilical cords (n = 2) as described previously.188
Briefly, human umbilical cord collection and cell harvests were approved by the
University of Kansas Human Subjects Committee (KU-Lawrence IRB approval #
15402, KU Medical Center IRB approval # 10951). All cords were collected from the
University of Kansas Medical Center and processed within 24 hours. Cords were first
cut into 3-5 cm pieces, and then vessels were removed from each cord segment. Cord
segments were minced and incubated in 0.75 mg/mL type II collagenase (298 U/mg;
Worthington Biochemical; Lakewood, NJ) at 37 °C. After a 5-hour incubation, the
resulting homogenous gelatinous solution was obtained and diluted (1:8) in sterile
PBS. The solution was centrifuged, the supernatant was discarded, and cells frozen
for future use. Frozen hBMSCs and hUCMSCs were thawed, plated at a density of
4,000 cells/cm2 and cultured. The culture medium for both hBMSCs and hUCMSCs
consisted of Dulbecco’s Modified Eagle medium (DMEM; low glucose), 1%
penicillin–streptomycin (P/S), and 10% fetal bovine serum (FBS-MSC quantified)
(all from Invitrogen Life Technologies, Carlsbad, CA). When 80-90% confluent, the
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cells were trypsinized and re-plated at the same plating density. Scaffolds (diameter
5.3 mm, height 2.5 mm) were sterilized using ethylene oxide, and placed in a 48 well
plate. For gradient and biphasic constructs, the osteogenic side was placed on the
bottom (i.e., resting on the well plate surface). It was assumed that orientation would
have no significant affect on results. Cells (P4) were re-suspended at a concentration
of 10 × 106 cells/mL. Approximately 28 µL (50% of the scaffold volume,
approximately corresponding to the pore volume160) of cell solution was placed
directly onto the top of the scaffold, which was soaked into the scaffold via capillary
action. Cells were allowed to attach to the scaffolds for 2 hours, which was denoted
as “week 0.” Then, 1.5 mL of a defined medium was added and the scaffolds were
cultured statically. Up to day 3, the defined medium consisted of DMEM (low
glucose), 1% P/S, 1 X Insulin-Transferrin-Selenium (ITS)-premix (BD Biosciences,
San Jose, CA), 40 µg/mL L-proline (Sigma), 100 µM sodium pyruvate (Fisher
Scientific, Pittsburgh, PA), and 50 µg/mL L-ascorbic acid (Sigma). 1.0 mL of the 1.5
mL was refreshed twice daily for the first 3 days. Following day 3, the defined culture
medium was supplemented with 4 mM β-glycerophosphate (disodium salt,
pentahydrate; Calbiochem, San Diego, CA) and 100 nM dexamethasone. The
rationale was that β-glycerophosphate may serve more as a tool for calcium
phosphate deposition by osteo-induced cells rather than as a direct differentiation
signal, and that dexamethasone may facilitate both chondrogenic and osteogenic
differentiation. After day 3, 1 mL of the 1.5 mL was refreshed every 24 hours.
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Protein Release Profiles
TGF-β1 and BMP-2 release (from assembled scaffolds and an equivalent mass
of non-sintered microspheres) were measured in PBS at 37 °C using enzyme-linked
immunosorbent assay (ELISA) kits (BMP-2 from Peprotech Inc. and TGF-β1 from
BD Biosciences). To guarantee no interference between bioactive factors, constructs
made

from

homogeneous

TGF−β1-loaded

or

homogeneous

BMP-2-loaded

microspheres (~220 µm diameter) were used. Samples of PBS surrounding the
scaffolds (n = 3) were taken at 12 hours, then at 1, 2, 3, 5, 7, 10, 14, and 21 days.
Loading efficiencies (n = 3) were determined by combining 10 mg of either TGF-β1or BMP-2-loaded microspheres with 50 µL dimethyl sulfoxide (DMSO, Sigma) and
950 µL of PBS. The samples were vortexed thoroughly, and allowed to sit overnight.
The samples were then centrifuged at 20,000 rpm for 30 minutes to pellet polymer
fragments, and the supernatant tested via ELISA. This procedure was performed for
both microspheres, and microspheres sintered with ethanol for 1 hour. The percent
released from scaffolds and microspheres at each time-point was tabulated compared
to the total amount of detected protein in ethanol-treated, or non-ethanol-treated
microspheres.

Quantitative Polymerase Chain Reaction
In preparation for RT-PCR, samples (n = 4) at 0 and 6 weeks were first
homogenized in 1 mL Trizol reagent (Invitrogen) and the RNA was isolated
according to the manufacturer’s guidelines. Isolated RNA was converted to cDNA
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using a TaqMan High Capacity kit (Applied Biosystems, Foster City, CA) in a
BioRad ThermoCycler. TaqMan Gene expression assays from Applied Biosystems
for collagen type I (Hs00164004_m1), collagen type II (Hs00156568_m1), SRY-box
9 (Sox9, Hs00165814_m1), bone sialoprotein (BSP, Hs00173720_m1), runt-related
transcription factor 2 (Runx2, Hs00231692_m1), secreted phosphoprotein 1 (SPP1 or
osteopontin, Hs00959010_m1), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Hs99999905_m1) were used in conjunction with an Applied Biosystems
7500 Fast Real-time PCR System. A 2−ΔΔCt method was used to evaluate the relative
level of expression for each target gene.113 For quantification, the hUCMSC Blank
220 constructs were designated as a calibrator group, and GAPDH expression as an
endogenous control.

Biochemical Analyses
Constructs (n = 4) were analyzed for matrix production using biochemical
assays at 0, 3, and 6 weeks. At week 0, only hUCMSC Blank 220, Blank 70, and
hBMSC Blank 220 scaffolds were analyzed for biochemical content. First, a digestion
solution consisting of 125 µg/mL papain (from papaya latex, Sigma), 5 mM N-acetyl
cysteine, 5 mM ethylenediaminetetraacetic acid (EDTA), and 100 mM potassium
phosphate buffer (20 mM monobasic potassium phosphate, 79 mM dibasic potassium
phosphate in DI H2O) in DI H2O was mixed (all reagents from Sigma). Constructs
were removed from culture in a sterile manner, placed in microcentrifuge tubes,
homogenized with the papain mixture, and allowed to digest overnight in a 60 °C
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water bath. The digested scaffolds were then centrifuged at 10,000 rpm for 5 minutes
to pellet fragments of polymer and other impurities, and stored at -20 °C. Later, the
supernatant was used to determine DNA, glycosaminoglycan (GAG), and
hydroxyproline (HYP) content. DNA content was quantified using the Picogreen
assay (Molecular Probes, Eugene, OR) according to the manufacturer’s instructions.
A conversion factor of 8.5 pg/cell, based on earlier preliminary studies, may be used
to convert DNA content to cell number. GAG content was measured using a
dimethylmethylene blue (DMMB) assay as recommended by the vendor (Biocolor,
Newtownabbey, Northern Ireland). Alkaline phosphatase (ALP) activity was
determined at 0, 1, 2, 3, and 6 weeks, and expressed as a measure of liberated pnitrophenol concentration/µg protein/min, as described elsewhere.22 Net HYP content
was assessed using a modified hydroxyproline assay42 as described in our previous
publications.188 A conversion factor of 11.5 can be used to convert HYP mass to
collagen mass based on our preliminary studies. In the cases of GAG and HYP
content, results for overall biochemical production and normalized content was
analyzed.

Histological Staining
At 3 and 6 weeks, samples (n = 3) were allowed to equilibrate at 37 °C in
optimal cutting temperature embedding medium (OCT, Tissue-Tek) overnight, then
frozen at -20 °C, sectioned at 14 µm parallel to the construct axis (Fig. 3.2) using a
cryostat, and collected on SuperFrost Plus slides (Fisher Scientific). Safranin-O/Fast
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Green staining for GAGs and Alizarin Red staining for calcium deposition was done
as described elsewhere.7 Slides were then dehydrated in graded alcohol and cleared in
xylene for mounting.

Mechanical Testing
Mechanical characterization of the constructs (n = 4) was performed using a
uniaxial testing apparatus (Instron Model 5848, Canton, MA, 50 N load cell) under
unconfined compression. Tare-loaded (0.05 N) constructs were compressed to 15%
strain at a rate of 1% per second under PBS (138 mM sodium chloride, 2.7 mM
potassium chloride) at 37 ºC, followed by stress relaxation at 15% strain for 30
minutes. Moduli of elasticity were obtained from the linear regions of the stress-strain
curves. Relaxed moduli were calculated as the ratio of the final stress value (at the
end of 30 minutes) to the step strain. The stress was defined as the ratio of the load to
the initial cross-sectional area, and the strain was defined as the ratio of the change in
the length to the original length.160 Mechanical testing was performed on hBMSC
Blank constructs at week 0, and on hBMSC Blank and Gradient constructs at week 6.
It was assumed that growth factor incorporation would not have a detectable effect on
mechanical properties or tissue formation at week 0, thus the Gradient was only tested
at 6 weeks.
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Statistical Analyses
Statistical analyses were performed using a three-level single factor analysis
of variance (ANOVA) in SPSS/PASW 17.0 software (SPSS Incorporated, Chicago,
IL), followed by a Tukey’s Honestly Significant Difference post hoc test when
significance was detected below the p = 0.05 value. All quantitative results
(numerical values and representative diagrams) were expressed as the average ±
standard deviation.

RESULTS
Microspheres and Scaffold Fabrication
Protein-loaded microspheres having uniform diameter were created using the
previously reported Precision Particle Fabrication method.15 The microspheres
displayed high monodispersity, with a ~220 µm nominal diameter for all of the three
types of microspheres prepared: BMP-2 loaded “osteogenic” microspheres, TGF-β1
loaded “chondrogenic” microspheres, and control “blank” microspheres (Fig. 3.3).
Specifically, microsphere sizes in the range of ~220 µm were chosen, as it was our
hypothesis that pore sizes commensurate with this range may be more conducive to
cellular infiltration and matrix production. To evaluate this hypothesis, a negative
control scaffold exhibiting a smaller pore size (microsphere diameter ~70 µm) was
incorporated into the hUCMSC culture (Fig. 3.3).
Cylindrical gradient scaffolds containing opposing gradients of chondrogenic
and osteogenic factors along the axis of the molds were produced,160 along with other
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positive control groups (homogeneously-loaded TGF-β1 and BMP-2), and scaffolds
with a biphasic (sharp) transition from osteogenic to chondrogenic (Fig. 3.1 C). The
final scaffolds were 5.3 mm in diameter, and 2.5 mm in height, making the scaffold
volume ~ 55 µL. The porosity of the scaffolds, as determined by previous
investigations,160 is typically about 41%, as measured by µCT image reconstruction,
with pore sizes ranging from 20 – 120 µm.160 The scaffolds were then seeded with
hBMSCs and hUCMSCs and cultured for a 6-week duration as described previously.

Protein Release
TGF-β1 and BMP-2 protein release from scaffolds were monitored for 21 days
with ELISA as an approximate indication of the temporal delivery profile. In
addition, protein release from microspheres alone was observed to contextualize the
effects of ethanol sintering on PLGA during construct fabrication. The loading
efficiencies for TGF-β1 and BMP-2 microspheres were 16.4 ± 1.7% and 15.4 ± 3.0%,
respectively. The loading efficiencies for TGF-β1 and BMP-2 microspheres treated
with ethanol for 1 hour were 7.55 ± 0.58% and 5.5 ± 1.5%. After day 1, scaffold
formulations had an accelerated rate of release compared to microspheres alone, with
up to 20% of the entrapped protein being liberated by 21 days (Fig. 3.4).

Gene Expression
All hBMSC and hUCMSC groups expressed BSP during week 0, although
there were no statistically significant changes between treatments. hBMSC Blank
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constructs demonstrated a 35-fold (p < 5 x 10-5) higher level of expression over the
calibrator group (hUCMSC Blank 220), which was indeed significant (Fig. 3.5). BSP
expression was not detectable in any experimental group after 6 weeks of culture.
Expression of collagen type II was detected in all hBMSC and hUCMSC
constructs at week 0, although there were no statistical changes between treatments
(Fig. 3.6). Collagen type II expression was not abundant in any of the experimental
groups after week 0.
Throughout the culture period, expression of collagen type I was evident in all
constructs. Among hUCMSC groups, there were not statistically significant
differences between groups or throughout the culture period (Fig. 3.7 A). Once again,
hBMSCs clearly demonstrated a change in collagen type I expression. At week 6,
hBMSC Blank 220 constructs showed an increase in gene expression of 1.9 times
more than the week 0 value (p < 5 x 10-8) and 6.2 times the hUCMSC Blank 220
constructs at week 6 (p < 0.05). hBMSC Gradient scaffold expression at week 6 was
1.5 times higher than the hBMSC Blank 220 value at the same time point (p < 5 x 104

), 9.9 times greater than the hUCMSC Blank 220 group at 6 weeks (p < 5 x 10-11),

and 3.1 times higher than the hBMSC Gradient value at week 0 (p < 5 x 10-11).
Osteopontin (OPN) expression was seen in all hBMSC and hUCMSC groups
at week 0 (Fig. 3.7 B). Among hUCMSC treatments, the only statistically significant
change among groups or during culture was a 4.7-fold loss in OPN expression in the
Biphasic constructs from week 0 to 6 (p < 0.001). OPN expression levels were not
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evident at 6 weeks for hBMSC Blank 220 samples, and barely present in hBMSC
Gradient constructs.
Runx2 expression in hUCMSC groups remained constant (no statistically
significant differences) throughout the culture period (Fig. 3.7 C). Results for the
hBMSC Gradient group were quite the opposite, with expression levels 11.7 times
higher than the hUCMSC Blank 220 constructs at week 6 (p < 0.001) and 3.6 times
greater than hBMSC Blank 220 groups at week 0 (p < 0.05).
Like Runx2, Sox9 expression was not significantly different among all
hUCMSC groups from week 0 to week 6 (Fig. 3.7 D). In contrast to the hUCMSC
groups, Sox9 expression in the hBMSC groups increased over the course of 6 weeks.
hBMSC Gradient constructs at 6 weeks demonstrated a 31–fold higher gene
expression compared to hUCMSC Blank 220 scaffolds at week 6 (p < 5 x 10-5), had a
9.5-fold greater expression than hBMSC Blank 220 constructs at week 0 (p < 5 x 105

), and a 3.8-fold higher expression compared to hBMSC Blank 220 constructs at

week 6 (p < 0.005).

DNA Content
The overall DNA content for all hUCMSC and hBMSC constructs at least
doubled during the 6-week culture period compared to week 0 (Fig. 3.8). All growth
factor-loaded scaffolds had statistically significant increases in DNA content from
week 3 to week 6 (p < 0.05), and hUCMSC Chondrogenic, Biphasic, and Gradient
scaffolds displayed a higher mean DNA content (~61-83% more) per construct
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compared to the blank scaffolds at 6 weeks (p < 0.05). Detailed statistics can be found
in Table 3.1.

Glycosaminoglycan Content
The overall GAG content for all constructs increased at least 3 times during
the 6-week culture period compared to week 0 (p < 5 x 10-6), with this increase also
being statistically significant between weeks 3 and 6 (p < 1 x 10-5) (Fig. 3.9 A). At 6
weeks, only hUCMSC Gradient and Biphasic constructs had statistically greater GAG
levels (~50% more) than hUCMSC Blank scaffolds at week 6 (p < 0.05). Detailed
statistics for the net GAG content can be found in Table 3.1.
The normalized data indicated other significant differences in the treatment
groups (Fig. 3.9 B). At week 0, hUCMSC Blank 70 constructs made significantly less
GAG/DNA than the hUCMSC Blank 200 group (p < 0.01). At 3 weeks, hUCMSC
Blank 220, Chondrogenic, and Biphasic constructs made less GAG/DNA than during
week 0 (p < 0.001), but the Blank 220 and Blank 70 increased GAG/DNA production
by week 6 (p < 0.05). In addition, hUCMSC Gradient constructs made more
GAG/DNA (7.5 times greater) at week 3 than hUCMSC Blank 220 constructs (p < 1
x 10-4). GAG/DNA output on hBMSC groups did not change significantly during the
study. According to the normalized data, by 6 weeks, GAG/DNA production on all
hUCMSC and hBMSC constructs were not significantly different from each other.
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Hydroxyproline Content
Although HYP content was not evident in hUCMSC constructs at week 0, it
was present by week 3 for all groups, but only the hUCMSC Blank 220, Blank 70,
and Gradient constructs demonstrated a significant increase (p < 0.05) (Fig. 3.10 A).
By 6 weeks, all hUCMSC constructs, except the Chondrogenic group, showed
statistically significant increases in HYP content compared to week 0 (p < 0.005). At
6 weeks, hUCMSC Gradient constructs demonstrated ~2 times more HYP production
than the hUCMSC Blank and Biphasic groups (p < 0.01), at least 3 times more than
hBMSC Blank and Gradient constructs (p < 0.001), and at least 2 times more than
any other group at 6 weeks (p < 0.01). HYP production for the hBMSC constructs did
not differ significantly between treatments or between time points. Detailed statistics
for the net HYP content can be found in Table 3.1.
Normalized data indicated other significant differences in the treatment
groups. By 3 weeks, hUCMSC Blank 220, Blank 70, and Gradient constructs made
more HYP/DNA than the previous week (p < 0.05), but Gradient constructs were the
only ones to make significantly more HYP/DNA than the control at that time (p <
0.01) (Fig. 3.10 B). hBMSC constructs demonstrated a more defined pattern, with an
increase in HYP/DNA production at week 3 (p < 5 x 10-6), and a subsequent decrease
at week 6 (p < 5 x 10-5). hBMSC Gradient constructs also produced 2 times less
HYP/DNA at week 3 than the hBMSC Blank 220 constructs (p < 5 x 10-7).
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Alkaline Phosphatase Activity
ALP activity for all hUCMSC and hBMSC constructs showed no statistically
significant changes until week 3 (Fig. 3.11). ALP activity at week 3 for hUCMSC
Biphasic scaffolds was 15 times larger than the week 0 value (p < 1 x 10-4), 6.5 times
larger than the previous week (p < 0.001), and was 1.8 times greater than hUCMSC
Blank constructs at week 3 (p < 0.05). At week 6, hUCMSC Biphasic scaffolds had
greater ALP activity compared to the control at week 6 (p < 0.01). The hUCMSC
Gradient group also demonstrated a statistically significant increase overall between
week 0 and week 6 (p < 0.005). It was also noted that ALP activity of the hUCMSC
constructs exhibited high standard deviations, compared to hBMSCs scaffolds.

Histological Staining
Staining for GAG content with Safranin-O / Fast Green, and Alizarin Red for
calcium deposition, was done on identical areas of constructs to most accurately
analyze characteristics of dual tissue and matrix formation. Observing tissue
formation after 3 weeks of culture in hUCMSC microsphere-based scaffolds (Fig.
3.12 A) all hUCMSC constructs demonstrated some degree of GAG staining near the
top, with Osteogenic and Chondrogenic scaffolds having more intense staining in the
top region. In addition, Biphasic and Gradient scaffolds appeared to be indiscernible
from Blank 220 and Blank 70 scaffolds, with sparse GAG staining located on the top
of the scaffold. Cell nuclei, visualized with Harris Hematoxylin, were distributed
evenly throughout most constructs, with the exception of the Blank 70 group, which
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lacked a large cell population inside of the microsphere scaffold. At 3 weeks, hBMSC
constructs showed overall staining, arguably less than hUCMSC Blank 220 and Blank
70 scaffolds (Fig. 3.12 B). Interestingly, the location of calcium staining at 3 weeks
within the hUCMSC constructs correlated strongly with location of GAG staining,
but was also present throughout the rest of the constructs. Nodules of calcium
staining, however, were most prominent in the hUCMSC Osteogenic group.
By 6 weeks, GAG and calcium staining in hUCMSC constructs was
significantly greater than observed at 3 weeks, such that the perimeters of the oncepresent microspheres were clearly visible within the matrix, with faint counterstaining filling the void space (Fig. 3.13 A). Osteogenic and Gradient groups
exhibited large, non-uniform clusters of GAG staining near the top of the constructs,
while Blank 220 and Biphasic groups had minimal GAG staining. The Chondrogenic
group exhibited nodules of GAG staining throughout the entire construct, while GAG
staining in the Blank 70 constructs was less than any other group. As observed at 3
weeks, calcium staining associated heavily with location of glycosaminoglycan
staining, but was also evident in other areas of the constructs. Perhaps the most
striking representation of a gradient transition between types of tissue matrix was
seen in the hBMSC scaffolds at 6 weeks (Fig. 3.13 B). hBMSC Blank 220 constructs
exhibited uniform calcium staining and little GAG staining, whereas hBMSC
Gradient constructs had light GAG staining localized to the top and dissipated
towards of the center of the construct.
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Mechanical Testing
Following unconfined compression testing, the modulus of elasticity was
determined to be 127 ± 44 kPa for the constructs at week 0 (Fig. 3.14). This value
dropped drastically after 6 weeks of culture to 3.3 ± 1.4 kPa for Blank constructs and
to 4.0 ± 0.4 kPa for Gradient constructs. Similarly, the relaxed moduli decreased from
2.1 ± 0.8 kPa at week 0 to 1.1 ± 0.6 kPa for Blank constructs and to 0.9 ± 0.2 kPa for
Gradient constructs. The elastic moduli between Blank and Gradient constructs at
week 6 were not statistically different. The same was true for the relaxed moduli
between the two groups after the culture period had concluded.

