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Abstract 

 

Bone is currently the second most transplanted tissue, second only to blood.  However, 

significant hurdles including graft supply and implant failure continue to plague researchers and 

clinicians.  Currently, standard clinical procedures include autologous and allogeneic grafting.  

Autologous grafts may achieve functional repair; yet, they are available in limited supply and are 

associated with donor site morbidity.  Allogeneic grafts are available in greater supply, but have 

a higher risk of infection.  To overcome the disadvantages of current grafts, tissue engineering 

has become a major focus for the regeneration of bone.  The goal of tissue engineering is to use a 

multidisciplinary approach to create biomimetic constructs that stimulate osteogenic regeneration 

to heal bone defects and restore tissue function. 

Biodegradable scaffolds are used in tissue engineering strategies as an interim template 

for tissue regeneration.  The scaffold architecture provides mechanical support for cell 

attachment and tissue regeneration.  Biocompatible poly(lactic-co-glycolic acid) (PLGA) has 

been processed through a number of techniques to create porous 3D architectures.  

Hydroxyapatite (HAP) and tricalcium phosphate have been used in conjunction with polymer 

scaffolds due to their osteoconductivity and biocompatibility, but they often lack osteoinductivity 

and are resistant to biodegradation.  Conversely, amorphous calcium phosphate (ACP) is a 

mineral that solubilizes under aqueous conditions, releasing calcium and phosphate ions, which 

have been postulated to enhance osteoblast differentiation and mineralization.  Controlled 

dissolution can be achieved by stabilizing ACP with divalent cations such as zinc or copper.  

Furthermore, incorporation of such osteogenic ACPs within a biodegradable PLGA scaffold 

could enhance the osteoconductivity of the scaffold while providing calcium and phosphate ions 

to differentiating osteoprogenitor cells, thereby stimulating osteogenesis when implanted in vivo. 
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In this research, the effect of zinc on the differentiation of osteoprogenitor cells was 

investigated.  Zinc supplementation of the culture media had no stimulatory effect on cell 

proliferation or differentiation.  ACPs were synthesized using zirconium (ZrACP) and zinc 

(ZnACP) as stabilizers to achieve sustained ion release.  Elevated concentrations suggested 

sustained ion release over the course of 96 hours and enhanced solubility of ZrACP and ZnACP.  

X-ray diffraction analysis showed a conversion of ZrACP to a semi-crystalline material after 96 

hours, but ZnACP showed no conversion after 96 hours.   

Composite scaffolds were fabricated by incorporating HAP, zirconium-stabilized ACP 

(ZrACP), or zinc-stabilized ACP (ZnACP) into a sintered PLGA microsphere matrix and then 

characterized to determine the effect of the minerals on the in vitro differentiation of MC3T3-E1 

cells.  Scanning electron microscopy revealed a porous microsphere matrix with calcium 

phosphate powders distributed on the surface of the microspheres.  Measurements of mechanical 

properties indicated that incorporation of 0.5 wt% calcium phosphates resulted in a 30% decrease 

in compressive modulus.  When cells were cultured in the scaffolds, composite ACP scaffolds 

stimulated proliferation and ALP activity, while HAP scaffolds stimulated osteoblast gene 

expression.  Overall, the results of this work indicate the addition of calcium phosphate minerals 

to PLGA scaffolds supported cell growth and stimulated osteogenic differentiation, making the 

scaffolds a promising alternative for bone tissue regeneration. 
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Chapter 1: Introduction 

 

1.1. Clinical Significance  

Bone substitutes are a common therapy for the treatment of bone defects that result from 

trauma, disease, and congenital abnormalities [1].  Bone grafts are commonly required in 

orthopedic trauma surgery to replace function and facilitate healing of musculoskeletal injuries 

[2].  In 2005, more than 500,000 bone graft procedures were performed in the United States and 

greater than 2.2 million worldwide [1].  

Three types of commonly used grafts include: autologous, allogeneic, and xenogenic 

grafts.  Autologous grafts are transplanted directly to the wound site from a healthy area of a 

patient such as the iliac crest, femur, or tibia [3].  Autologous grafts are the current standard for 

treating bone defects because they provide osteogenic cells as well as osteoconductive and 

osteoinductive properties needed to facilitate bone healing [4, 5].  Autografts can be harvested 

from numerous locations including the iliac crest, distal femur, proximal tibia, and distal radius.  

The iliac crest is the most common source because of the amount of bone available and the 

relative ease of harvest.  However, autografts are not without disadvantages including donor site 

morbidity at the graft removal site and a limited supply of tissue available for harvest.  

Allogeneic grafts are an alternative to autologous grafts and account for approximately 

one-third of all bone grafts used in North America [2].  Allogeneic grafts are tissue grafts which 

are taken from a cadaver or a living donor.  Therefore, they are available in much higher 

quantities and they lack the donor site morbidity associated with autologous grafts.  However, 

the use of allogeneic grafts risks bacterial or viral infection.  To combat this problem, allogeneic 

grafts are frequently processed before implantation rather than using fresh allogeneic grafts.  As 

a result of sterilization, allogeneic grafts may lose significant osteoinductive properties [2]. 

The least common type of bone graft is the xenogenic graft, which is obtained from a 

non-human species.  Xenogenic grafts often have problems with immune rejection and it may be 

difficult to a find matching donor.  However, xenogenic grafts are an excellent source of tissues 

that are in low supply from human donors.  

Tissue engineering aims to overcome the disadvantages of current grafts.  Tissue 

engineered constructs may be created to be available in an off-the-shelf capacity to account for 

high demand.  The incorporation of bioactive factors and osteoprogenitor cells into a synthetic 

graft has the potential to further accelerate wound healing.  Additionally, biodegradable 
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constructs can be tailored to fit the desired wound, integrate into native tissue and eliminate the 

need for graft removal or further therapeutic intervention.  Therefore, engineered bone tissue has 

the potential to overcome the disadvantages of current grafts making it an attractive alternative 

for osseous regeneration.  Current challenges in bone tissue engineering are in the development 

of suitable scaffold materials to improve osteoblast adhesion, proliferation, and differentiation. 

 
1.2. Bone Biology 

An overall understanding of bone structure and function is necessary for determining 

strategies for the regeneration of bone by tissue engineering.  Bone tissue performs several basic 

functions in the body, including soft tissue support and skeletal muscle attachment.  Bones such 

as the ribs and the cranium provide essential protection for vital organs.  On the molecular level, 

calcium and phosphorus homeostasis is maintained by stores within the bone tissue; while bone 

marrow, within the central cavity of long bones, is a source of blood cell production [6, 7].  A 

thorough understanding of such functions provides insights into the structure and function of 

desired graft materials. 

 

1.2.1. Composition, structure, and organization of bone 

The extracellular matrix of bone is composed of an organic matrix of collagenous and 

non-collagenous proteins which is strengthened by a mineralized, inorganic matrix composed of 

calcium and phosphate in the form of carbonated hydroxyapatite (HAP) [8].  Approximately 

60% of bone mass is composed of mineral, 30% collagenous matrix, and 10% water [9].  

Collagen is the major component of the bone matrix, composing 95% of the organic portion of 

the matrix.  Minerals accumulate in the spaces between collagen fibers where they crystallize 

and harden.  The salts then deposit and crystallize on the surface of the collagen fibers.  This 

combination of collagen fibers and minerals gives bone its characteristic tensile strength and 

hardness, respectively.  The remaining 5% of the organic matrix is composed of proteoglycans 

and non-collagenous matrix proteins such as osteocalcin, osteopontin, osteonectin, and bone 

sialoprotein [6, 7].  

Bone tissue is organized into two specific types; each serving a specific function (Fig. 

1.1).  Cortical (compact) bone provides more effective mechanical support and protection, while 

trabecular (cancellous) bone is involved in metabolic functions such as calcium homeostasis 

[10].  Compact bone forms the outer layer of all bones and the majority of the shaft, or diaphysis, 

of long bones and consists of densely packed collagen fibrils that form concentric lamellae.  At 
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the center of the lamellae is the Haversian canal which contains major blood vessels. Between 

the lamellae are small spaces containing osteocytes called lacunae.  From the lacunae, canaliculi 

radiate outward in all directions.  The canaliculi connect lacunae with one another and the 

Haversian canals to transport waste, oxygen and nutrients.  Each Haversian canal, with its 

surrounding lamellae, lacunae, osteocytes, and canaliculi, forms an osteon which is about 200 

µm in diameter and 10 to 20 mm long [9]. 

 

 
Figure 1.1. Organization of Bone. US National Cancer Institute’s Surveillance, 
Epidemiology, and End Results Program. 2000, Accessed February 27, 2009. 
http://training.seer.cancer.gov/module_anatomy/images/illu_compact_spongy_bone.jpg 
[fair use] 

 

Trabecular bone is a more loosely organized, spongy structure.  It does not contain 

osteons like those seen in cortical bone.  The bone structure is highly porous, with 75-95% of the 

bone volume being interconnected pores filled with bone marrow [9].  The lamellae are arranged 

in a more irregular pattern of thin plates of bone called trabeculae.  Similar to compact bone, the 

trabeculae contain lacunae with radiating canaliculi.  Trabecular bone forms the majority of flat 

and irregularly shaped bones and the ends, or epiphyses, of long bones [7].  

 

1.2.2. Mechanical Properties of Bone 

Bone is a heterogeneous tissue and therefore has varying mechanical strengths depending 

on anatomical location [11, 12].  Furthermore, strength properties vary widely with age and 

loading direction [13].  The mechanical properties of bone reflect the microstructure of the 

tissue.  Within bone tissue, hydroxyapatite crystals are deposited within an ordered, overlapping 
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arrangement of collagen fibers [7].  The collagen fibers provide tensile strength, while the 

hydroxyapatite crystals provide compressive strength. 

A review by Athanasiou et al [9] shows that the strength of compact bone varies between 

the longitudinal and transverse direction.  The strength of compact bone in the longitudinal 

direction has been measured between 78.8 and 151 MPa in tension and between 131 and 224 

MPa in compression.  However, compact bone is much weaker perpendicular to the long axis 

(51-56 MPa in tension and 106-133 MPa in compression).  Further, the elastic moduli of 

compact bone, in both tension and compression, are 17-20 GPa in the longitudinal direction and 

6-13 GPa in the transverse direction. 

In contrast to compact bone, trabecular bone is a highly porous structure without an 

arrangement of Haversian systems in the longitudinal direction.  As a result, trabecular bone does 

not have the significant strength properties that are characteristic of compact bone.  The strength 

and modulus of trabecular bone range from 2-5 MPa and 90-400 MPa, respectively [9]. 

 

1.2.3. Formation of Bone 

Bones are formed through two distinct processes of ossification: endochondral 

ossification and intramembranous ossification.  Both processes produce mature bones with 

similar composition.  Both mechanisms involve the replacement of pre-existing connective tissue 

with bone [7]. 

 

1.2.3.1. Endochondral Ossification 

Endochondral ossification gives rise to the long bones of the skeleton by a process 

involving the calcification of cartilage.  In this process, mesenchymal cells differentiate into 

chondroblasts which produce a hyaline cartilage matrix template that is gradually replaced by 

bone [6, 7].  A membrane called the perichondrium then forms around the cartilage. 

In forming long bones, the cartilage model grows in length and thickness by chondrocyte 

cell division and cartilage matrix deposition.  Chondrocytes in the middle of the cartilage 

template increase in size as the cartilage template grows.  Some of the hypertrophied cells burst, 

releasing their contents and changing the pH of the local environment.  This change induces 

calcification of the cartilage.  Calcification reduces the nutrient supply to the chondrocytes 

causing them to die and leave behind empty lacunae. 
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During the calcification process, a nutrient artery penetrates the bone, permitting 

osteoprogenitor cell migration into the perichondrium where they differentiate into osteoblasts.  

The osteoblasts form a thin layer of compact bone under the perichondrium called the periosteal 

bone collar.  This later becomes the periosteum. 

Within the middle of the cartilage template, the periosteal bud, containing osteoblasts, 

osteoclasts, red bone marrow, and capillaries, develops.  The infiltration of the capillaries 

induces the growth of the primary ossification center; the region where bone will replace most of 

the cartilage.  Osteoblasts then deposit bone matrix over the calcified cartilage to form 

trabeculae.  The ossification center enlarges toward the ends of the bone and osteoclasts resorb 

the newly formed trabeculae leaving a marrow cavity at the core.  The marrow cavity fills with 

red bone marrow and primary ossification proceeds inward.  

The shaft of long bones (diaphysis), initially composed of hyaline cartilage, is gradually 

replaced with compact bone.  When blood vessels enter the end of the long bone (epiphysis), a 

second ossification center forms.  Bone formation at the second ossification center occurs similar 

to that in the main ossification center.  However, the spongy bone is not replaced by compact 

bone at the site of secondary ossification and hyaline cartilage remains on the surface of the 

epiphysis to act as the cartilage at the articular surface of the bone.  Secondary ossification 

proceeds outward from the center of the epiphysis toward the outer surface of the bone. 

 

1.2.3.2. Intramembranous Ossification  

Intramembranous ossification gives rise to the flat bones of the skeleton such as the 

cranium.  In contrast to endochondral ossification, intramembranous ossification forms bone 

without a cartilaginous intermediate [6, 7].  

Mesenchymal cells are recruited to the site where bone will develop and differentiate into 

osteoprogenitor cells and then later into osteoblasts.  The osteoblasts secrete organic matrix until 

they are completely encompassed.  The osteoblasts undergo another transformation into 

osteocytes and matrix secretion stops.  The osteocytes are now located in the lacunae and extend 

their processes into canaliculi.  Minerals are then deposited within the matrix, which then 

becomes calcified. 

Trabeculae develop as the bone matrix forms.  They then fuse with each other to form the 

latticework of trabecular bone.  Vascularized connective tissue, which eventually differentiates 

into red bone marrow, is contained within the spaces between the trabeculae.  Vascularized 
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mesenchyme condenses on the outside of bone where it eventually forms the periosteum.  The 

surface layers of trabecular bone are eventually replaced with compact bone, but the center 

remains spongy. 

 

1.2.4. Remodeling of Bone 

Numerous cell types are present within bone tissue and work in concert to maintain 

healthy bone tissue and perform the necessary functions of bone.  Four main types of cells 

responsible for the remodeling of bone are osteoprogenitor cells, osteoblasts, osteoclasts, and 

osteocytes [6, 7].  

Osteoprogenitor cells are unspecialized cells derived from mesenchyme that can 

differentiate into osteoblasts.  They are located inside the periosteum, in the endosteum, and in 

Haversian canals.  Upon fracture, osteoprogenitors are activated to differentiate into osteoblasts 

that will heal the fracture. 

Osteoblasts are the main cell type responsible for forming bone tissue and are derived 

from mesenchymal stem cells.  They are found on the surface of bone and in bone cavities.  They 

express phenotypic markers such as alkaline phosphatase and osteocalcin.  As new bone layers 

are formed by the osteoblast, the cells become trapped and turn into osteocytes.  

Osteocytes are the most abundant cell type in bone tissue and are involved in calcium 

homeostasis [10].  They are derived from osteoblasts and are found in the lacunae of the 

mineralized matrix [12].  They become encased in the mineralized matrix as bone forms.  

Osteoclasts are phagocytic, multinuclear cells derived from hematopoietic stem cells [10] 

and are responsible for dissolving mineral and degrading the organic matrix of bone.  The 

osteoclasts secrete proteolytic enzymes and several acids to digest or dissolve the organic matrix.  

The cells also phagocytose small particles of bone matrix and release them into the blood. 

Bone remodeling is a life-long, coupled process of bone formation by osteoblasts and 

bone resorption by osteoclasts.  The purpose of the remodeling process is to replace old, brittle 

bone tissue, with newer and more viable bone tissue.  This process is important for the support of 

dynamically changing loads and the renewal of old, brittle organic matrix.  In healthy bone, 

osteoclasts resorb a small portion of bone and then make way for the osteoblasts to form new 

bone.  The new bone is formed in layers of lamellae to create concentric circles.  New bone 

formation continues until the forming lamellae reach blood vessels contained within the 

Haversian canals [7]. 
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A delicate balance exists between bone resorption by osteoclasts and bone formation by 

osteoblasts.  When this process becomes uncoupled to favor net bone formation or net bone 

resorption in disease or with age, bones may become extremely brittle or osteolytic lesions may 

form.  If too much mineral is deposited or too much bone forms, bumps or spurs form that may 

interfere with joint function [6, 7]. 

 

1.2.5. Fracture Healing 

The human body undergoes a natural process of osseous repair when a bone is injured.  

Upon fracture, the blood vessels at the fracture site are also broken.  In bone tissue, blood vessels 

include those of the periosteum, the marrow (medullary) cavity, and the osteons.  The blood clots 

to form a fracture hematoma, halting the flow of blood [14].  As a result, bone and periosteal 

cells in the area die.  Capillaries grow into the hematoma while phagocytes and osteoclasts begin 

to digest and metabolize damaged tissue.  Connective tissue, called granulation tissue, forms in 

the fracture, and secretes a fluid that kills bacteria while providing a framework for new bone 

growth.  This region is also called a callus region. 

Fibroblasts and osteoprogenitor cells begin to invade the granulation tissue.  The 

fibroblasts produce collagen and the osteoprogenitor cells differentiate into chondroblasts where 

this is no vasculature.  The chondroblasts then produce fibrocartilage and transform the 

granulation tissue into a fibrocartilaginous callus that bridges the bone gap.  

Osteoprogenitor cells in the vascularized environment differentiate into osteoblasts and 

begin to form trabeculae.  The trabeculae join the fracture ends and the fibrocartilage is 

converted to trabecular bone to form a bony callus.  Finally, remodeling of the bony callus 

occurs to remove any dead tissue and compact bone forms on the outer edges of the fracture [7]. 

 

1.2.6. Bone Related Diseases 

A number of diseases and disorders of bone tissue are related to development, infection, 

calcium and mineral homeostasis, or the delicate balance between bone formation and bone 

resorption [15].  Some of these diseases include osteoporosis, osteogenesis imperfecta, Paget’s 

disease, and multiple myeloma. 

Osteoporosis is the most common bone disease in adults [7].  In osteoporosis, bone 

formation is diminished due to an abnormally low osteoblast activity, and more rarely an 

increase in osteoclast activity.  As a result, the organic matrix of bone is severely reduced, 
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leaving bones extremely brittle.  Osteoporosis has multiple common causes including decreased 

loading of bones over time, malnutrition, and old age. 

Osteogenesis imperfecta is a disorder caused by a deficiency in the synthesis of type one 

collagen [15].  The disease is genetic and is characterized by mutations in the genes that code for 

the α1 and α2 chains of collagen.  The disease can range in severity.  Patients with the least 

severe form of the disease are able to synthesis normal collagen, but in decreased amounts.  In 

the more severe form of the disease the abnormal peptide chains are not able to form the collagen 

helix resulting in extremely brittle bone. 

