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Bioactive ceramics, such as calcium phosphate-based materials, have been studied 

extensively for the regeneration of bone tissue.  Accelerated apatite coatings prepared from 

biomimetic methods is one approach that has had a history of success in both in vitro and in vivo 

studies for bone regeneration [1]–[4].  However, how cells interact within the apatite 

microenvironment remains largely unclear, despite the vast literature available today.   In 

response, this thesis evaluates the in vitro interactions of a well-characterized osteoblast cell line 

with the apatite microenvironment.  For this, the cellular response to several aspects of the 

apatite microenvironment was separately examined in order to piece together a more simplified 

picture of a complex and dynamic system: (1) the influence of accelerated apatite on local 

calcium and phosphate concentration, (2) the role of protein adsorption onto apatite surfaces, and 

(3) apatite surface charge.  Furthermore, the immunopotentiating properties of apatite were also 



iii 
 

characterized by examining monocyte response to 2D and 3D apatite-coated model culture 

systems in vitro.   

 A rapid “pull-down” of extracellular Ca
2+

and PO4
3- 

ions onto the apatite surface could be 

measured upon the incubation of apatites in cell culture medium, suggesting that cells may be 

subject to changing levels of Ca
2+

and PO4
3- 

within their microenvironment.   Changing levels of 

Ca
2+

and PO4
3- 

are likely to have large implications for the biological response to apatites as 

increasing concentrations above a certain threshold were confirmed to be cytotoxic.  Proteins 

were found to be critical in the mediation of cell-apatite interactions, as adherence of MC3T3-E1 

cells to apatite surfaces without protein coatings resulted in significant levels of cell death within 

24 hours in serum-free media.   In the absence of protein-apatite interaction, cell viability could 

be restored upon treatment of the cells with inhibitors to PO4
3-

transport, suggesting that PO4
3- 

uptake may play a role in viability.  In contrast, rescue was not observed upon treatment with 

calcium channel inhibitors.  The apatite surface charge could be modulated by treating the apatite 

surface with biomolecular coatings (proteins, polyamino acids), or with non-biological coatings 

of carbon or gold.  In general, surface treatments that resulted in a more negatively-charged 

apatite surface, relative to that of bare apatite, promoted cell survival in a dose-dependent 

manner.  A potential immunomodulatory role for apatite may contribute to its overall pro-

osteogenic capacity, as apatite coatings could enhance monocyte adhesion in the absence of 

activation factors.  Moreover, the presence of monocytes or monocyte conditioned media was 

shown to promote osteoblastic differentiation on apatite-coated substrates in vitro.  Taken 

together, this investigation provides an initial understanding of the cellular response to various 

elements within the apatite microenvironment, and may provide the foundation for furthering the 

development of apatite materials for bone tissue engineering. 
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CHAPTER 1 

1.1  INTRODUCTION AND SIGNIFICANCE 

 Human bone is a dynamic and highly vascularized connective tissue that can be viewed 

as a natural, composite biomaterial composed of a biopolymer and bioceramic.  The biopolymer 

component is an organic matrix that consists primarily of Type I collagen, while the bioceramic 

component is hydroxyapatite, a mineralized phase made up of predominantly calcium and 

phosphate ions.  Together, these components give bone the rigidity and strength needed to 

provide structural support for the body and protection of its vital internal organs.  In addition to 

structural support, bone provides an important function in normal homeostasis, serving as a 

mineral reservoir to maintain and regulate calcium and phosphate ion levels [5], and to house 

marrow which is central to the development of blood and immune cells.  Adult bone is 

maintained continuously, undergoing a remodeling process where the removal (resorption) and 

replacement (formation) of bone occurs equally.  The main cellular players in the bone 

remodeling process include osteoblasts (responsible for the formation of bone matrix), and 

osteoclasts (responsible for bone resorption).  Cross-talk between both cell types helps to 

regulate each other’s activity to orchestrate a well-organized bone remodeling process. 

 Because of its high vascularization and ability to maintain itself through remodeling, 

bone is known to have self-healing properties when damaged due to trauma or disease.  

However, bone’s ability to heal itself is limited when the defect reaches a critical size.  Beyond 

this critical defect size, medical intervention is often needed, usually in the form of bone grafts.  

There is a growing need for bone graft substitutes to replace damaged or lost bone tissue due to 

both traumatic and non-traumatic injury.  These include acute fractures, fracture non-unions, and 
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defects due to musculoskeletal disorders including osteoporosis, osteonecrosis, and bone cancer.  

Of the more than 3 million musculoskeletal procedures performed each year in the U.S., 

approximately half require bone grafting procedures at a cost of $2.5 billion annually [6].  

Approximately 90% of these bone graft procedures involve the use of autograft or allograft bone 

tissue.  As the gold standard of treatment, autografts (bone grafts taken from another part of the 

patient’s body) are ideal for their lack of immune rejection, but a host of limitations—supply, 

requirement of a second surgery for tissue harvest, donor site morbidity, and increased risk of 

infection—restrict its unencumbered use [7].  Most of these concerns can be mitigated through 

the use of allografts that are harvested from donors, but supply issues and the potential for 

disease transmission does exist [8].    

 Because of the limitations associated with autografts and allografts, more attention has 

turned toward synthetic bone graft substitutes.  A popular choice for load-bearing bone 

replacement is metallic graft implants, which have been used to restore mechanical support at the 

defect site.  However, implant failure is often a problem since metallic grafts show poor 

integration with the native bone tissue due to mechanical fatigue, metal ion leaching, corrosion 

or wear debris leading to inflammation [9].  Ceramic materials have also garnered traction as 

bone graft substitutes, being more resistant to corrosion as well as exhibiting better bioactivity, 

which improves its ability to bond to host bone and enhance bone tissue formation.  Ceramics are 

limited, however, to non-load bearing applications because of their brittleness and other 

shortcomings in mechanical properties.  As a compromise, the mechanical strength of metal 

implants and the osteoconductive properties of ceramics have been combined by coating a metal 

implant with a layer of hydroxyapatite.  However, due to the implants permanency, problems 

such as foreign body reaction could persist.  Ideally, a biodegradable implant would be employed 
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that could match its degradation to the formation or in-growth of new tissue.  For this reason, 

biodegradable polymers have been extensively researched for bone tissue engineering 

applications, but polymers alone do not integrate well with native bone.  Again, a likely 

successful bone graft substitute will be a composite that harnesses the aforementioned 

advantages and eliminates the limitations, ultimately producing a material that is 

osteoconductive, osteoinductive, and supports good osteointegration within the native tissue. 

 Calcium phosphate (or apatite) based materials are still an attractive approach for bone 

regeneration for its osteoconductivity, biocompatibility, and versatility.  Many in vitro studies 

have demonstrated their good cellular compatibility with a range of cells including osteoblasts 

and mesenchymal stem cells [10]–[12].  Furthermore, implants made from or coated with apatite 

did not induce significant inflammatory response and also demonstrated the ability to facilitate 

bone regeneration in the surrounding tissue [13]–[15].  As such, apatite materials to this day 

continue to be an active area of research as a bone substitute material for many orthopaedic and 

dental applications.  The following sections will provide an overview on the history of apatite 

materials (especially in regard to biomimetic apatite coatings—the focus of this dissertation), 

briefly reviewing its physicochemical properties, methods of fabrication, and the corresponding 

biological response.    
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1.2  REVIEW OF LITERATURE 

1.2.1 Hydroxyapatite and biological apatites 

 Bone formation is a complex physiological process conducted by osteoblast cells to 

produce a mineralized extracellular matrix (ECM).  As previously mentioned, this matrix 

comprises two primary phases: the organic phase (~30% of bone by weight)—composed of Type 

I collagen and other non-collagenous proteins such as proteoglycans/glycoproteins—and the 

mineral phase (~70% of bone by weight), which is primarily made up of hydroxyapatite 

[Ca10(PO4)6(OH)2].  The general mechanism of bone mineralization involves a two-step process: 

(1) heterogeneous nucleation, where ions are deposited onto the organic matrix to form 

amorphous calcium phosphate clusters (2) propagation and crystal growth, which involves phase 

transformation of the calcium phosphate clusters into a more crystalline structure [16], [17]. 

Stoichiometric hydroxyapatite, which has a Ca/P molar ratio of 1.67,  is characterized by 

calcium and phosphate ions arranged around columns of hydroxyl ions in a hexagonal crystal 

structure with a space group of P63/m and unit cell dimensions of a = b = 9.431 Å, c = 6.881 Å 

[18].  Biological apatites (such as enamel, dentin, and bone) typically contain ionic impurities, 

causing it to differ somewhat in their composition, crystal size, structure and physicochemical 

properties relative to stoichiometric hydroxyapatite.  X-ray diffraction (XRD) analysis of various 

apatites shows that pure hydroxyapatite produces sharp and well-defined diffraction peaks 

suggesting the larger crystal size in contrast to several biological apatites, which produce broad, 

poorly-defined diffraction peaks [19].  Biological apatites also differ from stoichiometric 

hydroxyapatite in Ca/P molar ratio, which can range from well-below or above 1.6, depending 

on age, species, and type of bone [20].  For example the Ca/P ratio of enamel, dentin, and bone 
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are 1.63, 1.61, and 1.71, respectively [19].  Chemical analysis of bone apatites demonstrate the 

presence of minor ionic impurities consisting of carbonate, magnesium, sodium, fluoride, and 

acid phosphate, as well as trace amounts of elements including strontium and lead [21].  

As a result of these ionic substitutions, the crystal structure of biological apatite tends to 

be less stable, which in turn increases its solubility. Altering the dissolution properties of apatite 

can have large implications for its use in bone repair. For example, an increase in solubility 

would lead to an increase in the local calcium and phosphate ion concentrations at the site of 

implantation.  When supersaturated levels are reached, re-precipitation around both the implant 

and the native bone tissue may occur, thus enhancing the potential for better bone bonding and 

bone formation.  However, the dissolution rate of apatite materials should be carefully regulated; 

above a certain threshold, calcium and phosphate concentration can reach harmful levels [22]. In 

addition to composition, pH and temperature are other parameters in the preparation of synthetic 

apatites that can be tuned appropriately in order to achieve desired apatite characteristics.  A 

better understanding of how the fabrication parameters influence the resulting structure and 

stability can be used to optimize the efficacy of synthetic apatite materials. A review of the 

various forms of synthetic apatite materials that are available is presented below. 

1.2.2 Synthetic apatite materials for bone tissue engineering 

 As mentioned in the previous section, apatite materials with varying physicochemical 

properties can be obtained depending on the apatite preparation conditions, which may include 

ionic composition, processing temperature and pH.   Theoretically, highly controlled fabrication 

parameters and conditions will allow researchers to produce apatite materials with desired or 

predictable properties.  This includes phase composition, crystallinity, crystal size, Ca/P ratio, 
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solubility, surface area and surface charge, which in turn can govern apatite features such as 

dissolution behavior and bioactivity.  Ideally, synthetic apatites should be crystallographically 

and chemically analogous to natural biological apatites.  The more common apatite phases that 

exist include octacalcium phosphate (OCP, Ca8H2(PO4)6, Ca/P = 1.3), β-tricalcium phosphate (β-

TCP, Ca3(PO4), Ca/P = 1.5), and dicalcium phosphate (DCP, Ca2P2O7, Ca/P = 1).  Compared to  

pure hydroxyapatite, which is the most thermodynamically stable, these apatite phases tend to be 

more soluble due to calcium deficiencies [23]–[25].   

Bioceramics for bone repair, regeneration, or replacement are available in a variety of 

form factors, including bulk scaffolds, cements, and coatings.  Bulk apatite materials have been 

created as either dense blocks or porous scaffolds with uniquely designed shapes and sizes.  One 

approach has been to densely press calcium phosphate particles or granules into the desired 

shape (such as that of the bone defect).  The composition and particle size of the bioceramic 

material has been shown to have influence over the amount of new bone formation.  For 

example, a study investigating various ratios of hydroxyapatite/β-TCP (biphasic calcium 

phosphate) on new bone formation demonstrated that a 20:80 HA: β-TCP scaffold was more 

efficient than either apatite phase alone or higher hydroxyapatite/ β-TCP ratios [26].  It was also 

shown in another study that biphasic calcium phosphate particles near 0.2-0.25 mm in size had 

better bone formation relative to scaffolds formed from smaller or larger particles [27].  In 

general, among the various types of calcium phosphate phases, hydroxyapatite and β-TCP are 

most commonly used due to their osteoconductivity and bioactivity, as well as the ability to 

control their degradation properties. 
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One of the earliest concepts of calcium phosphate cements (CPC) was introduced by 

LeGeros, et al. where a powder calcium phosphate component was combined with calcium 

hydroxide and a dilute liquid phosphoric acid component [28].  At relatively low physiological 

temperatures, a semi-solid paste is obtained that subsequently hardens via hydrolysis reaction 

[29].  Since then, other formulations have been prepared with varying composition, 

powder/liquid ratios, and setting times.  CPCs have obtained various degrees of success for use 

clinically in applications for restorative dentistry and orthopaedics, including treatment of bone 

cancer, fractures, bone graft fillers and vehicles for drug delivery [29]–[32].  Use of CPCs with 

stems cells have also been investigated, showing that incorporating human bone marrow-derived 

mesenchymal stem cells (hMSC) with CPC could increase ALP expression and mineral 

deposition of the cells [33]. 

Although calcium phosphate-based scaffolds and cements have proven osteoconductivity 

and bioactivity, they are mechanically weak and therefore limited for use in weight-bearing 

applications.  Instead, high mechanical strength materials like titanium and its alloys are 

typically used, but normally lack the osteoconductivity and bone bonding properties of 

bioceramics.  In response, calcium phosphate coating methods have been developed and have 

greatly enhanced the bioactivity and bone-bonding performance of non-bioactive materials, thus 

allowing researchers to combine the desirable advantages of each material [34], [35].   

For non-load-bearing bone regeneration, the use of apatite-coated biodegradable 

polymers has advanced significantly in recent years.  The ease of preparation and the availability 

of diverse fabrication methods like electrospinning, solvent casting/porogen leaching, and solid-

free form fabrication make polymers attractive scaffold/implant materials for tissue engineering 
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[36]–[38].  Furthermore, polymers are appealing for their controllable properties including 

degradation, porosity, shape, biocompatibility, and the ability to add functionalization.  For bone 

tissue engineering applications specifically, polymer scaffolds can be fabricated to mimic the 

organic component of bone, serving as a template or matrix for osteoprogenitor cell in-growth 

and mineralization.  Poly(lactide-co-glycolide) (PLGA) is one such biodegradable polymer that 

is commonly chosen for tissue engineering because of its versatility and biocompatibility.  

However, by itself PLGA is limited for bone repair due to a lack of osteoconductive properties 

and poor integration with native bone—again, qualities that can be enhanced when a calcium 

phosphate coating is present on its surface [2], [39].   

1.2.3 Methods for deposition of apatite coatings 

 Different strategies have been employed to deposit a layer of calcium phosphate onto the 

surface of implants and scaffolds.  A long list of options are available, including plasma spraying 

[40], [41], ion sputtering [42], pulsed laser ablation [43], [44], electrophoretic deposition [45], 

[46], and biomimetic methods [1], [47].  Many of the methods listed above have limitations such 

as uneven coating thickness, non-uniform coverage due to line-of-sight restriction, and harsh 

processing conditions.  Because of these limitations, the quality of the coating and ultimately the 

efficacy for bone repair will be deficient.  For example, plasma spraying is commonly used for 

commercial implants, but due to the aforementioned disadvantages, this method often exhibits 

coating delamination, leading to increased wear and implant loosening.  A more detailed 

discussion of the various apatite coating methods can be viewed in Sun et al. [40] and Yang, et 

al. [48].  Biomimetic coating methods, which is the focus of this dissertation, will be explored in 

more detail below. 
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1.2.4 Apatite coating via biomimetic methods—Immersion in simulated body fluids 

 Biomimetic methods have several significant advantages over the other apatite deposition 

methods described in the previous section.  The biomimetic coating approach utilizes solutions 

prepared and processed under mild conditions (i.e. at or near physiological pH and temperature). 

Most of the aforementioned coating methods require high temperatures that are not ideal for 

heat-sensitive materials like polymers.  Furthermore, the mild processing conditions of the 

biomimetic approach allow for the incorporation of bioactive factors that would otherwise 

denature or become inactive using other harsher methods.   Implants to be coated are immersed 

in apatite solutions known as simulated body fluid (SBF), which has the added benefit of 

eliminating line-of-sight coating issues.  As a result, more uniform and consistent coatings can be 

created on complex implant form factors, such as those with irregular shape or high degree of 

interconnected pores.  SBF solutions contain ionic concentrations that mimic those found in 

human blood plasma, and can be prepared relatively inexpensively using routinely-found 

laboratory reagents.  The resulting bone-like apatite that forms from spontaneous precipitation is 

considered biocompatible and thus has become an attractive approach for coating implants and 

scaffolds for bone tissue regeneration. 

1.2.5 Conventional biomimetic apatite coatings 

 Originally developed by Kokubo, et al. in the early 1990s, conventional biomimetic 

apatite coating via SBF immersion was used as an in vitro apatite formation test to predict the in 

vivo bioactivity, or bone-bonding ability, of bone graft implants [49]–[51].  It was observed that 

when glass-ceramic A-W or Bioglass were immersed in SBF, a SiO2-rich layer and calcium 

phosphate film would form on the surface, similar to that formed after in vivo implantation.  
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Crystallographic and chemical analysis confirmed that the formed calcium phosphate layer was 

nanocrystalline carbonated apatite, similar to bone mineral in composition and structure.  

Consequently, it was proposed that for a material to bond to native bone, a bonelike apatite layer 

must form on its surface upon implantation in vivo, and furthermore, formation of this apatite 

layer could be replicated with immersion in SBF solutions.  

 Apatite formation using Kokubo’s original SBF involves a 2-step mineralization process 

that takes up to 10-21 days.  The mechanism for apatite formation is initiated by a nucleation 

step at certain sites present on the substrate surface.  The formation of nucleation sites can vary 

depending on the substrate material type [52].  For example, glass-ceramic substrates, when 

immersed in SBF, were shown to undergo surface changes where calcium and/or phosphate ions 

were released from the glasses.  A hydrated silica layer formed on the surface as a result of 

calcium ion exchange for H3O
+
 ions in the SBF; these exposed silanol groups (Si-OH) were 

found to be responsible for apatite nucleation.  Similarly, on titanium metal substrates, Ti-OH 

groups that formed on the surface acted as apatite nucleation sites upon SBF immersion.  For 

organic polymer substrates, the presence CaO-SiO2 glass particles were needed in solution to 

create nucleation sites, which formed as a result of silicate ion release from the glass and 

subsequent adsorption onto the polymer surface.  When immersed in conventional SBF, the Si-

OH groups again served as the catalyst for apatite nucleation.  For all the above materials, 

precipitation and deposition of apatite nuclei continues until a uniform layer is created on the 

substrate surface during this initial SBF incubation period. 

Following the formation of this preliminary apatite layer, the coated substrates are 

transferred to a 1.5x concentrated SBF solution (supersaturated with respect to the apatite) for 7-
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14 days to allow for phase transformation of the initially amorphous apatite nuclei into 

crystalline apatites.  In this 1.5x SBF, the apatite nuclei spontaneously grow by consuming 

excess calcium and phosphate ions from the surrounding solution, ultimately forming a dense 

and uniform crystalline apatite layer.  The growth of the apatite layer reaches a steady state, with 

the coating thickness increasing in proportion to the immersion time in the second solution [52].    