DISCUSSION
The primary objective of this study was to evaluate the dual signaling with
bioactive factors, in the form of a microsphere-based gradient, to address
osteochondral interfacial tissue engineering. To the best of our knowledge, this was
the first effort to examine simultaneous osteogenic and chondrogenic differentiation
of hUCMSCs and hBMSCs on continuously graded 3-D scaffolds for interfacial
tissue engineering.
A specialized cell culture media was carefully formulated, based on the
current literature for inducing chondrogenesis11, 90, 182 and osteogenesis.11, 90, 117, 150, 193
The circumstances in this experiment, however, were novel in that both of these
pathways were being addressed simultaneously, something that is not well
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characterized. The most logical approach was to ensure that the defined media
included essential components for differentiation into either cell type.
The results also confirmed that microsphere degradation released both BMP-2
and TGF-β1 in a temporal manner (Fig. 3.4). A classic “burst” release of protein,
common to microsphere-based delivery,15, 16 was observed in the first week, allowing
delivery of up to ~20% of total entrapped protein from scaffolds by 21 days, during a
crucial time when differentiation of the seeded cells was taking place. Most
importantly, release most likely extended well beyond this time frame for continuous
signal delivery, judging by the onset of third phase of release typically seen in PLGA
microparticle delivery.13 The accelerated release rate of ethanol-treated microspheres,
when compared to microspheres alone, suggests that polymer chain entanglement was
altered during sintering. In previous investigations with this design,160 it was shown
that ethanol treatment lowered the PLGA glass transition temperature from 41.04 ±
0.17 °C to 33.98 ± 0.09 °C. Moreover, at 37 °C the scaffolds might have exhibited a
diminished ability to sequester protein. In addition, the lower entrapment efficiency
observed for sintered microspheres was most likely due to a certain fraction of protein
near the microsphere surfaces being exposed to ethanol. Ideal endogenous growth
factor concentrations may be different from the values achieved during this first
attempt, and the need for future investigation of varying loading values will be
warranted. Lastly, during cell culture, media was refreshed more frequently than
during the release study, thus, the quantity of endogenous growth factors in the well
during culture may have varied slightly from the observed release profile. Coupled
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with an osteochondral medium, many primary factors contributing to osteogenic and
chondrogenic differentiation were addressed during culture.
In the current study, major osteogenic and chondrogenic markers were
monitored for an indication of how gene expression changed due to dual signal
delivery. At week 0, all groups expressed collagen I, collagen II, BSP, OPN, Runx2,
and Sox9. Perhaps this can only be taken as an indication of the multi-lineage
potential of hBMSCs and hUCMSCs. Gene expression in hBMSCs in general was
more pronounced than in hUCMSCs. By 6 weeks, BSP and collagen II were not in
enough abundance to detect in both hUCMSCs and hBMSCs. During osteogenesis,
many genes, including BSP, have fluctuating expression. BSP is most known as a
primary non-collagenous protein of mineralized tissues,18, 147 and if there were to be
formation of a bone-like tissue taking place, the absence of BSP at later times may be
nothing more than an indication that the matrix is not nearing late-term. Similarly,
collagen II is associated with hyaline cartilage,167 thus there only may have been
some degree of chondrogenic differentiation.
Statistically, there were no differences in the gene expressions of collagen I,
Runx2, and Sox9 during the study (Fig. 3.7 A, C, D). Average OPN expression
remained unchanged in most hUCMSC and all hBMSC constructs during the culture
period, with only one statistically significant decrease, in the hUCMSC Biphasic
group (Fig. 3.7 B). Initially, this phenomenon seemed counterintuitive, as in some
groups osteoblastic-like behavior was desired, with OPN being an extracellular
structural protein in bone.147 Recent characterizations of hUCMSCs have shown that
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the umbilical cord stroma has a baseline OPN expression,75 and OPN expression
during culture may actually significantly decrease in hUCMSCs, regardless of
whether receiving an osteogenic treatment.185 It has also been suggested that OPN
acts in later stages of remodeling by tethering osteoclasts to the mineralized matrix,31,
144

a phase (bone resorption) that these constructs had not reached.
In some instances, however, hBMSCs clearly demonstrated that a gradient in

bioactive signaling had advantages in promoting expression of both osteogenic and
chondrogenic markers (Fig. 3.7). Being the most abundant of the collagens, a
statistically significant increase in collagen I alone (from a growth-factor loaded
construct) is not necessarily cause for excitement, but coupled with key transcription
factors for osteoblast (Runx2) and chondrocyte (Sox9) differentiation59 at later culture
times, warrants a closer look at the potential of a gradient in bioactive signaling. In
this instance, hBMSCs are most likely the superior model for changing gene
expression due to the gradient design. This does not necessarily imply that hUCMSCs
lack expression of any key osteogenic and chondrogenic markers, just that hBMSCs
perhaps tailor a more well-understood quantitative response to growth factor delivery
coupled with defined culture conditions. Tests to compare primer sensitivity were not
performed in this study, however, previous investigations in osteogenic185,

187

or

chondrogenic188 differentiation of hUCMSCs, with RT-PCR techniques and probes
identical to the ones used in this study, have not indicated significant detection errors.
Future characterizations, including more frequent monitoring of gene expression early
in culture, might better delineate the transitory expression of specific genes during
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differentiation. In addition, including more donors for both hUCMSCs and hBMSCs
might minimize variation.
Based on DNA content (Fig. 3.8), and a conversion factor of 8.5 pg DNA/cell,
a cell seeding efficiency of 55% (hUCMSCs) to 70% (hBMSCs) was calculated.
Thus, there appears to be room for improvement with regard to cell attachment, and
methods such as functionalizing the polymer with Arg-Gly-Asp (RGD) residues67, 197,
198

may help. Yet, DNA content saw multiple-factor increases by week 6. By 6 weeks,

hUCMSC Chondrogenic, Biphasic, and Gradient groups were the only groups with
significantly higher cell content than the control; however, the three treatments were
not significantly different from each other. In addition, even though an increase in
cell number alluded to proliferation and cell retention, these results alone did not
prove proliferation. Moreover, at this time, dual growth factor inclusion could not be
misconstrued as a means to definitively increase cell number.
Overall GAG formation was initially slow to take place in all groups, with
statistically significant increases only by the last week of culture (Fig. 3.9 A). Only
the dual growth factor groups (hUCMSC Biphasic and Gradient) outperformed their
control at that time, suggesting that chondrogenesis may have been enhanced in the
presence of both TGF-β1 and BMP-2. The normalized GAG data showed interesting
trends (Fig. 3.9 B). The difference in GAG content per cell between hUCMSC Blank
70 and hUCMSC Blank 220 constructs suggested that a smaller pore size had an
effect on some instances of biochemical production, possibly due to the different
physical proximities of the cells that had managed to penetrate the scaffold. In
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addition, the Gradient design might have had advantages in promoting early
biochemical output from cells, judging by the increased GAG per cell at week 3.
Thus, perhaps only the Gradient design was beneficial for constant increased GAG
output per cell, as Blank constructs had fluctuating GAG per cell output. In addition,
it appears that hBMSCs were not as sensitive to the Gradient design, as both groups
maintained the same level of GAG production during the entire study.
Net HYP content in hUCMSC groups increased at week 3 for the Blank 220,
Blank 70, and Gradient groups, with the Osteogenic and Biphasic groups having
increased HYP mass at week 6. (Fig. 3.10 A). Because hUCMSCs Chondrogenic
constructs failed to have an increase in HYP content during the whole culture, and at
6 weeks, the level was less than the control, the collagen composition might have
been different from the other treatment groups. In addition, hUCMSC Blank 220,
Blank 70, Osteogenic, and Biphasic constructs were not different from one another
with regard to HYP content, and all were significantly less than hUCMSC Gradient
constructs in HYP content, at 6 weeks. The normalized data demonstrated a similar
advantage of the Gradient constructs, with hUCMSCs in these groups producing at
least 2 times more HYP than the Blank 220 and Biphasic groups at 3 weeks (Fig. 3.10
B). The finding of net HYP content at 6 weeks, and HYP content per cell at 3 weeks,
being significantly higher in the Gradient constructs than in the Biphasic and Blank
220 constructs was among the most important findings of the current study. The
Gradient and Biphasic groups had exactly the same relative numbers of osteogenic
and chondrogenic microspheres, but a different spatial organization. Therefore, this
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significant difference in HYP content demonstrated that taking the same signals and
releasing them in opposing gradients, instead of in two adjacent homogeneous
regions, could result in a significant improvement in early and overall biosynthesis.
Moreover, gradient-based strategies may be beneficial for osteochondral tissue
engineering where early neo-synthesis of tissue is critical for defect healing and
construct integration.
As mentioned, there were no statistical changes in ALP activity in hUCMSC
or hBMSC scaffolds up until week 3 (Fig. 3.11). Because ALP isoforms are present
in many tissue types,131 having baseline p-nitrophenol activity in hUCMSCs alone (as
in the Blank 220 and Blank 70 constructs) is not surprising. Yet, at 3 weeks and 6
weeks, the hUCMSC Biphasic group showed a statistically significant increase over
the control. It is known, however, that during osteogenic differentiation of MSCs,
ALP activity decreases at later times, as it is an early indicator of osteogenic
differentiation.81 The absence of statistically significant decreases in ALP activity in
the treatment groups suggests that either osteogenic differentiation might not have
taken place yet, or this phenomenon was missed due to spacing between assay time
points. Interestingly, an unchanging ALP activity in osteogenic differentiation of
hUCMSCs has been observed before,185 thus, the reasons for such a discrepancy
should be investigated further.
Based on histology, it appeared that having a smaller pore size, as in the
hUCMSC Blank 70 group, hindered cellular penetration within the microsphere
matrix. Even though this group performed satisfactorily during biochemical
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production, the majority of this matrix formed around the perimeter of the constructs.
In addition, the inclusion of growth factors in general appeared to enhance both GAG
formation and calcium deposition. GAG formation sometimes occurred in small
nodes on the top-side of the scaffold, rather than evenly throughout the construct.
Furthermore, a small amount of tissue production in hUCMSC constructs might be
localized to the side of the scaffold that cell seeding took place, not necessarily to
growth factor location, despite most constructs (with the exception of the hUCMSC
Blank 70 group) having cell penetration throughout the scaffolding (Fig. 3.13). In
addition, calcium deposition overlapped with GAG formation on the scaffold tops,
but was also present throughout the constructs in places where GAGs were not. The
significant calcium deposition in most hUCMSC constructs (along with collagen I
expression) could be consistent with recent evidence suggesting that hUCMSCs may
be predisposed toward the osteoblast lineage.33 Uniform exposure of βglycerophosphate and dexamethasone may have contributed to calcium staining
observed

throughout

the

constructs,

however,

uniform

exposure

of

β-

glycerophosphate (or any other culture medium component) would not be an issue as
this technology translates to in vivo application. Strategies such as changing the TGFβ1 / BMP-2 loading ratio, improving protein stability, or changing polymer
degradation rate, may improve the results. In hBMSC Blank 220 constructs, there was
little GAG formation, and evenly distributed calcium deposition. In contrast to
hUCMSC scaffolds, hBMSCs readily demonstrated a histological response to the
gradient of growth factors, having light GAG formation near the top of the construct,
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which faded as it approached the middle. Visualization of a gradient in tissue
underscored the importance of improving and refining this technology.
The drastic drop in the mechanical integrity of the constructs was most likely
a consequence of microsphere degradation that led to the disappearance of the
sintering sites with time, transitioning to the mechanical integrity of the neosynthesized tissue (Fig. 3.14). To improve the mechanical stiffness of the constructs,
one method could be to utilize microspheres with encapsulated nanomaterials such as
calcium carbonate (CaCO3),47, 159 titanium dioxide (TiO2),118, 159, 171 or hydroxyapatite
(HAp). The inclusion of HAp, especially in vivo, may also enhance osteoblastic
behavior and osseointegration as seen in other tissue engineering119,
microsphere155,

157

125, 151

and

applications. As of now, the focus on comprehensive tissue

regeneration is of utmost importance, but later in development, in clinical cases where
osteochondral defects are large, mechanical stiffness will become a substantial
priority, and the gradient strategy described here will be highly conducive to
incorporating stiffness gradients as well, as recently outlined.159
Lastly, we acknowledge that the gradients cannot be sustained for a long
duration in the in vitro culture environment, and released growth factors in soluble
form will eventually diffuse unless they are consumed by the cells. To maintain the
gradient profiles during the culture, the media was refreshed twice a day for first 3
days (a crucial period for cell differentiation) and then daily afterwards. This
unconventional media refreshment frequency was applied to mitigate the effects of
growth factor diffusion and maintain the spatial profiles of growth factors during the
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in vitro culture period. One can envision that growth factor diffusion will be a lesser
concern in vivo, where diffusion of the factors will be restrained in a confined
environment (as in the case of a defect repair) and in the absence of cell culture
media. A follow-up in vivo work will give insight about this hypothesis.
Future work should include evaluation of higher growth factor concentrations,
surface functionalization for cell attachment, and accelerated scaffold degradation.
Given that the current study was a proof of concept for the feasibility of the approach
and the large-scale effects on the entire scaffolds, gradient transitions were monitored
only histologically. With evidence from histology and total collagen content
suggesting that gradients have the potential to improve efficacy and lead to
regionalized tissue formation, examination of regional biochemical content,
immunohistochemistry, and gene expression will be warranted in the future.59 In situ
hybridization will also allow visualization of region-specific gene expression, as
tracking cell populations will be instrumental in refining the spatiotemporal
characteristics of the gradient for hUCMSCs, hBMSCs, and other stem cell types.

CONCLUSION
One must consider the progression of these two stem cell types toward the
desired lineages, with hBMSCs starting further along in their “journey” to produce
bone and cartilage matrix and express the proper osteoblast and chondrocyte
phenotypes. Consequently, the response to growth factors and culture conditions is
cell-specific. With the data presented here, it was clear that both cell types had their

59
distinct strengths. The hBMSC response to the Gradient design in protein signaling
was well defined within their gene expression, but the actual biochemical
performance by hBMSCs was not especially significant compared to hUCMSCs. Yet,
biochemical activity from hUCMSCs came with larger variations between samples,
and their ability to meaningfully localize the significant matrix produced was inferior
to hBMSCs, which indicated that further investigation will be needed to more
accurately control hUCMSC differentiation. Cellular idiosyncrasies aside, the merit
of using macroscopic gradients for osteochondral interfacial tissue engineering in
vitro was demonstrated in many key ways. With the proof-of-concept established
here, it may stand to reason that the gradient-based scaffolds will be well suited for in
vivo application, with a support structure to facilitate a continuous transition of bone
regeneration to cartilage regeneration.
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CHAPTER 4: Osteochondral Interface Regeneration of the Rabbit
Knee with Macroscopic Gradients of Bioactive Signals3
ABSTRACT
To date, most interfacial tissue engineering approaches have utilized stratified
designs, in which there are two or more discrete layers comprising the interface.
Continuously-graded interfacial designs, where there is no discrete transition from
one tissue type to another, are gaining attention as an alternative to stratified designs.
The purpose of this study was thus to evaluate the performance of a novel gradientbased scaffolding approach to regenerate osteochondral defects in the New Zealand
White rabbit femoral condyle. Bioactive plugs were constructed from poly(D,L-lacticco-glycolic acid) (PLGA) microspheres with a continuous gradient transition between
cartilage-promoting and bone-promoting growth factors. At six and 12 weeks of
healing, results suggested that the implants provided support for the neo-synthesized
tissue, and the gradient in bioactive signaling may have been beneficial for bone
regeneration compared to the blank control implant, as evidenced by histology. There
were no statistically significant differences in cartilage regeneration among groups,
based on image analysis of histology. In addition, the effects of pre-seeding gradient
scaffolds with umbilical cord mesenchymal stromal cells (UCMSCs) from the
Wharton’s jelly of New Zealand White rabbits were evaluated. Results indicated that
there may be regenerative benefits to pre-localizing UCMSCs within scaffold
3

Under review as Dormer N.H., Singh M., Zhao L., Berkland C.J., Detamore M.S., “Osteochondral
interface regeneration of the rabbit knee with macroscopic gradients of bioactive signals” at Journal of
Biomedical Materials Research – Part A, April 2011.
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interiors. The inclusion of bioactive factors in a gradient-based scaffolding design is a
promising new treatment strategy for defect repair in the femoral condyle.

INTRODUCTION
Interface tissue engineering has emerged as a type of functional tissue
engineering, which involves hierarchical examination of native tissues and their
structures. Simply, the interface is where two tissue types adjoin. Most approaches
directly targeting tissue engineering of interfaces have been stratified in nature, with
multiple discrete layers of differing physical or chemical properties.27, 32, 61, 77, 91, 95, 103,
107, 114, 115, 124, 126, 137, 154, 196

The approach of using continuously-graded 3-D designs for

interface tissue engineering, as opposed to stratified designs, is gaining attention.39
Many groups39, 55, 107, 134, 158 have compiled comprehensive reviews on state of
the art applications for incorporating continuous gradients in tissue engineering,
illustrating numerous current and potential strategies for interfacial tissue
engineering. Concepts for formulating multiple tissue systems126 rely on one or more
forms of physical or chemical stimuli, which affect cell-specific movement, substrate
affinity, or tissue formation.158 Furthermore, most two-dimensional (2D) continuous
gradient applications have been intended for simply characterizing tissue engineering
phenomena in the form of high-throughput screening, and have not always been
translated to 3-D interfacial tissue applications.
While there have been many recent in vivo approaches for interface tissue
engineering using stratified designs,12, 79, 121, 195 the number of continuously-graded
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approaches are limited.39 In vitro, continuous gradients for interface tissue
engineering thus far have demonstrated continuous gradients of tissue-specific
matrix.39 Specifically, a gradient approach might provide more regenerative control to
nature, using a continuous transition of signals, directing the interface to form in a
specified region. This ultimately may be conducive to patient-specific regenerative
designs. Interestingly, techniques for creating seamless transitions between tissue
regions are not necessarily more elaborate, or time-consuming, than analogous
stratified approaches.39
The present study investigated bone and cartilage regeneration in femoral
condyle defects in New Zealand White rabbits with microsphere-based scaffolds
containing gradients of bioactive signals, a design which had only been previously
characterized in vitro.41, 159, 160 The scaffolds utilized a continuous transition from
cartilage-promoting, (transforming growth factor (TGF)-β1-loaded microspheres) to
bone-promoting (BMP-2-loaded microspheres) regions. The induced defect size was
approximately 3.0 mm in diameter and 3.0 mm in depth. Regeneration was evaluated
at six and 12 weeks with histological staining. The goal was to determine whether the
continuously-graded design would facilitate osteochondral defect regeneration in the
rabbit femoral condyle as a foundation for future in vivo studies.
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MATERIALS AND METHODS
Scaffolding Materials
Poly(D,L-lactic-co-glycolic acid) copolymer (PLGA; 50:50 lactic acid :
glycolic acid, acid end group, MW ~80,000 Da) of intrinsic viscosity (i.v.) 0.55 dL/g
was purchased from Lakeshore Biomaterials (Birmingham, AL). Poly(vinyl alcohol)
(PVA; 88% hydrolyzed, 25,000 Da) was obtained from Polysciences, Inc.
(Warrington, PA). Transforming growth factor (TGF)-β1 and bone morphogenetic
protein (BMP)-2 were purchased from Peprotech, Inc. (Rocky Hill, NJ). Ten New
Zealand White rabbits were obtained from Myrtle’s Rabbitry (Thompson Station,
TN) in accordance with the University of Kansas IUCAC procedures.