Paget’s disease, like osteoporosis, is related to the process of bone remodeling [6].  

However, Paget’s disease is characterized by a highly accelerated rate of both resorption and 

formation which results in irregular hardening and softening of the bones.  The net effect of the 

disease is an increase in bone mass, but the resulting tissue is disordered and mechanically 

unstable [15]. 

Multiple myeloma is a cancer of the plasma cells in red bone marrow [6].  In addition to 

the formation of a tumor cell mass, myeloma usually produces osteolytic lesions and causes 

severe bone pain [16].  The lesions are caused by an increase in bone resorption due to increased 

osteoclast formation and activity in the vicinity of myeloma cells [16].  In a histological study 

comparing multiple myeloma patients with and without osteolytic bone lesions, Bataille et al 

[17] found that patients with bone lesions had a major uncoupling of the normal bone remodeling 

process.  However, patients without osteolytic bone lesions had balanced bone remodeling with 

an increase in both bone resorption and formation.  Others have shown reductions in markers of 

bone formation and increases in markers of bone resorption in multiple myeloma patients with 

bone lesions [18]. 

 

1.3. Bone Tissue Engineering Model 

Bone injuries that result from trauma, disease, or congenital defects often require surgical 

intervention to restore normal function.  Limitations associated with current bone grafts create a 

need for a novel source of bone graft.  Tissue engineering applies principles of science and 

engineering to repair tissues, and strategies that have been proposed involve using biomaterials, 

cells, and growth factors alone or in combination [19].  Strategies aimed at restoring tissue 

function through tissue engineering include acellular matrices or matrices with cells.  

Additionally, matrices may or may not contain growth factors or other bioactive molecules to 
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further accelerate tissue healing.  Ultimately, the goal of tissue engineering is to restore function 

to a damaged tissue by implanting a tissue engineered construct into the defect site that will 

facilitate the natural healing process.  Strategies for tissue regeneration involve: (1) a scaffold for 

osteoconduction, (2) bioactive molecules for osteoinduction, (3) and osteoprogenitor cells to 

actively repair the wound site.  

The role of the matrix or scaffold is to accelerate bone regeneration by providing an 

osteoconductive template onto which osteoprogenitor cells can migrate and deposit extracellular 

matrix.  The scaffold should be designed to initially withstand the mechanical load of the 

surrounding tissue and degrade at a rate that matches the formation of new tissue.  Over time, the 

biodegradable scaffold is envisioned to degrade as osteoprogenitor cells penetrate the scaffold 

and deposit extracellular matrix.  It is envisioned that the newly formed tissue will gradually 

support the mechanical load of the bone until the scaffold is completely resorbed. 

To further enhance healing by the osteoconductive scaffold, osteoinductive factors may 

be added to the construct.  Bone morphogenetic proteins, part of the TGF-β superfamily, are the 

most commonly studied osteogenic cytokines [20].  Currently, two recombinant human bone 

morphogenetic proteins (rhBMPs) are available for clinical use in healing bone injuries, rhBMP-

2 and rhBMP-7 [2].   

Lastly, osteoprogenitor cells can be added to the scaffold and cultured ex vivo before 

implantation.  Osteoprogenitor cells can be derived from heterologous, allogeneic, or autologous 

tissue and from multiple tissues in the body.  Then, under the appropriate conditions, 

osteoprogenitor cells differentiate into osteoblasts that deposit a mineralized matrix.  When the 

construct is implanted, it is envisioned that native osteoprogenitor cells respond to the secretion 

of growth factors and are recruited into the graft site. 

 

1.3.1. Osteoprogenitor Cells 

The addition of osteoprogenitor cells to an osteoconductive scaffold may increase the 

osteogenic potential of the scaffold and promote healing.  For tissue engineering applications, 

osteoprogenitor cells should be easily isolated from a plentiful source.  The cells should then be 

capable of expanding in large quantities and differentiating into the osteoblastic lineage.  
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1.3.1.1. Sources of Osteoprogenitor Cells 

Mesenchymal stem cells (MSCs) are multipotent stem cells that are present in many adult 

tissues and are responsible for the body’s ability to naturally remodel and repair damaged tissues 

[21, 22].  Morphologically, undifferentiated MSCs have a spindle shape that resemble fibroblasts 

and have the ability to differentiate into multiple lineages, including bone, cartilage, muscle, and 

fat [23-25].  MSCs have been isolated from numerous tissues including bone marrow, amniotic 

fluid, muscle, adipose, and synovial tissues and have great potential for tissue engineering 

strategies [24].  However, some of these sources have inherent disadvantages, including 

difficulty of extraction, differentiation potential, and loss of stem cells with age.  Researchers are 

continuously searching for additional sources of highly potent stem cells.  A few of this stem cell 

sources are summarized below. 

 

1.3.1.1.1. Bone Marrow Stromal Cells (BMSCs) 

The constant remodeling of skeletal tissue suggests the presence of cells that have 

retained the capacity to proliferate and differentiate within the bone marrow.  Several studies 

have demonstrated the capacity of bone marrow derived stem cells to differentiate into 

fibroblasts, osteoblasts, chondroblasts, and adipocytes [26, 27].  These multipotent adult stem 

cells are commonly called bone marrow stromal cells (BMSCs) or bone marrow derived 

mesenchymal stem cells (BMMSCs).  

Bone marrow stromal cells have been isolated from the femurs and tibias of rats [28].  

After isolation, the mesenchymal stem cells can be separated from the total stem cell population 

based on the ability to adhere to tissue culture polystyrene.  These stem cells proliferate rapidly 

and express markers of osteoblast differentiation when cultured in the presence of 

dexamethasone, ascorbic acid, and β-glycerophosphate. 

 

1.3.1.1.2. Adipose Derived Stem Cells (ADSCs) 

Adipose tissue is a highly complex tissue that consists of many types of cells.  The 

stromal-vascular cell fraction of the adipose tissue, obtained after collagenase digestion, has been 

found to contain multipotent adipose tissue-derived stromal cells [29].  The harvest of adipose 

tissue is a simple surgical procedure that is often performed for cosmetic purposes.  The tissue 

can be obtained in large quantities by surgical resection, tumescent lipoaspiration, or ultrasound-

assisted lipoaspiration.  ADSCs can then be easily isolated from the tissue by an enzyme 
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digestion and have the potential to differentiate into bone, cartilage, tendon, skeletal muscle and 

fat under the appropriate conditions.  In one study, rat ADSCs treated with growth and 

differentiation factor-5 (GDF-5) demonstrated significantly greater mineralization and 

expression of Cbfa1, ALP, and OCN genes than untreated controls [30].  

In addition, ADSCs maintain differentiation potential after cryopreservation.  Therefore, 

ADSCs represent an ideal source of multipotent stem cells due to the large quantities of adipose 

tissue available, ease of tissue harvest, and the low potential for donor site morbidity [30, 31].  

However, it must be noted that a number of factors, including donor age, type of tissue, location 

of tissue, and culturing conditions influence the proliferation and differentiation capacity of 

ADSCs [29]. 

 

1.3.1.1.3. Amniotic Fluid Stem Cells(AFSCs) 

Cells from amniotic fluid are commonly used for prenatal diagnosis of fetal 

abnormalities.  The population of cells in amniotic fluid is a heterogeneous cell population 

derived from the developing fetus, even in normal fetal development [32].  Recently, amniotic 

fluid and the amniotic epithelium have been shown to contain stem cells capable of multilineage 

differentiation [32, 33].  Tsai et al developed a novel two-stage culture protocol for isolation of 

multipotent mesenchymal stem cells from human amniotic fluid [33].  The differentiation 

potential of the AFSCs was shown to include mesodermic (osteogenic, adipogenic) and 

ectodermic (neuronal differentiation) cell types.  In addition, AFSCs expressed Oct-4 mRNA and 

protein, commonly expressed by embryonic stem cells and embryonic germ cells as well as a 

number of additional markers associated with mesenchymal or neuronal cells [34].  Furthermore, 

cells obtained from routine diagnostic amniocentesis were induced to differentiate along six 

lineages (osteogenic, adipogenic, myogenic, endothelial, neurogenic, and hepatic) comprising all 

three germ layers.  As a result, these studies demonstrated the pluripotent nature of AFSCs and 

their potential for tissue regeneration. 

AFSCs may be an easily obtainable stem cell source, available in significant quantities 

from normal diagnostic amniocentesis.  Although more investigation is necessary for further 

characterization of AFSCs, they may also be a source of fetal pluripotent stem cells without the 

ethical concerns associated with human embryonic stem cells. 
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1.3.1.1.4. Dental Pulp Stem Cells(DPSCs) 

Within the center of a tooth is a cavity containing nerves and blood vessels called dental 

pulp.  The pulp is rich in progenitor cells that give rise to odontoblasts and ameloblasts which 

deposit the mineralized matrices of dentin and enamel, respectively [35].  These progenitor cells, 

termed dental pulp stem cells (DPSCs), have the ability to regenerate damaged dentin in vivo.  

Multiple studies have demonstrated that DPSCs isolated from human impacted third molars 

possess the characteristic stem cell properties such as self renewal and a high proliferation rate 

[35-38].  In addition, it is thought that dental pulp might be a source of multipotent stem cells, 

similar to those found in bone marrow [38-41].  Microarray analysis of human DPSCs and 

BMSCs showed similar gene expression profiles for the two cell types, suggesting that the 

pathways for bone and tooth development may be similar regardless of their distinct origins 

during embryogenesis [42].  Laino et al demonstrated that stem cells derived from human 

exfoliated deciduous teeth are able to develop and mineralized bone-like tissue in vitro as shown 

by ALP activity, alizarin red S staining, and immunofluorescent staining of bone markers [37].  

Papaccio et al demonstrated the ability of cryopreserved DPSCs to retain osteoblast 

differentiation capacity and form mineralized matrix after long-term cryopreservation [40].  

Recently, DPSCs from adult humans have been cultured to express markers of osteogenic 

differentiation such as bone sialoprotein (BSP), alkaline phosphatase (ALP), and osteocalcin 

(OCN) [37, 38, 43, 44].  

Furthermore, human dental pulp extracts have been cultured in vitro and transplanted into 

immunocompromised mice using hydroxyapatite/tricalcium phosphate powder as a carrier [45].  

After 7 weeks following transplantation, woven bone was observed on the surface of the carrier.  

Newly formed bone continued to remodel 15 weeks after transplantation, showing osteoblasts 

lining the bone surfaces and osteocytes trapped within the newly formed bone.  DPSCs cultured 

in vitro expressed mRNA for type I collagen, fibronectin, and osteocalcin, but not dentin 

sialophosphoprotein, a marker specific to odontoblasts.  This in vitro profile of the DPSCs, in 

conjunction with the in vivo assessment of the transplants, demonstrates the ability of the DPSCs 

to selectively produce bone and not dentin.  Therefore, stem cells derived from dental pulp may 

be an attractive, bankable source for future tissue regeneration [40, 46, 47]. 
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1.3.1.2. Stages of Osteoblast Differentiation 

Upon induction, osteoprogenitor cells undergo three distinct stages of osteoblast 

development and differentiation in vitro: proliferation, matrix synthesis and maturation, and 

matrix mineralization [48-52] (Fig. 1.2).  Proliferation of osteoprogenitor cells is characterized 

by extensive growth, spreading, as well as morphological changes and minimal, early alkaline 

phosphatase (ALP) expression [49].  During this stage, type I collagen mRNA is highly 

expressed, paralleling high rate of DNA synthesis.  However, the formation of a collagenous 

extracellular matrix during this time is minimal.  Toward the end of the proliferation phase, cell 

numbers reach a plateau around day 10 or 12 and DNA synthesis subsequently ceases [51].  

The proliferation phase is followed by an intermediate phase between days 12 and 18, 

which is characterized by a decrease in cell proliferation and an increase in ALP gene expression 

and enzyme activity.  An increase in collagen matrix deposition immediately follows the 

decrease in cell proliferation as well as the appearance of low levels of noncollagenous ECM 

proteins such as osteocalcin and bone sialoprotein [49].  

In the final stage of osteoblast differentiation, between days 16 and 20, type I collagen 

(COLI) gene expression continues to decline.  ALP gene expression and protein activity begin to 

decline while matrix deposition is maximal.  This stage is also characterized by matrix 

mineralization which is evidenced by an increase in calcium deposition that continues through 

four weeks of culture to form a bone-like tissue consisting of multilayers of cells in an ordered, 

mineralized collagen matrix [50, 51].  Upon matrix mineralization and bony nodule formation, 

an increase and subsequent decrease in ALP activity is followed by the increased expression of 

osteopontin (OPN), bone sialoprotein (BSP), osteocalcin (OCN) [48]. 
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Figure 1.2. Model of the relationship between 
proliferation and differentiation during rat osteoblast 
developmental sequence. Redrawn from T. A. Owen, M. 
Aronow, V. Shalhoub, L. M. Barone, L. Wilming, M. S. 
Tassinari, M. B. Kennedy, S. Pockwinse, J. B. Lian, and 
G. S. Stein, "Progressive development of the rat 
osteoblast phenotype in vitro: reciprocal relationships in 
expression of genes associated with osteoblast 
proliferation and differentiation during formation of the 
bone extracellular matrix," J Cell Physiol, vol. 143, pp. 
420-30, Jun 1990. [fair use] 

 

Several studies have suggested the importance of collagen for mineralization of the ECM 

[50, 51].  Collagen deposition in the extracellular matrix is highly dependent on the 

supplementation of the culture medium with ascorbic acid [50].  Ascorbic acid is required by the 

cells to hydroxylate proline and lysine residues during collagen synthesis.  Rat calvarial 

osteoblasts cultured in the absence of ascorbic acid were unable to produce a collagenous ECM 

and mineralization did not occur [51].  When cultured in the presence of 50 µg/mL ascorbic acid, 

rat calvarial osteoblasts produced both collagenous and mineralized matrix, suggesting both 

ascorbic acid and a collagen ECM are required for mineralization.  

 

1.3.2.  Biomaterial Scaffolds 

Biomaterial scaffolds are used in tissue engineering to facilitate tissue regeneration by 

providing a temporary framework for new tissue growth.  Materials are often selected for their 

biocompatibility and biodegradability which avoids the need for future surgical removal [19].  In 

addition, materials are often chosen to mimic chemical, morphological, and strength properties 

of the surrounding tissue.  
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The architecture of the fabricated scaffold should mimic the natural architecture of the 

native tissue as closely as possible.  The surface of the scaffold must allow for cellular 

attachment and migration.  The scaffold must also contain interconnected pores for cell 

infiltration, nutrient delivery, and waste removal. Interconnectivity and pore diameter must be 

sufficient for osteoblast passage.  Bone formation requires a minimum pore size of 100 µm, with 

an optimum pore size of 300 to 500 µm [2, 53].   

It is also crucial that the scaffold have sufficient mechanical stiffness to withstand 

implantation and support integration with the native tissue.  Studies have shown that scaffold 

mechanical stiffness directs the differentiation of stem cells and can be tuned for the desired 

tissue [54].  Matrices with stiffness resembling brain, muscle, and bone tissue induced 

differentiation of human MSCs to those lineages, respectively [54]. 

The surface morphology of materials can have a great effect on the function of 

osteoblasts.  Composite materials of HAP and soluble calcium phosphate with greater roughness 

than HAP promoted greater MC3T3-E1 cell adhesion [55].  Webster et al investigated the 

functions of osteoblasts on nanophase (grain sizes less than 100 nm) alumina, titania, and HAP 

[56].  Osteoblast proliferation, ALP activity, and calcium deposition were significantly greater 

on nanophase ceramics than conventional ceramics.  Further studies were conducted to elucidate 

the mechanisms of select osteoblast adhesion on nanophase versus conventionally formulated 

ceramics.  It was found that nanophase ceramics adsorbed greater concentrations of vitronectin 

and conventional ceramics adsorbed greater concentrations of laminin [57].  This correlates with 

the enhanced adhesion of osteoblasts on nanophase ceramics and of endothelial cells on 

conventional ceramics [57].  Liu et al investigated the function of osteoblasts on nanophase 

titania/PLGA composites with nanometer surface roughness [58].  Sonication was used to alter 

the dispersion of titania in the PLGA and control the surface roughness of the composite.  

Composites with nanometer roughness had greater cell density, collagen content, ALP activity, 

and calcium deposition than smoother surfaces [58]. 

Two major classes of materials used for tissue engineering are natural biomaterials and 

synthetic biomaterials.  Natural biomaterials include organic materials such as collagen, fibrin, 

hyaluronic acid, and calcium phosphates derived from coral.  Synthetic biomaterials include 

polymers such as polyglycolic acid, polylactic acid, polycaprolactone and ceramics such as 

hydroxyapatite, tricalcium phosphate, and amorphous calcium phosphate.  
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1.3.2.1. Natural Biomaterials 

Natural biomaterials are commonly used because of their inherent biocompatibility and 

similarities to the extracellular matrix.  Collagen is a major component of the extracellular matrix 

of hard tissues and is commonly used to facilitate cell adhesion and proliferation.  It is the most 

abundant structure in the human body and can easily be isolated from both human and animal 

tissues [59].  Collagen can then be used to create a variety of scaffold geometries and the 

degradation rate can be tailored by altering protein density and crosslinking of the collagen fibers 

[59].  However, collagen alone provides little structural support for a scaffold [1]. Therefore, 

collagen may be best utilized as a component of a composite scaffold. 

Hyaluronan, a simple glycosaminoglycan, has been used as a scaffold material for 

cartilage tissue engineering and wound healing applications [10, 60].  Hyaluronan can be 

processed to form a biodegradable hydrogel by crosslinking individual polymer chains.  

Crosslinking of the gel can be achieved by photopolymerization with glycidyl methacrylate, 

which reacts covalently with hyaluronic acid [60].  The rate of degradation is decreased after 

crosslinking, allowing time for new tissue growth and healing.  

Alginates are polysaccharides derived from seaweed.  They are block copolymers that are 

usually processed as cross-linked gels in the presence of divalent cations such as calcium [61].  

Alginates can be processed into any number of shapes and cells can be directly mixed with the 

aqueous alginate mixture prior to crosslinking.  However, degradation rates can be low and 

uncontrollable [61]. 

Chitosan, derived from the shells of crustaceans, is commonly used for tissue engineering 

applications because of the similarities to natural human glycosaminoglycans [10].  Chitosan, a 

partially deacetylated derivative of chitin, is a copolymer of N-acetyl-D-glucosamine and D-

glucosamine [62].  The natural polymer, usually fabricated as a hydrogel, has numerous 

advantages including biocompatibility, biodegradablility, and nonantigenicity.  Scaffold 

properties are affected by the deacetylation of chitosan and ultimately affect cell adhesion, 

proliferation, and scaffold biodegradability. 