1.2.6 Accelerated biomimetic apatite coatings 

 Kokubo’s original formulation for SBF has since been modified in several studies in 

order to more closely mimic the ionic composition of human blood plasma (i.e. “corrected SBF 

(c-SBF) [53]”, “revised SBF (r-SBF)” [47], “newly improved SBF (n-SBF)” [54]).  For example, 

c-SBF, which is now considered conventional SBF, was modified from the original SBF to 

include the SO4
2-

 that is also present in blood plasma.  The concentration of SBF has also been 

modified in order to accelerate the coating process from the original 10-21 days that is a result of 

using the conventional 1x and 1.5x SBF solutions.  By using a 5x concentrated SBF solution, 

Barrere et al. demonstrated that the biomimetic mineralization process could occur within one 

day [55].  Furthermore, through a series of systematic investigations, Barrere also explored the 

influence of ionic strength, ionic composition, and pH on the final apatite structure and 

composition.  For example, by adjusting the carbonate and magnesium content of the SBF, the 

precipitation kinetics and crystal growth rate could be accelerated [55], [56].   

The accelerated biomimetic mineralization process could be enhanced further by 

segregating the nucleation and crystal growth steps into two distinct phases [57], [58].  An initial 

5x SBF solution containing HCO3
-
 and Mg

2+
 is used to initiate seeding of calcium phosphate 

nuclei on the substrate (heterogeneous nucleation).  The release of CO2 over time results in 
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increasing pH which favors mineralization and leads to formation of an amorphous layer of 

calcium phosphate.  Growth of the apatite layer occurs in a second 5x SBF solution devoid of 

crystal growth inhibitors HCO3
-
 and Mg

2+
.  This allows for phase transformation of the initial 

amorphous layer into crystalline apatite.  A thick, dense, and crystalline apatite layer is needed 

for successful osteointegration, in contrast to amorphous calcium phosphate coatings, which are 

often to thin and dissolve too quickly to facilitate osteointegration of the implant [58]. 

1.2.7 Biological response to accelerated biomimetic apatite coatings 

 Early in vivo studies investigating apatite-coated metal implants have demonstrated 

higher bone-bonding ability and bone in-growth relative to non-coated controls [59].   The 

apatite in these studies was well-bonded to the metal surface and did not delaminate during 

implantation.  The presence of the coating reduced fibrous tissue formation between the implant 

and bone, resulting in better bone apposition.  Similarly, apatite-coated polymer bone implants 

exhibited improved osteoconductivity and demonstrated abundant bone formation in vivo by 4 

weeks [60]. 

Accelerated biomimetic apatite coatings have also been applied to tissue engineering 

approaches that involve the use of porous biodegradable polymers.  As described earlier, the 

mild conditions of the biomimetic approach provide a favorable mineralization environment for 

thermally-sensitive polymer scaffolds that would otherwise be incompatible with classical 

calcium phosphate coating methods (e.g. plasma spraying).  Many in vitro and in vivo studies 

have investigated the influence of these coatings on the osteogenic potential of combined 

cellular/ polymer constructs for bone tissue engineering applications.  For example, Chou et al. 

investigated the in vitro effect of accelerated apatite structure on cellular response [1], [2].  It was 
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found that amorphous accelerated apatite induced significant cell death, while a more favorable 

cellular response was observed on small polycrystalline (SmA) and large single crystal apatites 

(LgA).  Furthermore, LgA coatings induced greater expression of mature osteogenic markers 

osteocalcin (OCN) and bone sialoprotein (BSP) in MC3T3-E1 murine pre-osteoblasts in both 2D 

and 3D apatite-coated systems [2], [3].  When implanted in vivo, accelerated apatite-coated 3D 

PLGA scaffolds seeded with osteoprogenitor cells were able to heal critical size mouse calvarial 

defects, without the need for osteogenic growth factors nor genetic manipulation of the cells [4].     

1.2.8 Conclusion 

A review of the vast calcium phosphate materials literature clearly demonstrates the 

advantages of the accelerated biomimetic apatite approach.  Briefly, this method has the ability 

to create a uniform bone-like apatite coating in reduced growing time by using a 2-step process 

that optimizes both apatite nucleation and crystal growth.  Moreover, it has the flexibility to coat 

a variety of materials (including metals, ceramics, and polymers) having unique and complex 

form factors.  By adding a uniform coating of apatite, non-bioactive bone implants become 

significantly more osteoconductive, exhibiting better bone contact and bone in-growth.  Tissue 

engineering approaches to bone regeneration using biodegradable polymer scaffolds demonstrate 

that accelerated apatite coatings provide a pro-osteogenic microenvironment both in vitro and in 

vivo.   

Despite the growing list of studies reporting the efficacy of accelerated apatite coatings in 

promoting osteoblastic differentiation in vitro and new bone formation in vivo, the exact reasons 

remain unknown.  By investigating the mechanisms or properties of accelerated apatite that 

influence particular cellular or biological behavior, researchers can leverage this information to 
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manipulate the appropriate elements in order to produce a desired response.  Achieving a high-

level of understanding with respect to the various components of the apatite microenvironment 

will thus allow researchers to create more effective tissue engineering constructs. 
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1.3  HYPOTHESIS AND SPECIFIC AIMS 

The cellular response to the apatite microenvironment is likely to be governed, either 

directly or indirectly, by the physicochemical properties of the coating material.  Osteoblast 

function is known to be sensitive to scaffold characteristics including surface topography, 

surface energy or charge, porosity and mechanical stiffness [61]–[64].  Osteoblasts and other 

osteoprogenitor cells are also expected to be exposed to the chemical constituents of apatite, 

namely calcium and phosphate, due to the leaching or dissolution characteristics of the material 

[65]–[68].  For this thesis, various elements of accelerated biomimetic apatite coatings (and how 

they influence the local microenvironment) will be explored.  Moreover, the cellular interaction 

between these various elements will be investigated to help elucidate what role they may have in 

regulating biological response. 

The core hypothesis of this thesis is that certain properties of the accelerated apatite 

microenvironment (calcium and phosphate ions, adsorbed proteins, and surface charge) play a 

central role in the regulation of cell function.   

To test this hypothesis, the following specific aims were investigated: 

1. Characterize the ability of accelerated apatite coatings to alter the concentration of 

calcium and phosphate in the microenvironment and determine the role of these ions 

in regulating osteoblast cell function. 

2. Determine the role of adsorbed proteins in mediating the cell-apatite interaction  

3. Characterize the surface zeta potential of accelerated coatings and evaluate the 

osteoblastic response to the exhibited surface charge.  
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4. Evaluate the in vitro inflammatory cell (monocyte) response to 2D and 3D 

accelerated apatite coating systems. 
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CHAPTER 2 

ROLE OF Ca
2+

 / PO4
3-

 IONSAND ADSORBED PROTEINS IN THE ACCELERATED 

APATITE MICROENVIRONMENT 

2.1 Introduction 

Accelerated biomimetic apatite coatings have a history of success in both in vitro [2], [3] 

and in vivo [4] studies for bone tissue engineering.  Chou et al.[1] previously showed that the 

coating of two-dimensional surfaces with accelerated apatite could support cell attachment, 

spreading, viability, and proliferation in standard in vitro culture conditions.   The osteoinductive 

properties of the apatite coatings were made evident by the upregulation of several bone-specific 

markers such as osteopontin (OPN), osteocalcin (OCN) and bone sialoprotein (BSP) in MC3T3-

E1 cells cultured on apatite compared to cells cultured on standard uncoated TCPS.  

Furthermore, it was observed that the apatite surfaces could induce the MC3T3-E1 cells to 

express these osteogenic markers in the absence of commonly used osteogenic factors such as 

ascorbic acid and beta-glycerophosphate.  On a three-dimensional substrate, MC3T3-E1 cells 

cultured on apatite-coated PLGA scaffolds in vitro also showed significant upregulation of OPN 

expression at day 3, while OCN and BSP expression was upregulated at 4 weeks relative to cells 

on non-coated PLGA scaffold controls [3].  These apatite-coated PLGA scaffolds have also 

shown potential in improving bone formation in vivo, demonstrating the ability to regenerate 

bone in critical-size mouse calvarial defects in conjunction with adipose-derived adult stromal 

cells [4].  Despite this success of using apatite coatings for bone tissue regeneration, little is 

known on the exact mechanism that induces the positive biological response of the apatite 

microenvironment.  As a first step in elucidating the relationship between apatite surfaces and 
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the cellular response, MC3T3-E1 pre-osteoblast cells were cultured, in this study, on apatite-

coated TCPS in the presence and absence of proteins, and the effect on adhesion and viability 

were assessed. 

2.2 Materials and methods 

2.2.1  Preparation of apatite-coated surfaces 

Biomimetic apatite coated surfaces were prepared using an accelerated approach using 

Simulated Body Fluid solutions (5x SBF1 and 5x SBF2) as previously published [1].  Tissue 

culture polystyrene (TCPS) wells were coated through an initial incubation with 5x SBF1 for 24h 

at 37°C, followed by a 48h incubation (at 37°C) with 5X SBF2.  Each well was then rinsed 

gently with sterile distilled deionized water and dried in a laminar flow hood over night. 

2.2.2  Apatite morphology  

Surface morphology and elemental composition (Ca and P) of the apatite coatings were 

analyzed with a FEI NovaSEM 230 scanning electron microscope with attached EDS detector 

(FEI Co., Hillsboro, OR).  Sections of apatite-coated TCPS were analyzed with SEM under low-

vacuum mode with an accelerating voltage of 10 kV.  Energy dispersive X-ray analysis (EDS) 

was performed on the samples to obtain Ca and P content of the apatite coatings [2].  

2.2.3  MC3T3-E1 cell culture and viability on apatite surfaces 

MC3T3-E1 cells were purchased from ATCC (CRL-2594). The cells were expanded 

under standard tissue culture conditions in MC3T3-E1 Expansion Medium (EM) containing α-

MEM, 10% FBS and 1% penicillin/streptomycin. For experiments performed on bare apatite 

surfaces, monolayers of MC3T3-E1 cells were prepared for serum-free conditions by incubating 
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in EM containing 5% FBS for 6h, followed by 12h in serum-free EM.  The cells were then 

harvested using 0.25% tryspin/2.21mM EDTA, and resuspended at a desired density in serum-

free EM. The apatite surfaces were seeded by incubating with the cell suspension overnight in a 

37°C, 5% CO2 incubator. All tissue culture reagents were purchased from Mediatech CellGro 

(Manassas, VA). 

To assess the effect of adhesion to the apatite surface on cell viability, MC3T3-E1 cells 

were seeded onto apatite surfaces at 10,000 cells/cm
2
, and viability determined at select time 

points up to 24 hrs using either a Live/Dead kit (Invitrogen, Carlsbad, CA) or an Alamar Blue 

assay (AbD Serotec, Oxford, UK).  For the Live/Dead assay, cells were incubated at the desired 

time points with a solution of Calcein AM and Ethidium homodimer-1 (EthD-1) as outlined by 

the manufacturer to determine living (green) and dead (red) cells, respectively. For cell 

quantitation, Alamar Blue reagent, which is metabolically processed by the cells, was added 

directly to the MC3T3-E1 EM at select time points and the cells incubated for 1 hour at 37C. The 

EM containing the metabolized Alamar Blue was then removed and measured at 535/590 nm 

(excitation/emission).  Cell number was determined based on these absorbances according to the 

manufacturer. Viability assays were repeated three times (n=3) and expressed as the average 

number of viable cells ±SD.   

2.2.4  Protein adsorption on apatite surfaces 

To assess the effect of adsorbed proteins on viability, either FBS or BSA was absorbed to 

the apatite-coated surfaces.  Since FBS contains a variety of proteins including albumin, BSA 

was also chosen in this study to eliminate possible confounding effects that multiple protein 

adsorption from FBS may have on influencing cell behavior or function.   
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 For BSA-coated apatite, a 1% (w/v) stock solution was made by dissolving BSA protein 

(#A9418, Sigma, St. Louis, MO) in PBS (Ca
2+

and Mg
2+

free, Mediatech CellGro, Manassas, 

VA).  The BSA stock solution was sterile filtered and further diluted with sterile 1XPBS to make 

0.1%, 0.01%, and 0.001% BSA solutions.  FBS solutions were created by the dilution of FBS 

(Omega Scientific, Tarzana, CA) in sterile 1XPBS to make concentrations of 10%, 1%, 0.1%, 

and 0.01% FBS.  Apatite-coated 12-well TCPS plates were then incubated with the BSA and 

FBS solutions for 12 hours in a 37°C incubator.  For all wells, the apatite surface area to protein 

solution volume ratio was 3.9 cm
2
/ml.  Each well was then rinsed gently three times with 1XPBS 

and the amount of protein adsorbed to the apatite surfaces was quantified using BCA assay 

(Pierce BCA Protein Assay, Thermo, Waltham, MA). 

2.2.5  Determination of caspase signaling activity by immunofluorescence 

To study apoptosis, caspase-3 activity was assessed in MC3T3-E1 cells cultured on 

apatite surfaces. Cells were cultured at a cell seeding density of 10,000 cells/cm
2
 in serum-free 

EM for 24h on bare apatite, 1% BSA-coated apatite, or bare apatite surfaces in the presence of 

1mM phosphonoformic acid (PFA).  The cells were then fixed and probed with antibodies 

specific for activated caspase-3, washed 3 times with 1XPBS for 5 minutes/wash, and then 

incubated with FITC-conjugated goat anti-rabbit secondary antibodies.  Cell nuclei were 

counterstained with DAPI mount (Southern Biotech, Birmingham, AL).  As a positive control, 

MC3T3-E1 cells were cultured on TCPS in the presence of 1uM doxorubicin (Sigma) a DNA 

intercalator that induces apoptosis through the caspase cascade.  Staining for caspase activity was 

observed under fluorescence microscopy (Leica DM IRB, Wetzlar, Germany). 

2.2.6  Effect of caspase inhibition on MC3T3-E1 cell viability upon culture on apatite surfaces 
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To further assess the role of apoptosis in cell death on apatite surfaces, MC3T3-E1 cells 

were cultured on bare apatite in serum-free EM in the presence of the general caspase inhibitor 

zVAD-fmk [69].  MC3T3-E1 cells were prepared for serum-free conditions as described above, 

and treated with various concentrations of zVAD-fmk (0, 10uM, 50uM, 100uM) prior to seeding 

onto apatite.  The cells were then seeded at density of 10,000 cell/cm
2 

onto apatite-coated TCPS, 

and again treated following seeding with zVAD-fmk at the concentrations listed above for 24h. 

Cells cultured on 1% BSA-coated apatite were used as a control.  After 24h, cell viability was 

assessed with Live/Dead staining and Alamar Blue as before.  

2.2.7  The effect of extracellular calcium (Ca
2+

) and phosphate (PO4
3-

) on MC3T3-E1 viability  

The effect of Ca
2+

 and PO4
3-

 uptake on cell viability was performed by supplementing 

EM with known amounts of Ca
2+

 and PO4
3-

.  For this, 10 mM stock solutions of CaCl2 (EMD) 

and NaH2PO4 (Sigma) were prepared separately in EM.  MC3T3-E1 cells were cultured on 

TCPS at 10,000 cells per cm
2
 for 4h in unsupplemented EM to allow cell attachment.  After 4h, 

the media from each well was replaced with EM supplemented with various concentrations of 

Ca
2+

 and PO4
3

, prepared from the 10 mM stock solutions of CaCl2 and NaH2PO4.  The cells were 

cultured in the Ca
2+

 /PO4
3
-supplemented media for 24 hrs and cell viability was assessed using 

Live/dead staining or Alamar Blue assay.  The pH of the Ca
2+

 and PO4
3
-supplemented EM at 

each of the different concentrations was measured to verify that the pH had not altered 

significantly from physiological pH (data not shown). 

To confirm the effect of Ca
2+

 and PO4
3-

 uptake on cell death, MC3T3-E1 cells were 

incubated in EM containing cytotoxic levels of Ca
2+

 and PO4
3-

 in the presence of Ca
2+ 

blockers or 

PO4
3- 

transporter inhibitor.  Cells were seeded at 10,000 cells/cm
2 

on either uncoated or apatite-
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coated 12-well TCPS plates and immediately treated with EM for 24 hrs supplemented with ion 

transport inhibitor.  To block Ca
2+ 

uptake, the L-type Ca
2+

-channel inhibitors, nifedipine (Sigma) 

or verapamil (Sigma), or the generalized Ca
2+

-channel inhibitor lanthanum chloride (Sigma) 

were added to EM at a concentration ranging from 25uM to 100uM.  To block uptake of PO4
3-

, 

the PO4
3- 

transport inhibitor phosphonoformate (PFA, Sigma) [22] was added to the culture 

medium at concentrations ranging from 25uM to 1mM.  The effect of these inhibitors on 

MC3T3-E1 viability was assessed by Live/Dead staining and Alamar Blue assay.   

2.2.8  Inductively Coupled Plasma-Optical Emission Spectroscopy and radio-labeled calcium 

phosphate tracking 

Analysis of extracellular Ca and P concentration in culture media was performed using 

inductively coupled plasma-optical emission spectroscopy (ICP-OES).  For this, apatite-coated 

surfaces were incubated in the presence of serum-free α-MEM from 15 min to 24 hrs. Basal 

levels of Ca and P are reported by the manufacturer to be 1.8 mM and 1.0 mM, respectively.  

The medium from each apatite-coated well was then collected and digested with nitric acid for 2 

hrs on a 90°C heating block.  Each digested sample was diluted with glass distilled water until 

the final concentration of nitric acid reached 5% to match that of the calibration standards, which 

contained a known amount of Ca and P.  The samples were then analyzed for elemental Ca and P 

with a TJA Radial Iris 1000 ICP-OES machine (Thermo, Waltham, MA).   

To confirm that Ca
2+

 and PO4
3-

 ions from culture medium were adsorbing to the apatite 

surface, α-MEM was supplemented with radioactive Ca-45 or P-32 isotopes (MP Biomedicals, 

Santa Ana, CA) at a concentration of 1uCi/ml, and incubated over apatite-coated surfaces up to 

24h.  The media was collected and radioactivity measured with a Beckman Coulter LS6500 
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multi-purpose scintillation counter (Beckman Coulter, Brea, CA).  In addition, the apatite 

coatings were digested with 1mM HCl from the bottom of each well and their radioactivity also 

measured to determine the amount of radioactive Ca
2+

 and PO4
3-

 adsorbed to the apatite.  

2.3.  Results 

2.3.1  Apatite Morphology 

Apatite surfaces prepared through an accelerated approach [1], [2] showed a plate-like 

structure, with plate length ranging from approximately 1-5um (Figure 1).  EDS analysis 

confirmed that the apatite consisted primarily of Ca and P, in a Ca/P atomic ratio of 1.48, which 

is slightly below the reported 1.67 stoichiometric ratio of pure hydroxyapatite,
24

 but is consistent 

with other apatite coatings prepared from this biomimetic approach [1].  

2.3.2  Protein adsorption on apatite surfaces is required for cell viability 

Previous studies have shown that adsorption of serum proteins onto biomaterial surfaces 

can mitigate cell death [70].  Consistent with this data, the bare apatite surfaces created in this 

study rapidly induced the death of MC3T3-E1 cells. Using a Live/Dead immunofluorescent (IF) 

assay, short-term adhesion to bare apatite (i.e. 1 hour) did not appear to affect MC3T3-E1 

viability, with the majority of the adherent cells capable of metabolically cleaving the calcein-

AM viability marker.  However, adhesion of cells to bare apatite for only 3 hrs began to produce 

significant levels of cell death (Figure 2A).  Increasing adhesion time to 24 hours resulted in a 

dramatic increase in cell death with the majority of cells incorporating EthD-1 as a fluorescent 

marker of dead cells.  Quantitatively, a similar time course of increasing cell death was observed 

using an Alamar Blue assay – an assay that quantifies viable cells through metabolic processing 
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of the Alamar Blue reagent [71].  As with the Live/Dead assay, the Alamar Blue assay confirmed 

that the majority of MC3T3-E1 cells, after 1 hour adherence to bare apatite, were still 

metabolically active (i.e. viable).  However, a significant drop in the number of viable cells (i.e. a 

79.6% decrease in viability) was observed after 3 hours (Figure 2B).  Unlike the Live/Dead IF 

assay, Alamar Blue failed to measure any further decrease in cell viability between 3 and 24 

hours, whereas there was an obvious drop in viability using the Live/Dead assay.  This 

discrepancy may be due to inherent differences in the sensitivity of these two assays.  However, 

both assays confirm that cellular adhesion to bare apatite layers induces their death.  