Preparation of Protein-loaded Microspheres
BMP-2 was reconstituted in 0.1% bovine serum albumin (BSA) in phosphate
buffered saline (PBS) (both from Sigma, St. Louis, MO). TGF-β1 was reconstituted in
0.01% BSA in PBS. The reconstituted protein solutions were individually mixed with
PLGA dissolved in dichloromethane (DCM) (20% w/v) to reach a final loading ratio
of 30 ng TGF-β1 or 60 ng BMP-2 per 1.0 mg of PLGA. The final mixtures were then
sonicated over ice (50% amplitude, 20 seconds). Using PLGA-protein emulsions,
uniform protein-loaded PLGA microspheres were prepared using technology from
our previous reports.15, 41, 159, 160 Briefly, using acoustic excitation produced by an
ultrasonic transducer, regular jet instabilities were created in the polymer stream that
produced uniform polymer droplets. An annular carrier non-solvent stream (0.5% w/v
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PVA in DI H2O) surrounding the droplets was produced using a nozzle coaxial to the
needle. The emanated polymer/carrier streams flowed into a beaker containing the
non-solvent. Incipient polymer droplets were stirred for 3-4 hours to allow solvent
evaporation, which were then filtered and rinsed with DI H2O to remove residual
PVA, and stored at -20 °C (Fig. 4.1 A). Blank control microspheres were prepared in
a similar manner, where the protein solution was replaced with an equivalent volume
of BSA solution (1 mg/mL). Following 48 hours of lyophilization, the size
distribution of microsphere preparations was determined using a Coulter Multisizer 3
(Beckman Coulter Inc., Fullerton, CA) equipped with a 560-µm aperture. Blank
control microspheres were prepared in a similar manner without growth factors. All
groups utilized microspheres with a nominal diameter of approximately 165 µm,
obtained in the same manner as previous reports.15, 41, 159, 160

Scaffold Fabrication
Gradient scaffolds were prepared using our previously reported technology.41,
159, 160

Briefly, lyophilized protein-loaded microspheres were dispersed in DI H2O at a

concentration of 2.5% w/v, and separately loaded into two syringes. Each construct in
total contained ~30 mg of microspheres. The suspensions were pumped into a
cylindrical glass mold (3.2 mm diameter, 3.0 cm in height) in a controlled manner
using programmable infusion syringe pumps (PHD 22/2000, Harvard Apparatus, Inc.,
Holliston, MA). Using a filter (particle retention > 3 µm) at the bottom of the mold,
DI H2O was filtered, while the microparticles stacked in the mold until a height of 3.0
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mm was reached. The profile for Gradient constructs was linear, where the transition
region from TGF- β1 to BMP-2 constituted the second quarter of the scaffold volume,
and the top quarter and bottom half contained all TGF-β1- or BMP-2-loaded
microspheres, respectively (Fig. 4.1 B). Using an additional infusion syringe pump
and a vacuum pump, a constant level of distilled water was maintained in the mold.
The stacked microspheres were then sintered using a 100% ethanol treatment for 2
hours.160 A longer sintering time, compared to previous investigations,41,

160

was

necessary for microsphere fusion due to the higher molecular weight polymer. The
molds (containing the scaffolds) were freeze-dried for 48 hours, then the gradient
scaffolds were retrieved and stored at -20 °C. Blank scaffolds were prepared in a
similar manner. Scaffolds were packaged and sterilized with ethylene oxide for 12
hours prior to implantation.

Description of Experimental Groups
Four different treatment groups were investigated: (i) Sham surgeries, in
which a defect was made, but no implant was placed, (ii) Blank scaffolds with no
growth factors encapsulated, (iii) Gradient scaffolds with a transition between BMP2- and TGF-β1-loaded microspheres, and (iv) Gradient scaffolds pre-cultured with
rabbit umbilical cord mesenchymal stromal cells (rUCMSCs) before surgical
implantation (Fig. 4.1 C).
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Cell Harvest and Seeding
Following an IACUC-approved protocol at the University of Kansas (Animal
Use Statement #175-02), rUCMSCs were harvested from rabbit umbilical cords.
Briefly, near-term New Zealand White rabbits were euthanized, the fetuses were
retrieved and decapitated with scissors, and cord segments were minced and
incubated in 0.75 mg/mL type II collagenase (Worthington Biochemical, Lakewood
NJ) at 37 °C. After a 5-hour incubation, the resulting homogenous gelatinous solution
was obtained and diluted (1:8) in sterile PBS. The solution was centrifuged, the
supernatant was discarded, and cells were plated for 24 hours to allow viable cell
attachment. Adhered cells were then trypsinized and frozen for future use. Frozen
rUCMSCs (P1, i.e., plated once) were thawed and resuspended at a concentration of
20

×

106 cells/mL

in

a

solution

of

low

glucose

DMEM

and

1%

penicillin/streptomycin (P/S) (all from Invitrogen Life Technologies, Carlsbad, CA).
Approximately 15 µL (50% of the scaffold volume, approximately corresponding to
the pore volume160) of cell solution was placed directly onto the top of the scaffold,
which was soaked into the scaffold via capillary action. Cells were allowed to attach
to the scaffolds for 12 hours, before surgical implantation.

Surgical Procedure
Surgical procedures were conducted under an approved IACUC protocol at
the University of Kansas (Animal Use Statement #175-01), utilizing a total of 10
rabbits. Following stable general anesthesia, hair was shaved from the area around
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each rabbit knee. The bare knee was disinfected with three alternate scrubs of
Betadine and 70% ethanol, and then draped. Only strict aseptic techniques and sterile
instruments were used, and the surgeon wore sterile gowns, masks, and head covers.
All surgical tools, including drill, were sterilized prior to surgery. A medial
parapatellar incision was made, sufficient to allow exposure of the medial condyle.
The tibia was lightly pushed to displace it laterally to allow the exposure of the
medial femoral condyle. A pilot notch was created with a scalpel blade on the
superficial cartilage in the central load-bearing region of the medial condyle. The
defect was enlarged to 3.0 mm diameter and to the depth of 3.0 mm using a drill with
a depth gauge attached to the bit. Defects were then filled by press-fitting one of three
engineered plugs (either Blank, Gradient-only, or Gradient with precultured
rUCMSCs) into the defect (Fig. 4.2). Sham defects were also created, in which a hole
was drilled, but no implant was placed. The joint was then washed of debris, the
patella and femur were relocated, the articular capsule and bursae were closed with an
absorbable suture, and the skin was closed with a non-absorbable suture. Then the
same procedure was performed on the contralateral knee following the same
procedure but with the alternative plug construct implanted (Table 4.1). After the
procedure was finished, rabbits were administered buprenorphine subcutaneously and
returned to their cage. The knee joints were allowed unconstrained movement
postoperatively.

68
Histological Preparation and Staining
At 6 and 12 weeks, rabbit femoral condyles were retrieved and immediately
placed in 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) for at least
three days. After fixation, the condyles were rinsed and dehydrated in graded ethanol.
For plastic embedding, the samples were first infiltrated for 4 days with a solution
consisting of 85 v/v% methylmethacrylate, 14 v/v% dibutyl phthalate, 1 v/v%
poly(ethylene glycol) 400, and 7 mg/mL benzoyl peroxide (BPO) (all reagents from
Sigma Aldrich). The infiltrate was changed every 24 hours. Following infiltration,
condyles were embedded in 20 mL glass scintillation vials with a solution identical to
the infiltrate, with the exception of using 4 mg/mL BPO and an additional 33 µL of
N,N-dimethyl-p-toluidine (reagents from Sigma). The vials were placed at 4 °C for
one week to polymerize. After polymerization, the glass vials were broken and the
samples were removed.
Following plastic embedding, the samples were cut into blocks with a Buehler
Isomet 1000 precision saw (Lake Bluff, IL). Sagittal sections were taken on a Microm
HM 355S microtome using a tungsten carbide blade with a sample thickness of 10
µm. Sections were placed on gelatin-coated slides, and dried for 48 hours at 44 °C
(materials from Fisher Scientific). After drying, the plastic resin was removed from
the slides using a series of 2-methoxyethylacetate (20 minutes, three times), acetone
(5 minutes, two times), and DI H2O (5 minutes, two times). Safranin-O/Fast Green
staining for glycosaminoglycans (GAGs), Alizarin Red staining for calcium
deposition, and von Kossa staining for calcium phosphate was done as described
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elsewhere.174 Slides were then dehydrated in graded ethanol and cleared in xylene for
mounting (materials from Sigma Aldrich).

Histology Scoring
To evaluate results of this pilot study, a simple scoring system (Table 4.2) was
developed to evaluate cartilage and bone regeneration, where points were assigned for
new tissue growth across the diameter of the original defect, and throughout the depth
of the original defect, compared to adjacent tissue. The assignment of histological
scores was aided by evaluating staining intensity for GAGs, calcium ions, and
calcium phosphate to contextualize the maturity of the neo-synthesized tissue.

Statistical Analyses
Statistical analyses between Blank and Gradient-only groups at 6 and 12
weeks for cartilage and bone were performed using a single factor analysis of
variance (ANOVA) in SPSS/PASW 18.0 software (SPSS Incorporated, Chicago, IL),
followed by a Tukey’s Honestly Significant Difference post hoc test when
significance was detected below the p = 0.05 value. All quantitative results were
expressed as the average ± standard deviation.
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RESULTS
Post-surgical Course
At three weeks, one rabbit (with a Blank implant in one knee, and a Gradientonly implant in the contralateral knee) died prematurely. A necropsy later determined
the death was due to gut stasis, which was unrelated to the implant. This brought the
sample number for the six-week rabbits down to n = 3 for Blank and Gradient-only
groups. During histology, a Gradient-only sample for another six-week rabbit was
lost in processing, bringing the sample number for Gradient-only scaffolds at 6 weeks
to n = 2. Table 4.3 lists the final sample number that statistical ratings were based
upon.

Cartilage Histomorphological Evaluation
As indicated by histological staining at 6 weeks, there were small differences
in cartilage regeneration between the experimental groups (Fig. 4.3). The Sham group
exhibited full filling of the articular cartilage and subchondral bone spaces with a
continuous fibrocartilage-like tissue. Animals with Blank treatments demonstrated, on
average, very little regeneration of a cartilage layer, with some polymer still
remaining. In one Blank sample, however, the cartilage layer was thick. Histology
indicated that the Gradient-only groups seemed to perform better than the Blank
treatments with respect to width of defect filling and neo-cartilage depth, but this
difference was not statistically significant (p = 0.22). Gradient treatments with precultured rUCMSCs did not seem to out-perform Gradient-only treatments in the
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context of cartilage formation at 6 weeks (Table 4.3). Both Gradient groups (with and
without cells) also had remaining polymer, albeit a lesser amount than the Blank
group.
By 12 weeks, all experimental groups demonstrated more cartilage
regeneration than at 6 weeks, as indicated by histology (Fig. 4.4). The Sham group
exhibited full thickness cartilage, which closed the diameter of the original defects.
Blank treatments had only a fraction of the closure and thickness that the Sham
treatment did. The Gradient-only group and the Gradient group with pre-cultured
rUCMSCs were almost identical in appearance to the Sham treatment, earning greater
histological scores than the Blank group. Cartilage formation in the Gradient-only
treatment at 12 weeks, however, was not statistically significant compared to Blank
implants (p = 0.33), as indicated by average histological scores. In all groups, there
were no signs of remaining polymer in the cartilage layer after 12 weeks. Respective
histological ratings can be viewed in Table 4.3.

Bone Histomorphological Evaluation
At 6 weeks, bone regeneration in all experimental groups was incomplete
(Fig. 4.3). Sham animals showed bone apposition from the defect perimeter inward,
which was complementary to the fibrocartilage tissue. The Blank group exhibited the
poorest apposition with minimal tissue formation in the microsphere matrix.
Gradient-only animals had slightly more bone apposition than Blank groups from the
bottom and sides of the original defect wall, but the defect centers still were void of
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any mineralization. The extent of bone apposition of Gradient-only samples at 6
weeks was also highly variable, and there was no statistically significant difference
between the Gradient-only and Blank group (p = 0.09) with regards to bone
regeneration. Bone regeneration in the Gradient sample with pre-cultured rUCMSCs
was not easily distinguishable from the Gradient-only group (Table 4.3).
By 12 weeks, Sham-treated animals had complete filling of the defect volume
with extensive mineralization (Fig. 4.4). Blank treatments exhibited much more new
bone formation than they had at 6 weeks, but overall, the healing was inferior to the
Sham treatment. Gradient-only samples had a greater degree of mineralization than
Blank samples, on average, which was found to be statistically significant (p = 0.02).
Subchondral trabeculae in Sham samples, however, appeared much thicker than in
Gradient-only groups. In the Gradient sample with rUCMSCs, the area of
regeneration appeared to be at least equivalent to the Gradient-only group, but overall
mineralization was still inferior to the Sham treatment. Respective histological ratings
can be viewed in Table 4.3.

DISCUSSION
Being the first time this continuously-graded scaffold design has been taken
beyond in vitro evaluation,41 the present study provided great insight to both the
potential and limitations to this microsphere-based gradient scaffolding technique.
As noted, by 12 weeks, the Sham treatment demonstrated extensive tissue
regeneration, marked by full thickness fibrocartilage tissue and dense apposition and
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mineralization of the subchondral bone. Healing in the Sham group at 12 weeks was
preceded by classic fibrocartilage filling of the defect with perimeter-to-center
“funnel-like” apposition and mineralization of the subchondral bone.
At 6 weeks, overall bone regeneration in the two Gradient groups was perhaps
equivalent in volume to the Sham treatment, but with a different pattern. In the
Gradient groups, bone growth and mineralization occurred within the scaffold
architecture, whereas growth in Sham animals progressed inward from the perimeter
of the implants. The pattern of tissue regeneration seen in the Gradient groups
suggested that the bioactive implant may have provided architecture for infiltrating
progenitor cells to attach, and a protein signal to induce differentiation at various
points within the defect, not just around the perimeter. At 12 weeks, however,
regeneration in the Gradient-only group was still inferior to the Sham group, with
narrower subchondral trabeculae. The less dense mineralization in the Gradient-only
group suggested that the polymer presence might have delayed the overall progress of
new bone formation. Despite such a delay in bone healing, differences in cartilage
regeneration between Sham and Gradient groups was almost negligible.
Gradient samples with pre-cultured rUCMSCs appeared to have slightly
accelerated healing compared to Gradient-only samples with regard to bone
regeneration. At 6 weeks, advantages of pre-culturing with rUCMSCs were not
noticeable, but at 12 weeks there were distinct differences in GAG staining and
mineral deposition between the Gradient groups. Specifically, at 12 weeks, the type
of tissue in the bone region of the Gradient-only treatment contained a considerable
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amount of GAG and exhibited only diffuse mineralization near the osteochondral
interface, compared to the rUCMSC-Gradient treatment. Statistically, no definitive
conclusions could be made due to low sample number.
Without bioactive signals, however, bone and cartilage growth appeared to be
inhibited in the earliest stages, as demonstrated by Blank treatments at 6 weeks. By
12 weeks, the scaffold architecture in Blank-treated animals was lost, but the volume
of new bone formation and cartilage thickness was significantly inferior to the Sham
and Gradient-only treatments. Thus, growth factor presence was most likely a crucial
component for modulation of osteoblastic activity by week 12. The differences in
regeneration between the Blank and Sham treatments suggested that polymer
presence served as a great physiological “hurdle” for regeneration.
From the data presented here, there is evidence that gradients in bioactive
signaling may be beneficial for osteochondral tissue regeneration. The potential
benefits of a gradient are supported by our previous in vitro investigation,41 where
there were statistically significant increases in cell number, glycosaminoglycan
content, collagen production, and alkaline phosphatase activity in Gradient scaffolds
compared to Blank scaffolds. Most notably, Gradient scaffolds produced twice as
much collagen as Blank scaffolds41. A caveat, however, does exist with respect to
optimal use of this microparticle-based technology. A primary observation was the
delayed healing of all experimental groups with respect to the Sham surgery. The
reason for slower healing might be related to the molecular weight of the polymer,
which was approximately twice that of the initial in vitro investigation41. We
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speculated that a higher molecular weight would allow for prolonged mechanical
integrity of the defect and extended release of growth factor throughout healing,
catering to a continual influx of progenitor cells from the marrow space. The current
design also utilized a protein loading concentration three times of that used in the first
in vitro investigation41, to counteract growth factor diffusion away from the healing
site with interstitial fluid flow. Indeed, bioactive Gradient groups demonstrated
considerable regenerative capacity compared to Blank groups later times, but overall,
the physical presence of the polymer seemed to delay early bone formation in all
groups. Thus, future investigations should consider a lower molecular weight PLGA
with rabbit osteochondral defects, although a slower degradation time with a higher
molecular weight may be beneficial for larger animals and humans. Lastly, now that
feasibility and potential of the gradient scaffold technology has been demonstrated for
the first time, experimental designs will be expanded in future studies to include
larger sample sizes and additional groups with variations on the gradient design.

CONCLUSION
This investigation utilized a microparticle-based technology that employed
continuous gradients in bioactive signals for simultaneous bone and cartilage
regeneration in the rabbit knee. The key advantage of this design is spatiotemporal
release of growth factors for osteochondral regeneration. As the first pilot in vivo
study using this design, the Gradient design was compared to Blank implants, a Sham
procedure, and a highly experimental group: Gradient implants with pre-seeded
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rUCMSCs. While Gradient groups demonstrated superior bone regeneration at 12
weeks compared to Blank groups, the Sham treatment arguably had the most
complete defect filling. This was believed to be a result of a polymer molecular
weight that did not exhibit a degradation rate commensurate with bone apposition or
cartilage growth in the rabbit knee. The merit of this gradient design, however,
shows potential in that growth factor incorporation does have a positive effect on
osteochondral tissue regeneration, which may be further facilitated by the inclusion of
UCMSCs.
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CHAPTER 5: Osteochondral Interface Regeneration of the Rabbit
Mandibular Condyle with Bioactive Signal Gradients4
ABSTRACT
Tissue engineering solutions focused on the temporomandibular joint (TMJ)
have expanded in number and variety over the past decade to address the treatment of
TMJ disorders. The existing literature on approaches for healing small defects in the
TMJ condylar cartilage and subchondral bone, however, is sparse. The purpose of this
study was thus to evaluate the performance of a novel gradient-based scaffolding
approach to regenerate osteochondral defects in the rabbit mandibular condyle.
Miniature bioactive plugs for regeneration of small mandibular condylar defects in
New Zealand White rabbits were fabricated. The plugs were constructed from
poly(D,L-lactic-co-glycolic acid) (PLGA) microspheres with a gradient transition
between cartilage-promoting and bone-promoting growth factors. At six weeks of
healing, results suggested that the implants provided support for the neo-synthesized
tissue as evidenced by histology and 9.4T magnetic resonance imaging. The inclusion
of bioactive factors in a gradient-based scaffolding design is a promising new
treatment strategy for focal defect repair in the TMJ.