Demineralized bone matrix is processed through the acidic decalcification of cortical 

bone [2].  After processing, the matrix is used as an osteoconductive scaffold that has the 

trabecular structure of the original bone tissue [1].  In addition, the demineralized bone matrix 

may retain some of the growth factors not destroyed by acid demineralization and thus have 

some osteoinductive potential.  
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1.3.2.2. Synthetic Biomaterials 

Examples of synthetic polymers are calcium phosphates, poly(glycolic acid) (PGA), 

poly(L-lactic acid) (PLLA), and their copolymer poly(lactic-co-glycolic acid) (PLGA).  Each has 

unique assets and has the ability to be altered to achieve specific properties for the desired tissue 

application. 

 
Figure 1.3. Chemical structure of PLGA copolymer 

 

Synthetic polymers such as PLLA, PGA, and their copolymer, poly(lactic co-glycolic 

acid) (PLGA), have been approved by the US Food and Drug Administration for use in humans 

and are available commercially for various applications [61].  Generally, PGA alone begins to 

degrade in less than a month [63], which could result in collapse of the graft when implanted in a 

bony defect.  In contrast, PLLA doesn’t begin to degrade until after 9 months [63], inhibiting 

sufficient ingrowth of new tissue.  Therefore, PLGA is used to create polymer scaffolds with an 

intermediate degradation rate, on the order of one to two months, to maintain strength while 

allowing ingrowth of new tissue.  In addition, PLGA has been shown to support the attachment 

and proliferation of a number of cell types, including osteoblast-like MC3T3-E1 cells [19, 64].  

The copolymer degrades by chemical hydrolysis into lactic acid and glycolic acid byproducts 

which are non-toxic and naturally removed from the body.  The degradation rate and mechanical 

properties of PLGA can be tuned by altering the copolymer ratio and molecular weight of each 

component, making the copolymer ideal for multiple tissue engineering purposes.  Studies have 

shown that ratios of 75:25 or 85:15 PLGA are most appropriate for bone healing which requires 

approximately 6 weeks [19]. 

 

1.3.2.3. Calcium Phosphate Ceramics 

 

1.3.2.3.1. Types of Calcium Phosphate Ceramics 

Calcium phosphates are of interest in tissue engineering because of their natural 

occurrence in skeletal and dental tissues.  They are available in a number of forms including 

particles, blocks, coatings, and injectable cements.  Calcium phosphate minerals such as 



 

 
Jenni R. Popp  Chapter 1: Introduction  18 

hydroxyapatite (HAP) [Ca10(PO4)6(OH)2; Ca/P = 1.67] [65] and β-tricalcium phosphate (β-TCP) 

[Ca3(PO4)2; Ca/P = 1.5] [65] have been studied extensively as fillers for bone defects and 

scaffolds for engineered bone tissue [66] and have been approved by the FDA for use as bone 

substitutes in humans [67].  The advantage of these calcium phosphate ceramics in osseous 

reconstruction and regeneration is their biocompatibility, osteoconductivity and, similarity to 

natural bone [68, 69].  Some types of calcium phosphates and their formulas are shown in Table 

1.1. 

 

Table 1.1 Types of Calcium Phosphates 
 

CALCIUM 

PHOSPHATE 
FORMULA 

Ca/P 

RATIO 
REFERENCE 

Hydroxyapatite Ca10(PO4)6(OH)2 1.67 [65] 

Tricalcium Phosphate Ca3(PO4)2 1.5 [65] 

Octacalcium Phosphate Ca8(PO4)4(HPO4)2·5H2O 1.33 [70] 

Amorphous Calcium Phosphate Ca3(PO4)2·3H2O 1.5 [71, 72] 

 

 

1.3.2.3.2. Hydroxyapatite 

Apatites are calcium phosphate minerals with the formula Ca10(PO4)6X, where X can be 

(OH)2, F2, or Cl2 to form hydroxyapatite (HAP), fluorapatite, and chlorapatite.  Bone mineral is 

composed mainly of a form of hydroxyapatite called carbonated hydroxyapatite in which many 

of the hydroxyl groups are substituted with carbonate groups [8].  Because of the similarities to 

natural bone, synthetic hydroxyapatite (Ca10(PO4)6(OH)2) has been studied extensively as a filler 

for bone defects and scaffolds for engineered bone tissue [2].  Synthetic HAP is osteoconductive 

and supports osteoblast attachment and spreading; however it lacks osteoinductive properties and 

is resistant to biodegradation [55, 73].  The degradation rate of HAP sintered at high 

temperatures is said to be 0.1 mg/year in subcutaneous tissue [74].  The slow rate of degradation 

is thought to be attributed to calcium to phosphate ratio or crystal structure [65, 69, 75].  This 

resistance to degradation can be a desirable property for the coating of metal prosthetics to 

improve fixation.  However, this may be a limitation for tissue grafts intended for bone 

regeneration within a defect. 
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1.3.2.3.3. Tricalcium Phosphate 

Tricalcium phosphate exists in two different phases that differ in their crystal structure: α-

TCP and β-TCP [70].  Because of their differences in crystallinity, they have different resorption 

properties.  α-TCP, which is created by sintering β-TCP at greater than 1170 °C, is more soluble.  

β-TCP has the ideal chemical formula Ca3(PO4)2 and has a calcium phosphate ratio of 1.5.  The 

effect of β-TCP graft materials on osteoblast differentiation and bone formation has been 

evaluated in vitro and in vivo.  Dong et al demonstrated enhanced bone formation when a pure 

porous β-TCP graft and bone marrow derived osteoprogenitor cells were implanted 

subcutaneously in a rat model [76].  The β-TCP grafts were combined with osteoprogenitor cells 

and incubated for two weeks in osteogenic medium, before implantation.  Composites incubated 

in medium prior to implantation demonstrated higher ALP activity and OCN content than 

unconditioned grafts.  β-TCP scaffolds (Vitoss (Orthovita, Inc, Malvern, PA)) have also been 

approved by the FDA for use in bone defects [77].  The scaffold is composed of small crystals of 

β-TCP formed into a scaffold containing micro- and macropores and has shown significant bone 

formation in vivo. 

 

1.3.2.3.4. Amorphous Calcium Phosphate 

Amorphous calcium phosphate (ACP) [Ca/P = 1.5] is a soluble, bioactive ceramic that 

lacks the long range order characteristic of crystalline substances [72].  Under aqueous 

conditions, ACP rapidly converts to a poorly crystalline apatite structure [71].  During this 

conversion, Ca2+ and PO43- ions are transiently released into the surrounding environment.  

Although a limitation of ACPs has been their rapid dissolution, divalent cations such as Zn2+ and 

Cu2+, which are essential for normal cell function, have been shown to slow the rate of ACP 

conversion to HAP [78, 79].  Stabilized amorphous calcium phosphates may be attractive 

alternatives as they have been shown to transiently stimulate osteoblastic differentiation as they 

release calcium and phosphate ions and raise the local pH [80].  Interestingly, the process of 

ACP conversion may serve as mechanism for delivery of osteoinductive divalent cations. 

 

1.3.2.3.5. Bioactive Glasses 

Bioactive glasses have been investigated for use as bone substitutes.  Their dissolution 

leads to the deposition of an apatite layer on the glass surface that facilitates osteointegration 

[81].  Bioactive glasses can be prepared by the sol-gel method to contain an number of 
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components including silica, sodium, calcium, and phosphorus and other modifiers including 

magnesium, boron, aluminum, and silver [81].  Tsigkou et al investigated the response of 

osteoblasts to composites of PLLA and bioglass particles [82].  Osteoblast differentiation was 

stimulated by the presence of the bioglass particles.  ALP activity and osteocalcin protein were 

significantly elevated on PLLA-bioglass composites, compared to PLLA alone. 

 

1.3.2.3.6. Cements  

Calcium phosphate cements consist of calcium phosphate powder and liquid or gel 

components that are prepared by dissolution and precipitate as calcium phosphate crystals.  

When injected, the cements are able to adapt to the shape of a bone defect, integrate into the 

bone structure, and be remodeled into new bone.  However, they can have poor mechanical 

properties and degrade slowly in vivo.  Julien et al created a composite calcium phosphate 

cement composed of HAP, β-TCP, α-TCP, monocalcium phosphate monohydrate, and ACP 

containing carbonate, magnesium, zinc, or fluoride (to achieve different rates of degradation, 

creating pores) [83].  The doping agent had an influence on crystal size of the hardened cement, 

as seen by SEM micrographs.  Mg and Zn ACPs had smaller crystal sizes than ACP with 

fluoride.  There was no difference in cell adhesion or ALP activity on the three CPCs with metal 

ions. 

 

1.3.2.3.7. Calcium Phosphate Degradation and Dissolution   

The dissolution of calcium phosphate bone substitutes is postulated to aid in the 

formation of mineralized matrix by osteoblasts, thereby facilitating osteointegration of the graft 

with host bone [70].  The ion products of dissolution have also been shown to have an effect on 

osteoblast function [80].  Dissolution kinetics are governed by physicochemical properties such 

as porosity, chemical composition, and crystal structure of the minerals.  Therefore, the 

degradation, dissolution, and reprecipitation of various calcium phosphate minerals have been 

investigated.  Klein et al investigated the degradation of various calcium phosphate minerals 

implanted in rabbit tibiae [69].  Hydroxyapatite (apatite crystal structure after sintering) and 

tricalcium phosphate (β-whitlockite structure after sintering) materials were fabricated with 

different porosity.  Hydroxyapatite materials showed no detectable degradation, regardless of 

porosity.  However, tricalcium phosphate materials with macropores, or with both micro- and 

macropores showed complete degradation after nine months.  These results suggest that the 
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differences in biodegradation are related to crystal structure and Ca/P ratio.  Klein et al [65] 

demonstrated the solubility of hydroxyapatite, tricalcium phosphate, and tetracalcium phosphate 

particles in vitro.  Hydroxyapatite showed the lowest solubility, while tetracalcium phosphate 

was the most soluble.  Gupta et al investigated the surface reactivity and dissolution kinetics of a 

novel porous silica-calcium phosphate nanocomposite and the effect on osteogenic gene 

expression [84].  The porous composites enhanced osteogenic differentiation when compared to 

HAP. 

 

1.3.2.3.8. Osteointegration 

Unlike synthetic materials, which usually have a hard time forming a strong bond with 

bone, calcium phosphates are commonly investigated for healing of bone defects because they 

are capable of bonding with native bone tissue.  Ceramic bioactivity is characterized by surface-

induced biomineralization of calcium phosphate nanocrystals [85].  This biomineralization is 

initiated by electrostatic interaction between surface functional groups and the calcium and 

phosphate ions in solution [85].  The dissolution of grafts containing bioactive ceramics is 

followed by the precipitation and rapid formation of a biological apatite layer at the graft-host 

interface [84].  The bone-like mineral, composed of HAP with ions of magnesium, chlorine, and 

carbonate, recruits osteoblasts to produce a mineralized extracellular matrix [85] that further 

supports osteointegration of the graft.   

   

1.3.2.3.9. Doped Calcium Phosphates 

Substitution with various ions can alter the properties of a calcium phosphate such as 

hydroxyapatite.  Dopants have been added to calcium phosphates in order to further enhance 

properties pertinent to orthopedic and dental applications.  Webster et al demonstrated increased 

osteoblast adhesion on HA doped with 2 mol% zinc when compared to undoped HA [86].  

Webster et al continued these studies by testing the effect of HA doped with divalent (Mg2+ and 

Zn2+) and trivalent (La3+, Y3+, In3+, and Bi3+) cations on osteoblast differentiation [87].  Results 

showed that doped HA enhanced ALP activity and deposition of calcified mineral when 

compared to undoped HA.  Mineral deposition was enhanced greatest on HA doped with Zn2+, 

In3+, and Bi3+.  HA doped with zinc cations improved dissolution rate over other dopants and 

undoped HA.  Santos et al developed a novel composite containing calcium phosphates and 

collagen, doped with zinc for orthopedic and dental applications [88].  The composites were 
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cytocompatible and stimulated ALP activity, as shown with other zinc-releasing calcium 

phosphates.  Paul et al investigated the attachment and spreading of osteoblast-like cells on 

porous ceramic materials made from nanoparticles of zinc phosphate and calcium phosphate 

containing zinc and magnesium [67].  XRD spectra show that all substrates were crystalline.  

Cell adhesion and spreading was significant on HAP, calcium phosphates containing zinc, and 

calcium phosphates containing both zinc and magnesium.   

Calcium phosphates have also been doped with metal ions and bisphosphonates to retard 

their conversion to hydroxyapatite [78, 79].  Stabilizing agents such as pyrophosphates and 

polyphosphates have been shown to regulate the autocatalytic crystallization of ACP [89].  

Calcium phosphates have been stabilized with 1-hydroxyethylidene-1, 1-bisphosphonate (HEBP) 

(a clinically proven antimineralization agent) because it adsorbs on the surface of crystallites and 

hinders further crystal growth [78].  In one study, nickel had the greatest inhibitory effect on the 

rate of ACP transformation to HAP, comparable to HEBP [79].  Tin, copper, and zinc also had 

an inhibitory effect, but to a lesser extent.  This was further investigated by determining the 

effect of 26 metal ions on the in vitro formation of calcium phosphate [78].  Nickel and HEBP 

had the greatest inhibitory effect.  Nickel, tin, cobalt, manganese, copper, zinc, gallium, thallium, 

molybdenum, cadmium, magnesium, and mercury had a moderate inhibitory effect.  Cesium, 

titanium, chromium, ferrous iron, iridium, palladium, platinum, silver, gold, aluminum, and lead 

had no effect on the transformation to HAP.  Ferric iron and indium accelerated the 

transformation of ACP to HAP [78].  Skrtic et al demonstrated that ACPs hybridized with Zr and 

Si achieved enhanced stability and slowed the conversion of the hybrid ACPs to HAP [71].  It is 

proposed that stabilization is achieved when the hybridizing agents adsorb at active crystal 

growth sites.  

 

1.3.2.3.10. Zinc-containing Calcium Phosphates  

Zinc is an essential trace element in the development and maintenance of healthy bone 

and has been shown to increase osteoblast differentiation.  Researchers have been incorporating 

zinc into bone substitutes to enhance osteoblast proliferation and differentiation.  Storrie et al 

incorporated zinc into an organoapatite coating on titanium meshes that was released over a 

period of 12 days at concentrations of 10-20 µM [90].  These substrates resulted in elevated 

levels of ALP activity in MC3T3-E1 cells at days 4 and 8 and formed mineralized bone nodules 

within 12 days.  Oki et al developed a bioglass material containing zinc that stimulated osteoblast 
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production of ALP [81].  Ito et al developed a zinc-doped β-tricalcium phosphate (β-TCP), 

hydroxyapatite composite to achieve a slow release of zinc and promote bone formation [91].  

They showed that proliferation of MC3T3-E1 was increased on ZnTCP/HAP composites with 

zinc content from 0.6 to 1.2 wt%.  However, zinc concentrations above 1.2% resulted in 

cytotoxicity.  Santos et al developed a novel composite containing calcium phosphates and 

collagen, doped with zinc for orthopedic and dental applications [88].  This composite was 

cytocompatible, however, availability of the zinc ions was compromised by the presence of 

collagen molecules and therefore it did not stimulate ALP activity. 

 

1.3.2.4. Composite Scaffolds 

Natural bone is a composite material composed of an organic extracellular matrix 

reinforced with inorganic minerals.  Thus, the design of calcium phosphate powder/PLGA 

composites can combine the advantages of the degradable polymer with osteoconductive calcium 

phosphate particles.  A composite scaffold can be designed to mimic natural bone and optimize 

the physical and biological properties necessary for bone regeneration. 

Composite scaffolds that contain multiple materials to maximize both osteoconduction 

and osteoinduction are a promising approach to biomaterial scaffolds.  Calcium phosphate bone 

substitutes are relatively brittle and lack tensile strength desired for bone substitutes [2].  A 

composite scaffold of PLGA and ACP can take advantage of the biodegradable properties of 

PLGA and the osteoconductive properties of ACP.  The incorporation of calcium phosphates has 

been shown to improve mechanical stiffness of PLGA foams [92].  Furthermore, the resorption 

products of calcium phosphate degradation may have the ability to buffer the acid byproducts of 

PLGA degradation [63].   

Cushnie et al created composite scaffolds of sintered PLGA microspheres loaded with 

amorphous hydroxyapatite [93].  Composites of collagen and hydroxyapatite have also been 

developed to mimic the composition of natural bone [88, 94, 95].  Ogata et al developed a 

composite material of hydroxyapatite and soluble calcium phosphate to improve bioactivity, 

relative to inert HAP [55].  The composite exhibited a more rough surface morphology than 

HAP, which resulted in increased osteoblast adhesion.  Cells cultured in the presence of the 

dissolution products of the substrate exhibited greater ALP activity, collagen production, and 

mineralization (alizarin red). 
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1.3.2.5. Scaffold Fabrication Techniques 

Scaffolds for tissue engineering are fabricated by numerous processes to obtain a 

construct with the desired properties, such as porosity, strength, and degradability. Processes 

include phase inversion, electrospinning, solvent casting/particulate leaching, compression 

molding, and gas foaming [96].  

Solvent casting/particulate leaching is a common method used to produce porous 

scaffolds [96].  The scaffold is produced by dispersing a mineral or organic particle in a polymer 

solution and then the dispersion is casted or freeze-dried to allow the solvent to evaporate.  

Finally, the particles are dissolved by an aqueous solvent to leave pores.  The porosity of the 

scaffold can be controlled by the size and concentration of the porogen that is used.  The method 

is relatively simple; however, it uses highly toxic processing chemicals that may be retained after 

scaffold synthesis.  

Thermal phase inversion is a process in which the temperature of a polymer solution is 

decreased to induce the separation of two phases [92, 96]. One phase contains a high 

concentration of polymer which solidifies to form the scaffold. The other phase contains a high 

concentration of solvent which forms the pores of the scaffold upon removal. Pore architecture 

can be controlled by solvent choice or phase separation conditions. However, pores tend to be 

small and interconnectivity is difficult to achieve.  

Gas foaming is a process which does not require organic solvents or high temperatures. 

The process involves exposing the polymer to high-pressure carbon dioxide to saturate the 

polymer with gas [96]. When the gas pressure is decreased, the dissolved carbon dioxide 

becomes unstable and phase separates from the polymer. This approach can achieve very high 

porosities, but pore interconnectivity is poor. Interconnectivity can be improved by addition of a 

porogen [97].  In addition, porosity can be increased by adding organic salts to the process. 