To mitigate cell death, apatite surfaces, prior to cell seeding, were pre-absorbed with 

increasing concentrations of BSA or FBS as a source of protein.  A simple BCA protein assay 

confirmed the adsorption of these proteins to the apatite surface (Figure 3A).  For FBS a linear 

relationship between adsorbed protein and FBS concentration was observed between the ranges 

of 0.1% to 10%. After 12 hours incubation with a 0.01% FBS solution, the surface coverage of 

FBS protein on apatite was measured to be approximately 1.1 ug/cm
2
.  Increasing the FBS 

concentration 100-fold to 1.0% FBS resulted in almost a 1.5-fold increase in adsorbed FBS 

protein (1.54 ug/cm
2
), while a 1000-fold increase to 10% FBS resulted in almost a 1.75-fold 

increase (1.84 ug/cm
2
).  While not shown, there was no appreciable increase in protein 

absorption if the FBS concentration was increased beyond 10% (data not shown).  Linearity in 

the adsorption of BSA to apatite surfaces was not as apparent.  However, a moderate linear 

relationship was observed between the ranges of 0.1% and 0.001% BSA.  For adsorbed BSA on 

apatite, incubation for 12 hours with a 0.001% BSA solution resulted in approximately 0.5 

ug/cm
2
 surface coverage.  A 10-fold increase in the BSA concentration to 0.01% led to a 2-fold 

increase in adsorbed BSA at 1.1 ug/cm
2
.  Only a slight increase in BSA adsorption was observed 
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after increasing the BSA solution 100- and 1000-fold, with protein surface coverage of 1.22 

ug/cm
2
 and 1.28 ug/cm

2
, being measured respectively. 

Live/dead staining of MC3T3-E1 cells cultured in serum-free EM on protein-coated 

apatite surfaces showed that “rescuing” cell viability was related to the amount of pre-adsorbed 

protein on the apatite surface prior to cell seeding (Figure 3B).  As shown in Figure 3B, the 

viability of cells maintained in serum-free media for 24 hours on apatite surfaces with increasing 

amounts of adsorbed BSA or FBS, increased in a qualitative manner.  For example, 

approximately 50% of the seeded cells maintained on apatite surfaces pre-treated with a 0.1% 

FBS solution remained viable, while nearly all cells remained viable on apatite surfaces pre-

treated with 10% FBS.  Similarly, MC3T3-E1 cells cultured for 24 hours on apatite surfaces pre-

exposed to 0.01% BSA (i.e. the approximate concentration of albumin found in 0.1% FBS) 

showed close to 50% viability, while protein pre-adsorption with a 1% BSA solution (i.e. the 

approximate content of albumin found in 10% FBS) rescued viability in nearly 100% of the 

adherent cells. Quantifying cell metabolic activity as a means of measuring viability confirmed 

the Live/Dead studies (Figure 3C).  As with the protein adsorption studies of Figure 3A, a 

definitive dose-dependent relationship appeared to exist between FBS concentration and cell 

viability.  In contrast, the effect of BSA on MC3T3-E1 viability was not as linear, but appeared 

to plateau out at 0.01% BSA.  Increasing the concentration of BSA beyond 0.01% did not 

enhance viability in a statistically significant manner. 

2.3.3  Apatite-induced cell death is not through caspase-mediated apoptosis 

To determine whether apatite-induced cell death was mediated by an apoptotic 

mechanism, MC3T3-E1 cells were cultured on bare apatite surfaces at various time points and 
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probed for caspase-mediated activation of apoptosis using an antibody specific to cleaved 

caspase-3.  As shown in the Live/Dead and Alamar Blue assays, MC3T3-E1 cells cultured on 

bare apatite for only one hour did not show any evidence of caspase-3 cleavage, consistent with 

the viable state of these cells at this juncture (Figure 4A).  However, cleaved caspase-3 was still 

not observed when the culture time was increased to 3 or 24 hours – times in which MC3T3-E1 

cell death has been detected (data not shown).  In contrast to these results, strong 

immunofluorescence for cleaved caspase-3 was observed in positive controls in which cells were 

treated with 1 uM doxorubicin to induce apoptosis.  

To determine if other effector caspases known to induce apoptosis (i.e. caspase-6, 

caspase-7) were mediating MC3T3-E1 cell death, cells were cultured on bare apatite surfaces in 

the presence of the general caspase inhibitor zVAD-fmk.  Over the range of zVAD-fmk 

concentrations tested (0 uM, 10 uM, 50 uM, 100 uM), Live/Dead staining (Figure 4B) and 

Alamar Blue viability quantification (Figure 4C) showed that general inhibition of caspase 

activity was not sufficient for preventing MC3T3-E1 cell death when cultured on bare apatite.  

Adsorbed BSA on apatite, however, still demonstrated the ability to mitigate the cytotoxic 

effects of the apatite surface, with or without the presence of zVAD-fmk in the medium.  Taken 

together, the lack of caspase-3 activation and the inability to rescue cell viability through the 

inhibition of caspase activity, suggest that the mechanism of apatite-induced cell death over 24 

hours of culture is not due to caspase-mediated apoptosis. 

2.3.4  Elevated levels of Ca
2+

 in combination with PO4
3-

 can decrease MC3T3-E1 cell viability 

Previous work by Adams et al. [22] has shown that extracellular Ca
2+ 

and PO4
3- 

can 

decrease the viability of human osteoblast-like cells and MC3T3-E1 murine pre-osteoblast cells 
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in a dose-dependent manner.  Since biomimetic apatite surfaces are composed primarily of Ca
2+ 

and PO4
3-

, it is possible that the release of these ions into the medium upon culture onto apatites 

could expose MC3T3-E1 cells to elevated levels of these ions.  To confirm the effects of 

elevated extracellular Ca
2+ 

and PO4
3- 

on MC3T3-E1 viability, MC3T3-E1 cells were cultured on 

TCPS in basal EM, containing 1.8mM total Ca
2+ 

and 1.0 mM total PO4
3- 

and in EM 

supplemented with increasing concentrations of these two ions. Using Alamar Blue to quantify 

cell viability (Figure 5A), it was confirmed that exposure of cells to elevated extracellular Ca
2+ 

and PO4
3-  

resulted in a decrease in MC3T3-E1 viability. Cell death by Ca
2+ 

and PO4
3- 

ions was 

concentration-dependent and required the presence of both ions for maximal effect.  For 

example, when the concentration of extracellular Ca
2+ 

was held constant at its basal level of 1.8 

mM, increasing extracellular PO4
3- 

levels (e.g. 2.5mM to 10mM) did not significantly alter cell 

viability.  Likewise, when cells were cultured at basal PO4
3- 

levels (i.e. 1.0 mM), increasing 

extracellular Ca
2+

concentrations (i.e. 2.5 mM to 10mM) had no significant effect on cell death. 

However, when both the concentrations of Ca
2+ 

and PO4
3- 

were increased, MC3T3-E1 cell death 

levels also increased.  Increasing extracellular PO4
3- 

to 5.0mM, combined with increasing Ca
2+ 

levels to 5.0mM led to nearly a 33% decrease in the number of viable cells, while increasing 

Ca
2+ 

further to 10mM decreased cell viability 98%. Similarly, when PO4
3- 

levels were increased 

to their maximal level of 10mM, a Ca
2+ 

concentration of 5.0mM resulted in a 50% drop in viable 

cells, while a Ca
2+ 

concentration of 10mM decreased cell viability 95%.  Taken together, the 

results confirmed previous studies showing that the ion-pairing of extracellular Ca
2+ 

and PO4
3- 

at 

specific concentrations can be cytotoxic to MC3T3-E1 cells. Moreover, the data indicates that at 

higher levels of PO4
3- 

(i.e. 5mM, 10mM), elevating extracellular Ca
2+ 

levels can dramatically 

decrease cell viability. 
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To further confirm the cytotoxic effects of Ca
2+ 

and PO4
3- 

on MC-3T3-E1 viability, cells, 

incubated on TCPS in the presence of cytotoxic levels of extracellular Ca
2+ 

and PO4
3-

, were 

treated with the Na-Pi co-transporter inhibitor PFA, to block PO4
3- 

entry into the cell, followed 

by an assessment of their viability.  Results from the Alamar Blue assay confirmed previous 

studies [22] showing that administering PFA results in the “rescue” of MC3T3-E1 viability 

(Figure 5B).  At the higher levels of extracellular PO4
3-

 (i.e. 5mM, 10mM), which were shown to 

be cytotoxic in this study with a slight increase in extracellular Ca
2+

, a delivered dose of 1mM 

PFA was sufficient to significantly reduce the amount of cell death that was observed above.  In 

contrast, as has been shown previously [22], although the blockage of PO4
3-

 transporters was 

sufficient to inhibit the Ca
2+

/PO4
3-

-induced cell death, treatment of cells with L-type Ca
2+

 

channel blockers (nifedipine or verapamil) and a general Ca
2+

 channel blocker (lanthanum 

chloride) did little to mitigate cell death in the presence of elevated extracellular Ca
2+ 

and PO4
3-

 

(data not shown).  

2.3.5  Apatite surfaces in culture medium induce the “pull-down” of extracellular Ca2+ and 

PO43-  

As shown above, increasing levels of extracellular Ca
2+ 

and PO4
3-

 can be cytotoxic to 

adherent MC3T3-E1 cells.  Since biomimetic apatite surfaces are composed primarily of Ca
2+ 

and PO4
3-

, the observed cell death upon adherence of MC3T3-E1 cells to bare apatite may be the 

result of localized degradation of the apatite in culture conditions, thus elevating extracellular 

levels of these ions.  Therefore, the stability of the apatite surface in culture was measured using 

ICP-OES.  For this, acellular, bare apatite surfaces were incubated in serum-free α-MEM (as a 

component of EM) for up to 24 hours and extracellular levels of calcium and phosphorus (as a 
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component of phosphate) were measured by ICP-OES (Figure 6A).  Consistent with reported 

values, basal levels of calcium and phosphorus within serum-free α-MEM was measured at 

1.8mM and 1.0 mM, respectively.  During the first 3 hours of incubation on apatite surfaces, the 

concentration of calcium and phosphorus within the α-MEM decreased to approximately 

53±0.041% and 63±0.032% of their original concentrations, respectively, suggesting that the 

apatite layer may “pull-down” these ions from the overlying medium.  After 12 hours, this 

calcium and phosphorus ion “pull-down” reached equilibrium, stabilizing at a concentration of 

approximately 0.58±0.14 mM Ca and 0.42±0.04 mM P (decreases of 32±0.072% and 44±.053% 

relative to basal levels), respectively. ICP-OES analysis of medium incubated over apatite 

surfaces for an additional 48 hours (i.e. 72 hours total) did not detect any further change in the 

levels of extracellular calcium and phosphorus. Taken together, the ICP-OES data suggests that 

the apatite surface does not significantly release Ca
2+ 

and PO4
3-

 ions into the extracellular 

environment but may induce a “pull-down” of these ions from the culture medium.  

To confirm this data, apatite surfaces were cultured with serum-free α-MEM containing 

radioactive Ca-45 and P-32.  After 3h incubation over apatite surfaces, the radioactivity of Ca-45 

and P-32 in the serum-free α-MEM fell to levels nearly identical to that obtained from ICP-OES. 

(Figure 6B-C, dashed lines).  The amount of radioactive Ca-45 and P-32 in the medium fell to 

53±0.017% and 62±0.0067%, respectively.  Similar to the results obtained by ICP-OES, the 

decrease in Ca-45 and P-32 in the medium began to level off after 12h incubation over apatite at 

approximately 36±0.017% of the starting Ca-45 levels and 49±0.011% of the P-32 initially 

added to the serum-free medium. 
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After removal of the Ca-45 and P-32-supplemented α-MEM from the apatite-coated wells 

at each time point, the apatite coatings were dissolved with dilute HCl and the amount of Ca-45 

and P-32 that had deposited on the surfaces were measured.  The radioactivity of deposited Ca-

45 and P-32 onto the apatite surface correlated almost identically to the amount of radioactive 

material that had been depleted from the Ca-45 and P-32-supplemented medium collected at 

each time point (Figure 6B-C, solid lines).  Along with the ICP-OES data, these results suggest 

that the apatite surfaces are capable of altering local extracellular ionic Ca
2+ 

and PO4
3-

 

concentrations that are presented to the cultured MC3T3-E1 cells. 

2.3.6  Inhibition of PO43- uptake can “rescue” MC3T3-E1 viability upon culture on apatite 

surfaces 

The results from this study, as well as those obtained by others [22], suggest that the 

inhibition specifically of Na-Pi co-transporters can rescue viability of MC3T3-E1 cells cultured 

on TCPS in the presence of cytotoxic levels of Ca
2+ 

and PO4
3-

.  Therefore, the viability of 

MC3T3-E1 cells cultured on bare apatite was assessed in the presence of PFA.  Consistent with 

our studies on TCPS, live-dead staining (Figure 7a) and Alamar Blue quantitation (Figure 7b) 

showed a concentration dependent effect of the ability of PFA to rescue MC3T3-E1 viability, 

with the minimum concentration required for significant rescue at 500uM.  As expected, pre-

coating apatite surfaces with 1% BSA negated the cytotoxic effect of the apatite surface. To 

assess if increasing levels of PFA could compound the toxicity of the apatite surface, cells were 

cultured on apatite surfaces coated with 1% BSA as a control and treated with increasing 

amounts of PFA.  Viability levels were unchanged on these BSA-coated surfaces in the presence 

of increasing PFA, indicating a lack of toxicity by PFA. The observed rescue was specific to 
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PO4
3- 

uptake as MC3T3-E1 cells cultured on apatite and treated with the Ca
2+

 channel inhibitors 

nifedipine, verapamil, or lanthanum chloride, showed similar levels of cell death when compared 

to samples cultured on apatite in the absence of these inhibitors (Figure 8).  Viability levels were 

unchanged as concentrations of lanthanum chloride were increased on BSA-coated surfaces, 

indicating a lack of toxicity attributable to this inhibitor.  However, a possible toxic effect was 

observed for nifedipine, with levels above 5uM decreasing the viability of cells cultured on 

BSA-coated apatite controls.  However, even at subtoxic nifidepine levels (i.e. 1uM and 5uM), 

this inhibitor was still unable to rescue MC3T3-E1 viability on bare apatite surfaces.  Based on 

these results, it is possible that the observed death of MC3T3-E1 cells cultured on bare apatite is 

due to the specific uptake of PO4
3-

 ions into the cell. 

2.4 Discussion 

Despite the evidence suggesting that accelerated biomimetic apatite coatings are capable 

of mediating osteoblastic differentiation in vitro [2], [3] and new bone formation in vivo [4], the 

exact mechanisms by which cells interact with biomimetic apatite coatings to elicit these 

osteogenic responses remains largely unknown, and few studies in the literature have studied the 

direct cell-apatite relationship closely.  As such, this study attempts to more closely examine the 

relationship between the apatite layer and the cellular response.  In the in vivo environment, 

apatite materials are very biocompatible.  However, performing the in vitro experiments in this 

study allows us to dissect the apatite microenvironment and evaluate the relative contribution of 

each component in this highly complex, dynamic system.  To accomplish this, MC3T3-E1 pre-

osteoblasts were cultured on apatite surfaces and the effect of this surface on the adhesion and 

viability of these cells was assessed.  
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As was previously shown [1], apatite coatings prepared from an accelerated biomimetic 

approach resulted in a uniform coating consisting of Ca
2+

 and PO4
3-

 ions in a calcium/phosphorus 

atomic ratio of 1.48, which is below the stoichiometric ratio of 1.67 for hydroxyapatite.  The 

coating consists of distinct plate-like apatite crystals around amorphous calcium phosphates.  

Electron diffraction of the calcium-deficient, plate-like apatite crystal revealed diffraction 

patterns at d1=2.81 Å, d2=3.44 Å and d3=2.72 Å which correspond to (2 1 1), (0 0 2) and (1 1 2) 

planes of hydroxyapatite, respectively [1].  Although the direct effect of apatite crystal structure 

on cell viability remains largely undiscovered, it is known, however, that the crystalline phase of 

the apatite contributes to its stability and consequently its dissolution rate [72], [73].  It is known 

that both the amorphous and crystalline phases undergo continuous phase transformation, and 

fluctuations in Ca
2+

 and PO3
4-

 levels may contribute significantly to changes in the overall 

microenvironment and subsequent in vitro cellular response.   

Consistent with previous studies [74], MC3T3-E1 cells rapidly adhered to uncoated 

apatite materials (i.e. bare apatite).  However, cell death began to appear within the first 3 hours 

post-seeding with increasing levels of cell death becoming apparent as culture time increased.  

The reason for this rapid cell death was found not to be due to canonical apoptotic mechanisms.  

Cells undergoing apoptosis, or “programmed cell death,” typically commit to one of two distinct 

pathways (extrinsic or intrinsic) that converge upon one or more effector caspases (capase-3, -6, 

-7), whose activation results in cell death [75].  Our results, however, showed that the bare 

apatite surface did not induce activation of caspase-3 within adherent MC3T3-E1 cells, nor did 

inhibition of caspase activation by the general caspase inhibitor zVAD-fmk prevent cell death.  

Although our experiments preclude activation of the caspase cascade as the mechanism of death 
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in MC3T3-E1 cells cultured on bare apatite, it is still possible that cell death via apoptosis may 

be occurring through caspase-independent pathways [76].  

Morphologically, apoptosis is generally marked by membrane blebbing, chromatin 

condensation, and DNA fragmentation [77], [78].  In this study, DAPI staining as well as Ethd-1 

(dead) staining of cell nuclei clearly show that cells cultured on bare apatite exhibit significant 

alteration of nuclear morphology.  However, instead of DNA condensation both DAPI and Ethd-

1 show a very diffuse staining pattern, suggesting that DNA dispersion outside the nuclear 

envelope may be occurring when cells are cultured on bare apatite.  This result may further 

suggest that when cultured on bare apatite surfaces, the mechanism of apatite-induced cell death 

over 24 hours of culture is not due to caspase-mediated apoptosis.  A more likely scenario is 

death caused by necrosis, which is generally highlighted by nuclear swelling, early plasma 

membrane rupture and release of cellular contents [79].  Further morphological examination of 

MC3T3-E1 cells on apatite will be needed to determine whether the mechanism of apatite-

induced cell death is through a necrotic process. 

While bare apatite surfaces rapidly induced cell death, mitigation of cell death was 

observed upon pre-coating the apatite with either BSA or FBS. Previous studies have suggested 

that adsorbed protein layers mediate the interaction between cells and biomaterials, including 

biomimetic apatite coatings, promoting cell adhesion and survival [80]–[83].  A possible 

mechanism by which adsorbed proteins decrease cell death on apatite may be the activation of 

pro-survival intracellular signaling, initiated via membrane-bound integrin receptors and their 

transduction of the extracellular environment into intracellular signals that govern changes in cell 

function, including survival [84].  It has been shown in many cell types, including osteoblasts, 



34 
 

that survival signals are mediated through integrin-ECM interactions [85], [86].  For example, 

MC-3T3-E1 attachment to surfaces, modified with the ECM-integrin motif RGDS, can reduce 

apoptosis and promote their survival in the presence of various apoptogens [87].  Moreover, this 

attachment activates several signaling pathways thought to mediate cell survival, including FAK, 

Akt and PI3K.  FAK and Akt activation and decreased osteoblast death has also been observed 

upon the adsorption of fibronectin and vitronectin to hydroxyapatite/PLLA composite scaffolds 

[70].  