4

In press as Dormer N.H., Busaidy K., Berkland C.J., Detamore M.S., “Osteochondral
interface regeneration of the rabbit mandibular condyle with bioactive signal gradients,” at
Journal of Oral and Maxillofacial Surgery, April 2011.
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INTRODUCTION
As the field of osteochondral tissue engineering advances, it is critical that
researchers consider a wide range of bone and cartilage interfaces. One of the lesserinvestigated osteochondral interfaces is that of the TMJ. Damage to the TMJ disc or
condyle from trauma or arthritic conditions can induce a lifetime of pain and
restricted jaw motion for patients, even in daily activities such as talking, eating, and
yawning. Thus, development of tissue regeneration solutions that either focus on the
disc or condyle have the potential to impact the lives of many. Primary contributions
to the mandibular condyle tissue engineering literature are currently limited to a
handful of investigations with a wide array of materials and regenerative solutions.
Strategies for producing patient-specific condyle-shaped scaffolds based on
computed tomography and/or magnetic resonance images have been developed by
Hollister and colleagues.73 Employing solid free-form fabrication (SFF), the group
has produced cylindrical osteochondral constructs152, 153 and condyle/ramus-shaped
bone constructs.192 In vivo studies in mice demonstrated substantial bone ingrowth
and glycosaminoglycan (GAG) formation.74, 152, 153, 192 Later, a TMJ reconstruction
study was performed using a selective laser sintering (SLS) method to fabricate a
poly(caprolactone) (PCL) condyle/ramus scaffold for implantation into the TMJs of
Yucatan minipigs.162 The condylar heads of the scaffolds were packed with
autologous iliac crest bone marrow. Compared to controls, there was an increase in
regenerated bone volume, and there was evidence of cartilage-like tissue as well at
three months.
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Mao’s group4-6 has utilized poly(ethylene glycol) diacrylate (PEG-DA)
hydrogels with encapsulated marrow-derived mesenchymal stem cells to create
stratified bone and cartilage layers resembling a human condyle. After 12 weeks of
subcutaneous implantation, collagen I and bone-specific proteins were localized in
the osteogenic layer and collagen II and glycosaminoglycans were present in the
chondrogenic layer.6
Our group has taken an entirely different approach, focusing on the relevance
of cell source in vitro. In one series of studies, porcine mandibular condylar cartilage
cells were compared to porcine chondrocytes from ankle cartilage in both
monolayer184 and on three-dimensional (3-D) scaffolds.186 In monolayer, the condylar
cartilage cells experienced a faster growth rate but the hyaline cartilage cells
produced more extracellular matrix. On PGA scaffolds,186 the condylar cartilage cells
were outperformed in matrix synthesis once again, with hyaline cartilage cells
producing more collagen II relative to collagen I. An earlier study demonstrated that
human umbilical cord mesenchymal stromal cells divided also much faster and
produce significantly more matrix than porcine condylar cartilage cells.10 Thus the
possibility of autologous transplantation of cartilage cells may also be a solution for
TMJ tissue engineering.
Beyond the three aforementioned groups, an assortment of different
approaches have been employed, most of which were in vivo studies using histology
and/or imaging to validate engineered constructs.1,

28, 166, 182, 191

A recent

investigation44 even demonstrated that low-intensity pulsed ultrasound (LIPUS) can
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improve the integration of full tissue-engineered mandibular condyles in vitro and in
vivo. Moreover, whether it be full condyle replacement with SFF or hydrogels, or
investigation of promising cellular candidates for scaffold seeding, TMJ tissue
engineering has been a burgeoning field. Approaches focusing on tissue regeneration
in small mandibular defects, however, have seldom been investigated. This is an
important issue, as there might not always be a need for full condyle/ramus tissue
replacement (e.g., for filling a defect after coring out a mandibular osteophyte).
While bone morphogenetic protein (BMP)-2-loaded PLGA has been used as
biomaterial for full condyle replacement in rabbits,175 in the present study,
microsphere-based PLGA scaffolds were used for small TMJ condylar defects, a
method based on previous in vitro reports.41, 159, 160 Bone and cartilage regeneration in
TMJ condyles of New Zealand White rabbits was evaluated using scaffolds with a
continuous transition from cartilage-promoting, (transforming growth factor (TGF)β1-loaded microspheres) to bone-promoting (BMP-2-loaded microspheres) regions.
The induced defect size was approximately 1.0 mm in diameter and 3.0 mm in depth,
the maximum achievable size as to not fracture the condyle and underlying condylar
neck. Regeneration was evaluated at six weeks with magnetic resonance imaging
(MRI) and histological staining. Our goal was to determine whether our continuouslygraded design would facilitate osteochondral defect regeneration in the rabbit
mandibular condyle.

81

MATERIALS AND METHODS
Materials
PLGA (50:50 lactic acid:glycolic acid, acid end group, MW ~40,000 Da) of
intrinsic viscosity (i.v.) 0.33 dL/g was purchased from Lakeshore Biomaterials
(Birmingham, AL). Poly(vinyl alcohol) (PVA; 88% hydrolyzed, 25,000 Da) was
obtained from Polysciences, Inc. (Warrington, PA). TGF-β1 and BMP-2 were
purchased from Peprotech, Inc. (Rocky Hill, NJ). Six adult New Zealand White
rabbits were obtained from Myrtle’s Rabbitry (Thompsons Station, TN).

Preparation of Protein-loaded Microspheres
BMP-2 was reconstituted in 10 mg/mL bovine serum albumin (BSA) in
phosphate buffered saline (PBS) (both from Sigma Aldrich, St. Louis, MO). TGF-β1
was reconstituted in 1 mg/mL BSA in PBS. The reconstituted protein solutions were
individually mixed with PLGA dissolved in dichloromethane (DCM) (20% w/v) at a
loading ratio of 30 ng TGF-β1 or 60 ng BMP-2 per 1.0 mg of PLGA. The final
mixture was then sonicated over ice (50% amplitude, 20 seconds). Using PLGAprotein emulsions, uniform protein-loaded PLGA microspheres were prepared using
technology from our previous reports.15, 41, 159, 160 Briefly, using acoustic excitation
produced by an ultrasonic transducer, regular jet instabilities were created in the
polymer stream that produced uniform polymer droplets. An annular carrier nonsolvent stream (0.5% w/v PVA in DI H2O) surrounding the droplets was produced
using a nozzle coaxial to the needle. The emanated polymer/carrier streams flowed
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into a beaker containing the non-solvent. Incipient polymer droplets were stirred for
3-4 hours to allow solvent evaporation, which were then filtered and rinsed with DI
H2O to remove residual PVA, and stored at -20 °C (Fig. 5.1 A). Blank control
microspheres were prepared in a similar manner, where the protein solution was
replaced with an equivalent volume of BSA solution (1 mg/mL). Microspheres with a
nominal diameter of approximately 70 µm were produced as a result. Following 48
hours of lyophilization, the size distribution of microsphere preparations was
determined using a Coulter Multisizer 3 (Beckman Coulter Inc., Fullerton, CA)
equipped with a 560-µm aperture.

Scaffold Fabrication
Gradient scaffolds were prepared using a technology reported previously.41,
159, 160

Briefly, lyophilized protein-loaded microspheres were dispersed in DI H2O

2.5% w/v, and separately loaded into two syringes. Each construct in total contained
~4 mg of microspheres. The suspensions were pumped into a cylindrical glass mold
(1.0 mm diameter, 3.0 cm in height) in a controlled manner using programmable
syringe pumps (PHD Ultra, Harvard Apparatus, Inc., Holliston, MA). Using a filter
(particle retention > 3 µm) at the bottom of the mold, DI H2O was filtered, while the
microparticles stacked in the mold until a height of 3.0 mm was reached. The profile
for gradient constructs was linear, where the transition region from TGF- β1 to BMP2 constituted the second quarter of the scaffold volume, and the top quarter and
bottom half contained all TGF-β1- or BMP-2-loaded microspheres, respectively (Fig.
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5.1 B). Using an additional infusion syringe pump and a vacuum pump, a constant
level of distilled water was maintained in the mold. The stacked microspheres were
then sintered using a 100% ethanol treatment for 1 hour.160 Each gradient scaffold
contained, in total, approximately 20 ng of TGF-β1 and 66 ng of BMP-2. The molds
(containing the scaffolds) were freeze-dried for 48 hours, then the gradient scaffolds
were retrieved and stored at -20 °C. Blank scaffolds were prepared in a similar
manner. Prior to surgical implantation, scaffolds were sterilized with ethylene oxide
for 12 hours.

Description of Experimental Groups
Three different treatment groups were investigated: (i) Group S: sham
surgeries, in which a defect was made, but no implant was placed, (ii) Group B: blank
scaffolds with no growth factors encapsulated, and (iii) Group G: gradient scaffolds
with a transition between BMP-2- and TGF-β1-loaded microspheres (Fig. 5.1 C, D).
Assignment of treatment groups for each TMJ of each rabbit was randomly
determined at the beginning of the study, so that only the corresponding implant was
thawed at the time of surgery (Table 5.1).

Surgical Procedure
The study received approval from the Animal Welfare Committee of the
University of Texas, Health Science Center at Houston. Following stable general
anesthesia, hair was shaved from area around each TMJ. A Frost stitch was placed to
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secure the eyelids, and the surgical area was disinfected with a Nolvasan surgical
scrub (Chlorhexidine Diacetate). The rabbit was then draped in sterile fashion. Only
strict aseptic techniques and sterile instruments were used. Local anesthetic was
infiltrated into the soft tissues overlying the joint (0.25 ml Lidocaine HCl with
1:100000 epinephrine). The TMJ was surgically exposed using a horizontal incision 1
cm in length, beginning 2 cm posterior to the lateral canthus and extending directly
posteriorly. Sharp and blunt dissection was performed through subcutaneous tissue
and fascia until the lateral aspect of the TMJ capsule was reached. A #15 blade was
used to gain access to the inferior joint space, exposing the head of the condyle. Care
was taken to not scuff the cartilaginous cap on the condyle. Defects were created
using a #701 fissure bur (approximately 1.0 mm diameter, 3.0 mm depth). The defect
was placed in the anterior region of the superior surface of the condyle, the widest
part of the articular surface (Fig. 5.2 A). Defects were then filled by press-fitting one
of two engineered plugs (Fig. 5.2 B), either blank or gradient, into the defect (Groups
B and G). Care was taken during scaffold packaging prior to sterilization to maintain
orientation for implantation. In Group S, no scaffold was placed. The joint was then
washed of debris, and the wound closed in two layers using resorbable sutures.
Following wound closure of the first TMJ, a similar procedure was performed on the
contralateral TMJ according to the pre-assigned treatment group. After both
procedures were finished, rabbits were administered 0.01 mg/kg buprenorphine
subcutaneously and returned to their cages. All rabbits received a regular diet postoperatively, and a 5-day course of Enrofloxacin and Penicillin. Each rabbit’s
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condition was monitored during anesthesia, surgery, and post-op care by appropriate
veterinary staff.

Magnetic Resonance Imaging
At six weeks post-operatively, rabbits were sacrificed and the TMJs and
surrounding tissues were retrieved en bloc. Further dissection was conducted in the
laboratory to isolate the mandibular condyles. The samples were placed in 10%
neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) for at least three days.
After fixation, the condyles were rinsed and mounted in cell culture grade agarose
(Sigma Aldrich) for MRI. T2-weighted imaging over the central 2.0 mm of the TMJ
condylar surface was done in a 9.4 T Varian system. Slices were taken every 400 µm.
After imaging, the samples were rinsed and placed back in 10% neutral buffered
formalin prior to histological processing. MRI scans were qualitatively evaluated
using MRIcron software (Georgia State University/Georgia Tech Center for advanced
Brain Imaging). A representative number of scans were taken from each experimental
group by persons knowledgeable of the treatments, but histological processing and
rating was performed by a blinded team member.

Histological Staining
Samples were rinsed and dehydrated in graded alcohol. Before plastic
embedding, the samples were infiltrated for four days with a solution consisting of 85
v/v% methylmethacrylate, 14 v/v% dibutylphthalate, 1 v/v% poly(ethylene glycol)
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400, and 7 mg/mL benzoyl peroxide (BPO) (all reagents from Sigma Aldrich). The
infiltrate was changed every 24 hours. Following infiltration, condyles were
embedded in 20 mL glass scintillation vials with a solution identical to the infiltrate,
with the exception of using 4 mg/mL BPO and an additional 33 µL of N,N-dimethylp-toluidine (reagents from Sigma). The vials were kept at 4 °C for one week to
polymerize. After polymerization, the glass vials were broken and samples removed.
Following plastic embedding, the samples were cut into blocks with a Buehler
Isomet 1000 precision saw (Lake Bluff, IL). Care was taken to locate the center of the
condyle/ramus (where defects were induced), and sectioning was performed into this
region for 400 µm. Sectioning was done on a Microm HM 355S microtome using a
tungsten carbide blade with a sample thickness of 10 µm, placed on gelatin-coated
slides, and dried for 48 hours at 44 °C (materials from Fisher Scientific). After
drying, plastic resin was removed from the slides using a series of 2methoxyethylacetate (20 minutes, three times), acetone (5 minutes, two times), and
DI H2O (5 minutes, two times). Safranin-O/Fast Green staining for GAGs, Alizarin
Red staining for calcium deposition, and von Kossa staining for calcium phosphate
was done as described elsewhere.7 Slides were then dehydrated in graded alcohol and
cleared in xylene for mounting (materials from Sigma Aldrich).

Sample Scoring
To evaluate results of this pilot study, a simple scoring system (Table 5.2) was
developed to evaluate cartilage and bone regeneration separately, where points were
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assigned for new tissue growth across the diameter of the original defect, and
throughout the depth of the original defect. The assignment of histological scores was
aided by qualitatively evaluating T2 relaxation images and staining intensity for
GAGs, calcium ions, and calcium phosphate. The defect area was rated in comparison
to the adjacent native tissue. Morphological features in histological sections were
matched as closely as possible to MRI images in each sample, as histological sections
could not correspond to the exact location of MRI slices, but only represent the same
region.

Statistical Analyses
Statistical analyses between blank and gradient groups at six weeks were
performed using a single factor analysis of variance (ANOVA) in SPSS/PASW 18.0
software (SPSS Incorporated, Chicago, IL), followed by a Tukey’s Honestly
Significant Difference post hoc test when significance was detected below the p =
0.05 value. All quantitative results were expressed as the mean ± standard deviation.

RESULTS
Post-surgical Course
Post-operatively, none of the rabbits exhibited any adverse events at the
surgical site. All were able to maintain adequate food intake to maintain baseline
weight. One rabbit had transient conjunctivitis that responded to Tobramycin
ophthalmic drops, and one developed a corneal ulcer. Both of these complications
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were related to the liberal use of surgical skin preparation, which managed to get into
the eye. Rabbits with complications are also noted in Table 5.1. All rabbits survived
until being sacrificed.

Cartilage Regeneration
MRI scans indicated distinct differences between treatment groups with
respect to cartilage regeneration (Fig. 5.3). Articular surfaces in sham and blank
treatments were variable, with some samples exhibiting a disorganized fibrocartilage
ingrowth, and others a nearly continuous layer of neo-cartilage tissue. Conversely,
MRI scans of gradient treatments showed consistent regeneration of a smooth
condylar surface. Upon histological staining for GAGs and rating of all samples
however, the variability of healing in blank constructs proved to be wider than
previously indicated in MRI imaging alone. There were no statistically significant
differences in cartilage healing among treatments, but the difference between blank
and gradient groups had the lowest p-value among all statistical comparisons (p =
0.156) (Table 5.3).

Bone Formation
Alizarin Red and von Kossa staining for calcium deposition and calcium
phosphate presence indicated only subtle differences in patterns of mineralization
(Fig. 5.4). While subchondral trabeculae appeared thicker in gradient groups
compared to blank treatments, the apposition did not necessarily reach the underside
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of the cartilage layer in half of the gradient samples. With the histological scoring
system accounting for both apposition depth and breadth, there were no statistically
significant differences in cumulative ratings among groups (Table 5.3). Bony regions
in MRI scans were complimentary to histological staining in all samples.

DISCUSSION
From MRI and GAG staining, it appeared that growth factor incorporation in
the gradient group showed little advantage for total volume of cartilage regeneration
compared to the sham treatment at six weeks. Conversely, the presence of a scaffold
in gradient groups did not negatively inhibit cartilage formation, and the new
cartilage layers in gradient treatments were smoother than in sham samples. This
suggested that having a scaffold might have provided mechanical support for the
defect as new tissue formed. It is also important to note that in human disease states,
where this application is targeted, cartilage tissue would not regenerate
spontaneously. Thus, the physiological relevance of the sham performance might be
limited. In addition, blank treatments had noticeably thinner cartilage layers, which
may have been due to a lack of bioactive stimuli in neo-cartilage synthesis. To verify
the behavior of the gradient implant in disease states, future studies will require the
implant to be tested in an animal model with degenerative joint disease.
Although there were no statistically significant differences in new bone
formation and mineral deposition between groups, the average histological rating was
slightly higher in gradient samples than in blank and sham treatments. As noted, the
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difference in ratings was most likely due to overall thicker trabeculae in gradient
groups, possibly from growth factor incorporation. In addition, the subchondral bone
layers in gradient and blank groups were more uniform across the underside of the
cartilage layer than in sham treatments, another possible testament to the advantages
of having the mechanical support of a scaffolding material. While it could be argued
that a higher BMP-2 concentration in gradient groups might lend to more complete
bone apposition, the variance in gradient samples suggests that BMP-2 presence, in
this particular size defect, may have less of an impact on bone growth than other
factors such as mechanical loading.
From the data presented in the current study, the concept of repairing small
osteochondral mandibular condylar defects with gradients of bioactive signaling has
been proven feasible, although some design variables need to be investigated. The
physical support of a scaffold might have been advantageous in promoting smooth
subchondral bone and articular surfaces. There was also evidence that TGF-β1
inclusion in the scaffold promoted thicker cartilage regeneration. Conversely, with
such small diameter defects, the volume of bone apposition may not be greatly
influenced by BMP-2 incorporation after six weeks of healing. To demonstrate the
benefits of the gradient design in TMJ defects, future studies should include greater
sample numbers in larger animal models for shorter and longer periods of time. In
addition, increased defect sizes in larger animals would more accurately simulate
physiological conditions in humans. Lastly, while there have been a myriad of
stratified (layered) osteochondral tissue engineering solutions,39 this approach used a
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continuous gradient to transition between cartilage- and bone-regenerating regions.
The relevance of a gradient, versus a flat transition between growth factors, should
also be addressed in future in vivo studies.

CONCLUSION
Studies to date for mandibular condyle tissue engineering have demonstrated
the ability to apply different strategies to create shape-specific scaffolds, have
explored different cell sources, and have looked at various bioactive signaling
strategies. This study, for the first time, investigated small osteochondral defects in
rabbit mandibular condyles that were treated with microsphere-based scaffolds with a
gradient of bioactive signaling. In addition to establishing feasibility, the results
suggest that there may be distinct advantages to the gradient design, such as more
uniform neo-tissue synthesis than in unfilled defects, and thicker cartilage layers than
were achieved in scaffolds devoid of growth factors. The current study focused on a
small defect based on the constraints of the dimensions of the rabbit condyle,
although we emphasize that the technology is highly versatile, with the scaffold being
tailored in its dimensions and gradient profile to larger defects in larger animals and
humans. Moreover, we have demonstrated the ability to create shape-specific
scaffolds with our microsphere-based approach,161 and thus the approach from the
current study may hold promise in evolving from defect regeneration to replacement
of the entire osteochondral mandibular condyle.
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CHAPTER 6: Osteogenic Differentiation of Human Bone Marrow
Stromal Cells on Hydroxyapatite-Loaded Microsphere-Based
Scaffolds5
ABSTRACT
Calcium-based minerals have consistently been shown to stimulate
osteoblastic behavior in vitro and in vivo. Thus, use of such minerals in biomaterial
applications has become an effective method to enhance bone tissue engineered
constructs. In the present study, for the first time, human bone marrow stromal cells
(hBMSCs) were osteogenically differentiated on scaffolds consisting only of
hydroxyapatite

(HAp)-loaded

poly(D,L-lactic

acid-co-glycolic

acid)

(PLGA)

microspheres of high monodispersity. Scaffold formulations included 0, 5, 10, and 20
wt% HAp and the hBMSCs were cultured for 6 weeks. Results demonstrated
suppression of some osteogenic genes during differentiation in HAp groups, but
higher end-point glycosaminoglycan and collagen content in 10 and 20% HAp
samples,

which

was

evidenced

by

biochemical

tests,

histology,

and

immunohistochemistry. Mechanical testing of the constructs also revealed that
formulations with 10 and 20% HAp had higher moduli after conclusion of the culture
period. The results of this study indicate that HAp inclusion in the microsphere-based
scaffolds could be implemented as a physical gradient in combination with bioactive
signal gradients seen in previous iterations of these microsphere-based scaffolds.
5

Under review as Dormer N.H., Qiu S., Allen N.D., Lydick A.M., Mohan N., Berkland C.J.,
Detamore M.S., “Osteogenic differentiation of human bone marrow stromal cells on hydroxyapatiteloaded microsphere-based scaffolds” at Tissue Engineering – Part A, April 2011.
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INTRODUCTION
Osteochondral tissue engineering, the field of tissue engineering focusing on
regenerative solutions for both bone and cartilage, has provided myriads of potential
designs and unique applications.27, 62, 77, 78, 103, 123, 124, 126 Many osteochondral tissue
engineering studies utilize three-dimensional (3-D) structures made not only of
biocompatible materials, but also of materials that are naturally occurring in the
tissues they aim to mimic and regenerate.
For bone tissue engineering, approaches have involved the incorporation of
calcium-based minerals such as tri-calcium phosphate (TCP)2,
hydroxyapatite (HAp).2,

30, 109, 155

30, 46, 60

and

The osteoblastic response to HAp is well

documented and has been shown to enhance implant integration in vivo.2

35, 79, 100

With regard to osteochondral designs, mineral additives are typically isolated to the
bone-like side of 3-D scaffolds, yielding stratified or continuously-graded designs.
Stratified designs exhibit a sharp physical transition between bone-like and cartilagelike regions, whereas continuous gradients employ a smooth transition between
scaffolding layers.91, 107, 114, 137, 154
While microspheres have been used in tissue engineering for stratified
designs,64, 164 the use of continuously-graded microsphere-based scaffolds are still
sparse.41,