Polymer microspheres can also be used to create biomaterial scaffolds. The fabrication 

process is either a single oil-in-water emulsion to make solid microspheres or double oil-in-water 

emulsion to create loaded microspheres [98]. Polymer is dissolved in an organic solvent and then 

added to an aqueous solution containing a dispersing agent. The emulsion is then stirred to allow 

for complete evaporation of the organic solvent and hardening of the polymer microspheres. In 

one scaffold fabrication technique, microspheres of a specific size range are thermally fused 

together to create a three-dimensional structure with an interconnected pore system [99-102]. 

Modulus and porosity of the scaffold can be adjusted by changing the size of the microspheres.  
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In contrast to the preceding methods that achieve high porosity (80-95%), sintering results in low 

porosity (30-40%), but may increase compressive modulus and strength.  Nevertheless, when 

large particles are used (500-710 micron) good interconnectivity of pores is achieved [101]. 

 

1.3.3. Biochemical Factors 

Biochemical factors provide the local cues that are responsible for differentiation of stem 

cells [103].  The incorporation of biomolecules within a defect site has been shown to influence 

bone formation [20].  Biomolecules can be added in the form of peptides, cytokines, growth 

factors, or DNA encoding a gene of interest [10].  For optimal bone regeneration, a combination 

of therapies or biomolecules may be most useful.  Some of the growth factors that are being 

studied for bone regeneration and healing are bone morphogenetic proteins (BMPs), 

transforming growth factor beta (TGF-β), insulin-like growth factors (IGFs), platelet derived 

growth factors (PDGFs), and fibroblast growth factors (FGFs) [14, 20].  In addition, vascular 

endothelial growth factor (VEGF) is being used to induce vascularization of actively 

regenerating bone tissue [104].  

 

1.3.3.1. Bone Morphogenetic Proteins 

Bone morphogenetic proteins, part of the TGF-β superfamily, are the most commonly 

studied osteogenic cytokines [20].  The BMP family of osteoinductive cytokines currently 

consists of up to 40 genes which induce angiogenesis, chemotaxis, mitogenesis, proliferation and 

differentiation [14].  Of all the BMPs, bone morphogenetic proteins 2, 4, 6, and 7 are the most 

osteoinductive and play key roles in the differentiation of osteocytes and osteoblasts [14].  It has 

been suggested that BMPs interact to regulate each other [20].  The complex interactions 

between BMPs promote the proliferation and differentiation through a cascade of events that 

result in ossification.  

Several studies in animal models, as well as clinical studies have been conducted to 

determine the effectiveness of BMPs in wound healing.  Yasko et al used a rat segmental femoral 

defect model to test the osteoinductivity of recombinant human BMP-2 (rhBMP-2).  Implants 

including both demineralized bone matrix and 11 µg rhBMP-2 resulted in significant bone 

formation when compared to demineralized matrix alone [105].  This study also showed that 

human BMP is effective for treatment in other species.  Friedlaender et al [106] assessed the 

effectiveness of the OP-1 Device (Stryker Biotech, Hopkinton, MA) in healing tibial nonunions 
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compared with autografts.  Nine months after surgery, radiographic assessments showed 

equivalent healing for both OP-1 and autografts.  In a separate study, Govender et al [107] 

investigated the use of rhBMP-2 on an absorbable type-1 collagen sponge (INFUSE, Medtronic, 

Memphis, TN).  Patients were divided into three groups: standard wound closure, standard 

closure plus 6 mg rhBMP-2, and standard closure plus 12 mg rhBMP-2.  The group treated with 

the higher dose of rhBMP-2 required fewer interventions post-surgery and achieved improved 

wound healing. 

 

1.3.3.2. Hepatocyte Growth Factor 

HGF is a cytokine that is secreted by myeloma cells [108] and is found in high 

concentrations in the serum of multiple myeloma patients [109, 110].  Therefore, HGF has been 

the subject of a number of studies related to the formation of osteolytic bone lesions in multiple 

myeloma. 

Recently, the effects of hepatocyte growth factor (HGF) on proliferation and osteogenic 

differentiation of different cell types have been investigated.  One study found that HGF was a 

potent inhibitor of bone resorption by osteoclasts isolated from neonatal rat long bones [111].  

However, when the same osteoclasts were cultured in the presence of osteosarcoma cells and 

HGF, resorption was stimulated.  Inaba et al [112] demonstrated an increase in the proliferation 

and ALP activity of MC3T3-E1 cells in the presence of 150 ng/mL HGF.  Ye and colleagues 

[113] investigated the effects of HGF on the proliferation and early stage differentiation of 

human DPSCs.  Culture of DPSCs in the presence of 100 and 200 ng/mL HGF demonstrated an 

increase in proliferation and ALP activity, protein synthesis, and mRNA expression.  In vitro 

studies of human mesenchymal stem cells in the presence of 100 ng/mL HGF and 300 ng/mL 

BMP-2 demonstrated the inhibition of BMP-induced osteoblast differentiation and thus 

enhancing bone resorption [114]. 

Studies of the effects of HGF on osteoblast differentiation are limited, showing only the 

effects of the cytokine on proliferation and ALP activity.  Very few studies have been conducted 

to investigate the effect of HGF on late markers of osteoblast differentiation.  Furthermore, the 

limited studies that have been conducted are contradictory between cell lines.  However, it is 

possible that different cell types react differently to HGF. 

  

 



 

 
Jenni R. Popp  Chapter 1: Introduction  27 

1.3.3.3. Ions and Minerals 

Extracellular matrix mineralization by osteoblasts is achieved through a rich source of 

calcium and phosphate ions.  Release of calcium ions from glass ceramics have been shown to 

stimulate osteogenic differentiation in osteoblast-like cells [115].  Organic phosphate has long 

been used in cell culture to induce osteoblast differentiation [116, 117].  Organic phosphate is 

hydrolyzed by ALP to make inorganic phosphate available for mineralization [118].  Recently, 

several studies have shown that calcium and phosphate supplementation of osteoblast cultures 

enhances bone mineralization.  Chang and colleagues [119] investigated the effect of calcium 

and phosphate supplementation on in vitro osteoblast mineralization.  Rat calvarial osteoblast-

like cultures supplemented with 1.8 mM Ca2+ and 5 mM β-glycerophosphate for 12 days showed 

increased alizarin red staining and bone nodule formation when compared to non-supplemented 

cultures.  In another study, proliferation of mouse primary osteoblasts was maximized at 

supplemental calcium concentrations of 2-6 mM, while differentiation and matrix mineralization 

were maximized at 6-10 mM Ca2+ [120].  It is thought that calcium and phosphate ions are 

modulators of osteoblast differentiation and mineralization in vitro [119-122].  Therefore, a 

calcium phosphate ceramic that can release calcium and phosphate ions during ceramic 

degradation offers great potential to stimulate osteogenesis.  
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1.4. Objective 

Tissue engineering is a multidisciplinary effort combining the principles of engineering, 

materials science, biology, and medicine to create materials, devices, or therapies to facilitate 

healing or regeneration of damaged tissue or organs.  Current strategies for tissue regeneration 

may include: (1) a scaffold for osteoconduction, (2) bioactive molecules for osteoinduction, (3) 

and osteoprogenitor cells to actively repair the wound site.  

The overall objective of this research was to develop a bioactive, composite scaffold by 

incorporating ion-eluting calcium phosphate minerals into a PLGA microsphere matrix to 

facilitate healing of bone defects.  To accomplish this goal, rat bone marrow stromal cell 

(BMSC) cultures were supplemented with zinc to determine the effects of zinc release from zinc-

stabilized ACP.  Next, HAP, zirconium- and zinc- stabilized ACPs were synthesized, 

characterized to determine ion release and crystallinity over 96 hours, and then incorporated into 

a porous sintered PLGA microsphere matrix.  Scaffolds were fabricated using non-aqueous 

process to retain the amorphous structure of the calcium phosphates before cell culture.  The 

microsphere scaffolds [99-102] were created by relying on the driving force of sintering the 

microspheres above the glass transition temperature of the polymer.  Particles of ACP were 

adhered to the PLGA microspheres to allow for dissolution and release of ions to surrounding 

osteoprogenitor cells.  To determine the effectiveness of the scaffold as an implantable construct, 

properties such as compressive modulus and mineral precipitation on the scaffolds were 

evaluated.  Finally, MC3T3-E1 cells were cultured in the scaffolds to evaluate the effect of the 

three calcium phosphates on osteoblast proliferation and differentiation. 



 

 
Jenni R. Popp  Chapter 1: Introduction  29 

1.5. Experimental Plan 

 

1.5.1. Aim 1: Determine the effect of zinc on osteoprogenitor cell differentiation 

 

Amorphous calcium phosphates (ACPs) are attractive fillers for osseous defects and are 

stabilized through the incorporation of transition metals such as zirconium and zinc.  As ACP is 

converted in solution to hydroxyapatite (HAP), the transient release of calcium and phosphate 

ions is capable of stimulating osteoblastic differentiation.  Zinc is known to retard ACP 

conversion to HAP, and – when incorporated into ceramic biomaterials – has been shown to 

stimulate osteoblastic differentiation.  Because zinc deficiency in vivo is marked by skeletal 

defects, we postulated that zinc ions released from ACP and other minerals could stimulate 

proliferation and osteoblastic differentiation of progenitor cells.  To test this hypothesis, rat bone 

marrow stromal cells (BMSCs) were cultured in osteogenic medium containing 3×10-6 to 4×10-5 

M Zn2+ for up to 3 weeks.  

 

1.5.2. Aim 2: Fabricate and characterize PLGA/ACP composite scaffold 

 

Calcium phosphates such as hydroxyapatite and tricalcium phosphate are commonly used 

in bone substitutes because of their similarities to natural bone.  Amorphous calcium phosphate 

(ACP) is a soluble mineral that releases Ca2+ and PO43- ions during conversion to hydroxyapatite 

(HAP).  It is postulated that these ions can stimulate osteogenic differentiation [119, 123] and 

facilitate mineralization at the graft-host interface [85].  Therefore, I propose that the 

immobilization of ACP particles in a scaffold will provide sustained release of Ca2+ and PO43- to 

stimulate new bone formation and graft integration.  

For this study, a non-aqueous scaffold fabrication process was used to retain the 

amorphous ACP structure prior to contact with cells.  Therefore, a sintered microsphere scaffold 

[99-102] was created, relying on the driving force of particle fusion above the glass transition 

temperature of the polymer.  This fabrication procedure allowed for ACP adherence to the 

surface of the PLGA particles to be available for later dissolution and release of ions to 

surrounding osteoprogenitor cells.   
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This study characterized the dissolution and conversion of zirconium- and zinc-stabilized 

ACPs.  The incorporation of HAP and the stabilized ACPs into a sintered PLGA microsphere 

matrix was evaluated by SEM and mechanical properties were measured. 

 

1.5.3. Aim 3: Determine the effect of PLGA/ACP composite scaffolds on osteoprogenitor 

proliferation and differentiation. 

 

Calcium phosphates such as hydroxyapatite and tricalcium phosphate are commonly used 

in bone substitutes because of their similarities to natural bone.  Amorphous calcium phosphate 

(ACP) is a mineral that solubilizes under aqueous conditions, releasing Ca2+ and PO43- ions 

during conversion to hydroxyapatite (HAP).  It is postulated that these ions can stimulate 

osteogenic differentiation [119, 123].  However, our previous research has shown that direct 

contact of unrestrained ACP particles with BMSCs has a negative effect on cell proliferation and 

differentiation.  Therefore, we propose restraining the ACP particles within a PLGA microsphere 

matrix.  Our hypothesis is that the incorporation of ACP within a composite scaffold, addressed 

in Aim 2, will enhance osteogenic differentiation of osteoprogenitor cells.  Furthermore, results 

will provide insight into the effectiveness of the construct in facilitating bone healing in vivo. 

This study examined the effect of composite PLGA scaffolds containing three different 

calcium phosphate powders (HAP, ZrACP, and ZnACP) on the osteogenic differentiation of 

MC3T3-E1 osteoprogenitor cells.  Cell number, ALP activity, PGE2 accumulation in the culture 

medium, and expression of growth and transcription factors and bone matrix proteins were 

measured. 

 

 



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
with permission from John Wiley and Sons publishers. 
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2.1. Abstract 

Amorphous calcium phosphates (ACPs) are attractive fillers for osseous defects and are 

stabilized through the incorporation of transition metals such as zirconium and zinc.  As ACP 

converts in solution to hydroxyapatite (HAP) in a manner marked by a transient release of 

calcium and phosphate ions, it is capable of stimulating osteoblastic differentiation.  Zinc is 

known to retard ACP conversion to HAP, and – when incorporated into ceramic biomaterials – 

has been shown to stimulate osteoblastic differentiation.  Because zinc deficiency in vivo is 

marked by skeletal defects, we postulated that zinc ions released from ACP and other minerals 

could stimulate proliferation and osteoblastic differentiation of progenitor cells.  To test this 

hypothesis, rat bone marrow stromal cells (BMSCs) were cultured in osteogenic medium 

containing 3×10-6 to 4×10-5 M Zn2+ for up to 3 weeks.  No significant effects of zinc 

concentration on cell number, alkaline phosphatase (ALP) activity, total protein content, collagen 

synthesis, or matrix mineralization were found. 



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
with permission from John Wiley and Sons publishers. 
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2.2. Introduction 

Calcium phosphate minerals such as hydroxyapatite (HAP) and β-tricalcium phosphate 

(β-TCP) have been studied extensively as fillers for bone defects and scaffolds for engineered 

bone tissue [66]. The advantage of these insoluble calcium phosphate ceramics in osseous 

reconstruction and regeneration is their biocompatibility and osteoconductivity [68].  However, 

amorphous calcium phosphates (ACPs) – which are soluble under aqueous conditions – may be 

attractive alternatives given that they can transiently stimulate osteoblastic differentiation as they 

release calcium and phosphate ions and raise the local pH [80].  Although a limitation of ACPs 

has been their rapid dissolution, divalent cations such as Zn2+ and Cu2+ – which are essential for 

normal cell function –retard the rate of ACP conversion [78].  Interestingly, the process of ACP 

conversion may serve as means for delivering osteogenic divalent cations. 

Zinc is a trace element necessary for mammalian growth [124], and zinc deficiency leads 

to skeletal defects and retardation in bone growth [125].  In vitro, zinc-containing biomaterials 

have been shown to enhance phenotypic markers of osteoblastic differentiation of 

osteoprogenitor cells.  In particular, incorporating zinc into β-TCP stimulated alkaline 

phosphatase (ALP) activity of bone marrow stromal cells (BMSCs) [126], while zinc-

organoapatite films accelerated ALP activity and bone nodule formation by MC3T3-E1 cells 

[90].  What is not clear from these studies is whether the reported osteoinductive effect is related 

to alteration of the mineral structure with incorporation of zinc, or a consequence of the release 

of zinc ions into the cell microenvironment.  To test the latter mechanism, we examined the 

effect of soluble Zn2+ on proliferation and differentiation of rat BMSCs.  Cells were cultured for 

up to 3 weeks in osteogenic medium containing Zn2+ at concentrations of 3×10-6 to 4×10-5 M.  

The effect of zinc concentration on cell number, ALP activity, total protein content, collagen 

synthesis, and matrix mineralization was determined. 

 

2.3. Materials and Methods 

 

2.3.1. Materials 

 Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and materials were 

obtained from Fisher Scientific (Pittsburgh, PA) unless otherwise specified.  Primary medium for 

cell culture was Minimum Essential Medium Alpha Modification (αMEM, Invitrogen, 



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
with permission from John Wiley and Sons publishers. 
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Gaithersburg, MD) with 10% fetal bovine serum (Gemini Biosciences, Calabasas, CA) and 1% 

antibiotic/antimycotic (Invitrogen).  Osteogenic medium was primary medium supplemented 

with 2 mM β-glycerophosphate, 0.13 mM L-ascorbic acid 2-phosphate, and 0.01 µM 

dexamethasone [127].  The concentration of Zn2+ in osteogenic medium was systematically 

varied by adding ZnCl2 to the osteogenic medium and the resultant zinc concentrations – as 

determined by atomic absorption spectroscopy (Perkin-Elmer 5100-PC, Wellesley, MA) – were 

3×10-6, 1×10-5, and 4×10-5 M. 

 

2.3.2. Cell Culture  

 Studies were performed using rat bone marrow stromal cells (BMSCs) obtained from 125 

to 150 g male Sprague-Dawley rats (Harlan, Dublin, VA) in accordance with the Animal Care 

Committee at Virginia Tech [127].  Cells were expanded under subconfluent conditions and used 

at passages 2-4.  Cells were seeded into 12-well plates at 105 cells per well and allowed to attach 

overnight in primary medium.  The following day, denoted as day 0, culture medium was 

replaced with osteogenic medium containing different concentrations of zinc.  Cells were 

analyzed for cell number and ALP activity at days 7 and 14, for collagen synthesis at day 14, for 

total protein synthesis at days 14, and for mineralization at day 21. 

 

2.3.3. Cell Number and ALP Activity 

 Cell number was determined by fluorometric analysis of total DNA content using 

Hoechst 33258 dye.  ALP activity was determined colorimetrically by the hydrolysis of p-

nitrophenyl phosphate, and then normalized by cell number. These assays are described in detail 

elsewhere [128]. 

 

2.3.4. Total Protein 

 To quantify total protein, cell layers were washed twice with phosphate buffered saline 

(PBS) and mechanically scraped in the presence of 0.1 mL 1X Laemmli Buffer with protease 

inhibitors (950 µL Laemmli stock solution (Biorad, Hercules, CA), 50 µL β-mercaptoethanol 

(Fisher Scientific), 10 µL 100× protease inhibitors (0.2 mg/mL aprotinin, 0.2 mg/mL leupeptin, 

0.1 mg/mL pepstatin (Calbiochem, La Jolla, CA)) and 1 mL PBS).  Total protein per well was 



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
with permission from John Wiley and Sons publishers. 
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determined by colorimetric assay (RC DC Protein Assay, Bio-Rad) according to the 

manufacturer’s instructions and normalized by cell number. 

 

2.3.5. Collagen Synthesis 

 Collagen synthesis was determined by incubating cell layers with 3 µCi/mL of 3H-proline 

(ICN, Irvine, CA) for 48 h. Cell layers were collected, separated into collagenase digestible and 

non-collagenase digestible fractions, and collagen content was determined by scintillation 

counting and reported as a percentage of total, as previously described [80]. 

 

2.3.6. Mineralization 

 Mineralization of cells layers was assessed by Alizarin Red S staining of calcium 

deposits as described elsewhere [129].  Briefly, cell layers were stained with 1 mL of 40 mM 

Alizarin Red S, pH 4.1 for 20 min. The dye was extracted with 0.8 mL 10 % (v/v) acetic acid and 

absorbance of the extract was measured at 405 nm.  Cell layers in primary medium containing 

3×10-6 M zinc were used as a negative control. 