Alternatively, adsorbed protein layers may mitigate cell death via their alteration of the 

surface potential of the apatite coating or by modulation of the phase transformation rate of the 

apatite surface.  Negatively charged surfaces of polarized hydroxyapatite ceramics are known to 

promote proliferation, while positively charged surfaces inhibit this response [88].  The 

interaction of acidic proteins, such as BSA, to cationic sites on the apatite surface is also known 

to cause the net surface charge to become more negative [89].  As such, the adsorption of BSA or 

FBS to the apatite layers in this study may alter surface charge sufficiently to improve cell 

adhesion and viability.  

Adsorbed protein layers, alternatively, may increase the surface stability of the apatite 

through the modulation of phase transformation [90], [91].  Fibroblasts cultured on biphasic 

tricalcium phosphate-hydroxyapatite (TCP-HA) ceramics in the absence of proteins are thought 

to rupture due to adhesion to the unstable TCP-HA surface [74], while the addition of serum 

components to their culture media is capable of mitigating this response.   The adsorption of 

serum protein to these TCP-HA surfaces and the increased stability of this surface are proposed 
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as the mechanism behind the increased survival of these fibroblasts.  Additional studies on the 

surface charge and stability of the apatite surfaces created in this study are certainly warranted. 

Previous in vitro work on MC3T3-E1 pre-osteoblasts has shown that elevated levels of 

both extracellular Ca
2+ 

and PO4
3-

 decrease cell viability, possibly through their complexing as an 

ion pair or cluster, thus triggering receptor-mediated induction of apoptosis, or endocytic 

activation of cell death [22], [92].  Consistent with these studies, we confirmed that MC3T3-E1 

cells, cultured on TCPS showed increasing levels of cell death upon supplementation with both 

extracellular Ca
2+ 

and PO4
3-

.  Ca
2+ 

uptake into osteoblasts is thought to be mediated through 

several types of calcium channels including conventional L- and T-type channels [93], [94] and 

G-protein coupled receptors termed “Ca
2+ 

-sensing receptors” that respond to extracellular Ca
2+ 

levels [95].  Phosphate uptake by these cells has been attributed to the type III Na-Pi transporters, 

Pit-1 and Pit-2 [96].  While both Ca
2+ 

and PO4
3-

 ions were needed to induce MC3T3-E1 cell 

death in this study, only specific inhibition of PO4
3-

 uptake was able to mitigate this response, 

indicating that cell death is sensitive to PO4
3-

 transport, and that this sensitivity has been shown 

to be Ca
2+

-dependent [22].  In contrast, treatment with several Ca
2+ 

channel blockers (i.e. 

nifedipine, verapamil, lanthanum chloride) was unable to change levels of cell death.  Although 

the inhibition of the Ca
2+

 channels specific to the blockers used in this study failed to rescue cell 

viability, there may be other Ca
2+

 channels that play a more significant role in mediating cell 

viability and function, and efforts to determine intracellular Ca
2+

 levels will provide additional 

insight into this mechanism.  Inhibition of extracellular PO4
3-

 transport into human osteoblasts 

and MC3T3-E1 cells by the Pit-1 inhibitor phosphonoformate (PFA) has been shown to reduce 

Ca
2+

/PO4
3-

 -induced cell death through its ability to modulate the mitochondrial membrane 

permeability transition as well as caspase-mediated apoptosis [22], [97], [98].  The precise 
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reason for why both extracellular Ca
2+ 

and PO4
3-

 ions are needed to induce cell death in MC3T3-

E1 cells, and why specifically inhibiting PO4
3-

 uptake is able to rescue these cells remains 

unclear.  In vascular smooth muscle cells, Pit-1 expression levels can be regulated by calcium 

concentration [99].  As such, it is possible that increasing extracellular Ca
2+ 

levels may increase 

PO4
3-

 uptake into MC3T3-E1 cells through its ability to regulate expression levels of the Pit-1 

transporter.  Further studies examining this possibility are certainly warranted. 

As a rich source of Ca
2+ 

and PO4
3-

, biomimetic apatite coatings may be able to induce cell 

death in a manner similar to extracellular Ca
2+

/PO4
3-

.  In vitro, slightly acidic conditions can 

induce the dissolution of calcium phosphate ceramic materials and the release of Ca
2+ 

and PO4
3-

 

ions into the extracellular environment [100].  The release of these ions may create a 

microenvironment surrounding the cell in which the levels of Ca
2+ 

and PO4
3-

 are toxic.  

Subsequent PO4
3-

 uptake by the adherent MC3T3-E1 cell would then lead to PO4
3-

 -induced cell 

death.   In support of this theory, the rescue of MC3T3-E1 viability on bare apatite was induced 

in the current study upon treatment of the cells with PFA, whereas blocking Ca
2+ 

uptake had no 

effect.  Furthermore, the presence of an adsorbed protein layer may be sufficient for mitigating 

PO4
3-

 uptake by MC3T3-E1 cells in a similar manner as PFA.  However, the ICP-OES analysis 

of our study confirmed that the culture conditions used did not cause a noticeable release of ions 

from the apatite into solution.  Rather, levels of extracellular calcium and phosphorus (as a 

component of PO4
3-

) were found to decrease upon incubation of apatite surfaces with α-MEM, 

suggesting that the apatite surface may act to “pull-down” or “attract” Ca
2+ 

and PO4
3-

 ions from 

the overlying medium towards the apatite surface. Similar decreases in the concentrations of 

Ca
2+ 

and PO4
3-

 ions in culture medium have been reported with TCP-HA ceramics [101].  How 

this “pull-down” might relate to MC3T3-E1 death on bare apatite layers remains unknown but it 
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is tempting to speculate that an apatite-induced “flux” of PO4
3-

 ions through the 

microenvironment of the adherent cell could result in increased uptake of these ions, thus 

resulting in the induction of cell death. 

2.5 Conclusions 

In the absence of an adsorbed protein layer, bare apatite surfaces induce cell death of 

MC3T3-E1 pre-osteoblasts in serum-free media.  However, it was determined that the 

mechanism of cell death was not mediated by caspase-dependent activation of apoptosis.  Cell 

death could be prevented by pre-coating apatite surfaces with BSA or FBS proteins, or by pre-

treating the cells with PFA to inhibit Na-Pi transport into the cell.  These results suggest that 

adsorbed proteins may be capable of altering the bare apatite microenvironment to make it less 

detrimental to cell viability, possibly through the modulation of phosphate-mediated cell death. 
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2.6 Figures 

 

Figure 1: Plate-like morphology of biomimetically prepared apatite surfaces.  Apatite 

surfaces were created in tissue culture polystyrene (TCPS) wells using an accelerated biomimetic 

approach. 1000x (A) and 5000x (B) scanning electron micrographs confirm the plate-like 

morphology of the resulting apatite surface. EDS analysis (A, inset) confirmed the content of 

calcium and phosphorus with a stoichiometric Ca/P ratio of 1.48. 
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Figure 2: Bare apatite surfaces do not support cell viability.  (A)MC3T3-E1 cells were 

seeded on uncoated apatite surfaces (i.e. Bare apatite) and viability assessed after 1 hour, 3 hours 

and 24 hours using a Live/dead stain.  The majority of cells remain viable (green fluorescence) 

after 1 hour. However, increased cell death (red fluorescence) is observed between 3 and 24 

hours. MC3T3-E1 cells cultured on 1% BSA-coated apatite surfaces retained viability at all time 

points assessed. (B) MC3T3-E1 viability was quantified over 24 hours culture on bare apatite at 

the indicated times using an Alamar Blue fluorometric assay.  The total number of metabolically 

active (i.e. viable) cells on the apatite surface was determined (cell number – metabolically 

active (x1000)) and expressed with respect to time (Hours cultured on apatite). 
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Figure 3: Protein adsorption to apatite surfaces can “rescue” MC3T3-E1 viability. (A) 

Increasing concentrations of either FBS (black bars) or BSA (white bars) were incubated with 

apatite surfaces for 12 hours to adsorb proteins onto their surface. Protein adsorption was 

confirmed using a conventional BCA protein assay. Protein adsorption (Adsorbed protein on 

apatite per area) was expressed as ug protein per cm
2
 apatite surface. (B) MC3T3-E1 viability on 

bare apatite surfaces (0% BSA, 0% FBS) and on surfaces adsorbed to increasing concentration of 

FBS (right panel - 0.1% to 10%) or BSA (left panel - 0.01% to 1.0%) was assessed using 

Live/dead fluorescent staining.  Cell viability shows a dose-dependent response with respect to 

the amount of protein pre-adsorbed onto the apatite coating prior to cell seeding, with an 

increasing number of live cells (green fluorescence) and a fewer number of dead cells (red 

fluorescence) being observed as protein concentration increases. (C) MC3T3-E1 viability on bare 

and protein-coated apatite surfaces was also quantified using a fluorescent Alamar Blue assay. 

Viable cells, measured through metabolic Alamar Blue reduction (cell number – metabolically 

active (x1000)), were expressed with respect to % protein adsorbed to the apatite surface 

(Concentration of protein solution). Increasing cell viability on apatite surfaces was dose-

dependent, with a minimum protein concentration of 0.1% FBS or 0.001% BSA needed to 

“rescue” cell viability. 
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Figure 4: MC3T3-E1 cell death on bare apatite surfaces is not mediated through a caspase-

dependent apoptotic pathway.  (A) MC3T3-E1 cells were cultured on bare apatite (left panel), 

1% BSA-coated apatite (center panel), or bare apatite with 1mM PFA (right panel) for 1h and 

then analyzed for immunofluorescent staining of activated caspase-3 (Cleaved caspase 3 – green 

fluorescence).  Cell nuclei were counterstained with DAPI (blue) and the images merged.  (B) 

MC3T3-E1 cells cultured on bare apatite (black bars) or 1% BSA coated apatite surfaces (white 

bars) for 24h in the presence of the general caspase inhibitor zVAD-fmk.  Cell viability was 

assessed with Live (green)/Dead (red) staining. (C) Quantification of cell viability on bare apatite 

vs. 1% BSA coated apatite in the presence of zVAD-fmk was assessed using fluorescent Alamar 

Blue assay.  The number of viable cells (cell number--metabolically active(x1000)) was 

expressed with respect to the uM concentration of zVAD-fmk.  
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Figure 5: Extracellular Ca
2+

 and phosphate can affect MC3T3-E1 cell viability.  (A) 

MC3T3-E1 cells were cultured on TCPS for 24 hours in EM supplemented with extracellular 

Ca
2+ 

 (total range: 1.8-10mM) and phosphate ions (total range: 1.0-10.0 mM). Unsupplemented 

EM containing basal Ca
2+

 and phosphate levels of  1.8mM and 1.0mM, respectively is shown 

with an “*”. The number of viable cells (cell number – metabolically active (x1000)) was 

quantified using an Alamar Blue assay and expressed with respect to calcium and phosphate 

levels. In the presence of increased phosphate, increasing the amount of supplemented Ca
2+

 leads 

to an increase in cell death. (B) MC3T3-E1 cells were prepared as in (A), but in the presence of 

the Na-Pi co-transport inhibitor PFA.  Alamar Blue viability assay demonstrated that 

extracellular calcium and phosphate ion-induced cell death could be inhibited with PFA. 
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Figure 6: Apatite surfaces induce the “pull-down” of calcium and phosphate from the 

culture media.  (A) Acellular apatite surfaces were incubated in serum-free α-MEM for up to 24 

hours.  At the indicated times (Hours incubated over apatite), the media was removed and subject 

to ICP-OES analysis to measure the concentrations of Ca and P ions within the media (Ca or P 

concentration (mM)). ICP-OES shows a progressive removal of Ca and P ions from the culture 

media within the first 6 hours, suggesting that these ions are “pulled” out of the media and 

deposit onto the apatite surface. Levels for Ca and P in alpha-MEM reported by the manufacturer 

were measured by ICP-OES prior to incubation on apatite surfaces and are shown (dotted lines). 

(B&C) To confirm the ICP-OES results, serum-free α-MEM was supplemented with radioactive 

Ca-45 (B) or P-32 (C) and incubated on acellular apatite surfaces for various lengths of time up 

to 24 hours (Hours incubated over apatite).  The media was then removed, followed by 

solubilization of the apatite in HCl. Radioactivity, in counts per min (CPM) was measured in 

both media and apatite sample (Radioactivity (CPM)x1000).  A time-dependent decrease in 

radioactivity within the media was observed (dashed lines), confirming the “pull-down” effect of 

Ca and P ions from the media onto the apatite surface.  Solubilized apatite coatings showed 

increases in radioactivity (solid lines) that correlated almost exactly to the decrease in 

radioactivity in the media. 
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Figure 7: Blocking the uptake of phosphate ions can rescue the viability of MC3T3-E1 cells 

cultured on bare apatite. MC3T3-E1 cells were cultured for 24 hours on bare apatite in EM 

supplemented with the Na-Pi co-transport inhibitor phosphonoformate (PFA) at the indicated 

concentrations to block entry of phosphate into the cells. Viable cells (green fluorescence) and 

dead cells (red fluorescence) were detected using a Live/Dead Viability Cytoxicity stain.  

MC3T3-E1 cells were also cultured with PFA on apatite surfaces coated with 1% BSA (1% BSA 

coated apatite) as a control for the effects of this inhibitor. Increasing levels of viable cells on 

bare apatite treated with increasing levels of PFA suggests that blocking phosphate uptake can 

“rescue” MC3T3-E1 cells from apatite-induced cell death. (B) MC3T3-E1 cells were cultured on 

either bare apatite (black bars) or 1% BSA coated apatite (white bars) as a control, and the 

number of viable cells was determined via Alamar Blue assay (cell number – metabolically 

active (x1000)). Increasing amounts of PFA appears to increase MC3T3-E1 viability on bare 

apatite with a concentration of 500uM rescuing the majority of cells.  
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Figure 8: Blocking the uptake of calcium ions has no effect on the viability of MC3T3-E1 

cells cultured on bare apatite. MC3T3-E1 cells were cultured for 24 hours on bare apatite in 

EM supplemented with the L-type calcium channel inhibitors (A) nifedipine, and (B) verapamil 

and the general calcium channel blocker (C) lanthanum chloride at the concentrations shown 

(black bars). MC3T3 cells were also cultured with these inhibitors on apatite surfaces coated 

with 1% BSA (1% BSA on apatite) as a control for the effects of this inhibitor (white bars). The 

number of viable cells (cell number – metabolically active (x1000)) was measured via Alamar 

Blue assay.  At the given concentrations indicated below, treatment with calcium channel 

blockers was not able to “rescue” viability of MC3T3-E1 cells cultured on bare apatite surfaces.  

Treatment with higher concentrations of nifedipine (i.e. 10-100uM) indicated a possible toxic 

effect of this calcium channel blocker to control cells cultured on 1% BSA coated apatite, while 

lack of toxicity was observed for the given concentrations of verapamil and lanthanum chloride.  
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CHAPTER 3 

INFLUENCE OF BIOMOLECULAR AND NON-BIOMOLECULAR SURFACE 

COATINGS ON ACCELERATED APATITE SURFACE ZETA POTENTIAL AND 

THEIR EFFECT ON CELLULAR RESPONSE 

3.1 Introduction 

Accelerated apatite biomaterials have been studied extensively for the regeneration of 

bone tissue, however, the exact mechanisms that contribute to their overall success remains 

largely unknown.  When implanted in the body, biomaterials are known to undergo surface 

modifications immediately upon contact with surrounding body fluid at the implant site.  One 

surface modification that is well-documented is the adsorption of blood proteins.  This process is 

often considered the initial biological response that will ultimately influence the success or 

failure of the implant [102]. 

To understand the role of adsorbed proteins at the cell-apatite interface, we previously 

investigated the direct interaction between pre-osteoblast cells and bare apatite coatings in the 

absence of an intermediating protein layer [103]. This study demonstrated that in serum-free 

culture conditions, protein adsorption is a critical component of the apatite microenvironment, as 

significant cell death could be observed within three hours of cell seeding onto the bare apatite 

coatings.  In contrast, when either a heterogeneous mix of proteins (FBS), or just a single protein 

(BSA) were pre-adsorbed onto the apatite surface, survival of the cultured cells could be 

restored.  The mechanisms by which these adsorbed proteins improved the biocompatibility of 

accelerated apatite surface, however, have yet to be fully identified.   
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Apatite-based materials have high affinity for proteins [104]–[106], and it is suggested 

that the association between apatite surfaces and proteins are likely regulated by electrostatic 

interactions [107], [108].  The hydroxyapatite structure is known to have two protein binding 

sites that differ in electrostatic charge.  C sites are calcium-rich, positively charged sites that bind 

to acidic protein domains (negatively charged), while P sites contain negatively charged 

phosphate groups that bind basic protein domains (positively charged) [105].  Several studies 

have shown that the apatite surface charge  provided by these sites can dramatically influence 

cell behavior [109], [110].  For these reasons, we sought out to assess the native surface charge 

of accelerated apatite coatings and to investigate how protein adsorption modulates the net 

charge that is exposed to cultured cells. To accomplish this, several model proteins having 

different surface charge at physiological pH were chosen as adsorbates, and the resulting surface 

zeta potential and cell viability response to the treated apatite surfaces were measured.  To 

account for potential biological effects of the proteins, polyamino acids and non-biomolecule 

surface coatings (carbon/gold) were also used to treat the apatite surface.   

3.2  Materials and methods 

3.2.1  Preparation of apatite coatings by biomimetic process 

Apatite-coated substrates were prepared by a wet precipitation method through 

immersion in 5x concentrated SBF solutions as previously published [1], [103].  Briefly, 

substrates were initially incubated in a 5xSBF1, consisting of CaCl2, MgCl2·6H2O, NaHCO3, 

K2HPO4·3H2O, Na2SO4, KCl and NaCl in distilled deionized water for 24 hours at 37C.  The 

substrates were then transferred to a 5xSBF2 solution that is similar to 5xSBF1, but devoid of the 

crystal growth inhibitors Mg
2+

 and HCO
3−

.  Incubation in 5xSBF2 was performed at 37C for 48 
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hours.  Apatite-coated substrates were then rinsed gently 3 times with distilled deionized water 

and air-dried before further experimentation. 

3.2.2  Biomolecule adsorption onto apatite-coated substrates 

3.2.2.1 Protein adsorption 

Stock protein solutions of bovine serum albumin (BSA), soybean trypsin inhibitor (STI), 

myoglobin, lysozyme, and histone H1 were prepared at a concentration of 1% (w/v) in sterile 1x 

PBS (Ca2+ and Mg2+ free, Mediatech CellGro, Manassas, VA).  The protein stock solutions were 

sterile filtered through a 0.22 PES membrane and further diluted with 1x PBS to concentrations 

of 0.1%, 0.01%, and 0.001% (w/v).  The proteins were chosen based on their isoelectric points 

(pI)—the pH at which their net charge is zero—in order to investigate the effect of protein 

charge on adsorption onto apatite surfaces, apatite surface zeta potential, and modulation of cell 

viability on apatite.  Table 1 lists the molecules adsorbed to the apatite surfaces and their 

corresponding charge at physiological pH (~7.3-7.4).  The apatite-coated substrates were 

immersed in protein solutions at a constant surface area to volume ratio of 3.9 cm
2
/ml, and 

allowed to incubate 12 hours in a water-jacketed 37°C incubator.  All substrates were rinsed 

three times with sterile 1x PBS immediately before seeding cells, measuring surface zeta 

potential, or quantifying protein adsorption using a BCA Assay (Thermo Scientific, Rockford, 

IL).  BSA, myoglobin, lysozyme, and histone reagents were purchased from Sigma (St. Louis, 

MO).  STI protein was purchased from (Invitrogen, Carlsbad, CA). 