189

The combination of continuously-graded microsphere-only scaffolds

with mineral incorporation, thereby providing a continuous gradient in macroscopic
material composition, has previously been demonstrated as a method,159 however the
long-term response of cells in this environment was not investigated. To address
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osteoblastic cell response, the most logical step is to evaluate the 3-D performance of
homogenous microsphere-based scaffolds with mineral incorporation before using a
continuously-graded design, which leads to the current study.
The current study, for the first time, utilized a precision particle fabrication
technology15,

159,

160

to make poly(D,L-lactic acid-co-glycolic acid) (PLGA)

microspheres loaded with HAp nanoparticles. The microspheres were used to
construct 3-D scaffolds with various HAp contents on which human bone marrow
stromal cells (hBMSCs) were osteogenically differentiated for 6 weeks. The objective
was to determine how HAp incorporation might affect osteogenesis in terms of gene
expression, biochemical activity, tissue synthesis, and mechanical integrity. The
results have implications on how best to utilize HAp in combination with a previously
reported continuously-graded design using a controlled-release of growth factors.41

MATERIALS AND METHODS
Preparation of HAp-loaded Microspheres
HAp (Sigma Aldrich, St. Louis, MO) was mixed with PLGA (50:50 lactic
acid : glycolic acid, acid end group, MW ~38,000 Da, Lakeshore Biomaterials,
Birmingham, AL) dissolved in dichloromethane (DCM) so the total solids content
was 20 w/v%. The final mixture was then sonicated (50% amplitude, 30 seconds).
Using continuously-stirred PLGA-HAp emulsions, uniform HAp-loaded PLGA
microspheres with a nominal diameter of ~240 µm were prepared using technology
from our recent reports.15,

160

Briefly, using acoustic excitation produced by an
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ultrasonic transducer, regular jet instabilities were created in the polymer stream that
produced uniform polymer droplets. An annular carrier non-solvent stream of 0.5%
w/v poly (vinyl alcohol) (PVA, 88% hydrolyzed, 25,000 Da, Polysciences, Inc.,
Warrington, PA) in DI H2O surrounding the droplets was produced using a nozzle
coaxial to the needle. The emanated polymer/HAp/carrier streams flowed into a
beaker containing the non-solvent at 0.5% w/v with an additional 1.25% w/v pluronic
F-127 (Sigma Aldrich) in DI H2O to prevent aggregation of the particles. Incipient
polymer droplets were stirred for 3-4 hours to allow solvent evaporation, which were
then filtered and rinsed with DI H2O to remove residual PVA, and stored at -20 °C
(Fig. 6.1 A). Blank control microspheres were prepared in a similar manner with only
PLGA. Following 48 hours of lyophilization, the size distribution of microsphere
preparations was determined using a Coulter Multisizer 3 (Beckman Coulter Inc.,
Fullerton, CA) equipped with a 560-µm aperture

Scaffold Fabrication
Scaffolds were prepared using our recently reported technology.41, 160 Briefly,
lyophilized HAp-loaded microspheres were loaded into a cylindrical mold (3.4 mm
diameter, 3.0 cm in height). Using a filter (particle retention > 3 µm) at the bottom of
the mold, DI H2O was pushed through the mold to wet the microsphere stacks, which
measured ~2.5 mm in height (Fig. 6.1 B). The stacked microspheres were then
sintered using a 5% v/v acetone in ethanol treatment for 1 hour.160 The molds
(containing the scaffolds) were freeze-dried for 48 hours, and then were retrieved and
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stored at -20 °C. Blank scaffolds with no HAp were prepared in a similar manner.
Four experimental scaffold groups were investigated, with varying weight fractions of
HAp in PLGA: 0, 5, 10, and 20 wt% HAp (Fig. 6.1 C).

Cell Expansion and Seeding
hBMSCs from three different donors at P1, (i.e., plated once) were purchased
from StemCell Technologies (Vancouver, Canada). The donors were a 31-year-old
Caucasian female, a 38-year-old Korean male, and a 52-year-old Caucasian female.
Frozen hBMSCs were thawed, plated at a density of 4,000 cells/cm2 and cultured.
The culture medium for hBMSCs consisted of Dulbecco’s Modified Eagle medium
(DMEM; low glucose), 1% penicillin–streptomycin (P/S), and 10% fetal bovine
serum (FBS certified, cat # 16000-036) (all from Invitrogen Life Technologies,
Carlsbad, CA). When 80-90% confluent, the cells were trypsinized and re-plated at
4,000 cells/cm2. Seeding was performed when cells reached P4. Scaffolds (diameter
3.2 mm, height 2.5 mm) were sterilized using ethylene oxide for 12 hours, allowed to
ventilate overnight after sterilization, and placed in a 24 well plate. Cells (P4) were
re-suspended in medium at a concentration of ~22 × 106 cells/mL. Next, 10 µL (~50%
of the scaffold volume, approximately corresponding to the pore volume160) of cell
solution was placed directly onto the top of the scaffold, which infiltrated the scaffold
via capillary action. Cells were allowed to attach to the scaffolds for 1 hour. Then, 1.5
mL of culture medium was added and the scaffolds were cultured statically for 24
hours. After the initial 24 hours (denoted as “Week 0”), the culture medium was
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completely replaced with 1.5 mL osteogenic medium, consisting of DMEM (low
glucose), 1% P/S, 50 µg/mL L-ascorbic acid (Sigma Aldrich), 10 mM βglycerophosphate (disodium salt, pentahydrate; Calbiochem, San Diego, CA), and
100 nM dexamethasone (Sigma Aldrich). Every 48 hours for six weeks, two thirds of
the culture medium was replaced with fresh osteogenic medium.

Quantitative Polymerase Chain Reaction
In preparation for RT-PCR, samples (n = 4) at 0, 1, 2, 3, and 6 weeks were
first homogenized in 1 mL Trizol reagent (Invitrogen) and the RNA was isolated
according to the manufacturer’s guidelines. Isolated RNA was cleaned with an
RNeasy spin column method (Qiagen, Valencia, CA) and converted to cDNA using a
TaqMan High Capacity kit (Applied Biosystems, Foster City, CA) in a BioRad
ThermoCycler. TaqMan Gene expression assays from Applied Biosystems for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905_m1), bone
gamma-carboxyglutamate protein (BGLAP, osteocalcin, Hs01587813_g1), collagen
type

I

(COL1A1,

Hs00164004_m1),

integrin-binding

sialoprotein

(IBSP,

Hs00173720_m1), runt-related transcription factor 2 (RUNX2, Hs00231692_m1),
and secreted phosphoprotein 1 (SPP1, osteopontin, Hs00959010_m1) were run in an
Applied Biosystems 7500 Fast Real-time PCR System. A 2−ΔΔCt method was used to
evaluate the relative level of expression for each target gene.113 For quantification, the
Blank constructs were designated as a calibrator group, and GAPDH expression as an
endogenous control.
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Biochemical Analyses
Constructs (n = 4) were analyzed for matrix production using biochemical
assays at 0, 1, 2, 3, and 6 weeks. First, a digestion solution consisting of 125 µg/mL
papain

(from

papaya

latex),

5

mM

N-acetyl

cysteine,

5

mM

ethylenediaminetetraacetic acid (EDTA), and 100 mM potassium phosphate buffer
(20 mM monobasic potassium phosphate, 79 mM dibasic potassium phosphate in DI
H2O) in DI H2O was mixed (all reagents from Sigma Aldrich). Constructs were
removed from culture in a sterile manner, placed in microcentrifuge tubes,
homogenized with the papain solution, and allowed to digest overnight in a 60 °C
water bath. The digested scaffolds were then centrifuged at 10,000 rpm for 5 minutes
to pellet fragments of polymer and other impurities, and stored at -20 °C. Later, the
supernatant was used to determine DNA, glycosaminoglycan (GAG), and
hydroxyproline (HYP) content. DNA content was quantified using the Picogreen
assay (Molecular Probes, Eugene, OR) according to the manufacturer’s instructions.
A conversion factor of 8.5 pg/cell, based on earlier preliminary studies, may be used
to convert DNA content to cell number. GAG content was measured using a
dimethylmethylene blue (DMMB) assay as recommended by the vendor (Biocolor,
Newtownabbey, Northern Ireland). Alkaline phosphatase (ALP) activity was inferred
by determining liberated p-nitrophenol (p-NITRO) rate (concentration/µg DNA/min),
as described elsewhere.22 Net HYP content was assessed using a modified HYP
assay42 as described in our previous publications.188 A conversion factor of 11.5 can
be used to convert HYP mass to collagen mass based on our preliminary studies. In
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the cases of GAG and HYP content, results for normalized (to DNA) content was
analyzed.

Histological and Immunohistochemical Staining
At 6 weeks, samples (n = 2) were fixed in 10% neutral-buffered formalin
(NBF) before equilibrating in optimal cutting temperature embedding medium (OCT,
Tissue-Tek) overnight at 37 °C. The samples were then frozen at -20 °C, sectioned at
14 µm perpendicular to the longitudinal axis of the construct, and collected on
SuperFrost Plus slides (all materials from Fisher Scientific, Pittsburgh, PA). Alizarin
Red staining for calcium deposition and von Kossa staining for calcium phosphate
was done as described elsewhere.7 Masson’s trichrome was performed according to
the manufacturer’s instructions (all stains from Sigma Aldrich). Collagen I
immunohistochemistry (IHC) was performed with a Vectastain Elite ABC kit and a
VIP visualization reagent (Vector Laboratories, Burlingame, CA) as recommended by
the supplier. Primary antibody for collagen type I was purchased through Accurate
Chemical (Westbury, NY). Slides were then dehydrated in graded alcohol and cleared
in xylene for mounting (solutions from Sigma Aldrich).

Mechanical Testing
Mechanical characterization of the constructs (n = 3 - 4) was performed using
a uniaxial testing apparatus (Instron Model 5848, Canton, MA, 50 N load cell) under
unconfined compression. Tare-loaded (0.05 N) constructs were compressed to 70%
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strain at a rate of 10% per minute under. Testing was done on dry scaffolds without
cells, and in PBS (138 mM sodium chloride, 2.7 mM potassium chloride) at 37 ºC
after 6 weeks of culture. The modulus was calculated from the initial linear region of
the stress-strain curves as previously described,159, 160 prior to any non-linear behavior
or scaffold failure. The modulus was defined as the change in stress, divided by the
change in strain within this region, which was obtained by a linear regression of this
region (typically 2 - 20% strain).

Statistical Analyses
Statistical analyses were performed using a single factor analysis of variance
(ANOVA) in PASW 18.0 software (SPSS Incorporated, Chicago, IL), followed by a
Tukey’s Honestly Significant Difference post hoc test when significance was detected
below the p = 0.05 value. All quantitative results (numerical values and representative
diagrams) are expressed as the average ± standard deviation.

RESULTS
BGLAP Expression
Relative expression of BGLAP (Fig. 6.2) in HAp-loaded constructs did not
change during the culture period. BGLAP expression of control (0% HAp) constructs
was higher than 5 (p < 0.05) and 20% HAp (p < 0.05) constructs at week 0, and
higher than 10 (p < 0.005) and 20% HAp (p < 0.005) constructs at week 6. BGLAP
expression in control samples dropped between weeks 0 and 1 (p < 5 x 10-5), raised
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between weeks 1 and 2 (p < 0.001), and decreased between weeks 2 and 3 (p < 5 x
10-4).

COL1A1 Expression
COL1A1 expression (Fig. 6.3) in control (0% HAp) constructs exhibited a
decrease at week 1 (p < 5 x 10-5), but a subsequent increase at weeks 2 (p < 1 x 10-4)
and 6 (p < 5 x 10-4). COL1A1 expression in 5% HAp constructs remained unchanged
throughout culture, and was less than the control at week 6 (p < 1 x 10-11). In 20%
HAp constructs, COL1A1 expression was suppressed (on average, about 5 times less
than the control) during the entire culture period (p < 5 x 10-4). Although COL1A1
expression in 10% HAp constructs was suppressed at week 0 (p < 5 x 10-5),
expression increased at week 2 (p < 1 x 10-5) to 3 times the week 0 value, then
exhibited a 50% decrease the following week (p < 5 x 10-5).

IBSP Expression
There were no changes in IBSP expression (Fig. 6.4) until week 6, when the
control (0% HAp) constructs exhibited an expression that was 50 times the value at
week 0 (p < 1 x 10-11). At week 6, the IBSP expression of all HAp-containing
constructs was less than the control (p < 1 x 10-10).
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RUNX2 Expression
Increases in RUNX2 expression (Fig. 6.5) did not occur in any group until
week 2 (p < 0.005). After week 2, RUNX2 expression in 5% HAp constructs
continued to be higher than the week 0 value (p < 0.005). At week 2, RUNX2
expression in 10 and 20% HAp constructs was also greater than week 1 (p < 0.001).
After peaking at week 2, RUNX2 expression in 10 and 20% HAp constructs
decreased by 50% at week 3 (p < 0.05).

SPP1 Expression
There were no statistically significant changes in SPP1 expression (Fig. 6.6)
during the culture period in any group, except in 10% HAp constructs, where
expression increased to 2.5 times the control at week 1 (p < 0.05).

DNA Content
The initial cell seeding efficiency was approximately 59.3 ± 4.5%, with an
average cell density of 6.2 ± 0.5 million cells/mL of scaffold among all groups at
week 0 (Fig. 6.7). After week 0, all groups exhibited lower DNA content throughout
culture (p < 5 x10-4). Weekly decreases in DNA content were uniform between
groups, and were statistically significant at weeks 1 (p < 5 x10-4) and 2 (p < 0.05).
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ALP Activity
Constructs with 5 and 20% HAp peaked in ALP activity (Fig. 6.8) at week 1
(p < 0.005), and continued to have activity greater than the week 0 value through
week 3 (p < 0.05). The ALP activity of 20% HAp constructs at week 1 was greater
than the control (p < 0.05). Constructs with 0 and 10% HAp peaked in ALP activity
at week 3 compared to week 0 (p < 5 x10-7) and the previous week (p < 0.005), after
which the ALP activity of 10% HAp constructs exhibited a decrease by week 6 (p < 5
x10-7), which was lower than the control (p < 0.01). The ALP activity of 0% HAp
constructs was did not differ significantly at week 6 from week 3.

GAG Production
An increase in GAG/DNA production (Fig. 6.9 A) from the week 0 value was
evident in 0% HAp constructs as early as week 2 (p < 0.02). Constructs with HAp
generally did not exhibit overall increases in GAG/DNA production until week 6 (p <
5 x10-4). At week 6, GAG/DNA production in HAp constructs was also greater than
week 3 (p < 0.05). Constructs with 10 and 20% HAp, however, had GAG/DNA levels
3 times greater than the control at week 6 (p < 1x 10-11). With regard to total GAG
content (Fig. 6.9 B), there was an increase in the 20% HAp group at week 2 (p <
0.05), compared to the week 0 and week 1 values, and then a decrease the following
week (p < 0.001), with no other statistically significant differences.
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HYP Content
There were no increases in HYP/DNA content (Fig. 6.10 A) until week 6. At
week 6, only constructs with 10 and 20% HAp were found to have increased
HYP/DNA content relative to the week 0 value (p < 0.005). The HYP/DNA content
for 10% HAp samples at week 6 was 4 times greater than the control (p < 0.05).
There were no statistically significant changes in net HYP content throughout culture
(Fig. 6.10 B).

Histological and Immunohistochemical Staining
Visual inspection of histological samples showed that construct sizes varied
considerably after the culture period (Fig. 6.11). All constructs exhibited a decrease in
diameter, with the 10% HAp constructs being around 2.5 mm in diameter. Both 5 and
20% HAp constructs had a diameter of approximately 2.0 mm, with 0% HAp
constructs shrinking to a mere 1.0 mm in diameter. The original cylindrical shape was
preserved much more uniformly in HAp-containing samples.
Alizarin red staining for calcium ions in control samples revealed uniform
deposition throughout the construct, however, staining was much more intense in
HAp-loaded constructs. Samples with 5% HAp contained a high density of
interconnected calcium nodules, whereas these nodules were sparse in 10 and 20%
HAp-loaded constructs. The intensity of staining was darkest in the 20% HAp group.
Von Kossa staining for calcium phosphate revealed trends commensurate with
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Alizarin Red, with light staining in the control constructs, and a nodular morphology
in HAp-containing samples.
Masson’s trichrome also revealed a very faint collagen (blue) and GAG
(orange-red) network, which outlined the mineral nodules. Cell distribution (dark
blue-black) was higher around mineral nodules as well. Collagen staining was most
intense in 0% HAp samples, however the area of staining was much larger in 10 and
20% HAp constructs. In the control and 5% HAp samples, the GAG network was
more localized to the perimeter of the cylindrical constructs. IHC for collagen I
revealed only slight differences in staining intensity from the negative control for 0
and 5% HAp constructs. The presence of collagen I in samples with 10 and 20% HAp
was more apparent.

Mechanical Testing
Dry scaffolds with 0% HAp exhibited an average modulus of 12.0 ± 4.3 MPa,
whereas dry scaffolds with 5, 10, and 20% HAp had significantly lower average
moduli of 0.8 ± 0.8 (p < 5 x 10-4), 3.6 ± 2.1 (p < 0.005), and 2.4 ± 1.6 MPa (p <
0.001), respectively (Fig. 6.12). Dry scaffolds with HAp generally exhibited brittlelike failure before 10% strain (Fig. 6.13). After 6 weeks of culture, constructs with 0
and 5% HAp had average moduli of 0.7 ± 0.2 and 1.5 ± 0.9 kPa, respectively, which
were not found to be significantly different from one another. Constructs with 10 and
20% HAp had average moduli of 17.6 ± 4.6 (p < 0.005) and 18.9 ± 8.1 kPa (p <
0.005), respectively, at week 6 (Fig. 6.12). The shape of the stress-strain curve was
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very different between dry scaffolds and cultured constructs. Dry scaffolds exhibited
stress-strain profiles that were linear up until failure, whereas the stress-strain curve
for cultured constructs had a concave-upward slope.