 

2.3.7. Statistics 

 Values are presented as means ± standard deviation.  Statistical analyses were performed 

using Origin 6.1 (OriginLab Corporation, Northampton, MA).  A one-way analysis of variance 

(ANOVA) procedure with a significance level of p=0.05 was used to determine significance 

between groups. 

 



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
with permission from John Wiley and Sons publishers. 
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2.4. Results 

To test the effects of zinc concentration on cell proliferation, cells were seeded at 105 

cells per well, cultured in osteogenic medium containing zinc for 7 and 14 days and assayed for 

cell number.  Measurements of cell number are consistent with a 4 to 5-fold increase in cell 

number (Figure 1) and the achievement of monolayer coverage.  However, no stimulatory effect 

of Zn2+ on cell proliferation was noted.  Concurrent analysis of ALP activity indicated the 

development of the osteoblastic phenotype, but did not indicate a stimulatory effect of Zn2+ 

(Figure 2). 
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Figure 2.1.  Cell number as a function of Zn

2+
 concentration and 

time in culture. Bars correspond to the mean ± standard deviation for 
n=8 samples.  An asterisk denotes significant difference relative to the 
control. 

 

 Zinc ions have been shown to increase protein synthesis in osteoblasts [130].  To test for 

the effects of zinc concentration on total protein content, cells were cultured with osteogenic 

medium containing zinc 3×10-6, 1×10-5, and 4×10-5 M Zn2+ for a period of 14 days.  At the end 

of this period, protein content was found to be the same for all treatment groups, indicating that 

zinc supplementation does not affect the protein content of osteoblasts in vitro (Figure 3a).   

Concurrently, collagen synthesis was determined by 3H-proline addition to culture on day 12 

followed by a 48 h incubation to allow for incorporation of the radioactive proline into newly 

formed protein.  Measurements of collagen synthesis, reported as percent collagenous protein per 

cell layer, were similar for all treatment groups (Figure 3b).   



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
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Figure 2.2. Alkaline phosphatase activity as a function of Zn

2+
 

concentration and time in culture.  Activity data is normalized by 
cell number. Bars correspond to the mean ± standard deviation for 
n=8 samples. 

 

 

The effect of Zn2+ on deposition of a mineralized extracellular matrix was determined by 

Alizarin red staining of calcium depositions at day 21, followed by acid extraction and 

colorimetric analysis. Phase contrast micrographs revealed little mineralization for all treatment 

groups (data not shown), and analysis of the extracted dye indicated only slight differences in 

mineralization between groups (Figure 4). 

 

2.5. Discussion 

Zinc is a trace mineral, essential for the function of normal mammalian cell processes 

such as DNA [131, 132] and protein synthesis [130, 133, 134].  Previous studies using serum-

free medium without zinc supplementation demonstrated diminished ALP activity [135, 136] and 

synthesis of collagen [136, 137] and bone sialoprotein [138].  In contrast, this study found that 

addition of ZnCl2 had no measurable effect on ALP activity, protein synthesis, or collagen 

content.  A likely explanation for this difference is the use of 10% serum in this study, which 

provided the trace amounts of zinc (3×10-6 M) necessary to maintain normal cell function. 
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 One mechanism by which zinc may regulate protein synthesis is through Class I 

aminoacyl-tRNA synthetase activity.  Aminoacyl-tRNA synthetases are the family of enzymes 

responsible for covalently attaching amino acids to tRNAs, and zinc has been shown to be 

essential for the aminoacylation step [139].  In particular,  supplementation of serum-free 

medium with zinc sulfate resulted in a significant increase in aminoacyl-tRNA synthetase 

activity in MC3T3-E1 cells [130]. 
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Figure 2.3. Protein and collagen synthesis as a function of Zn

2+
 

concentration on Day 14.  a) Total protein in cell layers normalized by cell 
number.  b) Collagen as a percent of total protein. Bars correspond to the 
mean ± standard deviation for n=8 and n=4 samples for (a) and (b), 
respectively. 

 

 Zinc also has been shown to affect cell proliferation. Studies have shown that addition of 

zinc to serum-free medium results in restoration of DNA synthesis in MC3T3-E1 

osteoprogenitor cells and rat femoral tissue [132, 140]. This stimulatory effect is likely regulated 

by new protein synthesis because pre-treatment of cultures with cycloheximide – an inhibitor of 

protein synthesis – abolished the stimulatory effect of zinc on DNA synthesis [132]. Further, one 

protein likely involved in the stimulatory effect of zinc on cell protein is insulin-like growth 

factor-I [140, 141], which is also known to stimulate osteoblastic cell proliferation.   



Reprinted from Popp, J.R. et al. Journal of Biomedical Materials Research, Part A 81A(3): 766-9 (2007), 
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Figure 2.4. Mineral deposition as a function of Zn

2+
 

concentration on Day 21.  Control group was cultured in primary 
medium containing 3×10-6 M zinc without osteogenic factors.  
Mineral deposition was quantified as the absorbance (at 405 nm) of 
Alizarin red extracted from cell layers. Bars correspond to the mean 
± standard deviation for n=6 samples. An asterisk denotes statistical 
significance compared to the control. 

 

 

 In this study supplementation of culture medium with soluble zinc did not affect 

proliferation and osteoblastic differentiation of model osteoprogenitor cells.  Although the range 

tested is narrow it was constrained by level of zinc in 10% serum (3×10-6 M) and published data 

suggesting that 9×10-5 M inhibits normal osteoblast function [142].  These results of this study 

indicate that sufficient zinc is provided in normal serum, and that zinc supplementation through 

controlled release from ceramic biomaterials is not anticipated to alter development of a bone-

like tissue in vitro, or the healing of a bone defect in vivo.  
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3.1. Abstract 

The design of polymer-calcium phosphate powder composites is a promising approach to 

create bioactive scaffolds for bone regeneration that combines the advantages of biodegradable 

polymers with osteoconductive calcium phosphate particles.  Hydroxyapatite and β-tricalcium 

phosphate have been used to increase the osteoconductivity of polymer scaffolds, however these 

materials lack osteoinductive factors to induce osteoblast differentiation.  Conversely, 

amorphous calcium phosphates (ACPs) hybridized with divalent cations exhibit controlled 

dissolution, releasing calcium, phosphate, and zinc ions.  When combined with a biodegradable 

polymer matrix, ACPs could improve osteoinductivity by delivering ions to surrounding 

osteoprogenitor cells.  In this study, a zinc-hybridized ACP (ZnACP) was synthesized that 

achieved sustained release of zinc, calcium, and phosphorus ions.  Composite scaffolds were 

then fabricated by incorporating hydroxyapatite, zinc-hybridized ACP, or zirconia-hybridized 

ACP into a porous, sintered PLGA microsphere matrix. 

Calcium, phosphorus, and zinc concentrations released from the minerals were measured.  

Elevated concentrations suggested sustained ion release over the course of 96 hours and 

enhanced solubility of ZrACP and ZnACP.  X-ray diffraction analysis showed a conversion of 

ZrACP to a semi-crystalline material after 96 hours, but ZnACP showed no conversion after 96 

hours.  Scanning electron microscopy revealed a porous microsphere matrix with calcium 

phosphate powders distributed on the surface of the microspheres.  Measurements of mechanical 

properties indicated that incorporation of 0.5 wt% calcium phosphates resulted in a 30% decrease 

in compressive modulus, while still remaining greater than 50 MPa.  These results demonstrate 
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that ion-releasing, PLGA-calcium phosphate composites may serve as promising scaffolds for 

bone tissue regeneration. 

 

3.2. Introduction 

Biomaterial scaffolds are promising alternatives to autografts and allografts as bone 

tissue replacements.  Biodegradable scaffolds facilitate tissue regeneration by providing a 

temporary framework for new tissue growth.  Synthetic polymers such as poly(DL-lactic-co-

glycolic acid) (PLGA) have been used alone and in conjunction with other materials as scaffolds 

for bone regeneration [143].  PLGA is a biocompatible, biodegradable co-polymer whose 

mechanical properties and degradation rate can be tailored by altering the ratio of the co-

polymers - lactic and glycolic acid [100, 144].  PLGA scaffolds have been processed through a 

number of techniques including solvent casting, phase inversion, and microsphere sintering to 

create porous 3D architectures to facilitate osteogenic differentiation and bone healing [5, 101].  

However, PLGA scaffolds lack osteoconductivity to promote osteoblast attachment, 

proliferation, and differentiation.  

Calcium phosphate ceramics are commonly incorporated into biomaterial scaffolds to 

improve osteoblast adhesion and differentiation.  Synthetic hydroxyapatite (HAP) has been 

studied extensively as a filler for bone defects and scaffold for engineered bone tissue [2].  

Synthetic HAP is an osteoconductive mineral that supports osteoblast attachment.  However 

HAP lacks osteoinductive properties and is resistant to biodegradation; which hinders new tissue 

in-growth and integration with native bone [55, 73].  In contrast, amorphous calcium phosphate 

(ACP) is a soluble, bioactive ceramic that dissolves and reprecipitates as semi-crystalline HAP 

under aqueous conditions [72].  ACPs may be an attractive alternative to conventional ceramics, 

as they have been shown to transiently stimulate osteoblastic differentiation as they release 

calcium and phosphate ions and raise the local pH when  immersed in aqueous solution [80].  

However, ACPs have seen limited use as bone grafts because of their rapid dissolution, leading 

to diminished mechanical properties before sufficient in-growth of new tissue can occur.  

Divalent cations such as Zn2+ and Cu2+ have been integrated into the ACP to retard conversion to 

HAP [78, 79].  Interestingly, the process of ACP conversion may serve as mechanism for 

delivery of osteogenic divalent cations.  Moreover, availability of calcium and phosphate ions 

may also facilitate osteointegration through mineralization of a thin layer of calcium phosphate 

at the graft-host interface [85].  Therefore, a calcium phosphate ceramic that releases calcium 



To be submitted as Popp, J.R., Laflin, K.E., Love, B.J., Goldstein, A.S. 
 

 
Jenni R. Popp Chapter 3: Fabrication of Bioactive Scaffolds  41 

and phosphate ions during ceramic degradation may enhance bone regeneration and graft 

integration over non-degradable ceramics.   

The objective of this study was to fabricate and characterize scaffolds composed of 

soluble and insoluble calcium phosphate minerals, embedded within a PLGA microsphere 

scaffold to create a bioactive, composite scaffold to stimulate bone healing.  Hybridized ACPs 

were synthesized using zinc (ZnACP) and zirconium (ZrACP) salts with the cations acting as 

stabilizers to maintain the amorphous structure and solubility.  Ion release from the calcium 

phosphates, changes in pH, and changes in crystallinity under aqueous conditions were measured 

when immersed in solution.  ZrACP, ZnACP, and HAP powders were incorporated into the 

PLGA microsphere matrix at a concentration of 0.5% (w/v).  Scaffold architecture was examined 

using SEM and mechanical properties were measured.   

 

3.3. Materials and Methods 

 

3.3.1. Materials 

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and materials were 

obtained from Fisher Scientific (Pittsburgh, PA) unless otherwise specified.   

 

3.3.2. Calcium Phosphate Synthesis 

Zr-ACP was synthesized according to Skrtic et al [71].  Briefly, a precipitate instantly 

formed upon simultaneous addition of 85 mL 880 mM Ca(NO3)-4H2O and 40 mL 250mM 

ZrOCl2 (GFS Chemicals, Columbus, OH) to a 125 mL solution of 536 mM Na2HPO4 and 11 mM 

Na4P2O7-10 H2O.  Stirring was maintained at room temperature, between pH 8.5 and 9.0 for 5 

min or until pH stabilized. The suspension was then vacuum filtered, rinsed twice with 

ammoniated water, once with cold acetone (Fisher) and then lyophilized (VirTis Bench Top, SP 

Industries, Warminster, PA) overnight at -70°C and 5 mTorr.  Zn-ACP was synthesized using the 

same protocol substituting ZnCl2 for ZrOCl2.  HAP was synthesized using the protocol for Zr-

ACP and adjusting the reaction pH to 6.5 to accelerate conversion of the ACP to HAP [71].  

Mineral particles were separated using commercially available sieves into the following size 

ranges: <106 µm; 106-300 µm; 300-500 µm; 500-710 µm; and >710 µm.  Powders were placed 

in a desiccator until scaffold fabrication.   
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3.3.3. Evaluation of Calcium Phosphate Composition and Dissolution 

The dissolution and conversion of calcium phosphate minerals was assessed by 

measuring changes in pH, Ca2+, PO43-, and Zn2+ concentrations, and mineral crystallinity after 

incubation in cell culture medium (αMEM, 10% FBS, 1% antibiotic/antimycotic).  Primary 

medium was incubated at 37°C, 5% CO2, and 95% relative humidity for 24 h to equilibrate pH.  

Minerals were then added at a concentration of 5 mg/mL. Samples were collected at 

predetermined time points and centrifuged to sediment minerals.  The supernatant was removed 

to measure pH.  Ion concentrations in the medium were then measured using an Agilent 7500ce 

inductively coupled plasma mass spectrometer (ICP-MS, Agilent Technologies, Santa Clara, 

CA).  Sedimented minerals were then washed with acetone to remove water, frozen at -70 °C, 

and lyophilized.  Relative crystallinity of freeze-dried minerals was determined by X-ray 

diffraction. 

 

3.3.4. X-Ray Diffraction 

The crystallinity of the dried minerals was analyzed by powder X-ray diffraction (XRD).   

The XRD profiles were recorded from 5º to 70º 2θ with CuΚα radiation (λ=1.54 Ǻ), operating at 

40 kV and 40 mA.  The sample was step scanned in intervals of 0.020º 2θ at a scanning speed of 

2.000 deg/min. 

 

3.3.5. Microsphere Synthesis 

Microspheres were fabricated using an oil-in-water emulsion technique [145]. 

Poly(lactic-co-glycolic acid) (PLGA) [75:25] (Mw = 97,100, inherent viscosity[η] = 0.55-0.75 

dL/g, Lactel Biodegradable Polymers, Birmingham, AL) was dissolved in methylene chloride to 

give a 1:5 (w/v) solution. This was injected into a stirred solution of 1% poly(vinyl alcohol) 

(PVA; Mw = 25,000, 88% mole hydrolyzed) using a syringe and 18-gauge needle. The resulting 

solution, a 1:30 oil:water (v/v) solution, was stirred at 200 rpm for 24 h to allow for complete 

evaporation of the methylene chloride. The microspheres were isolated from the aqueous PVA 

solution by vacuum filtration, washed with deionized water, and then vacuum-dried for an 

additional 24 h. Microspheres were then separated using commercially available sieves into the 
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following size ranges: <106 µm; 106-300 µm; 300-500 µm; 500-710 µm; and >710 µm. 

Microspheres were placed in a desiccator until scaffold fabrication.   

 

3.3.6. Composite Scaffold Fabrication 

PLGA microspheres with diameters ranging from 300 to 500 µm were poured into a 24-

well plate and heated at 70°C for 24 h. For scaffolds containing 0.5% calcium phosphate (in the 

form of HAP, ZrACP, or ZnACP), mineral particles with diameters < 106 µm were mixed with 

PLGA microspheres, added to the 24-well plate and heated at 70°C for 24 h. After heating, the 

scaffolds were cooled at room temperature and then placed in a desiccator. Resulting scaffolds 

were approximately 2 mm in height and 15 mm in diameter. 

 

3.3.7. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to evaluate scaffold morphology after 

fabrication and precipitation of mineral after incubating the scaffolds in growth medium for 14 

days.  To induce mineral precipitation, scaffolds were incubated at 37°C, 5% CO2, and 95% 

relative humidity in growth medium for 14 days.  Media were changed twice per week.  After 14 

days, medium was removed, scaffolds were rinsed with PBS and oven-dried overnight.  

Scaffolds before and after incubation were mounted onto studs and sputtered with a 40 nm layer 

of palladium (Model 208HR, Cressington Scientific Instruments, Cranberry Township, PA).  

Images were acquired at 10kV using a LEO 1550 Field Emission SEM (Carl Zeiss SMT, 

Thornwood, NY) equipped with INCA Energy E2H X-ray Energy Dispersive Spectrometer 

(EDS) (Oxford Instruments, Concord, MA).  Elemental EDS maps of the scaffold surfaces were 

performed to probe for calcium and phosphorus deposits. 

 

3.3.8. Mechanical Testing 

Compression tests were performed to determine compressive modulus and yield strength 

of the scaffolds.  Cylindrical scaffolds (12.5 mm diameter, 22 mm height) were tested under 

uniaxial compression.  Scaffolds were soaked in PBS for 15 hours prior to testing at 37°C in 

PBS.  Compression tests were conducted at a crosshead speed of 0.5 mm/min.  Modulus was 
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calculated from the slope of the stress-strain curve in the linear region.  Compressive yield 

strength was defined as the stress at which mechanical failure occurred.  

 

3.3.9. Statistical Analysis 

Values are presented as means ± standard deviation.  Statistical analyses were performed 

using Origin 7.5 (OriginLab Corporation, Northampton, MA).  A one-way analysis of variance 

(ANOVA) procedure and Tukey post hoc means comparisons with a significance level of p<0.05 

was used to determine significant differences between groups. 

 

3.4. Results 

 

3.4.1. Calcium Phosphate Composition 

Calcium phosphate powders were synthesized according to Skrtic et al [71].  The 

resultant materials were white powders with a broad particle distribution with particulate 

diameters ranging from 1 µm to > 80 µm [80].  The composition of the calcium phosphate 

powders were dissolved in a sulfuric acid solution and analyzed by inductively coupled plasma 

mass spectrometry (ICP-MS).  Table 3.1 shows the weight percentage of ions in zirconia 

hybridized amorphous calcium phosphate (ZrACP), zinc hybridized ACP (ZnACP), and 

hydroxyapatite (HAP).  Oxygen and zirconium could not be detected by ICP-MS.   
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Powders were composed mainly of calcium and phosphorus with impurities of sodium, 

chloride, and sulfur.  Calcium content of the three calcium phosphates was between 21.9% and 

24.9% by weight and phosphorus content was between 11.8% and 16.3% for the three powders.  

Resultant molar calcium to phosphorus ratios were calculated to be 1.38, 1.04, and 1.48 for 

ZrACP, ZnACP, and HAP respectively.  ZnACP contained 13.18 wt% zinc. 

 

Table 3.1: Calcium phosphate powder compositions 
as determined by ICP-MS. Values are presented as 
weight percent.  