3.2.2.2  Polyamino acid adsorption 
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To control for potential confounding biological effects from the proteins on the cultured 

cells, polyamino acids were also adsorbed onto apatite surfaces and their effect on apatite surface 

charge and cell viability were assessed.  As shown in Table 1, poly-L-lysine (PLL) is positively-

charged, while poly-L-aspartate (PLA) and poly-L-glutamate (PLG) are negatively charged at 

physiological pH.  Separate stock solutions of 1% (w/v) PLL, 1% PLA, and 1% PLG were 

prepared in 1x PBS, sterile filtered, and further diluted with sterile 1x PBS to concentrations of 

0.1%, 0.01%, and 0.001% (w/v).  Apatite-coated substrates were incubated in the various 

concentrations of polyamino acid solutions for 12 hours in a 37°C incubator, followed by triple 

rinsing with sterile 1x PBS to remove non-adsorbed polyamino acid.  The amount of PLL 

adsorbed to the apatite coating was quantified using a ninhydrin assay.  For this, ninhydrin was 

dissolved in a solution of isopropanol and 0.1 M acetate buffer (in a 3:2 ratio) to make a 1% 

ninhydrin working reagent.  1 ml of 1% ninhydrin working reagent was added to each PLL-

treated apatite coated well of a 12-well tissue culture plate.  The reagent was allowed to react 

with the adsorbed polyamino acid for 30 min in a 37°C oven.  The reaction produced a 

colorimetric change in the reagent, which was quantified on a plate reader at 570 nm to 

determine the total amount of polyamino acid adsorbed to the apatite surface.  For PLA and 

PLG, adsorption onto apatite was quantified by dissolving the PLA or PLG-treated apatite 

substrates with dilute hydrochloric acid, and UV-Vis absorbance was measured at 220 nm. The 

total amount in each sample was measured against a standard curve with known concentration of 

polyamino acid as determined by their respective quantification assays. 

3.2.3  Carbon and gold-coated apatite substrates 
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Because biomolecules, such as the proteins and polypeptides used in this study, may 

potentially elicit unintended biological responses in cells, a non-biomolecular coating was 

sputtered onto apatite substrates in order to modulate their surface charge.  A Balzers 160 carbon 

evaporator was used to deposit 1 or 2 layers of carbon on the apatite surfaces.  Deposition of the 

carbon was performed using carbon thread with 1 mm thickness at a distance of 3.5 cm from the 

sample.  Using these experimental parameters, a consistent layer of carbon with a thickness of 

approximately 20-40 nm on the apatite-coated substrates is expected, according to the 

manufacturer’s specifications. 

 Similarly, gold sputter coating was also performed to modulate apatite surface charge.  

Using a Technics Hummer II sputtering system (Anatech, Alexandria, VA), the following 

deposition conditions were used to coat apatite samples: plate D/C mode, <50 mTorr argon gas, 

10-12 mAmp current, voltage control position 12, and plate time of 30 or 120 seconds.  With 

these experimental conditions, deposition of gold with a thickness of 10 nm (30 seconds) and 45 

nm (120 seconds) was expected in accordance with the manufacturer’s specifications. 

3.2.4  Surface zeta potential measurements 

Borosilicate glass microscope slides were cut to dimensions of 3.75 x 5 mm, cleaned in 

an ultrasonic bath and rinsed with distilled deionized water prior to coating with accelerated 

apatite and treated with various biomolecule or carbon coatings as described above.  The samples 

were then mounted onto a surface zeta potential plate cell (Malvern, ZEN1020), placed in a 

cuvette containing an aqueous solution of tracer particles with known zeta potential, and then 

inserted into a Zetasizer Nano ZS (Malvern, Worcestershire, UK) where the surface zeta 

potential of triplicate apatite samples was determined.  The Zetasizer Nano ZS measures the 
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electrophoretic mobility of the tracer particles, which is then related to the particles’ zeta 

potential using the Smoluchowski approximation.  The electrophoretic mobility of the tracer 

particles is greatly influenced by the presence of our apatite-coated surfaces.  Therefore, by 

measuring the electrophoretic mobility of the tracer particles as a function of displacement from 

the sample surface, the apparent zeta potential of our apatite coatings can be extrapolated. 

3.2.5  MC3T3-E1 cell culture and viability on apatite surfaces 

 MC3T3-E1 cells, purchased from ATCC (CRL-2594), were expanded under standard cell 

culture conditions in MC3T3-E1 Expansion Medium (EM) containing α-MEM, 10% FBS and 

1% penicillin/streptomycin.  As previously published [103], MC3T3-E1 cells were first 

transitioned to serum-free conditions by incubating in EM with 5% FBS for six hours, followed 

by twelve hours in serum-free EM.  The cells were then harvested using 0.25% tryspin/2.21mM 

EDTA, and resuspended at a desired density in serum-free EM immediately before seeding onto 

bare apatite surfaces, apatite surfaces with adsorbed biomolecules (proteins, polyamino acids), or 

apatite surfaces coated with carbon.  The cells were cultured on the variously treated apatite 

surfaces for 24 hours in at 37°C, 5% CO2 incubator prior to analysis of cell viability.  All cell 

culture reagents were purchased from Mediatech CellGro (Manassas, VA). 

 To assess the cellular response to the different adsorbing molecules on the apatite surface, 

MC3T3-E1 cells were seeded at a density of 10,000 cells/cm
2
, and viability was quantified after 

24 hours of culture on the apatite surfaces using an Alamar Blue assay (Invitrogen, Carlsbad, 

CA).  At the desired experimental endpoint, the cell culture medium was replaced with a 10% 

solution of Alamar Blue reagent that was freshly prepared in serum-free EM, and the cells were 

incubated for one hour at 37°C.  The EM containing the metabolized Alamar Blue reagent was 
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then removed and measured on a fluorometric plate reader at 535/590 nm (excitation/emission).  

The number of viable (i.e. metabolically active) cells was determined based on the measured 

fluorescence according to the manufacturer’s protocol against a cell standard curve.  Viability 

assays were repeated three times (n=3) and expressed as the average of viable cells ± SD. 

3.3  Results 

3.3.1  Apatite surfaces may adsorb negatively-charged biomolecules to a greater extent than 

neutrally- or positively-charged biomolecules  

 Various protein solutions, spanning a range of concentrations from 0.001% to 1% w/v, 

were incubated over apatite-coated surfaces, and the total amount of protein adsorbed to the 

surfaces was measured using a BCA protein quantification assay. The proteins used as the 

adsorbing molecules in this study (BSA, STI, myoglobin, lysozyme, and histone) differ primarily 

in pI value, and represent a range of relatively acidic (negatively charged) compounds to basic 

(positively charged) at physiological pH (~7.3-7.4). 

 For the model proteins used in this study, all showed a dose-dependent relationship 

between the initial concentration of the protein solution exposed to apatite and the amount of 

protein that adsorbed to the apatite surfaces.  However, the total amount of protein that was 

adsorbed varied depending on the type of protein used.  BCA assay results (Figure 9a) suggest 

that the negatively-charged (BSA, STI) and neutrally-charged proteins (myoglobin), adsorbed to 

apatite to the greatest degree, while the positively-charged proteins varied in adsorption 

depending on the type of protein.  Consistent with previous results [103] negatively-charged 

BSA adsorbed to apatite surfaces in a logarithmic manner, reaching a maximum of 46.9±0.13 ug 

of protein/cm
2
 when apatite substrates were exposed to a concentration of 1% (w/v) BSA 
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solution.  STI protein, also negatively-charged, adsorbed to an even greater degree at the higher 

solution concentrations of 0.1% and 1.0% protein, reaching adsorption densities of 76.9±2.2 

ug/cm
2
 and 122±4.1 ug/cm

2
, respectively.  Compared to the negatively-charged proteins, the rate 

of myoglobin adsorption to apatite surfaces was more gradual at concentrations between 0.001% 

and 0.1% (w/v).  However, a significant increase in adsorption was measured (53.8±1.9 ug/cm
2
) 

at the highest concentration of myoglobin (1% w/v), and was found to be comparable to that of 

BSA protein.  Lysozyme and histone, both positively-charged at physiological pH, demonstrated 

very different adsorption profiles when compared to negatively charged proteins, and to each 

other.  Although both proteins demonstrated a gradual rise in adsorption over the increasing 

range of concentrations examined, apatite surfaces adsorbed significantly less lysozyme and 

histone compared to STI, BSA, or myoglobin.  A concentration of 1% w/v histone allowed for an 

adsorption density of no greater than 34.4±1.9 ug/cm
2
.  Moreover, the apatite surfaces displayed 

an even lower adsorption capacity for lysozyme compared to that of histone, reaching 1.84±0.36 

ug/cm
2 

after exposure to 1% lysozyme solution. 

 In addition to proteins that vary in charge, acidic and basic polyamino acids were also 

adsorbed to apatite surfaces, and their degree of adsorption was assessed.  Solutions of either 

poly-L-lysine (PLL), poly-L-glutamate (PLG), or poly-L-aspartic acid (PLA) were prepared at 

concentrations ranging from 0.001% to 1% and incubated over apatite surface for 12 hours at 

37°C.  As shown in Figure 9b, PLL showed a steady increase in adsorption to apatite as its 

concentration in solution increased from 0.001% to 1% (w/v).  Exposure to the highest 

concentration of PLL (1% w/v) resulted in adsorption of 18.6±0.95 ug/cm
2
, which was similar to 

the amount of BSA adsorbed to apatite from 0.01% BSA solutions (20.7±0.02 ug/cm
2
).  

Similarly, the adsorption profile of PLA demonstrated a steady increase as the concentration of 
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the adsorbate solution incubated over apatite increased.  However, the adsorption capacity for 

PLA reached a plateau at 0.1% as no further increase in adsorption was observed with 1% PLA 

solutions.  At concentrations between 0.001% and 0.01%, the degree of adsorption of PLA was 

not significantly different from PLL adsorption.  At 1%, however, approximately 50% more PLL 

was present on the apatite surface compared to PLA (p < 0.01).   

3.3.2  Adsorption of differently charged proteins modulates the zeta potential of the apatite 

surface and influences cell viability 

 To determine whether the adsorption of proteins of different charge resulted in a 

measurable change in the overall apatite surface charge, apatite-coated substrates were exposed 

to solutions of 1% w/v BSA, STI, myoglobin, lysozyme, or histone, and the surface zeta 

potential was determined.  As expected, the apatite charge varied depending on the type of 

protein adsorbed to the surface (Figure 10b).  Bare apatite, which was only exposed to 1X PBS 

prior to measurement of charge, had a surface zeta potential of -23.6±0.31 mV.  When treated 

with protein solutions, however, the apatite surface charge appeared to change in accordance 

with the native charge of the adsorbing protein molecule.  For example, when exposed to the 

negatively-charged BSA protein solution, the apatite surface charge acquired a more negative 

zeta potential of -40.2±1.13 mV, while that for STI-treated surfaces showed a more moderate 

decrease to -29.6±3.6 mV.  Similarly, adsorption of positively-charged histone mitigated the 

negative charge of the apatite surface from the -23.6±0.31 mV of bare apatite to -18.6±0.90 mV 

(p < 0.01).  In contrast, exposure to the other positively-charged protein, lysozyme, did not 

significantly differ from bare apatite (-22.1±1.51 mV).   Despite having a relatively neutral 

charge at pH 7, adsorption of myoglobin altered the apparent surface zeta potential of the apatite, 
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producing a slightly more negative surface charge (-29.3±2.2 mV) compared to bare apatite (p < 

0.05). 

 To determine if there is a correlation between protein concentration and zeta potential, 

apatite surfaces were treated with BSA solutions ranging from 0.001% to 1% w/v for 12 hours, 

rinsed with 1x PBS and surface zeta potential measured.  BSA was chosen due to its significant 

effect on the apatite surface zeta potential.  Figure 10c shows that increasing the BSA 

concentration results in an accompanying step-wise decrease in the apatite surface zeta potential.  

Although exposure to 0.001% BSA solution did not alter the surface charge compared to bare 

apatite, raising the concentration to 0.01% led to a more negatively charged apatite surface (-

28.0±0.85 mV, p < 0.01).  Additional 10-fold and 100-fold increases in the BSA concentration 

further decreased the surface charge to -30.7±0.85 mV and -38.1±3.9 mV, respectively.  

To investigate whether these proteins are also able to rescue cell viability when adsorbed 

to apatite, MC3T3-E1 viability was measured on protein-treated apatite surfaces in serum-free 

media.  Consistent with the results presented in Chapter 2, cell viability (as determined by 

cellular metabolic activity) increased on BSA-treated apatite as the concentration of BSA 

exposed to the apatite surface was raised.  A minimum concentration of 0.01% BSA was 

required to “rescue” nearly 50% of the initial cell seeding density (Figure 11).  At the highest 

BSA concentration of 1% (w/v), greater than 84% of the initial cells seeded remained viable.  In 

contrast, adsorption from 0.1% (w/v) STI solution was required to achieve 41.7±4.8% cell 

viability, and no significant increase in viability was observed with higher concentrations of STI.  

Neutrally-charged myoglobin, adsorbed to the apatite at 1% (w/v), resulted in a moderate 

improvement in cell viability, while concentrations below 1% were all unable to rescue cell 
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viability.  The 1% myoglobin solution rescued approximately 46.7±2.6% of the original number 

of cells seeded, comparable to the viability from resulting from 0.01% BSA adsorption.  Neutral 

or negative charges appeared to be vital as the positively-charged proteins had less of an effect 

on cell “rescue.” On apatite treated with histone, a 22.6±3.1% survival rate was observed when 

the apatite surfaces were incubated in 1% histone solutions.  However, exposure to histone 

solutions less than 1% led to very low cell viability, similar to bare apatite surfaces.  The 

22.6±3.1% survival rate on 1% histone-treated apatite surfaces was observed despite an 

adsorption density of 34.4±1.9 ug/cm
2
 protein—an extent comparable to that of 0.1% BSA-

treated apatite.  Similarly, exposure of apatite surfaces to lysozyme solutions up to 1% w/v was 

unable to rescue cell viability—a result that may be related to the lack of significant lysozyme 

adsorption onto the apatite.   In summary, despite the similar adsorption levels between 1% 

myoglobin, 1% histone, and 0.1% BSA, the 0.1% BSA-treated apatite had a significantly higher 

cell survival rate of 75.7±1.3%, suggesting again that the negatively-charged BSA protein at 

lower concentrations are capable of providing a more hospitable environment for cells on apatite. 

3.3.3 Polyamino acids are also capable of modulating apatite surface charge and cell viability 

In addition to protein, the influence of polyamino acid adsorption on apatite charge was 

assessed.  Similar to the protein treatment results, exposure to negatively-charged, but not 

positively-charged, polyamino acid solutions for 12 hours altered the apparent zeta potential of 

apatite surfaces (Figure 10e).  Apatite that was exposed to 1% PLL solutions exhibited a surface 

zeta potential of -25.4±1.8 mV, which was not statistically different from bare apatite (-

23.6±0.31 mV).  Exposure to 1% PLA or 1% PGA solutions, however, produced a surface 

charge that was significantly more negative.  Adsorption of PLA resulted in a surface zeta 
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potential of -28.5±2.4 mV (p < 0.05 vs. bare apatite), while PLG generated a surface zeta 

potential of -31.1±2.5 mV (p < 0.01 vs. bare apatite).  Both 1% PLA- and 1% PLG-treated 

apatite surfaces, however, were still significantly less negative than 1% BSA-treated apatite (-

40.2±1.1 mV).  

Negatively-charged polyamino acids adsorbed to apatite were also capable of rescuing 

cell viability as the proteins examined above, however to a lesser degree (Figure 10d and 12).  

Adsorbed PLL, at all concentrations tested, was unable to rescue cell viability, despite exhibiting 

reasonable adsorption levels on apatite after incubation in 1% PLL solution.  The PLL surface 

coverage resulting from adsorption from 1% PLL was comparable to adsorption from 0.01% 

BSA solutions.  However, 0.01% BSA-treated apatite surfaces demonstrated a 48.2±0.2% cell 

survival rate, compared to just 2.0±1.9% survival from 1% PLL-treated apatite.  In contrast, 

negatively-charged polyamino acids (PLG and PLA), both showed improvement in cell viability 

when apatite surfaces were exposed to at least 0.01% polyamino acid solutions.  No further 

improvement, however, was observed on apatite surfaces treated with higher concentrations of 

acidic polyamino acid.  Specifically, adsorption from PLG solutions ranging from 0.01% to 1% 

resulted in a survival rate between 24.8±1.8% and 27.5±2.4%, while that from 0.01% to 1% PLA  

3.3.4 Carbon and gold deposition onto apatite produces a more negatively-charged surface 

and improves MC3T3-E1 cell viability 

In addition to protein and polyamino acid adsorption, apatite surfaces were modified with 

a non-biomolecular treatment through deposition of either carbon via evaporation, or gold via 

plasma sputter coating.  For carbon-treated samples, one or two layers of carbon were deposited 

onto apatite substrates and the resultant surface zeta potential was measured.  As shown in Figure 
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12b, the magnitude of the negative surface zeta potential increased as a function of the number 

carbon layers deposited on the apatite.  A single carbon layer (Carbon 1x) generated a surface 

charge of -30.7±1.3 mV while two carbon coating layers (Carbon 2x) resulted in surface charge 

of -36.7±2.4 mV.   The surface zeta potential of both “Carbon 1x” and “Carbon 2x” apatite 

samples were significantly more negative than that measured for bare apatite (-25.8 ±1.2 mV, p < 

0.05 vs. Carbon 1x, p < 0.01 vs. Carbon 2x).  Likewise, gold sputter coating onto the apatite 

substrates altered the surface zeta potential, with longer coating times producing a more 

negatively charged surface.  Gold sputtering durations of 30 and 120 seconds resulted in 

measured surface zeta potentials of -31.2±1.8 mV and -37.4±1.4 mV, respectively. 

The deposition of either carbon or gold onto apatite also influenced the viability of 

MC3T3-E1 cells that were cultured on apatite surfaces in serum-free conditions.  For both types 

of deposition treatments, a similar trend was observed where cell viability increased as a function 

of the surface coating.  For carbon-treated apatite, 34.5±3.8% of the initial cell seeding density 

remained viable with a single carbon layer, while 53.0±8.9% cell viability was observed with 

two carbon layers (Figure 12a).  Similarly, gold-coated samples saw an increase in the percent 

viability to 35.5±0.9% after 30 seconds of gold sputtering, while the viability improved to 

51.0±6.3% after 120 seconds of gold coating.  Taken together, the surface zeta potential and cell 

viability results after carbon and gold deposition further suggest that modifying the native apatite 

zeta potential towards a more negative surface charge improves the cellular biocompatibility of 

the apatite microenvironment. 

3.4 Discussion 
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Use of calcium phosphate-based biomaterials like accelerated apatite coatings  is one 

approach that has had a history of success for both in vitro and in vivo applications for bone 

tissue engineering [1]–[4].  Despite this repeated success, surprisingly, little is known regarding 

the exact mechanism that produces the enhanced bioactivity within the apatite 

microenvironment.  However, it is well known that when introduced into the body, many 

biomaterial implants will trigger a biological response upon exposure to blood and the 

surrounding tissue [102]. The nature of this response, and ultimately the biological performance 

of the implant, may be dictated by several material surface properties such as topography, 

surface charge, and/or the chemical constituents or chemical factors that are introduced with the 

implant.  These properties are known to mediate protein adsorption and cell adhesion on the 

biomaterial implant surface, modulating specific signaling pathways to invoke certain cellular 

responses.  