DISCUSSION
The current study utilized precision particle fabrication technology to make
PLGA microspheres loaded with nanoparticles HAp. This was the first study to
evaluate the genetic and biochemical response of hBMSCs to HAp during osteogenic
differentiation for this particular microparticle-based scaffold technology.
Expression of BGLAP and COL1A1 in HAp samples was largely suppressed
throughout culture relative to the control (blank PLGA) samples. Alternatively,
BGLAP and COL1A1 in control samples (PLGA without HAp) had fluctuating
expression, with peaks at 0, 2, and 6 weeks. If the fluctuating expression of BGLAP
and COL1A1 in control samples were representative of a cyclic process of osteoblast
matrix and mineral production, it could be inferred that HAp presence inhibited
expression of BGLAP and COL1A1 by creating a substrate environment that was
already high in mineral content. In the case of IBSP, inclusion of HAp significantly
inhibited gene expression in a dose-independent manner. The considerable difference
in expression between the control and experimental samples at later times may
suggest that HAp presence on the substrate surface was a strong indicator of IBSP
activity during osteogenesis. The largely unchanging expression of SPP1 in most of
the experimental groups lends little to the conclusions in this study, except that HAp
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inclusion might not have had any effect on the gene expression of this terminal-phase
protein. Overall, there was an abundance of gene expression evidence indicating
differentiation down an osteogenic lineage occurred more traditionally within the
control group. Gene expression of cells in HAp-loaded constructs, however,
suggested that the gene response was altered in many ways due to the mineral
presence. Of course, gene expression is only a small facet of a much larger outcome,
including biochemical synthesis, matrix production, and eventually, actual
performance in vivo.
Despite some indications that gene expression might have been adversely
affected by HAp presence, biochemical synthesis demonstrated a protein-level
cellular response that may support the inclusion of HAp. Endpoint matrix production
per cell was significantly higher compared to the control in constructs with HAp.
Groups with 10 and 20% HAp delayed observed GAG per cell (GAG/DNA) increases
until 6 weeks. This increase, however, was almost 3 times higher than the control at 6
weeks. Similar behavior was seen with HYP production, where 10 and 20% HAp
samples had, on average, approximately 4 times the amount of collagen per cell
(HYP/DNA) as the control at 6 weeks. ALP activity (P-NITRO liberation) for all
HAp groups also increased during culture relative to the week 0 value. With the
prescribed medium conditions in this study, it was shown that ALP activity peaked
during the pre-osteoblast stage of differentiation.81
All constructs possessed a mineral matrix of calcium and calcium phosphate
(demonstrated by Alizarin Red and von Kossa), with HAp groups exhibiting the most
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intense staining. It should be noted that these constructs were expected to stain
positive for mineral, as HAp is the primary mineral component in mature bone.142
Masson’s trichrome and collagen I IHC further contextualized the mineral stains,
gene expression, and biochemical synthesis. With regard to trichrome staining, all
groups showed evidence of collagen production, with a greater density of GAGs with
increasing HAp content. IHC also demonstrated that collagen I density increased with
HAp concentration, with the most intense staining in 20% HAp constructs. Using the
factor of 11.5 to convert HYP mass to collagen mass, the biochemical data supported
the notion that collagen mass was at least 2 times greater than GAG mass. Despite
suppressed gene expression of COL1A1 in HAp groups during the sampled time
points, 10 and 20% HAp constructs did a produce a modest collagenous matrix by the
conclusion of the 6-week culture period.
Mechanical testing was performed on dry scaffolds after fabrication and on
mature constructs following 6 weeks of culture. Unconfined compression revealed
that the modulus of the control group in dry scaffolds was at least 3 times larger than
any HAp group. Intuitively, one might be inclined to project that HAp nanoparticle
incorporation might increase the modulus proportionally to mineral content. The
phenomenon of a lower modulus in composite scaffolds, however, has been observed
in a previous investigation with the microparticle design, which utilized CaCO3 and
TiO2.159 An explanation for the modulus paradox may relate to poor polymer healing
at microsphere sintering junctions. In this instance, polymer healing would refer to
adequate diffusion by reptation of the polymer chains such that after drying, the
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sintered junction exhibits the same morphological and mechanical properties as the
bulk microspheres. Thus, there would be a reduced area of contact for polymerpolymer interdiffusion. In addition, inadequate interfacial adhesion50 of the dispersed
phase (HAp) with the bulk phase (PLGA), might have also contributed to more
compliant composite scaffolds. Increasing intermolecular interaction between the
dispersed and bulk phases might lend to scaffold properties that are additive, rather
than deleterious. After 6 weeks of culture, however, the modulus of 10 and 20% HAp
scaffolds were superior to the control. A single reason for this result is difficult to
discern without further targeted investigation, but biochemical analysis, histology,
and immunohistochemistry indicated a more dense mineral, collagen, and GAG
network in HAp samples, which may provide a structural insight into observed
mechanical integrity. Lastly, because the 6 week moduli were not directly
proportional to HAp content, there may be support for the notion that having a
minimum of 10% HAp created a synergistic effect between moderating breakdown
and creating a denser collagenous network. Overall, 10 and 20% HAp constructs
exhibited the most favorable mechanical integrity after 6 weeks. It is worthy to note,
however, that the mechanical properties of dry and cultured scaffolds cannot be
compared directly, as the dry and cultured scaffolds had very different material
content and morphology and were tested under different conditions.
Lastly, with regard to cell number (DNA content), the initial cell seeding
efficiency was at best ~65%, with an average cell population density of ~7 million
cells/mL of scaffold at week 0. The initial cell density and seeding efficiency in the
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current study was very similar to a previous in vitro investigation utilizing PLGA
microparticle-based scaffolds without HAp. In the previous in vitro study,41 cell
populations increased over the course of 6 weeks, to an average of 3 times the initial
value. In the current study, however, statistically significant decreases in cell number
were found uniformly in all groups up through week 2. Because the decrease in cell
numbers was uniform among groups, there is support for the notion that the decrease
may have been due to micro-environmental factors independent of HAp presence,
such as cell density. The main difference between the current study and the previous
in vitro investigation was the height-to-width ratio of the scaffolds. For the current
study, this value was 0.78, whereas in the previous report it was 0.57. Thus, the
penetrable distance along the longitudinal axis of the scaffold in the current study was
greater, and cellular travel into the center may have been impeded. Histological
sections taken perpendicular to the longitudinal axis, however, did not indicate a
heterogeneous cellular infiltration pattern.
Additionally, even though there have been many other tissue engineering
studies evaluating and supporting the inclusion of HAp to enhance osteogenesis,
some investigations have provided evidence that there may be HAp-to-cell
concentrations,92, 108, 112 or types of HAp (sintered versus non-sintered HAp,122 past
which there are no dose-dependent advantages to cell growth/viability, gene
expression, or biochemical synthesis, concepts that were not explicitly addressed in
the current study. Moreover, surface functionalization with arginine-glycine-aspartic
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acid (RGD) residues14, 67, 68, 84, 94 of the microspheres in the future may lend to greater
retention of initial cell number.

CONCLUSION
The present study evaluated the osteogenic differentiation of hBMSCs on
HAp-loaded microsphere-based PLGA scaffolds in vitro. Although gene expression
revealed that HAp inclusion could have both suppressive and supportive roles in
osteogenesis of hBMSCs, actual protein production relevant to bone matrix synthesis,
such as GAGs and collagen type I, was more favorable with higher concentrations of
HAp. In addition, histological and immunohistochemical characterization revealed
bone-relevant tissue synthesis and the maintenance of a mineral network consisting of
calcium and calcium phosphate. After 6 weeks of culture, the mechanical integrity of
constructs with larger percentages of HAp demonstrated higher moduli than the
control, with shape and size retention. The major finding was that cells sensed and
responded to micro-encapsulated, HAp nanoparticles, as evidenced by gene
expression, histology and biochemical content; and that scaffold morphology was
affected, as evidenced by mechanical integrity and scaffold dimensions. Only further
experimentation will reveal whether HAp inclusion in polymeric microsphere-based
scaffolds provides significant advantages for in vivo applications. With the evidence
presented, it is reasonable to conclude that HAp addition to microparticle-based
scaffolds could easily be utilized in a gradient-based design,41, 160 where HAp or other
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calcium-based minerals might enhance the end-point biochemical and mechanical
performance of the bone-like region of 3-D tissue-engineered constructs.
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CHAPTER 7: Bioactivity and Release of BMP-2 and TGF-β3 from
PLGA Microspheres Following Exposure to EtO, EtOH, and
Subcritical CO26
ABSTRACT
Macromolecule

release

from

poly(D,L-lactide-co-glycolide)

(PLGA)

microspheres has been well-characterized, and is a popular approach for delivering
bioactive signals from tissue-engineered scaffolds. However, the effect of some
processing solvents, sterilization, and mineral incorporation (when used in concert)
on long-term release and bioactivity has seldom been addressed. Understanding these
effects are of significant importance for microsphere-based scaffolds, given that
growth factor activity following sintering and/or sterilization is heretofore unknown.
The current study evaluated the six-week release of transforming growth factor
(TGF)-β3

and

bone

morphogenetic

protein

(BMP)-2

from

PLGA

and

PLGA/hydroxyapatite (HAp) microparticles following exposure to ethanol (EtOH),
subcritical carbon dioxide (CO2), or ethylene oxide (EtO). Release supernatants were
then used in an accelerated cell stimulation study with human bone marrow stromal
cells (hBMSCs) with monitoring of gene expression for major chondrogenic and
osteogenic markers. Results indicated that in microspheres without HAp, EtOH
exposure led to the greatest amount of delivery, whilst those treated with CO2
delivered the least growth factor. In contrast, formulations with HAp released

6

In preparation as Dormer N.H., Berkland C.J., Detamore M.S. “Bioactivity and controlled release of
BMP-2 and TGF-β3 from PLGA microspheres following exposure to EtO, EtOH, and CO2,” for
Journal of Controlled Release, April 2011.
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minimal amounts of protein, regardless of EtOH or CO2 exposure. Notably, EtO
exposure was not found to significantly affect the amount of protein released. Cell
stimulation studies demonstrated that eluted protein samples performed similarly to
positive controls in PLGA-only formulations, and ambiguously in PLGA/HAp
composites. In conclusion, the use of EtOH, subcritical CO2, and EtO in microspherebased scaffolds may have only limited adverse effects, and possibly even desirable
effects in some cases, on protein availability and bioactivity.

INTRODUCTION
In many tissue engineering applications, a considerable fraction of
regenerative efficacy originates from physicochemical signals embedded within a
scaffold formulation. These signals can be natural or material-based such as
collagens, minerals, synthetic substrates, or small molecules.39, 158 Some applications,
however, utilize the release of bioactive factors, such as macromolecules. Vascular
endothelial growth factors (VEGFs),29,

83

glial-derived neurotrophic factors

(GDNFs),9, 53, 102 insulin-like growth factors (IGFs),45, 82, 166 BMPs,48, 86, 135, 138, 181 and
TGFs82, 116, 130, 139, 166 have become increasingly popular in tissue engineering, as these
stimulate angiogenesis, promote neural growth, increase biochemical production, and
initiate stem cell differentiation into bone and cartilage, respectively. Thus, ample
effort is placed on the determination of techniques to load and deliver said molecules
the site of action.
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Popular delivery vehicles for macromolecules are PLGA nano- or
microparticles, which can be created by a number of methods.80 These particles can
be embedded within fibrous matrices, hydrogels, or collagen networks.105, 120 Some
applications, however, create scaffolds constructed solely of the microspheres alone.
Microsphere-based scaffolds have been the focus of our technology that sinters
microspheres together using EtOH40, 41, 159, 160 or subcritical CO2.161 The scaffolds can
be made into custom sizes and shapes161 or exhibit mineral incorporation.159 The most
complex variation of this microsphere-based scaffold design utilized two types of
microspheres (loaded with either TGF-β1 or BMP-2) oriented in an opposing
continuous-gradient fashion.40,

41

The regions provided regenerative signals for

cartilage and bone growth in a single seamless 3-D design.
Biochemical and histological results from in vitro41 and in vivo40 studies
utilizing the dual-gradient design have been supportive, but there remain many
questions about protein delivery and bioactivity after being subjected to processing
conditions such as EtOH, CO2, or EtO. These particular treatments are of particular
importance because both EtOH and CO2 are used to sinter microspheres together into
a shape-specific scaffold, and EtO is used to sterilize the scaffolds. In addition, the
effect

of

mineral

inclusion,

which

is

intended

to

facilitate

osteo-

induction/conduction,2, 8, 30, 35, 100, 109, 155 on protein delivery characteristics is largely
unknown. Thus, an investigation on the overall effect of scaffold fabrication
procedures on cartilage- and bone-promoting growth factor delivery and bioactivity is
a critical step in refining the microsphere-based scaffold design. With such
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knowledge, future iterations could potentially utilize mineral incorporation in
conjunction with bioactive factors, creating both material and signal gradients.
The current study evaluated the general release characteristics of BMP-2 and
TGF-β3 from PLGA microspheres subjected to EtOH, CO2, and EtO. In addition,
BMP-2 was also loaded in PLGA/HAp composite microspheres to elucidate the
effects of minerals on protein availability. Release supernatants from experimental
groups were utilized in an accelerated cell stimulation study with hBMSCs, after
which gene expression of major chondrogenic and osteogenic markers was measured
and compared to positive and negative control treatments.

MATERIALS
PLGA copolymer (50:50 lactic acid : glycolic acid, acid end group, MW
~38,000 Da) of intrinsic viscosity (i.v.) 0.34 dL/g was purchased from Lakeshore
Biomaterials (Birmingham, AL). Poly(vinyl alcohol) (PVA; 88% hydrolyzed, 25,000
Da) was obtained from Polysciences, Inc. (Warrington, PA). Nanophase HAp and
Pluronic F-127 (F-127) was purchased through Sigma Aldrich (St. Louis, MO).
Recombinant human TGF-β3 and BMP-2 (E. coli derived) were purchased from
Peprotech, Inc. (Rocky Hill, NJ). Enzyme-linked immunosorbent assay (ELISA)
development kits for TGF-β3 and BMP-2 were purchased from R&D Systems
(Minneapolis, MN) and Peprotech, Inc., respectively. hBMSCs from a single donor
(29 year old, African American male) at P1, (i.e., plated once) were purchased from
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StemCell Technologies (Vancouver, Canada). HAp was purchased from Sigma
Aldrich (St. Louis, MO).

METHODS
Preparation of Microspheres
Three types of microsphere formulations were prepared: TGF-β3-loaded,
BMP-2-loaded, and BMP-2-loaded with 5% w/w HAp. Either TGF-β3 or BMP-2 was
reconstituted in 0.1% w/v bovine serum albumin (BSA) in phosphate buffered saline
(PBS) (both from Sigma Aldrich). The reconstituted protein solutions were
individually mixed with PLGA dissolved in dichloromethane (DCM) at 20% w/v,
with an oil:water ratio of 10:1. For the BMP-2 formulation with 5% w/w HAp,
nanophase HAp was added to the PLGA-protein-DCM solution such that the total
solids content was 20% w/v. A loading mass of 30 ng TGF-β3 or 60 ng BMP-2 per
1.0 mg of solids (PLGA or PLGA-HAp) was used, which represent concentrations
employed in a previous in vivo study.40 The final mixture was then sonicated over ice
at 30% amplitude for 20 seconds. Using PLGA-protein (or PLGA-protein-HAp)
emulsions, uniform protein-loaded PLGA microspheres were prepared using
technology from our previous reports.15, 40, 159-161 Briefly, using acoustic excitation
produced by an ultrasonic transducer, regular jet instabilities were created in the
polymer stream that produced uniform polymer droplets of ~250 µm. An annular
carrier non-solvent stream (0.5% w/v PVA in DI H2O) surrounding the droplets was
produced using a nozzle coaxial to the needle. The emanated polymer/carrier streams
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flowed into a beaker containing the non-solvent at 0.5% w/v with an additional 1.25%
w/v F-127 in DI H2O to prevent aggregation of the particles. Incipient polymer
droplets were stirred for 3-4 hours to allow solvent evaporation, which were then
filtered and rinsed with DI H2O to remove residual PVA, and stored at -20 °C (Fig.
7.1 A). Following 48 hours of lyophilization, the microspheres were subjected to
individual treatments.

Description of Experimental Groups
Microsphere formulations (TGF-β3-loaded, BMP-2-loaded, and BMP-2loaded with 5% w/w HAp) were subjected to three different experimental conditions
(Table 7.1). The experimental conditions represented those imposed on the
microspheres during scaffold fabrication and sterilization: ethanol (EtOH) exposure,
subcritical carbon dioxide (CO2) exposure, and ethylene oxide (EtO) exposure. The
exposure time of EtOH, and pressure for CO2, was adjusted accordingly for each type
of microsphere, based on what is typically needed for proper microsphere sintering.41,
159-161

Negative control groups for each type of microsphere formulation were also

included, where only EtO exposure was performed.

Ethanol Treatment
Before conducting the release study, approximately 20 mg of microspheres
were loaded into 1.5 mL microcentrifuge tubes (Fisher Scientific, Pittsburgh, PA).
Then, 1.0 mL of EtOH (200 proof, obtained in-house) was added to the tube. The
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samples were allowed to sit for 60 minutes, after which the ethanol was decanted and
the microspheres were lyophilized. For PLGA microspheres containing 5% w/w
HAp, EtOH exposure was performed for 90 minutes.

Subcritical CO2 Exposure
Prior to the release study, approximately 20 mg of microspheres were loaded
into 1.5 mL microcentrifuge tubes (Fisher Scientific). The tubes were placed in a
custom pressure vessel with a maximum pressure rating of 400 bar, as described in a
previous report.161 Vessels were purged of air and filled with CO2 at a rate of ~ 1 psi /
sec until reaching 217.6 psi (~15 bar). The samples were maintained at this pressure
for 60 minutes, at which point the chamber was evacuated at a rate of ~1 psi / sec
using an automated back pressure regulator (Waters Technologies Corporation;
Palatine, IL). For PLGA microspheres containing 5% w/w HAp, the samples were
subjected to a pressure of 362.6 psi (~25 bar) for 60 minutes, and the chamber was
evacuated at a rate of ~1 psi / sec.

Ethylene Oxide Sterilization
After EtOH or subcritical CO2 exposure, microsphere tubes were loaded into a
sterilization chamber (Anproline AN74i, Anderson Sterilizers, Haw River, NC) and
exposed to EtO for 12 hours, followed by a 2 hour ventilation stage. For one EtOHtreated group, EtO exposure was omitted. This group was included to elucidate the
effects of solely EtO on release characteristics.
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Protein Release
Protein release was conducted as previously-described, with the exception of
placing samples in small tubes, as opposed to well plates.40 Following exposure to
EtO/EtOH/CO2, approximately 20 mg of microspheres (n = 3) were loaded into 1.5
mL microcentrifuge tubes (Fisher Scientific). The total mass of TGF-β3 theoretically
loaded in each sample was 600 ng, whereas the total mass of BMP-2 theoretically
loaded in each sample was 1200 ng. The tubes were filled with 1.1 mL PBS and
placed in an incubator at 37 °C with 5% CO2. The tubes were not agitated
continuously, as this was most representative of the microsphere environment in a
scaffold formulation: static and in close proximity to one another. At each sampling
time point, the tubes were lightly inverted, then centrifuged at 5,000 rpm for 30
seconds. 1.0 mL samples of PBS surrounding the microspheres were removed and
gently pipetted into a concentrated BSA-in-PBS solution, such that the final BSA
concentration was 0.1% w/v. BSA was included as a carrier protein to aid in
prevention of TGF-β3 and BMP-2 aggregation and binding to container surfaces
during sampling and storage. The aliquots were split into two parts (one for ELISA,
one for cell culture) and frozen at -80 °C until study completion (Fig. 7.1 B).
Sampling was done at 12 hours, then at 1, 2, 3, 5, 7, 10, 14, 18, 22, 26, 30, 34, 38, and
42 days. Release profiles were determined via a sandwich ELISAs. External
standardization was performed with each ELISA kit to account for discrepancies in
sensitivity to the E. coli derived proteins. Separate ELISAs confirmed that BSA use
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in diluents did not inhibit protein detection. Protein release was represented as total
mass and percent (normalized to total protein released at 42 days).

Cell Seeding and Culture
Frozen hBMSCs from the manufacturer were thawed and plated at a density
of 10,000 cells/cm2 on tissue culture-treated well plates. The culture medium for
hBMSCs consisted of Dulbecco’s Modified Eagle medium (DMEM; low glucose),
1% penicillin–streptomycin (P/S), and 10% fetal bovine serum (FBS-MSC certified)
(all from Invitrogen Life Technologies, Carlsbad, CA). Cells were allowed to attach
to the plates for 24 hours. At this time (denoted as “Day 0”), the medium was
refreshed, along with an additional growth factor treatment. The growth factor
treatments were actual protein-containing supernatants from the completed release
study, administered daily for 12 days, corresponding to the first 12 release sampling
intervals (30 days, ≥90% total protein released). During daily medium refreshing and
growth factor treatments, the volume ratio of medium to growth factor aliquot was
1:1 to ensure cell viability (Fig. 7.1 B). Negative and positive control groups were
also included. The negative control consisted of 0.1% BSA in PBS without protein.
The positive control concentration was derived from the average burst concentration
between microsphere groups for each protein formulation (Fig. 7.1 C), and rounded
up to the nearest 10 ng/mL (Table 7.2). Positive control concentrations were delivered
to cells on a daily basis. Positive control samples were also reconstituted in 0.1%
BSA in PBS and subjected to one freeze-thaw cycle, just as release supernatants.
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Quantitative Polymerase Chain Reaction
In preparation for RT-PCR, samples (n = 3) at 0 and 12 days were first
homogenized in 1 mL Trizol reagent (Invitrogen) and the RNA was isolated
according to the manufacturer’s guidelines. Isolated RNA was cleaned with an
RNeasy spin column method (Qiagen, Valencia, CA) and converted to cDNA using a
TaqMan High Capacity kit (Applied Biosystems, Foster City, CA) in a BioRad
ThermoCycler. TaqMan Gene expression assays from Applied Biosystems for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905_m1), bone
gamma-carboxyglutamate protein (BGLAP, Osteocalcin, Hs01587813_g1), collagen
type I (COL1A1, Hs00164004_m1), runt-related transcription factor 2 (RUNX2,
Hs00231692_m1), aggrecan (ACAN, Hs00202971_m1), collagen type II, (COL2A1,
Hs00156568_m1), and sex determining region Y-box 9 (SOX9, Hs00165814_m1)
were used in conjunction with an Applied Biosystems 7500 Fast Real-time PCR
System. A 2−ΔΔCt method was used to evaluate the relative level of expression for
each target gene.113 For quantification, the negative control (at day 0) constructs were
designated as a calibrator group, and GAPDH expression as an endogenous control.

Statistical Analyses
Statistical analyses were performed using a single factor analysis of variance
(ANOVA) in PASW 18.0 software (SPSS Incorporated, Chicago, IL), followed by a
Tukey’s Honestly Significant Difference post hoc test when significance was detected
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below the p = 0.05 value. All quantitative results (numerical values and representative
diagrams) are expressed as the average ± standard deviation.