 

Metal ZrACP Zn ACP HAP

Al 0.01% 0.02% 0.05%

As 0.00% 0.00% 0.00%

Ca 24.88% 21.93% 22.56%

Cd 0.00% 0.00% 0.00%

Cl 7.59% 1.01% 5.08%

Co 0.00% 0.00% 0.00%

Cr 0.01% 0.01% 0.01%

Cu 0.01% 0.00% 0.08%

Fe 0.08% 0.08% 0.08%

K 0.10% 0.14% 0.30%

Mg 0.01% 0.01% 0.05%

Mn 0.00% 0.00% 0.00%

Mo 0.00% 0.00% 0.00%

Na 3.92% 2.36% 9.17%

Ni 0.00% 0.00% 0.00%

P 13.93% 16.32% 11.78%

Pb 0.00% 0.00% 0.08%

S 6.54% 6.54% 7.18%

Si 0.00% 0.00% 0.00%

Sn 0.01% 0.01% 0.00%

V 0.00% 0.00% 0.00%

Zn 0.04% 13.18% 0.16%

Ca/P (molar) 1.38 1.04 1.48
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Figure 3.1. Kinetic release of calcium, phosphorus, and zinc from calcium phosphates.  Ion concentrations 
were measured in medium containing (a) no mineral; or 5 mg/mL (b) HAP, (c) ZrACP, (d) ZnACP.  Mean 
ion concentrations ± standard deviation for n=3. * significantly different from control containing no 
mineral, p < 0.05. 

 

3.4.2. Acellular Dissolution of Calcium Phosphates 

To investigate the dissolution of calcium phosphate minerals under aqueous conditions, 5 

mg/mL of each mineral was incubated in growth medium for up to four days.  ICP-MS analysis 

tracked ion release from calcium phosphates and demonstrates the increased solubility of ZrACP 

(Fig. 3.1c) and ZnACP (Fig. 3.1d) relative to HAP (Fig. 3.1b).  Medium containing HAP showed 
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an initial decrease in calcium and phosphorus concentration at 30 min, followed by a slight 

increase at 1 hour (Fig. 3.1b).  The concentration of calcium then decreased, while the 

concentration of phosphorus remained at levels not significantly different from the initial 

concentration, suggesting precipitation of the minerals in the cell culture medium.   

Medium containing ZrACP showed a significant increase in both calcium and 

phosphorus after 30 min.  After 48 hours, calcium concentration decreased significantly, while 

phosphorus concentration increased significantly (Fig. 3.1c).  Similarly, ZnACP showed a slight 

increase in calcium and phosphorus concentrations at 30 min (Fig. 3.1d).  Calcium and zinc 

concentrations continued to increase over 96 hours while phosphorus concentration decreased to 

the initial concentration.  
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Figure 3.2. Dynamic change in pH of primary medium incubated 
with 5 mg/mL calcium phosphate powders. Mean +/- standard 
deviation for n=3 samples. * significantly different from control 
containing no mineral. 



To be submitted as Popp, J.R., Laflin, K.E., Love, B.J., Goldstein, A.S. 
 

 
Jenni R. Popp Chapter 3: Fabrication of Bioactive Scaffolds  48 

Figure 3.2 shows the dynamic change in pH for calcium phosphate powders in primary 

medium (αMEM, 10% FBS, 1% antibiotic/antimycotic).  The control contained no mineral.  

Over the course of 96 hours, the pH of medium containing HAP was not significantly different 

from medium devoid of mineral.  This is consistent with Figure 3.1, which shows no ion release 

from HAP.  In contrast, ZrACP and ZnACP significantly elevated the pH of the medium at 0.5 

and 1 hour.  The pH remained elevated until 24 hours for ZrACP and 48 hours for ZnACP.  It is 

important to note that minerals were incubated in medium containing sodium bicarbonate a 5% 

CO2 incubator.  These conditions help maintain a constant pH during cell culture.  However, 

despite these conditions, ACP dissolution elevated medium pH. 

The crystallinity of each mineral after having been incubated in growth medium for up to 

96 hours was examined by x-ray diffraction.  Figure 3.3a depicts the dynamic x-ray diffraction 

(XRD) pattern of HAP after incubation in growth medium.  The patterns show distinct peaks 

near 12, 26 and 32 degrees, which are diffraction lines characteristic of the (100), (002), and 

(211) planes reported for the hexagonal HAP crystal [146, 147].  In contrast, ZnACP retained the 

characteristic amorphous diffraction halo and exhibited no long range ordering after 96 hours in 

culture medium (Fig. 3.3c).  The broad peaks suggest the presence of an amorphous structure.  

ZrACP, however, showed signs of conversion to HAP after 48 hours, supported by the 

appearance of diffraction lines near 12, 26, and 32 degrees (Figure 3.3b). 
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Figure 3.3. X-ray diffraction profiles of (a) HAP, (b) ZrACP, and (c) ZnACP powders after 
incubation in growth medium (5 mg/mL) for up to 96 hours. 

 

 

3.4.3. Scaffold Characterization 

Scaffold architecture was determined by SEM analysis.  SEM micrographs depict the 

fusion of PLGA microspheres to create a porous matrix (Fig. 3.4).  ZrACP and ZnACP particles 

were evenly distributed over the surface of the microspheres with particle sizes less than 100 µm 

(Fig. 3.6, 3.7, respectively).  However, scaffolds containing HAP showed fewer, larger mineral 

deposits relative to ACPs for similar weight fractions of mineral (Fig. 3.5).  Electrostatic 

interactions between the HAP particles may have caused large agglomerates of mineral, not seen 

with the ACPs. 
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Figure 3.4. SEM micrographs of PLGA microsphere scaffolds; 100X magnification (a) showing 
microsphere fusion and pores; 400X magnification (b) showing smooth microsphere surface. 

 

 

 

 

 

 
Figure 3.5. SEM micrographs of HAP scaffolds; 100X magnification (a) showing large HAP agglomerates; 
400X magnification (b) showing HAP particles smaller than 20 µm. 
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Figure 3.6. SEM Micrographs of ZrACP scaffolds; 100X magnification (a) showing an even mineral 
distribution; 400X magnification (b) showing ZrACP particles less than 100 µm. 

 

 

  

Figure 3.7. SEM Micrographs of ZnACP scaffolds; 100X magnification (a) showing an even mineral 
distribution; 400X magnification (b) showing ZnACP particles less than 100 µm. 

 

 

EDS was used to confirm the presence of calcium and phosphate on the surface of the 

scaffolds. The EDS elemental map depicts calcium (red) and phosphorus (green) distributed over 

the surface of HAP and ZrACP scaffolds (Fig. 3.8, 3.9, respectively).  Co-located deposits 

containing both elements are shown in yellow. Figure 3.8 demonstrates the large HAP deposits, 

containing both calcium and phosphate, sparsely located in the scaffolds.  Few minerals are 

shaded yellow on ZrACP scaffolds (Fig. 3.9); however, this was a limitation of software pixel 

resolution.  Nevertheless, spectral analysis of selected areas of mineral confirms both calcium 

and phosphate in mineral particles.   

(a) (b) 

(b) (a) 
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Figure 3.8. EDS of HAP scaffolds with corresponding SEM (Ca – Red, P – Green). SEM image (a) and EDS 
elemental map (b) of PLGA microsphere scaffold containing 0.5% HAP. 

 

 

  

Figure 3.9. EDS with corresponding SEM (Ca – Red, P – Green). SEM image (a) and EDS elemental map (b) 
of PLGA microsphere scaffold containing 0.5% ZrACP. 

 

 

 

Mechanical properties were measured to determine the effect of the addition of calcium 

phosphates to the PLGA microsphere matrix on scaffold integrity.  Figure 3.10 is a 

representative stress-strain curve of the scaffolds.  The toe region of the curve is the region in 

which the material begins to resist the load.  The linear region of the curve is the elastic region 

and the slope is the modulus of elasticity.  Scaffold yield strength was calculated as the 

maximum stress before plastic deformation. 
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(a) (b) 



To be submitted as Popp, J.R., Laflin, K.E., Love, B.J., Goldstein, A.S. 
 

 
Jenni R. Popp Chapter 3: Fabrication of Bioactive Scaffolds  53 

 

 

0.00 0.05 0.10 0.15 0.20
0.0

0.5

1.0

1.5

2.0

2.5

 

 

S
tr
e
s
s
 (
M
P
a
)

Strain (%)

L
in
e
a
r 
R
e
g
io
n

Toe Region

Maximum Stress

 
Figure 3.10. Stress-strain curve of PLGA microsphere scaffold. 

 

 

The compressive modulus of composite scaffolds was approximately 30% lower than 

PLGA scaffolds with no mineral (Fig. 3.11).  However, there was no significant difference in 

compressive modulus.  Scaffolds containing no calcium phosphate mineral had a modulus of 

127.7 ± 88.3 MPa.  Scaffolds containing 0.5 wt% HAP, ZrACP, and ZnACP had moduli of 79.6 

± 39.4, 89.4 ± 49.1, and 74.2 ± 29.0 MPa, respectively.  A similar result was seen with scaffold 

yield strength (Fig. 3.11).  The compressive yield strength of composite scaffolds was lower than 

PLGA scaffolds, but was not significantly different. 
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Figure 3.11. Compressive modulus and compressive yield strength of PLGA 
microsphere scaffolds and scaffolds containing 0.5 wt% calcium phosphates.  
Mean +/- standard deviation for n=4 samples.  

 

 

 

3.4.4. Mineral Reprecipitation 

Reprecipitation of minerals on the scaffolds was evaluated by SEM analysis.  Scaffolds 

were incubated in growth medium for 14 days and medium was changed twice per week.  SEM 

micrographs demonstrate mineral deposition at microsphere fusion zones and on the surface 

incorporated particles.  PLGA scaffolds had deposits of salts or minerals that precipitated from 

the growth medium (Figure 3.12a).  Composite scaffolds show evidence of significant mineral 

precipitation.  HAP and ZnACP scaffolds appear to have mineral precipitation on to native 

mineral particles (Fig. 3.12b,d, respectively).  When compared to HAP and ZnACP scaffolds 

before incubation (Fig. 3.5, 3.7 respectively), minerals on day 14 scaffolds appear smoother and 

have a more globular than particulate shape.  ZrACP scaffolds displayed evidence of more 

significant mineral precipitation at microsphere fusion regions (Fig.3.12c).  A smooth 

accumulation of mineral precipitation is shown aligned along the microsphere fusion zone.   
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Figure 3.12. SEM micrographs of scaffolds incubated in growth medium for 14 days.  Images depict mineral 
precipitation at microsphere fusion regions of (a) PLGA, (b) HAP, (c) ZrACP, (d) ZnACP scaffolds. 

 

 

3.5. Discussion 

In this study, porous, biodegradable, bioactive scaffolds were created by combining the 

osteoconductive properties of calcium phosphate powders with a sintered PLGA microsphere 

matrix.  Zirconium-stabilized and zinc-stabilized ACP were synthesized to achieve sustained 

release of calcium, phosphorus, and zinc.  The composition and dissolution kinetics of each 

calcium phosphate powder was investigated before adding it to the PLGA microsphere matrix.  

Elevated concentrations of calcium, phosphorus, and zinc suggested sustained ion release over 

the course of 96 hours and enhanced solubility of ZrACP and ZnACP.  X-ray diffraction analysis 

showed a conversion of ZrACP to a semi-crystalline material after 96 hours, but ZnACP showed 

no conversion after 96 hours.  Scaffold architecture, mechanical properties, and mineral 

precipitation were observed after calcium phosphate incorporation. Scanning electron 

(a) (b) 

(c) (d) 
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microscopy revealed a porous microsphere matrix with calcium phosphate powders distributed 

on the surface of the microspheres.  Measurements of mechanical properties indicated that 

incorporation of 0.5 wt% calcium phosphates resulted in a 30% decrease in compressive 

modulus, but values remained about 50 MPa.  These results demonstrate that ion-releasing, 

PLGA-calcium phosphate composites may serve as promising scaffolds for bone tissue 

regeneration. 

Analysis of calcium phosphate composition revealed powders composed mainly of 

calcium and phosphorus, with impurities of sodium, chloride, and sulfur.  The precipitation of 

sodium chloride during the calcium phosphate synthesis is likely due to saline saturation by the 

solution reactants (Na2HPO4, Na4P2O7-10 H2O, ZnCl2, or ZrOCl2).  The presence of sulfur may 

be an artifact of the ICP-MS analysis process, in which the minerals were dissolved in sulfuric 

acid.  Calcium phosphate ratios were 1.38, 1.04, and 1.48 for ZrACP, ZnACP, and HAP 

respectively.  These ratios were lower than the expected 1.45 for ACPs [72] and 1.60 for HAP 

[65].  The presence of impurities such as sodium phosphate or zinc phosphate that co-

precipitated during the calcium phosphate synthesis likely raised the phosphate concentration but 

decreased the calcium to phosphate ratio.  Small amounts of HPO42- can also lower the Ca/P ratio 

of ACPs [72]. 

Medium containing HAP showed no significant increase in ion concentrations relative to 

control medium devoid of mineral.  However, calcium concentration decreased significantly 

after 48 hours, suggesting mineral precipitation.  It is possible that while HAP did not release 

calcium or phosphorus into the culture medium, but the mineral provided a surface to initiate 

crystallization of a form of calcium phosphate.   

Medium containing ZrACP and ZnACP showed significant increases in both ionic 

calcium and phosphorus concentrations after 30 min.  After 48 hours, calcium concentration 

decreased significantly, as phosphorus concentration increased significantly in medium 

containing ZrACP.  This is explained by the continued release of calcium and phosphorus from 

ZrACP and a simultaneous reprecipitation of calcium phosphate.  In medium containing ZnACP, 

calcium and zinc continued to increase over 96 hours while phosphorus decreased to the initial 

concentration.  As with ZrACP, this is explained by the release of the ions from ZnACP and 

reprecipitation of minerals such as calcium phosphate (Ca3(PO4)2) and zinc phosphate 

(Zn3(PO4)2).  Zinc and calcium compete as divalent cations to bind with phosphate and form 
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precipitates.  While all three ions continue to be released from the dissolving ZnACP, 

phosphorus would be expected to reprecipitate at a higher rate than calcium and zinc.  

The pH of the medium containing ZrACP paralleled the concentration of calcium, 

showing a significant increase early and then decreasing to initial levels as calcium concentration 

decreased.  The pH of the medium containing ZnACP also increased significantly after one hour, 

coinciding with the initial ion release.  Such a localized increase in pH is commonly seen with 

soluble calcium phosphates, due to mineral dissolution [80]. 

The crystallinity of each mineral incubated in growth medium for up to 96 hours was 

examined by x-ray diffraction.  The XRD pattern of hexagonal HAP shows distinct peaks near 

27 and 32 degrees.  ZrACP, however, showed signs of conversion to a poorly crystalline apatite 

structure, with appearance of peaks at 27 and 32 degrees after 48 hours.  ACP likely dissolves 

and then reprecipitates as a thin crystalline layer on the initial surface [65].  The mineral 

precipitate is a poorly crystalline HAP mineral, probably with contaminants such as carbonates 

and other salts contained in the culture medium [70].  In contrast, ZnACP had the characteristic 

amorphous halo and exhibited no long range ordering after 96 hours in culture medium.  

Hybridizing ACP with zinc maintained an amorphous structure longer than hybridizing the 

mineral with zirconium. 

The sustained ion release from hybridized ACPs is consistent the work of others who 

have shown increased dissolution and slowed conversion of doped ACPs [80, 83].  Certain metal 

ions such as magnesium and zinc stabilize the amorphous structure and impede the formation of 

a more crystalline apatite structure [79].  It is thought that the metal ions adsorb to the growing 

crystallites and inhibit further growth by affecting the exchange of calcium and phosphate ions 

between the solid and the solution [71, 78].  The XRD profile of ZnACP (Fig. 3.3c) is consistent 

with an inhibition of crystallization. 

Slower conversion of hybridized ACPs to HAP and sustained ion release is desired for 

composites designed to stimulate bone healing.  HAP is not sufficiently soluble to be effective as 

a bioactive, mineralizing material.  These stabilized ACPs can actively promote osteoblast 

mineralization by providing a richer, sustained source of calcium and phosphate [80].  Therefore, 

the calcium phosphate powders capable of ionic release were incorporated into a sintered PLGA 

microsphere matrix. 

SEM images depict the fusion of PLGA microspheres to create a porous matrix.  ZrACP 

and ZnACP were uniformly spread over the surface of the microspheres with particle sizes less 
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than 100 µm, but HAP particles were sparse and greater than 100 µm.  Before addition to the 

PLGA microsphere matrix, minerals were sieved to select particles less than 106 µm.  However, 

greater electrostatic interactions between the HAP particles relative to ACP particles may explain 

larger mineral agglomerates on HAP scaffolds.  Skrtic et al showed that ACPs hybridized with Si 

and Zr had a higher specific surface area than unhybridized ACPs suggesting that the hybridizers 

may have decreased ACP particle size or degree of agglomeration [71]. 

Mechanical testing of scaffolds resulted in a decrease in compressive modulus and 

compressive yield strength for scaffolds with calcium phosphates.  This is consistent with similar 

scaffolds made with calcium phosphate-loaded microsphere scaffolds [93].   

Addition of the calcium phosphate powders likely interfered slightly with the polymer fusion 

process, causing weaker connections between particles and slightly lower mechanical integrity. 

The results of this investigation demonstrate the enhanced solubility of ACPs, relative to 

HAP, by stabilizing them with Zr or Zn.  Furthermore, differences in ion release profiles and 

mineral conversion between ZrACP and ZnACP have the potential to elicit different cell 

responses. Combining these ACPs with PLGA microspheres to create a composite scaffold could 

enhance osteoconductivity and mineralization in a bone defect. 
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4.1. Abstract 

Polymer-calcium phosphate powder composites are promising scaffolds for bone tissue 

engineering that combine the advantages of biodegradable polymers with osteoconductive 

calcium phosphate particles to stimulate osteoblast adhesion and differentiation.  Amorphous 

calcium phosphates (ACPs) have been hybridized with divalent cations to achieve sustained 

dissolution and release of calcium and phosphate ions.  Supplementation of culture medium with 

calcium and phosphate ions has been shown to stimulate osteoblast differentiation.  When 

combined with a biodegradable polymer matrix, ACPs could improve osteoinductivity by 

delivering osteogenic ions to surrounding osteoprogenitor cells.  To investigate the effect of 

calcium phosphate release from composite PLGA-calcium phosphate scaffolds, hydroxyapatite 

(HAP), zinc-hybridized ACP (ZnACP), or zirconia-hybridized ACP (ZrACP) were incorporated 

into a porous, sintered PLGA microsphere matrix.  MC3T3-E1 cells were cultured in sintered 

PLGA microsphere scaffolds with or without 0.5 wt% HAP, ZrACP, or ZnACP for 14 days.  