In the case of apatite-based materials, few studies have looked specifically at the 

contribution of the inherent surface charge at the cell-apatite interface.  The hydroxyapatite 

crystal surface possesses two, oppositely charged sites that allow it to bind to both acidic and 

basic protein domains [105].  C sites, which are arranged on the ac or bc crystal faces, are rich in 

calcium ions resulting in a high local positive charge density that serve as binding sites acidic 

proteins.  P sites are arranged on the ab crystal faces and contain a high density of negatively 

charged phosphate ions, providing binding sites for basic protein groups.  As such, this study 

aimed to more carefully examine how modulation of the apatite surface potential influences cell 

behavior. 
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To accomplish this, several model proteins were first chosen based on their charge at 

physiological pH, and were exposed to apatite surfaces over night to allow for adsorption.  

Despite having an overall net negative surface zeta potential, accelerated apatite coatings showed 

a preference for adsorbing negatively-charged proteins, followed by neutrally-charged proteins 

(although to a slightly lower extent), while adsorption of positively-charged proteins varied 

depending on protein type.  BSA and STI—which both have isoelectric points around 4.5-4.7 

and hence have a net negative charge in normal in vitro culture conditions—adsorbed to the 

apatite surfaces to a high degree.  Consistent with previous results [103], BSA adsorption onto 

apatite surfaces followed a dose-dependent correlation, with increasing initial protein 

concentration leading to increased amounts of BSA adsorbed.  It has been suggested that 

although the net charges of both the apatite and BSA are negative, their strong interaction is 

primarily due to attractive electrostatic forces between the negatively-charged carboxylic groups 

of the BSA molecule and the localized positive charge found at the C sites of the apatite surface 

[111].  Following a similar trend, apatite that was exposed to increasingly higher concentrations 

of STI solution adsorbed progressively more STI protein.  Like BSA, STI has been shown to 

strongly interact with the apatite by virtue of its acidic side groups’ affinity for the positively-

charged C sites of apatite [104], [112].  

Myoglobin, a small globular protein (MW = 17.8 kDa) found in cardiac and skeletal 

muscle, has an isoelectric point of 7.3 and is therefore close to neutrally-charged at physiological 

pH.  In this study, myoglobin was third to BSA and STI in adsorption density when the adsorbate 

solution had a concentration between 0.001% and 0.1%.  However, with exposure to 1% 

solutions, myoglobin overtook BSA, exhibiting a higher adsorption level on the apatite surface.  

Our results are in agreement with previous work that has demonstrated that at similar protein 
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concentrations, adsorption of myoglobin to apatite particles was significantly higher than that of 

BSA [111], [113].  Because of the neutral surface charge of the myoglobin molecules, it is 

unlikely that the high adsorption capacity was due to electrostatic attractive forces at the 

positively-charged C sites of the apatite, as was the case for BSA.  Instead, the authors attributed 

the myoglobin-apatite association to conformational changes of the protein upon adsorption to 

the apatite surface, allowing for van der Waals attractive forces to predominate over the 

interaction at the exposed ac or bc crystal faces of the apatite [113].  Furthermore, it was 

concluded that the higher adsorption capacity for myoglobin was due to its lower molecular mass 

compared to BSA (faster diffusion rate). 

For positively-charged proteins, adsorption onto the apatite surface varied depending on 

the type of protein studied.  Histone protein (pI = 11.1) demonstrated a similar adsorption profile 

as that for myoglobin and BSA, though at a slightly lower magnitude.  In contrast, lysozyme (pI 

= 11.3) failed to adsorb to the apatite to a significant extent.  As was observed with the other 

protein types, increasing the concentration of the lysozyme solution did result in increasing 

amounts of protein adsorbed, but apatite exposed to the highest concentration (1% w/v 

lysozyme) failed to adsorb greater than 2 ug of protein per cm
2
.  Kandori et al. demonstrated 

similar results, showing that the saturated adsorption amount of lysozyme was less compared to 

BSA [114]. Although histone and lysozyme are both positively-charged proteins with similar 

isoelectric points, this disparity in the degree of adsorption suggests that the overall net charges 

of the adsorbate (i.e. protein) and adsorbant (i.e. apatite) cannot be the only determinants used to 

predict the association between the protein molecule and apatite.  For the histone-apatite 

interaction, other factors are very likely to be present. For example, histones, which have a 

critical role in the packaging of DNA in the cell nucleus, are characterized by relatively high 
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levels of lysine and arginine residues that allow it to bind tightly to the negatively charged 

phosphate backbone of DNA [115].  Therefore it is reasonable to assume that in this study, 

adsorbed histone molecules have a high affinity for exposed phosphates on the apatite surface, in 

spite of electrostatic repulsive forces that may be present between the positively-charged basic 

groups of the protein and the C sites of the apatite.  Indeed, studies investigating the adsorption 

and elution characteristics of proteins in hydroxyapatite chromatography columns concluded that 

the adsorbing sites for basic proteins likely contain phosphate groups, as the cations from a low 

concentration CaCl2 buffer effectively outcompeted the basic protein side groups for the apatite 

phosphate sites during elution [106]. 

Apatite surface zeta potential measurements after treatment with protein or polyamino 

acid solutions confirmed that the surface charge could be altered upon adsorption.  Predictably, 

adsorption of acidic biomolecules resulted in a more negatively charged surface, while treatment 

with basic biomolecules produced a less negative surface charge.  The change in surface zeta 

potential, however, did not always correlate with the amount of biomolecule adsorption observed 

on the apatite.  For example, among the 1% acidic protein solutions tested, STI molecules 

adsorbed to apatite surfaces greater than 2.5 times more than BSA, but it was BSA-treated 

apatite surfaces that displayed the greater change in surface zeta potential.  Additionally, 1% STI 

adsorption led to a surface charge that was very similar to 1% myoglobin, despite a greater than 

2-fold difference in adsorption onto apatite.  

The surface charge of apatites treated with basic protein solutions also demonstrated 

differences upon adsorption.  While the change in histone-treated apatite surface zeta potential 

was statistically different versus bare apatite, lysozyme-treated apatite surface zeta potential was 
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not, despite both basic proteins having very similar pI.  The disparity in surface charge may be 

due to the different degree to which each protein adsorbed to the apatite surface.  Immersion of 

apatite surfaces in 1% w/v solution of lysozyme resulted in an adsorption density of less than 2 

ug of protein per cm
2
, while that for 1% w/v histone resulted in a density of 34.4±2.0 ug per cm

2
.  

Taken together, these results suggest that surface modification by protein adsorption can 

modulate the surface potential of apatite, but the magnitude of that change is difficult to predict 

based solely on the known charge of the free protein. The differences in degree of adsorption, as 

well as the changes in surface zeta potential upon adsorption to apatite, may both be a result of 

conformational changes or denaturation of the proteins as interact with the substrate surface 

[116], [117].  For example, different proteins that may have similar pI may differ in the 

arrangement of their charged groups in their native conformation.  These differences may 

significantly influence the adsorption dynamics of that protein onto apatite substrates.  Upon 

adsorption to a charged biomaterial surface, protein unfolding may occur, particularly for “soft” 

proteins like the BSA and myoglobin proteins used in this study [111], [113], [118], which can 

result in differences in the strength of the adherence to the surface [119].  In addition to the rate 

or strength of adsorption, the denaturation or unfolding of the protein may alter the apparent zeta 

potential of the protein as presented on the apatite surface [120], which may explain why certain 

proteins in this study adsorb to and modulate the apatite surface charge with varying degree.  In 

general, our observations are in agreement with Reynolds et al. [89], who demonstrated that the 

overall modification in apatite surface zeta potential is reflected by the charge of the adsorbing 

molecule from the various treatment conditions.   

Regardless of the treatment that is used to modulate the apatite surface zeta potential, our 

results show that producing a more negatively charged surface improves cell viability.  Although 
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bare apatite surfaces natively have a net negative charge, it is possible that they still present 

pockets of local, high positive charge density that is toxic to cells, as is traditionally seen with 

polycationic materials[121].  In general, by masking these areas of high positive charge density 

with negatively-charged biomolecules, cell survival could be restored on the apatite substrates.  

In our investigation, protein-treated apatites required a surface zeta potential of approximately -

30 mV in order to obtain close to a 50% cell survival rate.  Apatite treatment with 0.01% BSA, 

1% STI, or 1% myoglobin had zeta potential measurements of -28.0±0.85 mV, -29.6±3.6 mV, 

and -29.3±2.2 mV, respectively, resulting in  cell viability between 42-48% for all three surfaces.   

It should be noted, however, that despite making the apatite surface less negative upon 

adsorption, histone treatment from 1% solutions resulted in a moderate improvement in cell 

viability compared to apatite samples with a similar surface potential (i.e. bare apatite, lysozyme-

treated apatite, PLL-treated apatite).   Although the DNA-binding and packaging properties of 

histones are well known, the function of extracellular histones is poorly understood.  A limited 

number of studies, however, have demonstrated that extracellular histones may have beneficial 

antimicrobial activity and function as immune cell effectors [122].  Yet surprisingly, treatment of 

human keratinocytes with histone H1 above a certain concentration proved to be cytotoxic [123].  

In the present study, however, histone proteins adsorbed onto apatite were found to reduce the 

toxicity of the apatite surface in serum-free media.  Although the effect of free extracellular 

histone on MC3T3-E1 viability was not assessed here, it is possible that the cytotoxic properties 

observed by other researchers may be negated due to denaturation or protein unfolding upon 

adsorption to the apatite substrate.  When unfolded on the surface, internal hydrophobic regions 

of the protein may be exposed and presented to the cultured cells. These exposed regions could 

potentially interact with cell membrane receptors that trigger pro-survival signaling despite 
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having a surface charge found to be associated with low cell viability.  It is well known that 

activation of integrin receptors at the cell surface by certain extracellular protein sequences can 

directly initiate survival signaling through FAK, PI3K, and Akt pathways [124].  Elucidation of 

the sequences displayed by proteins when adsorbed to apatite is beyond the scope of this study, 

but certainly warrants future investigation. 

  As adsorbates that are less likely to elicit integrin-dependent FAK/Akt pathways, non-

protein biomolecules were also found to modify the apatite surface zeta potential.   As we 

observed for the protein experiments, adsorption of polyamino acids that resulted in a more 

negatively charged surface led to improved cell viability.  The homo-polyamino acids poly-L-

lysine, poly-L-glutamate, and poly-L-aspartic acid were each used in this study to either reduce 

or augment the negative zeta potential of apatite, without the potential confounding biological 

effects that may be associated with full-size proteins.  Poly-L-lysine is an adhesive polyamino 

acid that is often used to enhance nonspecific cell adhesion to substrates, but is not known to 

interact with cell surface receptors that activate pro-survival signals in cytotoxic environments 

[125], [126]. Likewise, PLG- and PLA-coated substrates have been found to enhance cell 

adhesion [127], [128], but are not known to form focal adhesion contacts.  As such, only 

electrostatic charge properties of the polyamino acids are expected to influence changes in cell 

function upon culturing onto the polyamino acid-treated apatite.    

Polyamino acid treatments that resulted in an apatite zeta potential of approximately -30 

mV again were shown to improve MC3T3-E1 viability, as was observed for the majority of the 

protein-treated apatite surfaces.   At the maximum 1% concentration tested, both negatively-

charged polyamino acids (PLG and PLA) reduced the apatite surface potential to -31.1±2.5 mV 
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and -28.5±2.4 mV, respectively.  In contrast, positively-charged PLL did not significantly alter 

the apatite charge compared to bare apatite.  This threshold zeta potential value resulting from 

the 1% PLG and PLA treatments coincides with that from the 0.01% BSA treatment, which was 

the minimum concentration of BSA needed to see any improvement in cell viability.  For PLG 

and PLA-treated apatite, initial improvement in cell viability occurred at 0.01% concentration 

similar to BSA, although at significantly lower viability rate.  Unlike BSA, however, increasing 

the polyamino acid concentration did not result in further improvement, reaching a plateau of 

30.2±1.9% and 27.5±2.4% survival for PLG and PLA, respectively.  In contrast, as little as 

0.01% BSA treatment could produce a cell survival rate of 48.2±0.2%, suggesting that full-size 

proteins may offer additional beneficial effects for rescuing cell viability. 

Previous studies have shown that carbon or gold coating onto biomaterial substrates 

results in a more negatively-charged surface zeta potential [129], [130].  In agreement with those 

studies, deposition of carbon or gold layers onto apatite surface showed that the change in 

surface charge was dependent on deposition thickness, and in both cases, the thicker the coating, 

the more negative the zeta potential.  This change towards a more negatively-charged surface is 

due to the accumulation of electrons at the surface when the carbon or gold coatings come into 

contact with an electrolyte solution.  Similar to the protein and polyamino acid-treated apatites, 

the decrease in surface zeta potential following carbon or gold deposition appeared to correlate 

with an improvement in the viability of cells cultured on the apatite substrates.  Interestingly for 

both types of coatings, a “threshold” surface charge seemed to present—close to -30 mV—

leading to an improved cell survival rate of approximately 35%.   Doubling the coating thickness 

decreased the surface charge to ~ -36 to -38 mV and resulted in a 50% cell survival rate.  As 

biologically inert, non-biomolecule coatings, carbon and gold deposition onto apatite seems to 
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confirm our hypothesis that the substrate surface charge plays a significant role in modulating 

cell function in the apatite microenvironment.   

When taken together, our results from protein, polyamino acid, and carbon/gold treated 

surfaces suggest that there is certain surface zeta potential value—approximately -30 mV—that 

is required to achieve a marked improvement in cell viability.  However, the percentage of viable 

cells at that -30 mV threshold varied depending on the type of surface treatment, suggesting that 

the interaction at the cell-apatite interface is multifaceted, particularly for complex biomolecule 

mediators such as proteins.  Nevertheless, biomaterial surface charge would seem to be a key 

player in the overall biological performance of an implant.  

Electrically stimulated bone growth is an area of biomedical research with a long history 

dating back to the 1960s [131], [132].  Fukuda et al, reported the piezoelectric properties of bone, 

revealing that mechanical loading led to the development of electric potentials in the bone tissue 

[133].  Since then, many studies have investigated the effect of applying electric fields to 

cultured cells in vitro and bone tissues in vivo [134]. More recently, the implants or substrates 

onto which cells are cultured have been manipulated themselves in order to alter their apparent 

surface charge as a means of improving their osteogenic potential.  As insulators, ceramic 

biomaterials, as in hydroxyapatite, have been electrically modified by various electrical 

polarization methods such as thermoelectrical, electron beam, and electromagnetic radiation 

poling [135]–[138].  These earlier studies demonstrated that apatite materials can store an 

applied charge and act as an “electret”—material that has a “permanent” macroscopic electric 

field at its surface [108]—and investigated how polarization influences the physical properties of 

the apatite.  Several studies suggest that negatively charged surfaces may be beneficial for 
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osteogenesis.  For example, Yamashita et al. demonstrated that mineralization and crystal growth 

was accelerated on negative surfaces but not on positive surfaces of polarized hydroxyapatite 

[135].  Also, negatively polarized tantalum oxide implants were shown to have increased 

cartilage mineralization in vivo compared to positively charged implants [139].  The exact 

mechanisms, as to how these electrical modifications to apatite surfaces influence biological 

interactions remain unknown.  However, it has been proposed that in addition to changes in 

electrostatic properties, polarization may also modulate hydrophobicity/hydrophilicity of the 

material [140]–[142].  Both the wettability and surface potential properties may in turn affect 

protein adsorption and subsequently cell attachment, morphology, migration and proliferation.  

Investigations of the in vitro cellular response to poled apatite substrates have shown that 

negatively polarized surfaces were better able to support osteoblast adhesion, proliferation and 

ECM production [88], [109], [143].  The results from the current investigation are generally in 

agreement with these earlier studies, demonstrating a more favorable cellular response on more 

negatively charged apatite surfaces.  

3.5 Conclusion 

Immediately upon implantation in the body, modifications occur at the substrate surface 

due to contact with the surrounding body fluid.  The nature of these changes at the implant 

surface can greatly affect the cellular response and ultimately the biological performance of the 

implant.  The purpose of the present study was to determine the contribution of the surface 

charge on cellular activity, specifically viability, upon adherence to accelerated apatite 

substrates.  Several studies have investigated the polarizability of apatite biomaterials and the 

subsequent biological response to that induced surface charge.   In contrast, this study focused on 
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the effect of the native surface potential presented by accelerated apatite coatings.  It was found 

that various proteins and polyamino acids possessing different charge at physiological pH were 

able to modulate the surface zeta potential of apatite substrates upon adsorption.  The change in 

apatite surface zeta potential was largely determined by the degree of adsorption as well as the 

inherent charge of the biomolecule. Non-biomolecule coatings of carbon or gold were also able 

to alter the apatite surface charge.  In general, apatite surface treatments that resulted in a more 

negatively charged zeta potential, compared to un-treated controls, improved the viability of cells 

in a serum-free environment, suggesting that the electrical properties of apatite-based 

biomaterials are key contributors to the overall cellular response in the apatite 

microenvironment. 

3.6 Figures and tables 
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Figure 9 
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Figure 9: Quantification of protein and polyamino acid adsorption onto accelerated apatite 

surfaces.  (a) Apatite surfaces were treated with various protein solutions at 0.001% to 1% 

concentration for 12h at 37C. After rinsing residual non-adsorbed protein from the apatite, the 

amount of protein adsorbed was quantified by BCA assay (n = 9).  At the maximum 

concentration of 1% protein, negatively-charged proteins (BSA, STI) and neutrally-charged 

proteins (myoglobin) adsorbed to apatite to the greatest degree, while positively-charged proteins 

(lysozyme, histone) varied in adsorption depending on protein type.  

(b) Apatite surfaces were treated with various polyamino acid solutions at 0.001% to 1% 

concentration for 12h at 37C. After rinsing residual non-adsorbed polyamino acid from the 

apatite, the amount adsorbed was quantified by Ninhydrin assay (PLL) or UV absorption (PLA).  

For comparison, negatively-charged BSA protein was also adsorbed to apatite and quantified by 

BSA assay.  The amount of polyamino acid or protein was measured against a standard curve 

with known concentration of adsorbing molecule as determined by their respective quantification 

assays.  The oppositely-charged PLL and PLA molecules adsorbed to apatite to a similar extent 

at concentrations between 0.001% and 0.1%.  When the adsorbate solution concentration was 

1%, more PLL adsorbed to apatite than PLA (p < 0.01). 

  



73 
 

Figure 10 

 

 



74 
 

Figure 10: Adsorbed proteins and polyamino acids with different isoelectric points 

modulate the apparent surface zeta potential of apatite and influence cell viability.  (a) 

MC3T3-E1 cells were cultured on untreated apatite surfaces (bare apatite), or apatite treated with 

BSA, STI, myoglobin, lysozyme, and histone solutions ranging from 0.001% to 1% 

concentration. After 24 hours, cell viability was assessed by Alamar Blue assay.  Apatites treated 

with acidic proteins (BSA, STI) displayed increasing cell viability as a function of protein 

concentration.  Improvement in cell viability on myoglobin and histone-treated apatite was not 

observed until the adsorbing solution was 1% concentration. Cell viability on lysozyme treated 

apatite could not be rescued at any concentration tested.   

(b) Apatite surfaces were treated with various protein solutions at 1% w/v concentration for 12h 

at 37C. After rinsing residual non-adsorbed protein from the apatite, the surface zeta potential of 

the protein-treated apatite surfaces was measured using a Zetasizer Nano ZS (Malvern, 

Worcestershire, UK).  Apatite exposed to acidic proteins increased the negative surface charge of 

the apatite when compared to other apatite surfaces.  Treatment with basic proteins either did not 

significantly change (lysozyme) or slightly reduced (histone) the negative charge of the apatite 

compared to untreated apatite controls.  