RESULTS
TGF-β3 Release from PLGA Particles
Total protein release from microspheres loaded with TGF-β3 was markedly
different among experimental groups (Fig. 7.2). Microspheres with only EtO
exposure demonstrated a release of ~175 ng of TGF-β3 by 7 days, with another small
burst at 14 days. Net release leveled off afterward, with a small burst at 42 days. The
release behavior for microspheres treated with EtO/CO2 was similar, with a maximum
of ~150 ng of TGF-β3 by 42 days. For microsphere groups treated with EtOH,
however, the total amount of TGF-β3 liberated was almost 3 times as much by 42
days. The release behavior for EtO/EtOH and EtOH only-treated groups exhibited
more distinct third release phases at approximately 21 days, with ~400 and ~350 ng
delivered by 42 days. The standard deviations related to groups treated with EtOH
was considerably larger than the EtO and EtO/CO2 groups. In all of the groups, 40%
of TGF-β3 was released by 24 hours, and at least 60% by 14 days (Fig. 7.3).

BMP-2 Release from PLGA Particles
Net protein delivery from microsphere groups loaded with BMP-2 followed
similar patterns to those loaded with TGF-β3 (Fig. 7.2). The total mass of BMP-2
liberated in the EtO-treated group was slightly greater than the EtO/CO2 group (~700
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ng versus ~400 ng by 42 days), with the EtO-treated group exhibiting a third phase of
release at 21 days. For microsphere groups treated with EtO/EtOH and EtOH only,
the total amount of BMP-2 delivered was ~950 and ~800 ng, respectively. The initial
burst behavior for EtOH-treated groups was dissimilar to EtO and EtO/CO2 groups.
Specifically, for EtO and EtO/CO2 microspheres, ~80% of BMP-2 had been released
within 7 days, whereas only ~50% of the protein was delivered by the same time in
EtOH-treated groups (Fig. 7.3). As with TGF-β3, the standard deviations in EtOHtreated groups were considerably large.

BMP-2 Release from PLGA/HAp Particles
Total BMP-2 release from composite PLGA/HAp microspheres was far less
than that of BMP-2 from non-composite microspheres, with as little as ~150 ng from
EtO-treated groups, and as much as ~300 ng from EtO/CO2-treated groups (Fig. 7.2).
A third phase of release was not observed for any of the composite PLGA/HAp
groups. The net mass and percent of protein liberated was essentially unchanged after
21 days (Fig. 7.3).

Bioactivity of TGF-β3 from PLGA Particles
For TGF-β3-stimulated hBMSCs, expression of aggrecan, collagen II, and
Sox9 was monitored at 0 and 12 days. For aggrecan (Fig. 7.4 A), only the EtOHtreated group demonstrated a statistically significant increase in gene expression
relative to the day 0 value (p < 0.05). For collagen II expression (Fig. 7.4 B), only the
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negative control was shown to have a significantly increased expression at 12 days
compared to the day 0 value (p < 0.05). There were no statistical differences between
treatment groups at 12 days for Aggrecan or Collagen II. With regard to Sox9
expression (Fig. 7.4 C), only the positive control was statistically different from the
negative control (lower) at 12 days (p < 0.05), but positive control expression was not
different from the experimental groups.

Bioactivity of BMP-2 from PLGA Particles
For BMP-2-stimulated hBMSCs, expression of osteocalcin, collagen I, and
Runx2 was monitored at 0 and 12 days. Expression of osteocalcin (Fig. 7.5 A) was
decreased for all samples at 12 days relative to the week 0 value (p < 0.0005). Only
the EtO-treated group was found to be significantly greater than the positive control
(p < 0.05). For collagen I expression (Fig. 7.5 B), only the EtO and EtO/CO2 groups
were found to have increased expression relative to the week 0 value (p < 0.05). All
of the groups except the positive control were found to have increased Runx2
expression (Fig. 7.5 C) relative to the week 0 value (p < 0.01). The negative control
and experimental groups had a significantly increased expression of Runx2 compared
to the positive control at day 12 (p < 0.005).

Bioactivity of BMP-2 from PLGA/HAp Particles
For BMP-2-stimulated hBMSCs (from HAp microspheres), expression of
osteocalcin, collagen I, and Runx2 was monitored at 0 and 12 days. Osteocalcin
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expression (Fig. 7.6 A) was decreased at 12 days, compared to the day 0 value, in
groups treated with BMP-2 released from composite microspheres (p < 0.0005), but
expression was not different among experimental and control groups at 12 days.
Collagen I expression (Fig. 7.6 B) in the negative control and experimental groups
was less than the positive control at 12 days (p < 0.001). Notably, expression of
BMP-2 in the positive control was also greater than week 0 (p < 0.0005). Runx2
expression (Fig. 7.6 C) was similar between the positive and negative control groups
at 12 days, and expression in these groups was also greater than the day 0 value (p <
0.0005). All four experimental groups had decreased Runx2 expression at day 12
compared to the positive and negative controls (p < 0.0005).

DISCUSSION
This was the first study to investigate the release and relative bioactivity of
TGF-β3 and BMP-2 following various processing and sterilization factors used in our
reported microsphere-based scaffold technology.41,

160,

161

The results have

implications on the efficacy of growth factor incorporation for stem cell
differentiation in a 3-D scaffolding environment.
During protein release, the first noticeable difference occurs with regard to
whether microspheres are treated with EtOH. The fact that EtOH-treated groups
release more TGF-β3 and BMP-2 from PLGA microspheres suggests that perhaps a
pre-solubilization of the polymer allows for diffusion of protein from the innermost
layers of the particles toward the perimeter. When placed in release medium, the

127
outermost layer of the particles may have been “primed” with protein, hence the large
amount dumped in the first week of release. However, such a phenomenon came with
higher variability. EtOH exposure as a co-solvent has been shown to adversely affect
drug loading and simultaneously increase the “burst” release from PLGA
microparticles by concentrating drug at the surface of the vehicle.143 Such an
increased mass released with EtOH-exposure, or any treatment, did not occur with
composite PLGA/HAp microspheres. A reason for this is not readily discernable, but
may have related to either a lower entrapped mass of protein to begin with, or the
physicochemical properties of HAp creating an environment that hindered protein
liberation from the bulk of the microsphere, physically or chemically,19,

51, 58, 176

which has been seen before with BMP-2.57
Similarly to HAp formulations, CO2 formulations also leveled off in net mass
released by 21 days, and did not exhibit a third phase of release. The absence of a
third phase is contradictory to theoretical macromolecule release profiles from
microspheres,13 which was most accurately demonstrated by the profile for TGF-β3
EtO/EtOH group. An absence of this phase may have been indicative of protein
aggregation or retention inside the vehicle,19, 51, 58, 176 or release of proteins that were
too structurally altered to be recognized by ELISA. The third phase of release was
barely detectable in EtO-treated microspheres for TGF-β3 and BMP-2 from noncomposite microspheres, although the standard deviations from the EtO and EtO/CO2
groups were the lowest. At this time, it is also unclear whether HAp and CO2
formulations had the same entrapment efficiency as EtOH-treated groups, which
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might also have affected the release profile. The mass of released BMP-2 relative to
TGF-β3 was in approximate correspondence with the loading ratio of 2:1 for the
microsphere formulations, even though the shape of the release for each of these
proteins was somewhat different. Different release profile shapes may indicate that
although the proteins are approximately the same size, their diffusion from the
microsphere core was altered due to the environmental factors. Overall, however,
using the simple estimate that equilibrium is reached when the Fourier number for
diffusion is approximately equal to unity:
Dt
!1
L2

the magnitude of the diffusion coefficients for TGF-β3 and BMP-2 can be estimated.34
Here, L represents the characteristic length of the microspheres (the radius, ~125 µm),
D is the diffusion coefficient (cm2/sec), and t is the characteristic timescale (about 7
days to reach the lag phase in release). This yields a diffusion coefficient of ~3 x 10-10
cm2/sec, which is on the order of typical diffusion coefficients of proteins in
polymers.43, 49, 149, 180 It should be noted that the solvent treatments utilized in this
study were polar molecules (EtO, EtOH, and CO2), which might have disrupted
protein conformation or stability, leading to aggregation, which would also affect
diffusivity of the macromolecules from the vehicles.
In addition to atypical behavior in the release profiles, cell differentiation
studies indicated that the released proteins might have exhibited a diminished
bioactivity. To put bioactivity into context, both positive and negative controls were
included for each type of formulation. Aggrecan expression was similar between
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virtually all of the groups at 12 days, which only demonstrated that perhaps TGF-β3
did not stimulate aggrecan expression in the prescribed experimental conditions. With
regard to collagen II, however, at 12 days expression was dramatically increased in
the negative control compared to the day 0 value, whereas the experimental groups
and positive control were not, lending to the notion that TGF-β3 in the treatment
groups was in a similar bioactive capacity to TGF-β3 in the positive control. The
ability of the released proteins to affect Sox9 expression was ambiguous. BMP-2
from non-composite microsphere formulations showed a similar performance to the
positive control with regard to osteocalcin, and collagen I expression, but distinctly
different performance from the positive control with respect to Runx2 expression. A
similar confounding result was seen with regard to Runx2 expression from
composite-HAp microspheres, where experimental expression was different from
both positive and negative controls. It is difficult to identify circumstances, however,
when the experimental treatment groups would alter protein structure or function in
such a way that selectively affects the expression of certain genes. Likewise, it is
important to identify that gene expression not readily affected by the treatment groups
does not necessarily mean inactive proteins, but potentially protein concentrations
that were not effective. Additionally, positive control concentrations were
representative of the average experimental concentrations, and were provided
continually throughout culture. The experimental design attempted to mitigate this
problem by using a minimal medium:release aliquot dilution of 1:1.
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Other factors that were virtually unavoidable relate to the components of the
release supernatants during cell feeding. Specifically, release samples contained the
acidic breakdown products of PLGA, lactic acid and glycolic acid, which was
evidenced by medium color change during feedings. During breakdown, the pH
within each microsphere can become as low as 1.5.52 This acidic microenvironment
might have been an influence on selective gene expression or overall bioactivity of
TGF-β3 or BMP-2. Similarly, in groups with PLGA/HAp microspheres, a small
amount of HAp was most likely present in the release medium as well, which also
might have affected gene expression. Lastly, although ELISA cannot be taken as an
absolute indication of bioactivity, it is an indication that much of the structural
integrity of the proteins was retained for at least non-composite microspheres.
From the perspective of current techniques for making microsphere-based
scaffolds, it seems as though the approach of EtOH treatment40,

41, 159, 160

for

microsphere sintering delivered the most protein over the course of 6 weeks, as
opposed to CO2 exposure.161 While the variability of BMP-2 and TGF-β3 delivery in
EtOH formulations was larger, this might perhaps be a small sacrifice compared to
losing a considerable fraction of protein to encapsulation or long-term retention and
aggregation inside the vehicle. In addition, there is currently no concrete indication
that EtOH sintering, or any treatment, is detrimental to cellular stimulation, as gene
expression is only a “snapshot” of fluctuating transcription and translation of proteins
relevant to differentiation. For the purposes of sterilization, there was not enough
evidence to conclude that EtO drastically affected protein liberation or bioactivity
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under the experimental conditions. For all formulations, however, the timeline of
growth factor release may not necessarily correspond to cellular differentiation
requirements in vivo. The release pattern may also not be commensurate with local
and systemic immune responses during the earliest stages of wound healing, as this
might adversely affect the overall efficacy of protein delivery in several ways.
Future work should focus on developing methods to properly quantify the
actual amount of entrapped protein. This should provide insight into questions about
HAp formulations, and whether these actually retain the majority of loaded BMP-2,
or whether HAp inhibits its loading during fabrication. Cell differentiation studies
with more frequent time points might also further contextualize the bioactivity of the
proteins. In addition, methods to remove polymer byproducts or HAp particles from
the release supernatant, or add these factors to positive control groups, will also give a
more accurate reproduction of the release medium and protein microenvironment
during breakdown of the particles in vitro.