Cell number, alkaline phosphatase activity, and gene expression were measured to evaluate the 

effect of the three calcium phosphates on osteoblast proliferation and differentiation.  Cell 

number on the composite scaffolds was greater than on PLGA controls and a significant increase 

in cell number was measured on ZrACP and ZnACP scaffolds from day 7 to day 10.  Alkaline 

phosphatase activity was significantly elevated on ZnACP scaffolds compared to all other 

scaffolds on day 7.  Prostaglandin E2 accumulation in culture media was highest on composite 
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scaffolds on day 4 and 7, and significantly greater only on ZnACP scaffolds on day 10.  Gene 

expression of osteopontin (OPN) was enhanced on all composite scaffolds and osteocalcin 

(OCN), bone sialoprotein (BSP), osterix (OSX), and vascular endothelial growth factor A 

(VEGF-A) were elevated on HAP scaffolds only.  These results indicate the addition of calcium 

phosphate minerals to PLGA scaffolds supported cell growth and stimulated osteogenic 

differentiation, making the scaffolds a promising alternative for bone tissue regeneration.  
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4.2. Introduction 

Biodegradable scaffolds facilitate tissue regeneration by providing a temporary 

framework for new tissue growth.  Synthetic polymers such as poly(DL-lactic-co-glycolic acid) 

(PLGA) have been used alone and in conjunction with other materials as scaffolds for bone 

regeneration [143].  PLGA is a biocompatible, biodegradable co-polymer whose mechanical 

properties and degradation rate can be tailored by altering the ratio of the co-polymers - lactic 

and glycolic acid [100, 144].  PLGA scaffolds have been processed through a number of 

techniques including solvent casting, phase inversion, and microsphere sintering to create porous 

3D architectures to facilitate osteogenic differentiation and bone healing [5, 101].  However, 

PLGA scaffolds lack osteoconductivity to promote osteoblast attachment, proliferation, and 

differentiation.   

Calcium phosphate ceramics are commonly incorporated into biomaterial scaffolds to 

improve osteoblast adhesion and differentiation.  Synthetic HAP has been studied extensively as 

a filler for bone defects and scaffold for engineered bone tissue [2].  However it lacks 

osteoinductive properties and is resistant to biodegradation [55, 73].  In contrast, amorphous 

calcium phosphate (ACP) is a soluble, bioactive ceramic that dissolves and reprecipitates as 

semi-crystalline HAP under aqueous conditions [72].  However, ACPs have seen limited use as 

bone grafts because of their rapid dissolution, leading to diminished mechanical integrity.  

Divalent cations such as Zn2+ and Cu2+ have been shown to stabilize ACP to retard conversion to 

HAP and achieve sustained ion release [78, 79].  Further, stabilized ACPs have been shown to 

transiently stimulate osteoblastic differentiation as they release calcium and phosphate ions and 

raise the local pH in vitro [80].  Calcium and phosphate ions are thought to be modulators of 

osteoblast differentiation and mineralization in vitro [119-122] and may also facilitate 

osteointegration through mineralization of a thin layer of calcium phosphate at the graft-host 

interface [85].  We hypothesize that incorporation of soluble calcium phosphate minerals into a 

biodegradable polymer matrix can improve graft osteoinductivity to stimulate osteoblast 

differentiation, enhance graft integration and facilitate bone healing.   

Osteoblast differentiation in vitro is characterized by three stages of development and 

differentiation: proliferation, matrix synthesis and maturation, and matrix mineralization [50].  

The proliferation phase is marked by a rapid increase in cell number.  The matrix maturation 

phase is characterized by high levels of ALP activity and synthesis of COLI.  The final, matrix 

mineralization phase is characterized by expression of extracellular matrix proteins such as OPN, 
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OCN, and BSP [103].  Other molecules involved in the differentiation of osteoblasts include 

bone morphogenetic proteins, prostaglandins, and the transcription factor, osterix.  Bone 

morphogenetic proteins (BMPs) are members of the transforming growth factor beta (TGF-β) 

family of proteins [20].  BMP-2, -4, and -7 are secreted by osteoblasts and bind cell receptors to 

initiate a signaling cascade that stimulates bone formation [20].  Prostaglandins are thought to 

mediate the effects of mechanical stress [148] and surface roughness on osteoblasts [149].  

Osterix is a transcription factor that is responsible for the induction of osteocalcin and is required 

for osteoblast differentiation [150].  Furthermore, overexpression of OSX results in increased 

expression of markers of osteoblast differentiation [151]. 

The objective of this study was to determine how soluble and insoluble calcium 

phosphate minerals, embedded within PLGA microsphere scaffolds, affected the osteogenic 

differentiation of MC3T3-E1 osteoprogenitor cells.  MC3T3-E1 cells are a mouse clonal cell line 

that express markers of the osteoblast phenotype, including alkaline phosphatase (ALP) activity, 

type I collagen (COLI), osteopontin (OPN), and osteocalcin (OCN) and are used as a model to 

study the effects of materials on osteoblast differentiation [152].  Three different types of 

calcium phosphate powders were incorporated at a concentration of 0.5 wt%.  Scaffold 

architecture was observed using SEM.  Cell number, alkaline phosphatase activity, and PGE2 

concentration were measured at 7 and 10 days of culture.  Gene expression of markers of 

osteoblast differentiation was measured 14 days post-seeding. 

 

4.3. Materials and Methods 

 

4.3.1. Materials 

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) and materials were 

obtained from Fisher Scientific (Pittsburgh, PA) unless otherwise specified.   

 

4.3.2. Calcium Phosphate Synthesis 

Zr-ACP was synthesized according to Skrtic et al [71].  Briefly, a precipitate instantly 

formed upon simultaneous addition of 85 mL 880 mM Ca(NO3)-4H2O and 40 mL 250mM 

ZrOCl2 (GFS Chemicals, Columbus, OH) to a 125 mL solution of 536 mM Na2HPO4 and 11 mM 

Na4P2O7-10 H2O.  Stirring was maintained at room temperature, between pH 8.5 and 9.0 for 5 
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min or until pH stabilized.  The suspension was then vacuum filtered, rinsed twice with 

ammoniated water, once with cold acetone (Fisher) and then lyophilized (VirTis Bench Top, SP 

Industries, Warminster, PA) overnight at -70°C and 5 mTorr.  Zn-ACP was synthesized using the 

same protocol substituting ZnCl2 for ZrOCl2 at the same concentration.  HAP was synthesized 

using the protocol for ZrACP and adjusting the reaction pH to 6.5 to accelerate conversion of the 

ACP to HAP.  Mineral particles were separated using commercially available sieves into the 

following size ranges:  <106 µm;  106-300 µm;  300-500 µm;  500-710 µm;  and >710 µm.  

Powders were placed in a desiccator until scaffold fabrication. 

 

4.3.3. Microsphere Synthesis 

Microspheres were fabricated using an oil-in-water emulsion technique [145]. 

Poly(lactic-co-glycolic acid) (PLGA) [75:25] (Mw = 97,100, inherent viscosity [η] = 0.55-0.75 

dL/g, Lactel Biodegradable Polymers, Birmingham, AL) was dissolved in methylene chloride to 

give a 1:5 (w/v) solution.  This was injected into a solution of 1% poly(vinyl alcohol) (PVA; Mw 

= 25,000, 88% mole hydrolyzed) stirring at 200 rpm using a syringe and 18-gauge needle.  The 

resulting solution, a 1:30 oil:water (v/v) solution, was stirred at 200 rpm for 24 h to allow for 

complete evaporation of the solvent.  The microspheres were isolated from the aqueous PVA 

solution by vacuum filtration, washed with deionized water, and then vacuum-dried for an 

additional 24 h.  Microspheres were then separated using commercially available sieves into the 

following size ranges:  <106 µm;  106-300 µm;  300-500 µm;  500-710 µm;  and >710 µm.  

Microspheres were placed in a desiccator until scaffold fabrication.   

 

4.3.4. Composite Scaffold Fabrication 

Substrates for studies were three-dimensional scaffolds consisting of PLGA microspheres 

and calcium phosphate particles.  PLGA microspheres with diameters ranging from 300 to 500 

µm were poured into a 24-well plate and heated at 70°C for 24 h.  For scaffolds containing 0.5% 

calcium phosphate (in the form of HAP, ZrACP, or ZnACP), mineral particles with a size less 

than 106 µm were mixed with PLGA microspheres, added to the 24-well plate and heated at 70 

°C for 24 h.  After heating, the scaffolds were cooled at room temperature and then placed in a 

desiccator.  Resulting scaffolds were approximately 2 mm in height and 15 mm in diameter.  The 

scaffolds were sterilized under UV light for 24 hours prior to cell culture studies.   
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4.3.5. Scanning Electron Microscopy 

Scaffold architecture was determined by scanning electron microscopy (SEM) [153].  

Briefly, scaffolds were mounted onto studs and sputtered with 20 nm of gold-palladium (Model 

208HR, Cressington Scientific Instruments, Cranberry Township, PA).  Images were acquired 

using a LEO 1550 Field Emission SEM (Carl Zeiss SMT, Thornwood, NY) operating at 5-10 kV 

with an 8 mm working distance. 

 

4.3.6. Cell Culture 

The capacity of the various calcium phosphates to stimulate cell proliferation and 

osteoblastic differentiation was determined by culturing MC3T3-E1 pre-osteoblasts (ATCC, 

Manassas, VA) on the scaffolds.  MC3T3-E1 cells, passage 20 and below, were seeded onto 

constructs at a density of 7.5×104 cells per substrate and allowed to attach overnight in primary 

medium (minimum essential medium alpha modification (αMEM, Invitrogen, Gaithersburg, 

MD)), 10% fetal bovine serum (FBS, Gemini Bioproducts, Calabasas, CA), and 1% 

antibiotic/antimycotic (penicillin, streptomycin, neomycin, fungizone; Invitrogen).  The 

following day, denoted as day 0, culture medium was replaced with differentiation medium 

(primary medium supplemented with 0.13 mM L-ascorbic acid 2-phosphate).  β-

glycerophosphate, a substrate commonly used in osteogenic medium [116], was excluded to 

more rigorously test cell response to ACP dissolution.  Cells were grown in a 5% CO2, 95% 

relative humidity incubator at 37ºC, and culture medium was changed every 3 to 4 days.  

Samples were collected at days 7 and 10 to measure cell number and ALP activity and at day 14 

to measure gene expression of bone extracellular matrix proteins: OCN, OPN, BSP, and COLI; 

the transcription factor OSX, and growth factors: BMP2, BMP4, and VEGF-A.  Samples of 

conditioned medium were collected on days 4, 7, and 10 to measure PGE2.  Cells cultured on 

tissue culture polystyrene (TCPS) and PLGA scaffolds, containing no calcium phosphate, were 

used as controls. 

 

4.3.7. Cell Number 

Cell number was quantified by fluorometric analysis of total DNA content using Hoechst 

33258 dye (Sigma Aldrich) [80].  Briefly, scaffolds were cut up to facilitate detachment of cells 

within the scaffold and transferred into 1 mL of 10 mM ethylenediaminetetraacetic acid (EDTA), 
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pH 12.3, and stored at -70 °C until analysis.  For analysis, samples were thawed, hand-sonicated 

and briefly centrifuged to sediment microspheres and calcium phosphate particles.  DNA 

standards of 0, 1, 2, 4, 6, 8 µg were prepared in 1 mL of 10mM EDTA (pH 12.3).   Here, a 50 

µg/mL DNA solution gives an absorbance of 1.00 at 260 nm.  A volume of 0.2 mL of 1M 

KH2PO4 was added to neutralize pH of samples and standards.  Volumes of 0.4 mL of samples 

or DNA standards and 1.6 mL of dye solution (5 µL of 1 mg/mL Hoechst 33258 dye in 50 mL of 

10 mM Trizma hydrochloride, 100 mM NaCl, pH 7.0) were combined, and fluorescence was 

measured immediately using a DyNAQuant 200 (Hoefer Scientific Instruments, San Francisco, 

CA).  A linear standard curve of fluorescence with respect to concentration of the DNA 

standards was used to determine DNA concentrations of the unknown samples, and a conversion 

factor of 9.1 pg DNA per cell was used to calculate cell number.  All measurements were 

performed in duplicate. 

 

4.3.8. Alkaline Phosphatase Activity 

ALP activity was determined colorimetrically by the hydrolysis of p-nitrophenyl 

phosphate to produce p-nitrophenol and inorganic phosphate [154].  Scaffolds were rinsed with 

PBS, cut and collected into 990 µL of TGT solution (50 mM Trizma hydrochloride, 100 mM 

glycine, 0.1% Triton X100) and 10 µL of protease inhibitors (0.2 mg/mL aprotinin, 0.2 mg/mL 

leupeptin, and 0.1 mg/mL pepstatin A (Calbiochem, La Jolla, CA)) and stored at -70°C until 

analysis.  For analysis, samples were thawed, hand-sonicated, and briefly centrifuged.  The ALP 

reagent was prepared according to the manufacturer’s instructions (Biotron Diagnostics, Hemet, 

CA).  ALP activity was measured by adding 500 µL of ALP reagent at 37°C to 200 µL of 

sample.  After incubating for 15 min, 500 µL of 0.3 M NaOH was added to quench the reaction.  

The absorbance of each sample was then measured at 405 nm using a Multiskan RC plate reader 

(Labsystems, Helsinki, Finland).  Enzyme activity was calculated from the slope of absorbance 

versus time and then normalized by cell number and reported in units of µmoles of p-nitrophenol 

per minute, per cell.   

 

4.3.9. Gene Expression (Quantitative RT-PCR) 

The gene expression of target genes was determined quantitatively by real-time RT-PCR 

[155].  Total RNA was isolated from cell layers using the RNeasy mini kit with on-column 
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DNase digestion (Qiagen, Valencia, CA) according to the manufacturer’s instructions.  Total 

RNA concentration was quantified using RiboGreen RNA reagent kit (Invitrogen, Carlsbad, CA) 

according to manufacturer’s instructions.  Next, 1 µg of RNA was reverse transcribed to cDNA 

using the Superscript FirstStrand cDNA Synthesis kit (Invitrogen) with random hexamers as 

primers.  Real-time PCR amplification of target cDNA was performed using an ABI 7300 

sequence detection system (Applied Biosciences, Foster City, CA), SYBR green master mix 

(Applied Biosystems) and specific primers for β-actin, OPN, OCN, BSP, BMP-2, BMP-4, OSX, 

and VEGF-A (Integrated DNA Technologies, Coralville, IA).  Primer sequences are shown in 

Table 4.1.  Quantification of target gene expression was performed using the 2-∆∆Ct method, with 

β-actin as the internal control [156]. 

 

Table 4.1. Mouse primer sequences for quantitative RT-PCR 
 

PROTEIN FORWARD PRIMER REVERSE PRIMER PRODUCT SIZE (bps) 
ACCESSION 

NUMBER 

β-actin TGCTCCCCGGGCTGT
ATT 

ACATAGGAGTCCTT
CTGACCCATT 87 NM_007393 

BMP-2 CGCAGCTTCCATCAC
GAA 

GTTCCCGGAAGATC
TGGAGTTC 136 NM_007553 

BMP-4 TGTGAGGAGTTTCCA
TCACGAA 

TGAGGTTGAAGAG
GAAACGAAAA 86 NM_007554 

Osterix AGCAAATTTGGCGGC
TCTAG 

GAAAGGTCAGCGT
ATGGCTTCT 83 NM_130458 

VEGF-A GCAGGCTGCTGTAAC
GATGA 

CATCTCTCCTATGT
GCTGGCTTT 111 NM_009505 

Osteopontin GATTTGCTTTTGCCT
GTTTGG 

TGAGCTGCCAGAAT
CAGTCACT 67 NM_009263 

Osteocalcin CCCTGGCTGCGCTCT
GT 

GACATGAAGGCTTT
GTCAGACTCA 76 NM_007541 

Bone 
Sialoprotein 

CATGCCTACTTTTAT
CCTCCTCTGA 

CGGAACTATCGCAG
TCTCCATT 87 NM_008318 

 

 

4.3.10. Prostaglandin E2 Accumulation 

Prostaglandin E2 concentration in conditioned medium was determined using enzyme 

linked immunoassay (Assay Designs, Ann Arbor, MI) according to the manufacturer’s 



To be submitted as Popp, J.R., Laflin, K.E., Love, B.J., Goldstein, A.S. 
 

 
Jenni R. Popp Chapter 4: Differentiation on Bioactive Scaffolds  67 

instructions [157].  Samples of conditioned medium were collected into 1.5 mL microcentrifuge 

tubes on days 4, 7, and 10.  The assay was performed according to the manufacturer’s 

instructions.  Absorption was measured on a plate reader Multiskan RC plate reader 

(Labsystems, Helsinki, Finland) and converted to concentration using standards provided by the 

manufacturer. 

 

4.3.11. Statistical Analysis 

Values are presented as means ± standard deviation.  Data was analyzed using a one-way 

ANOVA followed by Tukey post hoc means comparisons.  An asterisk denotes a statistically 

significant difference (p<0.05) relative to the TCPS control.  A pound symbol denotes a 

statistically significant difference (p<0.05) relative to PLGA scaffolds prepared without calcium 

phosphates.  Studies were performed in duplicate with n=4 samples and combined to n=8 

samples for graphical presentation and statistical analysis. 
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4.4. Results 

 

4.4.1. Scaffold Architecture 

PLGA microspheres were combined with three different calcium phosphate powders and 

sintered to create a porous, composite scaffold.  Scaffold architecture was determined by SEM 

analysis.  SEM micrographs depict the fusion of PLGA microspheres to create a porous matrix 

(Fig. 4.1a).  ZrACP and ZnACP particles were evenly distributed over the surface of the 

microspheres with particle sizes less than 100 µm (Fig. 4.1c, d, respectively).  However, 

scaffolds containing HAP showed fewer, larger mineral deposits relative to ACPs for similar 

weight fractions of mineral (Fig. 4.1b).   

 

  

  
Figure 4.1. Scanning electron micrographs of scaffolds (a) PLGA (b) HAP, (c) ZrACP, (d) ZnACP. 

 

 

 

 

(a) (b) 

(c) (d) 
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4.4.2. Cell Number 

The capacity of the three calcium phosphates to support cell proliferation and stimulate 

osteoblast differentiation was determined by culturing MC3T3-E1 pre-osteoblasts on the 

composite scaffolds.  Cell number on all scaffolds was significantly diminished relative to TCPS 

controls at both time points (Fig. 4.2), indicative of decreased cell adhesion on the scaffolds.  