(c) Apatite surfaces were treated with BSA solutions ranging from 0.001% to 1% concentration 

for 12h at 37C. After rinsing residual non-adsorbed BSA from the apatite, the surface zeta 

potential of the protein-treated apatite surfaces was measured using a Zetasizer Nano ZS 

(Malvern, Worcestershire, UK).  Increasing the BSA concentration exposed to apatite resulted in 

accompanying decrease in the apatite surface zeta potential towards more negative values. 

 (d) MC3T3-E1 cells were cultured on untreated apatite surfaces (bare apatite), or apatite treated 

with PLL, PLG, or PLA solutions ranging from 0.001% to 1% concentration. After 24 hours, cell 

viability was assessed by Alamar Blue assay.  Apatites treated with acidic polyamino acids 

(PLG, PLA) improved cell viability at concentrations greater than 0.01%. Cell viability on PLL-

treated apatite could not be rescued at any concentration tested.  Cell viability on BSA-treated 

apatite was included for reference.  

(e) Apatite surfaces were treated with various polyamino acid solutions at 1% w/v concentration 

for 12h at 37C. After rinsing residual non-adsorbed polyamino acid molecules from the apatite, 

the surface zeta potential was measured using a Zetasizer Nano ZS (Malvern, Worcestershire, 

UK). Similarly to protein treatment, exposure to negatively-charged, but not positively-charged 

polyamino acids significantly made the surface ZP more negative compared to untreated 

controls. 
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Figure 11 

 

Figure 11: Negatively-charged proteins are most effective in rescuing MC3T3-E1 cell 

viability on apatite surfaces.  MC3T3-E1 cells were cultured on untreated apatite surfaces (bare 

apatite), or apatite treated with BSA, STI, myoglobin, lysozyme, and histone solutions ranging 

from 0.001% to 1% concentration. After 24 hours, cell viability was assessed by Alamar Blue 

assay.  Apatites treated with acidic proteins (BSA, STI) displayed increasing cell viability as a 

function of protein concentration.  Improvement in cell viability on myoglobin and histone-

treated apatite was not observed until the adsorbing solution was 1% concentration. Cell viability 

on lysozyme treated apatite could not be rescued at any concentration tested. 
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Figure 12 

 

Figure 12: Adsorption of acidic polyamino acids, but not basic polyamino acids can rescue 

3T3-E1 cell viability on apatite.  MC3T3-E1 cells were cultured on untreated apatite surfaces 

(bare apatite), or apatite treated with PLL, PLG, or PLA solutions ranging from 0.001% to 1% 

concentration.  After 24 hours, cell viability was assessed by Alamar Blue assay.  Apatites 

treated with acidic polyamino acids (PLG, PLA) improved cell viability at concentrations greater 

than 0.01%. Cell viability on PLL-treated apatite could not be rescued at any concentration 

tested.  Cell viability on BSA-treated apatite was included for reference.  
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Figure 13 

 

Figure 13: Carbon and gold deposition on apatite results in a more negatively-charged 

surface ZP, improving cell viability on apatite surfaces.  (a) MC3T3-E1 cells were cultured in 

serum-free media on untreated apatite surfaces (bare apatite), apatite coated with one or two 

carbon layers (Carbon-1x, Carbon-2x), or apatite coated with gold (Gold-30 sec, Gold-120 sec).  

After 24 hours, the cell viability in response to the coated apatite surfaces was assessed by 

Alamar Blue assay.  For both types of deposition treatments, cell viability improved significantly 

compared to bare apatite (p<0.01), and this improvement increased as a function of the coating 

thickness. (b) Carbon or gold coatings with varying thickness were deposited onto apatite 

surfaces.  For carbon coating, one or two layers (Carbon-1x and Carbon-2x, respectively) were 

deposited via evaporation, while for gold coating, plasma sputtering was performed for 30 or 120 

seconds (Gold-30 sec and Gold 120 sec, respectively).  Zeta potential was measured using a 
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Zetasizer Nano ZS (Malvern, Worcestershire, UK). Both carbon and gold deposition decreased 

the apatite surface zeta potential towards more negative levels. 

  



79 
 

CHAPTER 4 

MONOCYTE INTERACTIONS WITHIN ACCELERATED APATITE 

MICROENVIRONMENTS AND ITS INFLUENCE ON OSTEOBLASTIC 

DIFFERENTIATION 

4.1 Introduction 

 The host inflammatory response against apatite materials is often considered the primary 

factor in the context of the material’s biocompatibility, and therefore may significantly influence 

the implant’s long-term clinical success or failure.  Previous studies have demonstrated that in 

vivo implantation of apatite materials does not elicit significant long-term inflammatory 

response, leading to successful integration with host bone tissue [144].  Consequently, calcium 

phosphate-based materials are considered highly biocompatible and capable of facilitating bone 

formation in vivo.  However, at initial implantation, an acute inflammatory reaction may occur in 

response to the surgical procedure itself and/or to the presence of the foreign implant material, 

which is marked by an infiltration of monocytes, neutrophils, and other polymorphonuclear 

leukocytes at the implantation site around the biomaterial-tissue interface [145].  As a result, the 

initial short-term reaction should be considered when investigating mechanisms related to the 

performance of apatite-based implant materials. 

The hypothesis of this study is that upon implantation, accelerated apatite coatings may 

activate or be exposed to a mild or short-term inflammatory reaction that plays a role in the pro-

osteogenic performance of these materials in vivo.  To explore this hypothesis in vitro, the 

interaction between monocytes and accelerated apatite coatings was investigated.  Monocytes, 

which play a central role in host defense and immune regulation, are one of the first 
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inflammatory cell types recruited to the site of implantation.  When inactivated, circulating 

monocytes are non-adherent until presented with appropriate stimuli, resulting in adhesion at the 

implant site, differentiation into macrophages, and release of chemoattractant signals [146].  

Furthermore, current research has shown that monocytes/macrophages have a central role in the 

regulation of bone development and healing.  Chang et al. demonstrated that the presence of 

resident bone tissue macrophages—OsteoMacs, which are typically co-isolated with calvarial 

osteoblast cultures—is required for significant osteoblast mineralization and osteocalcin gene 

expression [147].  Although it was demonstrated that OsteoMacs are an integral component of 

bone tissue, the exact mechanism that allows them to regulate osteoblast function was not fully 

elucidated.  The ability of macrophages to secrete osteoinductive factors such as TGF-β [148], 

osteopontin [149], 1,25-dihydroxyvitamin D3 [150], and BMP2 [151], has been suggested as 

potential means for their capacity to regulate bone formation.  As such, the purpose of this 

preliminary study is to determine what influence accelerated apatites may have on U937 human 

monocyte cell line or primary human monocyte isolates, and whether this interaction may 

mediate a pro-osteogenic response in vitro. 

 Assessment of monocyte response to both 2D and 3D apatite microenvironments was 

performed by evaluating production of various soluble mediators (cytokines) that may influence 

surrounding cells.  The monocyte/macrophage system has been shown to release inflammatory 

factors that play a role in natural bone fracture healing [152].  For example, when activated these 

cells may secrete several types of mediators such as pro-inflammatory (TNF-α, IL-1β), 

multifunctional (IL-6), or anti-inflammatory IIL-10) cytokines.  Additionally, activated 

monocytes/macrophages have been shown to produce growth factors that can influence the 

proliferation/differentiation of other cells through paracrine signaling, such as those from the 
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TGF superfamily and PDGF [153]–[155].  Therefore it merits exploring the potential factors that 

activated monocytes may produce in the presence of accelerated apatite, and whether these 

factors influence osteoblast differentiation in vitro.  The results of this study may challenge the 

paradigm that a lack of inflammatory response is paramount to the success of biomaterial 

implants.  On the contrary, it may be proven that a minimal or short-term inflammatory response 

to apatite materials may be desired, and that this reaction is critical for successful bone healing 

and tissue formation. 

4.2 Materials and methods 

4.2.1  Preparation of apatite coatings by biomimetic process 

Apatite-coated substrates were prepared by a wet precipitation method through 

immersion in 5x concentrated SBF solutions as previously published [1], [103].  Briefly, 

substrates were initially incubated in a 5xSBF1, consisting of CaCl2, MgCl2·6H2O, NaHCO3, 

K2HPO4·3H2O, Na2SO4, KCl and NaCl in distilled deionized water for 24 hours at 37C.  The 

substrates were then transferred to a 5xSBF2 solution that is similar to 5xSBF1, but devoid of the 

crystal growth inhibitors Mg
2+

 and HCO
3−

.  Incubation in 5xSBF2 was performed at 37C for 48 

hours.  Apatite-coated substrates were then rinsed gently 3 times with distilled deionized water 

and air-dried before further experimentation. 

4.2.2  PLGA scaffold fabrication 

 PLGA scaffolds were prepared by a solvent casting/porogen leaching method using 85:15 

D,L-poly(lactic-co-glycolic acid) (inherent viscosity = 0.61 dL/g, LACTEL Absorbable 

Polymers, Birmingham, AL). Briefly, 1.0 g of a 17.5% PLGA in chloroform solution was mixed 
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with 1.5 g of 200-300 um diameter sucrose particles, and pressed between Teflon molds to create 

0.5 mm thick polymer sheets.  The sheets were then frozen over night and lyophilized for ~ 8 

hours in a lyophilizer to remove solvent from the scaffolds.  After lyophilization, the scaffolds 

were immersed in three changes of ddH2O for 1 hour each in order to leach the sucrose particles.  

After air-drying, a biopsy punch was used to obtain 6 mm diameter circular scaffolds.  Non-

apatite coated scaffolds were prepared for cell culture with plasma etching using argon glow 

discharge to improve wetting, followed by sterilization in 70% ethanol for 30 minutes.  Residual 

ethanol was rinsed from the scaffolds using three changes of sterile ddH2O.  At this point, a 

subset of the sterile PLGA scaffolds was prepared for apatite-coating.  For this, scaffolds were 

immersed in SBF1 solution for 24 hours, followed by SBF2 for 48 hours.  At the end of the 

apatite coating process, the scaffolds were rinsed three times with sterile ddH2O and allowed to 

air dry in a laminar flow hood over night. 

4.2.3  Cell culture and monocyte viability on accelerated apatite 

U937 monocytes were expanded under standard cell culture conditions in U937 

expansion medium containing RPMI 1640, 10% FBS and 1% penicillin/streptomycin.  Prior to 

cell culture experiments, monocytes were primed with 100 ng/ml interferon-γ (IFN-γ) for 16-24 

hours, followed by activation with 1 ug/ml lipopolysaccharide (LPS) for 24 hours [156].  

Primary human osteoblast cells were expanded in cell culture growth medium containing DMEM 

(4.5 mg/L glucose, pyruvate, L-glutamine), 20 mM HEPES, 10% FBS, 1% 

penicillin/streptomycin, and 100 ug/ml L-ascorbic acid.   Osteogenic differentiation media 

consists of normal growth medium supplemented with 10 mM betaglycerophosphate (BGP).   
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For monocyte/osteoblast co-culture experiments, human osteoblasts were first harvested 

using 0.25% trypsin/2.21 mM EDTA and resuspended at a cell density of 5x10
6
 cells/mL.  A 

total of 10 uL of cell suspension was seeded onto each apatite-coated scaffold.  Immediately 

following seeding of osteoblast cells, U937 human monocytes were resuspended at a cell density 

of 5x10
5
 cells/mL and 10 uL of the cell suspension was gently pipetted onto the apatite-coated 

scaffolds already seeded with osteoblasts.  A 1:10 monocyte:osteoblast seeding ratio was 

obtained under this process.  Cells were allowed to adhere to the scaffolds for 1 hour in a water-

jacketed, 5% CO2 incubator, at which point additional cell growth media was added to the wells 

to completely immerse the scaffolds. 

To assess the effect of the apatite presence on monocyte viability, U937 cells were 

seeded onto 2D apatite-coated TPCS at 10,000 cells/cm
2
, and viability and adhesion was 

determined at select time points up to 24 hours using either a Live/Dead cell viability staining kit 

(Invitrogen, Carlsbad, CA) or an Alamar Blue assay (Invitrogen).  For Live/Dead staining, cells 

were incubated at the desired time points with a solution of Calcein AM and Ethidium 

homodimer-1 (EthD-1) as outlined by the manufacturer to determine living (green) and dead 

(red) cells as observed under fluorescence microscopy.  For quantification of viability, Alamar 

Blue reagent, which is metabolically processed by living cells, was added directly to the U937 

culture medium at the selected time points and incubated with the cells for 1 hour at 37C.  The 

culture medium containing the metabolized Alamar Blue was then removed and measured at 

535/590 nm (ex/em). 

4.2.4 Assessment of osteoblast mineralization in response to monocyte conditioned media 
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 Monocyte conditioned media was prepared from either primary human monocytes 

(generously donated from Dr. Anahid Jewett) or activated U937 human monocyte cells that were 

cultured on 2D apatite coatings or TCPS for 24 hours.  After 24 hours, the media from these 

cultures were centrifuged and the supernatant was collected and stored as aliquots at -80C.  

Osteoblast cultures were prepared by seeding primary human osteoblasts in normal osteoblast 

growth medium at a cell density of 10,000 cells/cm
2
 on TCPS.  After reaching confluency, the 

cell culture medium was replaced with medium containing a 3:2 ratio of normal osteoblast 

growth medium:monocyte conditioned medium.  Control wells were treated with media 

containing a 3:2 ratio of normal osteoblast growth medium:normal monocyte growth medium.  

The control and conditioned medium-treated wells were changed with fresh medium every three 

days.  

Mineralization in the osteoblast cultures was assessed after 14, 21, and 28 days with Von 

Kossa staining.  For this, wells were gently rinsed with PBS after removal of cell culture medium 

and then fixed with 4% paraformaldehyde.  After washing away residual paraformaldehyde with 

ddH2O, wells were incubated in a 5% silver nitrate solution and exposed to UV light for 20-30 

minutes when dark brown mineral staining was observed.  The silver nitrate stain was rinsed 

with ddH2O and imaging was performed using brightfield microscopy. 

4.2.5 Osteocalcin gene expression via quantitative real-time PCR 

 Osteocalcin (OCN) gene expression was assessed from co-cultures of primary human 

osteoblast cells and U937 monocytes or human osteoblast cells alone on 3D apatite-coated 

PLGA scaffolds according to the protocol described above.  At 14, 21, and 28 days, cells on the 

scaffolds were lysed with RLT buffer containing 1% β-mercaptoethanol and total RNA was 



85 
 

homogenized and isolated using a QiaShredder Kit and  RNeasy Mini Kit, respectively (Qiagen, 

Valencia, CA).  Total RNA concentration and purity was determined spectrophotometrically at 

260 and 280 nm.  Purified RNA was converted to cDNA using a first-strand cDNA synthesis kit 

(Promega, WI, USA) according to the manufacturer’s protocol.  cDNA concentration was 

quantified spectrophotometrically at 260 nm.  A QuantiTect PCR Probe Kit (Qiagen) was used to 

prepare cDNA samples (n =2, duplicate for each reaction) for quantitative real-time RT-PCR in 

order to assess gene expression of osteocalcin (Hs00609452_g1, Applied Biosystems, Carlsbad, 

CA) and GAPDH (Hs99999905_m1, Applied Biosystems) as a housekeeping gene.  Relative 

gene expression was determined using the comparative CT (ΔΔCT) method.  The osteocalcin 

gene expression from osteoblast-monocyte co-culture scaffolds was expressed as a fold-

difference ± SD versus the osteocalcin gene expression from osteoblast cells on scaffolds. 

4.2.6  Cytokine detection by antibody array 

Cytokine release in response to 2D apatite coatings from U937 monocytes were detected 

using a Human Cytokine Array 3.0 (Affymetrix, Santa Clara, CA), which can detect 36 different 

human inflammatory cytokines simultaneously.  Following activation as described above, U937 

monocytes were seeded onto 2D apatite coatings or TCPS at a cell density of 10,000 cells/cm
2
.  

After 24 hours of culture, the cell culture medium from each sample was centrifuged to pellet the 

cells and the supernatant collected for the cytokine antibody array, which was performed 

according to the manufacturer’s instructions.  Quantification of the expression of detected 

cytokines was performed using ImageJ image processing and analysis software.  Cytokine 

expression from monocytes cultured on apatite was expressed as a fold difference ± SD versus 

cytokine expression from monocytes cultured on TCPS controls (n = 4). 



86 
 

Detection of cytokine release was also performed on 3D apatite-coated PLGA scaffolds 

containing a co-culture of U937 monocytes and human osteoblast cells.  Briefly, three sets of 

culture conditions were examined: 3D apatite-coated PLGA scaffolds were seeded, as described 

above, with either (1) both human osteoblasts and U937 monocytes, (2) human osteoblasts alone 

or (3) U937 monocytes alone.  After 24 hours of co-culture on the scaffolds, cell culture medium 

from the samples were collected for cytokine detection using the Human Cytokine Array 3.0 kit 

and quantified with ImageJ.  Cytokine expression from the co-culture condition was expressed as 

a fold-difference ± SD versus expression of either mono-culture (osteoblasts alone or monocytes 

alone). 

4.3 Results 

4.3.1  Protein adsorption on apatite surfaces is required for U937 monocyte cell viability 

Previous results investigating the cell-apatite interaction have demonstrated that the 

adsorption of proteins onto the apatite surface is critical for cell survival of adherent cell types 

[103].  Consistent with this data, bare apatite surfaces induced cell death of the normally non-

adherent U937 human monocyte cells.  Live/dead fluorescent staining demonstrated that 24 

hours of culture on bare apatite resulted in the death of nearly all cells (Figure 14).  However, 

when the apatite surfaces were incubated with increasing concentrations of FBS as a source of 

protein prior to cell seeding, significant increases in cell viability was observed.  The increase in 

viability demonstrated a dose-dependent correlation with the concentration of protein pre-

incubated on the apatite.  Pre-incubation with at least a 1% FBS concentration was required to 

qualitatively observe viability in at least half of the total cell population.  Further increases in 
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adsorbed protein on the apatite improved the quantity of viable cells (green staining), and 

reduced the number of non-viable cells (red staining). 

4.3.2  Conditioned media from primary human monocytes or U937 monocytes cultured on 

accelerated apatite surfaces promote biomineralization of primary human osteoblasts in 

2D culture  

Inflammation is marked by an influx of circulating monocytes that will release specific 

factors and/or differentiate in response to the presence of a foreign body [146].  To assess the 

ability of monocytes to produce osteogenic factors in response to the presence of accelerated 

apatite, primary human monocytes and a human monocyte cell line (U937) were cultured on 

apatite coatings or TCPS for 24 hours.  Following removal of the monocyte cells, the 

conditioned medium was given to human osteoblast cells cultured on TCPS and their 

mineralization was assessed via Von Kossa staining after 28 days (Figure 15).  Osteoblasts 

cultured in the presence of monocyte conditioned medium demonstrated significantly more areas 

of dark brown/black staining, indicating an increase in mineral formation.  The increase in 

positive Von Kossa staining was apparent in osteoblast cultures treated with conditioned media 

from both monocyte cell types, regardless if the monocytes were exposed to TCPS or apatite 

coatings.   In contrast osteoblasts that were treated with control medium consisting of a 3:2 ratio 

of osteoblast growth medium:monocyte growth medium did not display any positive 

mineralization staining. 