CONCLUSION
This was the first study to investigate several different processing conditions
on the release and relative bioactivity of growth factors that are used in a
continuously-graded scaffold technology.40, 41, 159, 160 Release profiles indicated that
microspheres released protein with a classic “burst” during the first week, and in
some instances, provided a third phase of release near 3 weeks, where the remainder
of protein was liberated. Formulations that were exposed to EtOH generally released
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more protein, and had larger variations. Formulations with HAp released less protein,
but the reason for this was not readily apparent. Cell bioactivity assays indicated that
in some instances, the experimental groups had an effect on hBMSC gene expression,
but optimal concentrations may not have been employed with the current
experimental design. In addition, the breakdown products of microspheres may have
affected cell stimulation under the prescribed experimental conditions more than the
protein stability or structure. The overall results indicated, however, that protein
release from microspheres exposed to various processing and sterilization methods
required to formulate microsphere-based scaffolds, was entirely feasible with PLGA
or PLGA/HAp formulations, and especially those treated with EtOH during the
sintering step, which makes this technology a candidate for continuous growth
factor41, 160 and stiffness159 gradients.
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CHAPTER 8: Conclusion
After predecessors to this work developed the method of creating continuous
gradients of microsphere types, studies within this thesis progressed to in vitro
characterization, to in vivo trials, to increasing the level of physicochemical
complexity, and then finally to evaluating the effects of conditions used in fabrication
of scaffolds from protein-loaded particles. All of these contributions have afforded
researchers substantial knowledge in the field of interfacial tissue engineering.
In vitro, continuously-graded scaffolds were capable of stimulating both boneand cartilage-relevant gene expression from a single cell source, on a single scaffold.
Biochemically, these scaffolds outperformed control formulations in cell growth,
glycosaminoglycan output, and especially with regard to early collagen synthesis. In
addition, “gold standard” (hBMSC) and “upcoming” (hUCMSC) stem cell sources
were capable of producing regional tissue synthesis when exposed to eluted bioactive
factors.
In vivo, bone regeneration in scaffolds with gradients of bioactive signals
outperformed blank controls in knee defects of New Zealand White rabbits. When the
gradient scaffolds were utilized in a smaller defect site in the same animal model (the
mandibular condyle), protein signaling was most beneficial for cartilage regeneration.
Thus, the definite advantages of this technology in vivo was site specific during
preliminary investigations, but future iterations of the design may lend to
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comprehensive tissue formation that is independent of osteochondral interface
location.
Incorporating HAp for osteo- induction/conduction demonstrated that
hBMSCs readily mounted a gene expression response to the physical substrate, and
exhibited significant biochemical synthesis just after six weeks of culture, which was
corroborated by histological and immunohistochemical staining. There remains a
much larger issue, however, with respect to the functionality of the microparticlebased scaffolds. As discussed in the introductory chapter, functional tissue
engineering (the use of materials that mimic the tissues they aim to replace with
respect to mechanical properties and morphological characteristics) can contribute a
vital role in the regeneration of interfacial tissues, thus, mechanical properties of
scaffold formulations are gaining more attention. With the microsphere-based
scaffold design presented in this thesis using HAp (and previous iterations with TiO2
and CaCO3), composite scaffolds exhibited a lower modulus compared to formulation
without nanoparticles. The explicit reasons for this are currently unclear, but may
relate to poor polymer healing at microsphere sintering junctions, such that after
drying, the sintered junctions did not exhibit the same morphological and mechanical
properties as the bulk microspheres. Increasing intermolecular interaction between the
dispersed and bulk phases, to improve interfacial adhesion, might lend to scaffold
properties that are additive, rather than deleterious. Thus, future investigations should
focus on methods for incorporating minerals in a fashion that actually produce stiffer
scaffolds, which could then be translated to a graded design. Methods to enhance the
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bone-like tissue synthesis of continuously-graded, microparticle-based scaffolds
could then include combining BMP-2 signals with HAp incorporation, yielding a
physicochemical design.
Increasing the complexity of the microparticle scaffold design, however,
might not come without limitations. In the most recent studies on protein delivery and
bioactivity, even though it was revealed that EtOH sintering did not affect protein
availability, the bioactivity of the eluted proteins was ambiguous at best. In addition,
formulations with HAp also severely limited the availability. Moreover, to reconcile
the physical and chemical elements in a scaffold formulation, more work must be
done to improve the stability of eluted macromolecules. Inclusion of emulsifiers in
the polymer-protein mixture during primary emulsification could provide a more
uniform distribution of growth factor, which may minimize concentration of protein
near the microsphere surface, and in turn mitigate burst release. Also, methods for
accurately determining entrapment efficiencies for the proteins could include, but
should not be limited to, fluorescent labeling of the proteins and accelerated release
studies.156156 Future work should consider the use of natural components such as
collagens and BMPs from demineralized tissues, which could easily be incorporated
into the microparticle fabrication process.
With the evidence presented within this thesis, it is readily apparent that the
approach of using microsphere-based, continuously-graded 3-D tissue engineering
scaffolds for healing of osteochondral defects is entirely feasible, and in many
instances, efficacious. In terms of “cells, signals, and scaffolds,” this regenerative
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technology has thus far been thoroughly evaluated. The future of this scaffold
technology, however, is largely unwritten, as the method is translatable to many
tissue interfaces and applications outside of the osteochondral field. In a short period
of time, the idea of gradient-based interface regeneration has been taken from idea to
practice, produced encouraging results for the treatment of osteochondral defects, and
has propagated a myriad of new ideas to consider, and challenging issues to confront.
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Figure 2.1: Scaffold morphology for interface tissue engineering.
Morphologies have continued to use biphasic and triphasic solutions, although some
have advanced toward multilayered approaches. Continuously-graded designs attempt
to make higher resolution in physical and chemical properties.
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Figure 2.2: Scaffolds and regenerated tissues at interfaces.
(A) Triphasic scaffold for ligament-bone interface engineering, where Phase A was
designated for the ligament proper, Phase B for the fibrocartilage interface, and Phase
C for subchondral bone. (B) Fibrocartilage formed (arrow) in vivo during tri-culture
with fibroblasts, chondrocytes, and osteoblasts, but was not localized strictly to Phase
B. Scale bar = 500 µm in each panel. (C) Triphasic collagen/HA scaffold for
osteochondral regeneration. Scale bar = 500 µm. (D) Bone-like and cartilage-like
tissues regenerate successfully, but transition is not gradual. Scale bar = 1.0 mm. (A,
B) Adapted from Spalazzi et al and Moffat et al., (C,D) Adapted from Tampieri et al.
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Figure 2.3: Recent vascular stratifictaions.
(A) Single-step method for creating layered vascular tunicae from smooth muscle
cells (SMC) and fibroblasts cultured adjacently (ssTEVMA: single-step tissueengineered media and adventitia), (B) Placement of endothelial cells (EC) below
fibroblasts (Fb) promotes lumen formation (green) inside fibroblastic bulk tissue (red)
as early as 7 days, (C) computer-generated stratifications of vascular patterns can be
used with soft lithography to generate 2D, or eventually 3D, organ-level networks,
which deliver continuous pressure gradients and a narrow range of shear stress. (A)
Adapted from Gauvin et al., (B) Adapted from Asakawa et al., and (C) adapted from
Hoganson et al.
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Figure 2.4: Continuously-graded constructs for soft tissue – bone.
(A) Immunohistochemical staining for eGFP (pink) counterstained with hematoxylin
(blue) revealed a gradient of Runx2 – expressing cells. (B) Mineral deposition via
µCT after 42 days of in vitro culture. (C) Mineral deposition via µCT after 2 weeks of
ectopic in vivo implantation. The gradient became steeper and more localized after in
vivo culture. Scale bar = 2 mm. (A,B,C) Adapted from Phillips et al.
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Figure 2.5: Developing functional interfacial tissue solutions.
Moving from 2D to in vivo environments requires constant characterization of each
element (cells, signals, and scaffolds), to find the simplest solution available for
indications that interface-relevant tissue is forming. Once reaching the in vivo stage, it
will be important to formulate scaffolds that are successful in tissue regeneration
without cell transplantation, which will require engineers to recollect the most critical
design aspects thus far. One can begin the design process anywhere in this schematic,
but skipping 2D and 3D in vitro characterizations may hinder the discovery of design
parameters that are critical for success, or allow for designs to carry superfluous
factors to the final stage. Using continuously-graded scaffolds grants extra
regenerative control to nature at this final stage.
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Figure 3.1: Microparticle and scaffold fabrication process.
(A) Microspheres were made from a polymer stream (20% w/v PLGA in DCM) and
annular carrier stream (0.5% w/v PVA in ddH2O) with an ultrasonic transducer; (B)
Programmable pumps created a gradient in microsphere types based on a timedependent process; (C) Experimental groups and particle sizes for hBMSCs and
hUCMSCs.
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Figure 3.2: Sectioning and orienting construct slices.
Constructs were placed in culture with the “chondrogenic” side upwards and the
“osteogenic” side towards the well plate surface. This orientation was maintained
throughout the harvesting and histological procedure and for photo orientation.
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Figure 3.3: Size characterizations for microparticles.
Using a multisizer, fabricated particle batches were checked to confirm size
distribution. The average diameter of all larger microspheres was approximately 220
µm (BMP-2-loaded and Blank 220 Groups ~215 µm, TGF-β1-loaded ~225 µm), while
the smaller microspheres measured near 70 µm.
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Figure 3.4: Protein release from PLGA constructs.
Release samples were taken at 12 hours, and 1, 2, 3, 5, 7, 10, 14, and 21 days for (A)
TGF-β1 and (B) BMP-2 microparticles and scaffolds. Percent released was calculated
from the total amount of detected protein entrapped. Scaffolds showed an accelerated
release profile compared to scaffolds, and the onset of the third phase of release is
evident at day 21. Values are reported as mean ± standard deviation, n = 3.
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Figure 3.5: Relative expression of BSP.
Compared to the hUCMSC Blank 220 group, hBMSCs exhibited a higher expression
of BSP than at week 0. BSP was not in abundance in any construct at 6 weeks.
Values are reported as mean ± standard deviation, n = 4. Statistically significant
change of expression @ = over the hUCMSC Blank 220 group at that time point.
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Figure 3.6: Relative expression of collagen II.
There were no statistically significant differences in collagen II expresssion at week
0. Collagen II expression was not in abundance in any construct at 6 weeks. Values
are reported as mean ± standard deviation, n = 4. Statistically significant change of
expression @ = over the hUCMSC Blank 220 group at that time point.
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Figure 3.7: Gene expression of at 0 and 6 weeks.
UC = hUCMSCs, BM = hBMSCs. (A) Expression of collagen type I was upregulated in hBMSC Gradient constructs (compared to the hBMSC control and
hUCMSC calibrator). (B) Expression of osteopontin decreased in the Biphasic group.
(C) expression of Runx2 at week 6 was increased over the hUCMSC Blank 220 group
and previous time point. (D) Expression of Sox9 was up-regulated in hBMSC
Gradient constructs at 6 weeks compared to the hUCMSC Blank 220 group at that
time, its previous time point, and the hBMSC control group at 6 weeks. Values are
reported as mean ± standard deviation, n = 4. Statistically significant change of
expression @ = over the calibrator (hUCMSC Blank 220) at that time point (p <
0.05), # = over its value at the previous time point (p < 0.05), and * = over the control
(Blank 220) at that time point (p < 0.05).
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Figure 3.8: DNA content for groups at 0, 3, and 6 weeks.
All groups had statistically significant increases over the week 0 cell number by 6
weeks, hUCMSC growth factor groups and all hBMSC groups had statistically
significant increases over the week 3 values, and select hUCMSC growth factor
constructs had significantly higher values compared to the control at 6 weeks
(hUCMSC Blank 220). Values are reported as mean ± standard deviation, n = 4.
Statistically significant change @ = over the week 0 value (Blank 220) (p < 0.05), # =
over its value at the previous time point (p < 0.05), and * = over the control (Blank
220) at that time point (p < 0.05).
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Figure 3.9: GAG content for groups at 0, 3, and 6 weeks.
(A) At 6 weeks, all groups had statistically significant increases in GAG content over
the week 0 and week 3 values. Only hUCMSC Biphasic and Gradient constructs had
significantly higher GAG content compared to the control at 6 weeks. (B) hUCMSC
on Blank 70 scaffolds had a diminished GAG/DNA at week 0, and hUCMSC
Gradient constructs had increased GAG/DNA production over the control at 3 weeks.
Values are reported as mean ± standard deviation, n = 4. Statistically significant
change @ = over the week 0 value (Blank 220) (p < 0.05), # = over its value at the
previous time point (p < 0.05), and * = over the control (Blank 220) at that time point
(p < 0.05).
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Figure 3.10: Net hydroxyproline production for groups at 0, 3, and 6 weeks.
(A) Most hUCMSC groups had statistically significant increases in hydroxyproline
from week 0 to week 6, but only hUCMSC Gradient constructs had significantly
higher production relative to the control at 6 weeks. Notably, this value was at least 2
times higher than any other group at the end of culture. At 6 weeks, the hUCMSC
Chondrogenic group also showed a statistical decrease in net hydroxyproline
compared to the Blank 220 group at 6 weeks. (B) hUCMSC Gradient constructs
produced more HYP/DNA than the control at 3 weeks, although by 6 weeks the
levels were not different from the control. Values are reported as mean ± standard
deviation, n = 4. Statistically significant change @ = over the week 0 value (Blank
220) (p < 0.05), # = over its value at the previous time point (p < 0.05), * = over the
control (Blank 220) at that time point (p < 0.05), and ! = over any other group at that
timepoint (p < 0.05).
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Figure 3.11: Alkaline phosphatase activity during culture.
Only the Biphasic groups showed increases after week 2. Values are reported as mean
± standard deviation, n = 4. Statistically significant change @ = over the week 0
value (Blank 220) (p < 0.05), # = over its value at the previous time point (p < 0.05),
and * = over the control (Blank 220) at that time point (p < 0.05).
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Figure 3.12: Histological staining of constructs at 3 weeks.
Orientation is detailed in Figure 2 (for biphasic and gradient groups, the chondrogenic
side is the top, and the osteogenic side is the bottom). (A) hUCMSC constructs
showed GAG formation (orange) near the tops of the scaffolds, with an even calcium
(faint red) and cell distribution. (B) hBMSC constructs showed sparse tissue
formation compared to hUCMSCs. Scale bar = 200 µm.
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Figure 3.13: Histological staining of constructs at 6 weeks.
Orientation is detailed in Figure 2 (for biphasic and gradient groups, the chondrogenic
side is the top, and the osteogenic side is the bottom). (A) hUCMSC growth-factor
constructs showed significantly more GAG formation (orange) and calcium
deposition (faint red). hUCMSC Gradient constructs had GAG formation localized to
the scaffold top (red arrows). hUCMSC Osteogenic groups appeared to have more
homogenous calcium deposition than any other group. (B) hBMSC Blank 220
scaffolds had little GAG formation and even calcium deposition, whereas the
Gradient group had light GAG staining localized to the scaffold top, which dissipated
towards the center. Scale bar = 200 µm.
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Figure 3.14: Elastic and relaxed moduli at week 0 and week 6.
By 6 weeks, there was a significant drop of mechanical integrity as the microsphere
scaffolds degraded, indicated by the decreased elastic moduli. There was no
difference between the elastic moduli of Blank 220 and Gradient constructs at 6
weeks. Similarly, there was no difference between the relaxed moduli of Blank 220
and Gradient constructs at the end of culture. Values are reported as mean ± standard
deviation, n = 4. Statistically significant change * = from the previous week (Blank
220) (p < 0.05).
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Figure 4.1: Microparticle and scaffold fabrication process.
(A) Microspheres were made from a polymer stream (20% w/v PLGA in DCM) and
annular carrier stream (0.5% w/v PVA in ddH2O) with an ultrasonic transducer; (B)
Programmable pumps created a gradient in microsphere types; (C) Treatment groups
at the onset of the experiment for each time point (five rabbits at 6 and 12 weeks).
Sham surgeries were performed with no implant, Blank groups contained
microspheres with no growth factor, Gradient groups contained a gradient of BMP-2
and TGF-β1, and a final group used a Gradient with pre-seeded rUCMSCs.
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Figure 4.2: Implant placed in defect of the medial condyle.
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Figure 4.3: Histological staining of bone and cartilage at 6 weeks.
Sections were taken sagittally through the load-bearing region of the medial condyle.
“SF” denotes Safranin-O/Fast Green for GAGs, “AR” denotes Alizarin Red for
calcium ions, “VK” denotes Von Kossa for calcium phosphate, and “Cells” denotes
Gradient constructs with cells. Sham animals exhibited a funnel-shaped bone
apposition pattern, topped with a fibrous tissue. Blank implants showed only minimal
polymer breakdown and tissue infiltration. Gradient groups had slightly accelerated
polymer degradation and mineralization that was not homogenous. Gradient
constructs with pre-seeded rUCMSCs were virtually indistinguishable from the
Gradient-only group. Scale bar = 1.0 mm.
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Figure 4.4: Histological staining of bone and cartilage at 12 weeks.
Sections were taken sagittally through the load-bearing region of the medial condyle.
“SF” denotes Safranin-O/Fast Green for GAGs, “AR” denotes Alizarin Red for
calcium ions, “VK” denotes Von Kossa for calcium phosphate, and “Cells” denotes
Gradient constructs with cells. Sham animals exhibited the most complete bone
mineralization, with thick trabeculae. Blank implants showed complete polymer
breakdown, but incomplete mineralization. Gradient groups with and without cells
had extensive mineralization compared to the Blank group, but the area of
mineralization was less than the Sham treatment. Scale bar = 1.0 mm.
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Figure 5.1: Microsphere and scaffold fabrication process.
(A) Microspheres were made from a polymer stream (20% w/v PLGA in DCM) and
annular carrier stream (0.5% w/v PVA in DI H2O) with an ultrasonic transducer; (B)
Programmable pumps created a gradient in microsphere types; (C) Experimental
groups for each time point (six rabbits at twelve weeks). Sham surgeries were
performed with no implant, blank groups contained microspheres with no growth
factor, gradient groups contained a gradient of BMP-2 and TGF-β1; (D) Microscope
image of microsphere-based scaffold with particles of 70 µm. Scale bar = 500 µm.
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Figure 5.2: Implant placement.
(A) The defect was created in the anterior region of the TMJ condyle, as seen in this
excised mandible specimen; (B) Implant being press fitted into articulating surface of
TMJ condyle.
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Figure 5.3: Cartilage Evaluation - T2 MRI and histological staining.
6 weeks of time. “SF” denotes Safranin-O/Fast Green for GAGs. Sham and gradient
samples earned similar histological scores for cartilage thickness width over defects,
whereas blank samples had noticeably thinner neo-cartilage compared to gradient
samples, although this was not statistically significant (p = 0.156). Red arrows mark
the approximate edges of the original defect. Scale bar = 1.0 mm in MRI and
histological images.
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Figure 5.4: Bone Evaluation - histological staining.
6 weeks of time. “AR” denotes Alizarin Red for calcium ions, and “VK” denotes von
Kossa for calcium phosphate. There was a slight tendency for subchondral trabeculae
in gradient samples to be thicker. Samples are arranged in the exact same order as
seen in Figure 3. Red arrows mark the approximate edges of the original defect. Scale
bar = 1.0 mm.
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Figure 6.1: Microsphere and scaffold fabrication process.
(A) Precision particle fabrication makes microspheres with high monodispersity. (B)
Microspheres are loaded into a mold, wetted, and sintered for 60 minutes with an
ethanol/acetone mixture. (C) Microsphere-based scaffolds with varying weight
fractions of hydroxyapatite (HAp) are seeded with pooled hBMSCs from three
different donors.
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Figure 6.2 BGLAP expression.
Expression of BGLAP was cyclic for the control groups, with peaks at week 0, 2, and
6. BGLAP expression for the HAp groups were largely suppressed from the initial
time point through week 6. At week 6, BGLAP expression of 10 and 20% HAp
samples was not evident. All values are expressed as the average ± standard deviation
(n = 4), p < 0.05, @ = statistically significant difference from week 0 value, # =
statistically significant difference from the previous week, and * = statistically
significant difference from the control at that time point.
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Figure 6.3 COL1A1 expression.
Expression of COL1A1 was cyclic for the control groups, with peaks at week 0, 2,
and 6. COL1A1 expression for the HAp groups were largely suppressed from the
initial time point through week 6. At week 3, COL1A1 expression of 10% HAp
samples peaked to a value similar to the control, then exhibited a decrease the
following week. All values are expressed as the average ± standard deviation (n = 4),
p < 0.05, @ = statistically significant difference from week 0 value, # = statistically
significant difference from the previous week, and * = statistically significant
difference from the control at that time point.
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Figure 6.4: IBSP expression.
Expression of IBSP was suppressed in all groups until week 6, where IBSP
expression in the control group increased to an average of 50 times the week 0 value.
IBSP expression in all HAp groups was suppressed throughout culture. The IBSP
expression in HAp samples was less than the control at week 6. All values are
expressed as the average ± standard deviation (n = 4), p < 0.05, @ = statistically
significant difference from week 0 value, # = statistically significant difference from
the previous week, and * = statistically significant difference from the control at that
time point.
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Figure 6.5: RUNX2 expression.
RUNX2 expression peaked in all groups at week 2, with the 10 and 20% HAp groups
also having expression values higher than the previous week. Following the peak in
RUNX2 expression, the 10 and 20% HAp groups exhibited a decrease in expression,
whereas the control and 5% HAp groups did not. All values are expressed as the
average ± standard deviation (n = 4), p < 0.05, @ = statistically significant difference
from week 0 value, # = statistically significant difference from the previous week,
and * = statistically significant difference from the control at that time point.

190

Figure 6.6: SPP1 expression.
Expression of SPP1 was largely unchanged for all groups throughout the entire
culture period, with the excepetion of a peak in IBSP expression from the 10% HAp
group at week 1, which was also higher than the control. All values are expressed as
the average ± standard deviation (n = 4), p < 0.05, @ = statistically significant
difference from week 0 value, # = statistically significant difference from the
previous week, and * = statistically significant difference from the control at that time
point.
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Figure 6.7: DNA content.
Statistically significant decreases in DNA content were found uniformly in all groups
up through week 2. While the DNA content at weeks 3 and 6 was found to be overall
lower than week 0, there was no statistically significant indication that DNA levels
continued to decrease past week 2. All values are expressed as the average ± standard
deviation (n = 4), p < 0.05 @ = statistically significant difference from week 0 value,
# = statistically significant difference from the previous week, and * = statistically
significant difference from the control at that time point.
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Figure 6.8: ALP activity.
ALP activity in 5 and 20% HAp groups peaked at week 1, and continued to be higher
than the week 0 value. ALP activity in the control and 10% HAp groups peaked at
week 3. ALP activity of the control group did not decrease by week 6, but that of the
10% HAp group did. All values are expressed as the average ± standard deviation (n
= 4), p < 0.05 @ = statistically significant difference from week 0 value, # =
statistically significant difference from the previous week, and * = statistically
significant difference from the control at that time point.
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Figure 6.9: GAG production.
(A) Normalized GAG production demonstrated that GAG synthesis per cell was
highest in the 10 and 20% HAp samples by week 6, even though the control group
had increases over the week 0 value as early as week 2. (B) Net GAG production
shows a peak in GAG mass at 2 weeks for the 10% HAp group only, and a
subsequent decrease at week 3. All values are expressed as the average ± standard
deviation (n = 4), p < 0.05 @ = statistically significant difference from week 0 value,
# = statistically significant difference from the previous week, and * = statistically
significant difference from the control at that time point.
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Figure 6.10: HYP content.
(A) Normalized HYP content demonstrated that HYP synthesis per cell was highest
in the 10 and 20% HAp samples by week 6. (B) There were no statistically significant
changes in net HYP content during culture, which may be due to large standard
deviations between samples. All values are expressed as the average ± standard
deviation (n = 4), p < 0.05 @ = statistically significant difference from week 0 value,
# = statistically significant difference from the previous week, and * = statistically
significant difference from the control at that time point.
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Figure 6.11: Histological and immunohistochemical staining.
Alizarin red (AR) staining showed large calcium ion nodules in all HAp groups, with
10 and 20% HAp groups having a more dispersed mineral distribution (red). Von
Kossa (VK) staining showed a calcium phosphate distribution very similar to calcium
(brown-black). Masson’s trichrome (MT) showed collagen (blue) in all samples, with
bright staining in the control group, and an appearance of more GAG (orange-red) in
the 10 and 20% HAp samples. Collagen type I (CI) showed the most intense staining
in the 10 and 20% HAp samples (blue-purple), compared to the negative control
(CN). Scale bar = 500 µm.
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Figure 6.12: Mechanical integrity.
(A) Dry construct compression testing showed that HAp inclusion yielded a lower
elastic modulus compared to PLGA-only microsphere-based scaffolds. (B) After 6
weeks of cell culture, the trend in elastic modulus was reversed, where 10 and 20%
HAp constructs exhibited the highest elastic moduli under hydrated conditions. All
values are expressed as the average ± standard deviation (n = 3 - 4), p < 0.05 * =
statistically significant difference from the control at that time point.
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Figure 6.13: Example Stress-Strain curves for scaffolds.
The modulus was defined as the change in stress divided by the change in strain
during the initial linear region before any non-linear behavior or evidence of scaffold
failure occurred (arrows). The slope of the initial region was obtained with linear
regression. (A) Dry scaffolds with HAp generally exhibited brittle-like failure before
10% strain. (B) After 6 weeks of culture, the composition of the constructs had
changed significantly due to tissue formation and polymer breakdown, which is
evidenced by the different shape of the stress-strain profiles.

198

Figure 7.1: Particle fabrication and release experiment.
(A) Precision particle fabrication apparatus made microparticles with high
monodispersity. (B) At each sampling time point, supernatant was mixed with a
concentrated BSA solution, split into two aliquots, and used in ELISA and cell
stimulation. (C) The positive control protein concentration was defined as the average
concentration during the burst release for TGF-β3, BMP-2, or BMP-2 from
PLGA/HAp composite microspheres. The positive control concentration was
provided to hBMSCs daily for 12 days, whereas treatment aliquots contained
decreasing concentrations with time.
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Figure 7.2: Net protein release.
Results demonstrated that EtOH-treated microspheres released more protein than
control or CO2-treated groups when HAp was not included. All groups loaded with
BMP-2 in PLGA/HAp composite microspheres liberated less protein over six weeks.
The third phase of release was only evident in select formulations. Data is represented
as cumulative mass released ± standard deviation.
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Figure 7.3: Percent protein released.
Results demonstrated that EtOH-treated microspheres without HAp released a lower
percentage of protein than control or CO2-treated groups before 7 days, but ultimately
delivered a larger percentage in the remaining 35 days. The shape of the release
profiles was similar between all formulations, with ~90% of the protein being
released by 30 days. Data is represented as percentage mass released ± standard
deviation. The percent released was calculated relative to the total mass liberated at
42 days.
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Figure 7.4: Chondrogenic gene expression of hBMSCs.
For cells treated with TGF-β3 groups. (A) Aggrecan expression demonstrated that
treatment groups performed similar to both the positive and negative controls. (B)
Collagen II expression showed treatment groups performed similar to the positive
control. (C) Sox9 expression demonstrated that experimental groups performed
similar to negative control, but were not different from the positive control. All values
are expressed as the average ± standard deviation (n = 3), p < 0.05, @ = statistically
significant difference from week 0 value, # = statistically significant difference from
the negative control at that time point, and * = statistically significant difference from
the positive control at that time point.
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Figure 7.5: Osteogenic gene expression of hBMSCs for BMP-2.
For cells treated with BMP-2 groups. (A) Osteocalcin and (B) Collagen I expression
demonstrated that treatment groups behaved similar to both the positive and negative
controls. (C) Runx2 expression demonstrated that experimental groups performed
similar to negative control. All values are expressed as the average ± standard
deviation (n = 3), p < 0.05, @ = statistically significant difference from week 0 value,
# = statistically significant difference from the negative control at that time point, and
* = statistically significant difference from the positive control at that time point.
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Figure 7.6: Osteogenic gene expression of hBMSCs for BMP-2/HAp.
For cells treated with BMP-2 from HAp composite scaffolds. (A) Osteocalcin and
demonstrated that treatment groups performed similar to both the positive and
negative controls. (B) Collagen I expression shows treatment groups behaved
similarly to the negative control. (C) Runx2 expression demonstrated that
experimental groups had expression that was unlike either positive or negative
controls. All values are expressed as the average ± standard deviation (n = 3), p <
0.05, @ = statistically significant difference from week 0 value, # = statistically
significant difference from the negative control at that time point, and * = statistically
significant difference from the positive control at that time point.
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APPENDIX B: Tables
CHAPTER 1: No tables.
CHAPTER 2: Tables 2.1 - 2.3
CHAPTER 3: Table 3.1
CHAPTER 4: Tables 4.1 - 4.3
CHAPTER 5: Tables 5.1 - 5.3
CHAPTER 6: No tables.
CHAPTER 7: Tables 7.1 - 7.2
CHAPTER 8: No tables.
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