However, cell number on all composite scaffolds was significantly greater than on PLGA 

controls, suggesting the calcium phosphates enhance initial osteoblast attachment.  Furthermore, 

a significant increase in cell number was observed on TCPS, ZrACP, and ZnACP scaffolds 

between time points.  
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Figure 4.2. Cell number of MC3T3-E1 cells on composite scaffolds 
at 7 and 10 days.  Tissue culture polystyrene (TCPS) and PLGA 
scaffolds without minerals were used as controls.  Data are mean ± 
standard deviation for n=8 samples.  * corresponds to statistical 
difference from TCPS.  # corresponds to statistical difference from 
PLGA scaffold.  ** corresponds to statistical difference from HAP 
scaffold. 
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4.4.3. Osteoblast Differentiation 

Alkaline phosphatase activity, an early marker of osteogenic differentiation, was 

measured on all surfaces at day 7 and day 10 (Fig. 4.3).  ALP activity per cell for PLGA 

scaffolds and scaffolds containing both ZrACP and ZnACP were significantly elevated 

compared to cell layers on TCPS at both time points.  Further, ALP activity on ZnACP scaffolds 

was significantly elevated relative to PLGA, and HAP scaffolds at day 7.  Additionally, ALP 

activity on HAP scaffolds was significantly lower than both TCPS and PLGA controls at day 10.  
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Figure 4.3. Alkaline phosphatase activity of MC3T3-E1 cells on 
composite scaffolds at 7 and 10 days.  TCPS and PLGA scaffolds 
without mineral were used as controls.  Data are mean ± standard 
deviation for n=8 samples.  Activity per cell was determined by 
normalizing activity per cell layer by cell number.  * corresponds to 
statistical difference from TCPS.  # corresponds to statistical 
difference from PLGA scaffold.  ** corresponds to statistical 
difference from HAP scaffold. 

 

 

Prostaglandin E2 accumulation in culture medium was measured for all scaffolds at days 

4, 7, and 10 post-seeding (Fig. 4.4).  PGE2 was significantly elevated on all composite scaffolds 

relative to TCPS and PLGA controls on day 4 and day 7.  However, on day 10, only scaffolds 

containing ZnACP had significantly elevated levels of PGE2.  
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Figure 4.4. PGE2 accumulation in culture medium at day 4, 7, and 10 of MC3T3-E1 
cells on composite scaffolds.  TCPS and PLGA scaffolds without mineral were used as 
controls.  Means ± standard deviation, n=4.  Data are mean ± standard deviation for 
n=8 samples.  * corresponds to statistical difference from TCPS.  # corresponds to 
statistical difference from PLGA scaffold. 

 

 

Cells were cultured on scaffolds to determine the effects of the different mineral 

chemistries on osteogenic gene expression.  Analysis of markers of osteoblast differentiation at 

14 days post-seeding revealed different effects of the three minerals.  Cells cultured on HAP 

scaffolds had elevated gene expression of the extracellular matrix proteins osteopontin (OPN), 

bone sialoprotein (BSP), and osteocalcin (OCN) (Fig. 4.5), suggesting enhanced osteoblast 

differentiation and matrix development.  In contrast, scaffolds containing ZrACP or ZnACP had 

elevated levels of OPN only and diminished expression of OCN and collagen I (COLI). 
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Figure 4.5. mRNA expression of osteoblast extracellular matrix proteins at day 14, 
relative to β-actin, the internal control.  MC3T3-E1 cells were cultured on composite 
scaffolds.  TCPS and PLGA scaffolds without mineral were used as controls.  Data are 
mean ± standard deviation for n=8 samples.  * corresponds to statistical difference from 
TCPS.  # corresponds to statistical difference from PLGA scaffold. 

 

 

Gene expression of growth factors and the transcription factor, osterix, was measured at 

day 14.  Osterix, a transcription factor that is essential for osteoblast differentiation, was elevated 

on scaffolds containing HAP, but not on ACP scaffolds.  Further, vascular endothelial growth 

factor A (VEGF-A), a growth factor involved in angiogenesis, was significantly elevated on 

HAP scaffolds, but only slightly elevated on ACP scaffolds.  The expression of BMP-2, BMP-4 

was not significantly elevated on any of the scaffolds. 
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Figure 4.6. mRNA expression of growth factors VEGF-A, BMP-2, and BMP-4, and 
transcription factor osterix at day 14 relative to β-actin, the internal control.  MC3T3-
E1 cells were cultured on composite scaffolds.  TCPS and PLGA scaffolds without 
mineral were used as controls.  Data are mean ± standard deviation for n=8 samples.  * 
corresponds to statistical difference from TCPS.  # corresponds to statistical difference 
from PLGA scaffold. 

 

 

4.5. Discussion 

The goal of this study was to determine the effect of incorporating calcium phosphate 

ceramic particles on the proliferation and differentiation of MC3T3-E1 osteoblast like cells.  Cell 

number, ALP activity, PGE accumulation, and gene expression of growth and transcriptions 

factors and bone matrix proteins were measured.  Cell number on the composite scaffolds was 

greater than on PLGA controls and a significant increase in cell number was measured on 

ZrACP and ZnACP scaffolds from day 7 to day 10.  Alkaline phosphatase activity was 

significantly elevated on ZnACP scaffolds compared to all other scaffolds on day 7.  

Prostaglandin E2 accumulation in culture media was highest on composite scaffolds on day 4 and 
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7, and significantly greater only on ZnACP scaffolds on day 10.  Gene expression of OPN was 

enhanced on all composite scaffolds and expression of OCN, BSP, OSX, and VEGF-A was 

elevated on HAP scaffolds only.   

Cell number was significantly lower on all scaffolds compared to TCPS controls, 

suggesting decreased cell adhesion on the scaffolds.  Fibronectin is commonly used to increase 

cell adhesion on polymer substrates [155].  However, in this study, it was omitted prior to cell 

seeding to avoid initiating conversion of ACP to HAP.  This could partially explain the 

significantly lower cell numbers on the scaffolds.  However, elevated cell numbers on scaffolds 

containing calcium phosphates relative to PLGA scaffolds suggests that calcium phosphate 

minerals enhance osteoblast attachment. 

Alkaline phosphatase is an enzyme that hydrolyzes organic phosphates to make inorganic 

phosphate available for mineralization by osteoblasts [118].  It is highly active during the matrix 

synthesis phase of osteoblast differentiation, after extensive proliferation [51].  Our results show 

that ALP activity on PLGA, ZrACP, and ZnACP scaffolds was significantly greater than on 

TCPS at both time points and activity on HAP scaffolds was significantly greater on day 10.  

These results suggest the three dimensional scaffolds have a stimulatory effect on ALP activity.  

Further, ALP activity on ZnACP scaffolds was significantly greater than on all other scaffolds on 

day 7.  This is consistent with other studies demonstrating increased ALP activity on Zn-

releasing calcium phosphate scaffolds [90, 126].  Studies have also demonstrated that ALP 

activity is sensitive to extracellular pH, showing an increase in activity as pH increases [158, 

159].  In this study, the local increase in pH due to ACP dissolution (Chapter 3, Fig. 3.2) could 

be partially responsible for the increase in ALP activity on ACP scaffolds. 

Prostaglandins are thought to be stimulated by mechanical stress [148] and surface 

roughness [149].  Sun et al showed that PGE2 concentration and ALP activity were elevated 

when osteoblasts were cultured in the presence of HAP and β-TCP particles [160].  In this study, 

elevated PGE2 concentrations also corresponded to the increase in ALP activity.  In a similar 

study, Lohmann et al [161] examined the response of osteoblast-like cells to aluminum oxide 

(Al2O3), zirconium oxide (ZrO2), and polymethylmethacrylate (PMMA) particles.  The effect of 

the particles on the cells was dependent on particle composition and concentration.  Cells 

cultured with ZrO2 and PMMA particles exhibited higher cell number, ALP activity, and PGE2 

concentration compared to the control with no particles.  These results are consistent with our 
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findings that scaffolds containing ceramic particles have higher cell number, ALP activity, and 

PGE2 concentration than controls without calcium phosphate particles. 

The surface morphology of materials can have a great effect on the function of 

osteoblasts.  Webster et al investigated the functions of osteoblasts on nanophase (grain sizes less 

than 100 nm) alumina, titania, and HAP [56].  Osteoblast proliferation, ALP activity, and 

calcium deposition were significantly greater on nanophase ceramics than conventional ceramic 

surfaces.  Liu et al investigated the function of osteoblasts on nanophase titania/PLGA 

composites with nanometer level surface roughness [58].  Sonication controlled the dispersion of 

titania in the PLGA and the composite surface roughness.  Composites with nanometer 

roughness had greater cell density, collagen content, ALP activity, and calcium deposition than 

smoother surfaces [58].   

In this study, ACP scaffolds exhibited a rough topography with mineral particles less than 

100 µm distributed over the entire scaffold.  In contrast, HAP scaffolds exhibited mixed 

topography with sparse deposits of mineral particles greater than 100 µm and a low 

concentration of particles less than 20 µm distributed over the microsphere surfaces.  

Electrostatic interactions between the HAP particles may have caused large agglomerates of 

mineral, not seen with the ACPs.  These differences in scaffold topography likely elicited 

differences in gene expression.  Expression of OCN, BSP, OSX, and VEGF-A was elevated on 

HAP scaffolds, but not ZrACP and ZnACP scaffolds.  OCN and COLI expression were 

diminished on ACP scaffolds.  Further studies will be conducted to better understand the effects 

of particle size and distribution on the microsphere surface. 

In Chapter 3, three different types of calcium phosphate scaffolds – HAP, ZrACP, and 

ZnACP – were investigated to characterize mineral dissolution and crystallinity.  HAP minerals 

exhibited no ion release or change in medium pH and scaffolds contained sparse deposits of 

mineral greater than 100 µm.  ZrACP minerals had a sustained release of calcium and phosphate 

ions over 96 hours, with an initial elevation in pH.  ZnACP minerals also had a sustained release 

of calcium and phosphate ions, as well zinc, with a similar increase in pH.  In addition, ZnACP 

particles had a higher pH at 96 hours, significantly lower phosphorus concentration than ZrACP, 

and no signs of conversion to HAP after 96 hours in culture medium.  Scaffolds containing 

ZrACP and ZnACP had a generous, even distribution of mineral particles less than 100 µm in 

size.  The results of these cell cultures studies reflect these differences in calcium phosphate ion 

release from the three minerals. 
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ZnACP scaffolds resulted in elevated levels of ALP activity and PGE2 in the culture 

medium, likely the result of elevated pH and cellular interaction with particles less than 100 µm 

in size.  In contrast, scaffolds containing large deposits of crystalline HAP resulted in the highest 

expression of bone extracellular matrix proteins OPN, OCN, BSP.  Therefore, it can be implied 

that late stage osteoblast differentiation was enhanced on HAP scaffolds, relative to ACP 

scaffolds.   

Differences in cell response to HAP, ZrACP, and ZnACP containing scaffolds reflect 

differences in pH and ion concentrations in the cell microenvironment, and mineral distribution 

on the scaffold surface.  In future studies, we will attempt to decouple these effects to resolve 

osteoblast response to these composite scaffolds. 
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Chapter 5: Conclusions and Future Work 

 

5.1. Conclusions 

The goals of this research were to develop a bioactive, composite scaffold by 

incorporating ion-eluting calcium phosphate minerals into a PLGA microsphere matrix and 

determine the osteogenic potential of the composite scaffolds.  To accomplish these goals, rat 

bone marrow stromal cell (BMSC) cultures were supplemented with zinc to determine the effects 

of zinc release from zinc-stabilized ACP.  Next, HAP, zirconium- and zinc- stabilized ACPs 

were synthesized, characterized to determine ion release and crystallinity over 96 hours, and then 

incorporated into a porous sintered PLGA microsphere matrix.  Finally, MC3T3-E1 cells were 

cultured in the scaffolds to determine the effect of the three calcium phosphates on proliferation 

and differentiation. 

In the first study, rat BMSCs were cultured in the presence of soluble zinc to determine 

the implications of stabilizing ACP with zinc.  Supplementation of culture medium with soluble 

zinc did not affect proliferation and osteoblastic differentiation of model osteoprogenitor cells.  

Although the range tested was narrow it was constrained by level of zinc in 10% serum (3×10-6 

M) and published data suggesting that concentrations higher than 9×10-5 M inhibit normal 

osteoblast function [142].  The results of this study indicate that sufficient zinc is provided in 

normal serum, and that zinc supplementation through controlled release from ceramic 

biomaterials is not anticipated to alter development of a bone-like tissue in vitro, or the healing 

of a bone defect in vivo. 

In the second study, HAP and zirconium- and zinc-stabilized ACPs were synthesized, 

characterized, and incorporated into a sintered PLGA microsphere matrix.  Zinc and zirconia co-

precipitated and stabilized ACPs exhibited a sustained release of calcium, phosphorus, and zinc 

ions over the course of 96 hours, while HAP showed no ion release.  Some decreases in calcium 

and phosphorus concentrations were seen, suggesting reprecipitation of mineral.  This was also 

seen in XRD spectra of the minerals in culture medium for 96 hours.  Over time, ZrACP 

converted into a poorly crystalline material, resembling HAP.  After 96 hours, ZnACP had not 

converted to a crystalline material.  Minerals were then incorporated into a fused PLGA 

microsphere matrix to produce composite mineral scaffolds.  Scaffolds containing ACPs had an 

even distribution of mineral over the surface of the microspheres, while scaffolds containing 

HAP and large, sparse deposits of mineral between the microspheres with some nanoparticles 
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scattered on the microspheres surfaces.  Incorporation of calcium phosphates resulted in a 

decrease in the mechanical properties of the scaffolds, but compressive moduli remained above 

50 MPa.  These results demonstrate that PLGA-calcium phosphate composites may serve as 

promising scaffolds for delivery of calcium, phosphorus, and zinc ions to stimulate bone tissue 

regeneration. 

In the third study, MC3T3-E1 osteoblast-like cells were cultured in the composite 

scaffolds.  Cells were cultured in scaffolds with or without HAP, ZrACP, or ZnACP for 14 days 

and cell number, alkaline phosphatase activity, and gene expression were measured.  Cell 

number on the composite scaffolds was greater than on PLGA controls and significant 

proliferation was seen on ZrACP and ZnACP scaffolds from day 7 to day 10.  Alkaline 

phosphatase activity was significantly elevated on ZnACP scaffolds compared to all other 

scaffolds on day 7.  Prostaglandin E2 accumulation in culture media was highest on composite 

scaffolds on day 4 and 7, and significantly greater only on ZnACP scaffolds on day 10.  Gene 

expression of OPN was enhanced on all composite scaffolds and OCN, BSP, OSX, and VEGF-A 

was elevated on HAP scaffolds only.  These results indicate that adding ACP minerals to PLGA 

scaffolds supported cell growth and stimulated early osteogenic differentiation; while the 

addition of HAP stimulated late markers of osteogenic differentiation; making the scaffolds a 

promising alternative for bone tissue regeneration.  Further investigation is required to determine 

mineral concentrations and combinations of ACP and HAP to stimulate both early and late stage 

osteogenic differentiation and mineralization. 
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5.2. Future Work 

The results of this work demonstrate different cell responses with respect to the three 

calcium phosphates.  Early osteoblast differentiation was stimulated by ZnACP, while late stage 

differentiation was stimulated by HAP.  However, it is unclear if these results are due to 

differences in mineral solubility or scaffold topography.  Therefore, we envision future 

experiments regarding this work will include efforts to decouple the effects of scaffold 

topography and calcium phosphate solubility on osteoblast differentiation.   Further studies will 

investigate the effect of calcium phosphate concentration and the combination of ACP and HAP 

on osteoblast differentiation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.1. Calcium Phosphate Particle Size 

The differentiation of osteoblasts is greatly influenced by surface chemistry and 

topography.  In this work, differences in calcium phosphate particle sizes resulted in vastly 

different scaffold surface topographies, which elicited different cell responses.  To determine the 
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Figure 5.1. Osteocalcin gene expression of MC3T3-E1 cells cultured 
on composite scaffolds for 14 days, relative to internal control, β-
actin. 
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effects of composite scaffold surface chemistry and topography on osteoblast differentiation, 

scaffolds will be fabricated with a distinct range of particle sizes for each HAP, ZrACP, and 

ZnACP.  Scaffolds will be imaged using SEM to measure and verify particle sizes for each 

calcium phosphate and cells will be cultured in the scaffolds to determine the effect on 

osteogenic differentiation.  From these studies, we expect to learn 1) how osteoblasts respond to 

differences in particle size for each calcium phosphate and 2) how the differences in chemistry of 

calcium phosphate particles of the same size affect osteoblast differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2. Amorphous Calcium Phosphate Concentration 

The concentration of ACP in the scaffolds could have an effect on the attachment, 

survival, and differentiation of osteoblasts by altering scaffold surface topography and ion 

release from the scaffolds.  To determine the effect of ACP concentration on osteoblast 

differentiation, scaffolds will be fabricated with a range of ZnACP.  Preliminary experiments 

were conducted and scaffolds were made with 0.12, 0.25, and 0.50 wt% ZnACP, seeded with 

MC3T3-E1 cells, and gene expression was measured at day 14.  Gene expression of OCN (Fig. 
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Figure 5.2. Bone sialoprotein gene expression of MC3T3-E1 cells 
cultured on composite scaffolds for 14 days, relative to internal 
control, β-actin. 
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5.1), BSP (Fig. 5.2), and OPN (Fig. 5.3) was greatest on scaffolds with 0.12% ZnACP.  The 

increase in gene expression could be related to a change in scaffold surface topography or a 

change in ion release kinetics.  These results are promising, but further characterization of the 

scaffolds and subsequent in vitro cell culture experiments could clarify cell response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.3. Hydroxyapatite/Zinc Amorphous Calcium Phosphate Composite Scaffold 

In the current work, ACPs stimulated early osteogenic differentiation, but HAP 

stimulated late markers of osteoblast differentiation.  Therefore, we postulate that a composite of 

both soluble and insoluble calcium phosphates may stimulate osteogenic differentiation more 

than either component alone [55].  Preliminary experiments were conducted to determine the 

osteogenic potential of scaffolds containing a combination of soluble ACP and osteoconductive 

HAP.  Scaffolds were made with a combination of 0.25 wt% ZnACP and 0.25 wt% HAP, seeded 
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Figure 5.3. Osteopontin gene expression of MC3T3-E1 cells cultured 
on composite scaffolds for 14 days, relative to internal control, β-
actin. 
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with MC3T3-E1 cells, and gene expression was measured at day 14.  Gene expression of BSP 

and OCN on scaffolds containing both HAP and ZnACP was significantly elevated compared to 

TCPS.  Expression of OPN on HAP/ZnACP scaffolds was significantly greater than PLGA 

scaffolds.  These results suggest that combining two types of calcium phosphates with different 

solubility, crystallinity, and particle size may have a larger and more effective stimulatory effect 

on osteoblast differentiation. Further studies would include scaffold characterization and 

additional measurements of osteoblast differentiation. 
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