Despite producing similar increases in osteoblast mineralization, U937 monocytes 

cultured on different substrates (apatite coatings vs. TCPS) had different cytokine expression 

profiles.  Using a human cytokine antibody array, secretion of 36 commonly known 
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inflammatory cytokines by U937 monocytes was determined after 24-hour culture on either 

apatite coatings or TCPS.  The cytokines expressed by the U937 monocytes in response to the 

two different substrates are displayed in Table 2, and depicts the fold difference in cytokine 

expression by monocytes cultured on apatite versus the TCPS control.  Of the 36 inflammatory 

cytokines detectable by the antibody array, only seven were expressed by U937 monocytes.  In 

response to the presence of the apatite coating, U937 monocytes showed fold increases in 

expression of VEG-F (18.77±19.12), IFN-γ (7.00±4.05), MIP-1b (3.20±0.31), MIP-1a 

(2.13±0.92), IP-10 (1.84±0.92), and slight decreased expression of IL-8 (-1.18±0.16) and 

RANTES (-1.57±0.35). 

4.3.3  U937 monocyte response to 3D apatite-coated PLGA scaffold microenvironments  

As a more relevant in vitro model that better mimics the in vivo apatite microenvironment, 

U937 monocytes were co-cultured with human osteoblast cells on apatite-coated 3D PLGA 

scaffolds that have previously been shown to significantly improve bone regeneration when 

implanted in vivo [4].  When given the appropriate environmental cues, circulating monocytes 

will adhere to the site of implantation at the onset of inflammation in response to the presence of 

the foreign body or the surgical procedure itself.  As shown in Figure 16, U937 monocytes 

adhered to 3D apatite-coated PLGA scaffolds (structure shown in Figure 16A) in vitro with a 

majority of the seeded cells remaining viable (Figure 16B).  Fewer non-viable cells were also 

dispersed throughout the scaffold structure (Figure 16C). 

Having established the ability of U937 monocytes to adhere as an initial reaction to 3D 

apatite-coated PLGA scaffolds, we next aimed to assess any further functional response that 

could mediate the differentiation of human osteoblast cells in co-culture with the adhered U937 
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monocytes.  Primary human osteoblast cells alone or osteoblasts with activated U937 monocytes 

were seeded onto apatite-coated PLGA scaffolds and cultured for 14, 21, and 28 days.  At the 

designated time points, RNA from the scaffold cultures were harvested and processed for 

quantitative real-time PCR to assess gene expression of OCN as a marker for osteogenic 

differentiation.  Figure 17 demonstrates that after just 14 and 21 days of culture no significant 

difference can be observed in OCN gene expression between osteoblasts cultured with U937 

monocytes and osteoblasts alone.  However, by 28 days the osteoblast/monocyte co-culture 

exhibited a 7.4±3.9 fold increase over the osteoblast-only culture, suggesting that the presence of 

the monocytes may enhance OCN gene expression of osteoblasts on 3D apatite-coated PLGA 

scaffolds. 

To identify the cytokines released in response to the co-culture environment, media was 

collected from 3D apatite-coated PLGA scaffolds seeded with both human osteoblasts and U937 

monocytes and analyzed by a cytokine array kit.  Table 3 presents the cytokine expression 

observed from the co-cultured cells as a fold-difference with respect to each 3D mono-culture 

condition (osteoblasts alone or monocytes alone).   Relative to U937 monocyte mono-cultures, 

the co-culture containing both cell types showed significant increases in MMP3 (6.97±0.43), 

RANTES (3.67±0.28), IL-8 (3.01±1.00), and moderate increases in Leptin (1.81±0.15), ICAM-1 

(1.69±0.20), and IL-1ra (1.60±0.14).  Relative to osteoblast mono-cultures, significant increases 

in the co-culture were seen for Leptin (5.85±0.25), and ICAM-1 (4.64±0.32), while moderate 

increases in the co-culture were seen for MMP3 (2.56±0.30), RANTES (2.25±0.22), IL-8 

(1.63±0.80), and IL-1ra (1.51±0.13).   
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Taken together, these results suggest that the cellular response to the 3D apatite co-culture 

condition differs relative to the response of either cell type cultured alone.  The presence of the 

additional cell type in the apatite microenvironment results in differential production of 

inflammatory cytokines that may play a role in bone remodeling. 

4.4 Discussion 

Few studies have closely examined the direct interaction between inflammatory cells and 

the accelerated apatite microenvironment and how this interaction may contribute to enhancing 

osteoblast differentiation in vitro and bone formation in vivo.  As a preliminary investigation, this 

study represents an early attempt to improve our understanding of the inflammatory cell response 

to both a 2D and 3D apatite microenvironment in vitro.  For this, monocyte adherence to apatite 

surfaces, as well as the subsequent cytokine production and ability to promote osteoblast 

differentiation were evaluated. 

In the current study, non-activated U937 monocytes adhered to 2D apatite surfaces at a 

higher rate relative to TCPS surfaces after 24 hours in normal 10% serum-supplemented culture 

medium (data not shown).  This result may indicate that the apatite surface may provide an 

appropriate stimulus necessary for monocyte activation, which is primarily marked by monocyte 

adhesion and release of soluble inflammatory mediators [157].  The specific physical interaction 

between monocytes and the apatite surface was not evaluated here, but it is likely to be mediated 

by adsorbed proteins [107], [114], [158], [159].  When biomaterials are first implanted in vivo or 

immersed in conventional cell culture conditions in vitro, one of the immediate events to take 

place is serum protein adsorption onto the surface, a phenomenon that is known to occur on 
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apatite materials [160].  Shortly thereafter, platelets and the clotting process will release 

chemokines, guiding circulating monocytes to this protein-coated material in vivo [146].   

How adsorbed proteins mediate the interaction between monocytes and the apatite has 

not, to our knowledge, been previously explored.  In this study, the absence of adsorbed protein 

on the apatite surface resulted in significant monocyte cell death—a response similar to that of 

adherent cell types, such as MC3T3-E1 pre-osteoblasts, to the bare apatite surface [103].  

However, as was previously demonstrated, cell death could be mitigated in a dose-dependent 

manner relative to the amount of serum protein adsorbed to the apatite surface.  It was speculated 

previously that the improvement in cell viability may be due to the activation of pro-survival 

signals upon attachment to proteins presented on the apatite surface.  Furthermore, the effect of 

protein adsorption on the apatite surface zeta potential may also or alternatively play a direct role 

in the enhanced cell survival.  As was shown in Chapter 3 of this thesis, apatite surface 

modifications that resulted in a more negative surface zeta potential could improve cell viability 

upon attachment. 

The physicochemical properties of the apatite dictate the type, amount, and conformation 

of the adsorbed proteins, which in turn may directly influence monocyte adhesion behavior and 

activity.  Serum albumin is the predominant protein found in plasma, making up 60-75% of the 

total protein.  Although albumin is generally believed to “passivate” the surface and reduce the 

acute inflammatory response to biomaterials, evidence suggests that monocytes will still adhere 

to albumin-coated surfaces [159].  In contrast, fibrinogen—another primary plasma protein—has 

been shown to be a critical factor in the initiation of the inflammatory response to implanted 

biomaterials.  It has been suggested that upon adsorption, fibrinogen will denature on the 
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material surface, and that the degree of this denaturation helps determine the degree of acute 

inflammation [161].   Monocytes have also been shown to bind other blood and ECM proteins 

such as fibronectin [162], immunoglobulins [163], factor X [164], and complement [165], via 

integrin and immunoglobulin family of receptors, which may modulate macrophage activation 

and secretion.  Further investigation is required to fully understand the nature of the adsorbed 

protein layer presented to monocytes that promote adhesion and survival on the apatite surface. 

 Having established the ability of monocytes to interact with accelerated apatite by 

adhering to the surface (which necessitates adsorbed proteins to maintain viability), determining 

whether that interaction may contribute to osteoblast differentiation in vitro was subsequently 

investigated.  For this, monocytes were first cultured in a 2D apatite microenvironment, from 

which the resulting conditioned media was collected and delivered to osteoblast cultures.  The 

results demonstrated that conditioned media from monocytes cultured on either TCPS or 2D 

apatite were both capable of promoting mineralization in osteoblast cultures, suggesting that the 

presence of the apatite coating may not offer a significant advantage for enhancing monocyte 

production of osteogenic factors in vitro.  However, it should be noted that the monocytes in this 

experiment were primed with activation factors (IFN-γ, LPS) prior to exposure to the apatite-

coated or non-coated substrates.  It has been shown that monocytes are quite sensitive to LPS 

and respond by releasing many different types of growth factors and cytokines [166], [167].   

Therefore the possibility exists that chemical activation of the monocytes with IFN-γ/LPS is 

sufficient to enable the production and release of growth factors/cytokines that are capable of 

influencing osteoblast function, regardless of the substrate onto which the monocytes are 

cultured.  Future work is certainly needed to assess the pro-osteogenic potential of conditioned 

media from monocytes cultured on apatite without pre-activation using LPS.   
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Nevertheless, the above results suggest that the monocyte conditioned media may contain 

factors that are capable of regulating osteoblast function.  To help identify those possible factors, 

a cytokine antibody array was performed.  A difference was indeed observed in the cytokine 

expression profiles of monocytes cultured on apatite versus those on TCPS, despite the fact that 

the conditioned media from both groups induced similar levels of osteoblast mineralization as 

described above.  The seven inflammatory cytokines detected in both monocyte groups have all 

been shown to play some role in regulating bone regeneration or remodeling.  In this study, 

VEG-F, IFN-γ, MIP-1a and MIP-1b were upregulated to various degrees while RANTES was 

slightly downregulated by U937 monocytes on 2D apatite relative to non-coated TCPS.   

VEGF, which is an important angiogenic factor, regulates bone remodeling through the 

recruitment of endothelial, osteoblast, and osteoclast cells, and by autocrine regulation of 

chondrocyte function [168].  IFN-γ has been shown to regulate the differentiation of hMSCs into 

osteoblasts, but in combination with TNF-α, TGF-β and IL-17—inflammatory cytokines that 

were not detected in this study using the antibody array.  The IFN-γ detected in the present study 

is more likely to be a residual factor during the pre-activation of the monocytes prior to seeding 

on the apatite coatings.   

MIP-1a and MIP-1b are associated with regulation of osteoclast differentiation, and thus 

may be players in resorption and remodeling during bone tissue healing in vivo [169], [170].  

Stimulation of osteoblasts with IP-10 has been shown to induce alkaline phosphatase (ALP) 

activity and β-N-acetylhexosaminidase release (Hex) [171], markers for osteoblastic activity and 

endochondral ossification, respectively.  A decrease in RANTES secretion by monocytes on 

apatite was shown here, in accordance with previous studies by Hamlet, et al. who showed 
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RANTES down-regulation in response to CaP-modified surfaces [172].  RANTES is a 

chemokine that has been shown to play a role as an osteoclast migration and differentiation.   

Taken together, these differences in cytokine expression suggest that U937 monocytes 

may respond differently to 2D apatite surfaces versus TCPS.  Again, in spite of these differences, 

U937 monocytes cultured in the current 2D in vitro systems were able to secrete factors that 

were capable of stimulating osteoblast mineralization, which may have been made possible 

through pre-activation of the monocytes with IFN-γ and LPS. 

The 2D in vitro apatite microenvironment may provide us an initial understanding of 

monocyte-apatite interactions, but is likely quite different from the interactions present in the in 

vivo apatite microenvironment, which has a proven track record in stimulating new bone 

formation in animal models [4]. As such, 3D apatite-coated PLGA scaffolds were used as a 

substrate for both inactivated monocytes and osteoblast cells, in co-culture, as a better in vitro 

representation of the 3D apatite microenvironment examined in the previous in vivo studies.  The 

two cell types were cultured on the scaffolds concurrently throughout the duration of the 

experiment to allow for the presence of both paracrine signaling and cell-cell contact—two 

elements that are likely to be factors in the in vivo setting.  The monocyte/osteoblast co-culture 

showed increased OCN gene expression after 28 days when compared to osteoblasts cultured 

alone and without pro-osteogenic culture medium supplements such as β-glycerophosphate.  In 

accordance with the 2D apatite experiments, this again suggests that the inclusion of monocytes 

may play a role in osteoblastic differentiation. 

To identify paracrine factors expressed in the 3D apatite co-culture system, a cytokine 

array was performed similarly to the 2D apatite experiment.  Unlike the 2D apatite experiment 
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however, the cytokines detected in the 3D co-culture could be produced by the osteoblasts as 

well, and not solely by the monocytes. When osteoblasts and U937 monocytes were cultured 

together on the 3D apatite-coated scaffolds, a different inflammatory cytokine expression profile 

emerged compared to cultures of either cell type alone, suggesting that the presence of the 

additional cell type may significantly influence cell behavior or activity.  Several cytokines 

displayed increased expression in the co-culture compared to each mono-culture (MMP3, 

RANTES, IL-8, Leptin, ICAM-1 and IL-1ra) and are all associated with bone remodeling.  

MMP-3, an enzyme involved in matrix degradation, is secreted by both osteoblasts and 

monocyte-derived cells [173]–[175], and has been shown to participate in bone resorption and 

the reorganization of collagen prior to mineralization.  Furthermore, matrix degradation by 

MMP-3 may also result in the release of other factors that further promote the bone remodeling 

process.   

For several of the identified pro-inflammatory cytokines, a review of the literature reveals 

paradoxical functions in the bone remodeling process.  For example, IL-8 is a known 

chemoattractant for neutrophils, monocytes, leukocytes, but has also been reported to suppress 

bone resorption by osteoclasts [176].  Similarly, leptin, which is known to stimulate IL-8 

production, may have both a stimulatory and suppressive effect on bone formation [177]. Studies 

investigating the role of soluble ICAM-1 in osteoclast activity suggest that it may protect 

osteoblasts against cell death and does not appear to influence osteoclast differentiation in vitro, 

despite being a recognized stimulator of TNF-α, IL-6, and MIP-1a—known modulators of 

osteoclast activity [178]–[181]. 
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IL-1 receptor antagonist (IL-1ra), as its name implies, inhibits the osteoclastogenic 

activity of IL-1 [182].  Suppression of IL-1 may also activate mechanisms that promote bone 

formation, independent of the inhibition of bone resorption resulting from reduced osteoclastic 

activity [183].  In summary, although the exact mechanisms have not been elucidated, it is 

evident that the presence of a second cell type can effect cytokine expression of both U937 

monocytes and human osteoblast cells cultured on 3D apatite-coated scaffolds.  These 

differences in cytokine expression demonstrate the ability of cells to utilize paracrine signaling 

as one of several potential methods of intercellular communication. This, in turn, may positively 

regulate bone healing, given the release of appropriate pro-osteogenic factors into the 

surrounding environment. 

 Another potential means of communication between cell types in co-culture is through 

cell-cell contact.  Although not specifically examined in this study, others have investigated the 

physical interactions between monocytes or monocyte-derived cells and osteoblasts.  In a study 

on vascular calcification, co-culture of osteoblast-like cells with peripheral blood monocytes 

resulted in enhanced ALP activity and matrix mineralization [184].  Furthermore, conditioned 

media from monocytes activated with oxidized LDL in a transwell co-culture did not produce the 

same effect, suggesting that cell-cell contact between the monocytes and osteoblast-like cells 

was required.  LPS-activated monocytes, however, produced conditioned media capable of 

increasing ALP activity in the osteoblast-like cells, proving the potency of LPS as an activator of 

monocytes.  Although investigated for a different physiological system, this study suggests that 

both cell-cell contact as well as intercellular communication by soluble factors may influence the 

differentiation of osteoblast cells. 
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 In the normal bone remodeling process, direct cell-cell contact has been shown to play a 

central role, and is likely mediated by cell surface receptors and ligands presented by osteoblasts 

and osteoclast precursors (including monocyte/macrophages).  For example, osteoblasts express 

RANKL, the ligand recognized by RANK receptors of osteoclast precursors.  Binding of 

RANKL to RANK initiates osteoclast differentiation, which marks the onset of the resorption 

phase in the bone remodeling process.  Following bone resorption by mature osteoclasts, so-

called “coupling factors” are expressed and act on pre-osteoblast cells to stimulate their 

differentiation and activation, signaling the transition to the bone forming phase [185].  Not only 

has direct cell-cell contact been observed between osteoclasts and osteoblasts in vivo [186], but a 

potential mechanism has been demonstrated where bidirectional osteoblast-osteoclast signaling 

is mediated by the coupling of Eph tyrosine kinase receptors and EphrinB ligands presented on 

osteoblasts and osteoclasts, respectively [187].  When ligand and receptor interact, simultaneous 

inhibition of osteoclastogenesis and stimulation of osteoblast differentiation occurs, facilitating 

the transition from bone resorption to bone formation.    

4.4.1 Limitations of the current study and future considerations  

The preliminary work investigating the behavior of inflammatory cells in response to 

accelerated apatite microenvironments presented here is certainly not without limitations.  

Firstly, the majority of the experiments in this study utilized the U937 monocyte cell line.  

Although it is widely used and an established in vitro model for human monocytes/macrophage 

differentiation, it is an immortalized cell line and thus may not be well representative of cells in 

the natural in vivo environment.  Future work will be better served using normal primary human 
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monocytes to complement the primary human osteoblasts used in the study, which may better 

mimic the cellular behavior found in vivo.   

 Secondly, several of the preliminary experiments that focused on the 2D apatite-cellular 

response used pre-stimulatory factors such as IFN-γ and LPS, which have been proven to be 

potent triggers of U937 activation.  Artificial in vitro stimulation using these chemical factors 

may produce confounding results when attempting to understand organically-derived, 

biomaterials-based stimulation of monocyte activation.  Further investigation is needed to 

optimize the IFN-γ/LPS concentrations to model the levels that are secreted by inflammatory 

cells during the inflammatory response in vivo.  Additional studies without the use of IFN-γ/LPS 

stimulation, as was performed for the 3D apatite experiments, may also be warranted to more 

precisely examine the effect of apatite materials on monocyte function in osteogenesis.   

 The current study might be considered an oversimplification of a highly complex system 

as the in vivo response to a foreign body is dynamic and involves many cells, proteins, and 

factors that work collectively to wage an appropriate inflammatory reaction.  A defined sequence 

of events takes place that begins with initial blood protein-material interactions.  As was 

described earlier in this discussion, the cellular response to the apatite surface will be mediated 

by an adsorbed protein layer likely composed of the primary plasma proteins albumin, 

immunoglobulins, and fibrinogen.  However, in addition to these primary proteins, adsorption 

other plasma components such as complement factors and platelets are also likely to contribute 

to the overall cell-apatite surface interaction.   

 Complement activation involves a cascade of enzymatic cleavages that produces protein 

fragments with biological activity involved in the host immune response.  The complement 
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components C3a, C5a, and C3b have been shown to stimulate monocytes/macrophages to secrete 

inflammatory cytokines [188].  Furthermore, in response to this activation, macrophages have 

been known to respond to ceramic implants in vivo, participating in the implant’s biodegradation.  

The complement system may also have a role in bone development, independent of its role in 

immune function.  Recent studies have shown that under proper stimulation, C3 is produced by 

bone marrow stromal cells and primary osteoblasts in vitro [189].  Complement components C3, 

factor B, C5, and C9 have also been localized to areas of  endochondral bone formation, 

providing an impetus for cartilage turnover to bone [190], [191].  Taken together, the role of 

complement should be considered for further investigation not only as regulators of 

monocyte/macrophage activation, but also as mediators of bone remodeling and formation in 

response to apatite biomaterials. 

 Platelets are cell fragments found in blood that are involved in coagulation and are also 

likely to play a role in the blood-material interaction in vivo.  Studies investigating the role of 

coagulation factors in the osteoconductivity of polarized hydroxyapatite materials demonstrated 

that negatively-charged surfaces were more likely than positively- or non-charged 

hydroxyapatite surfaces to enhance platelet adhesion [192].  It was suggested that the interaction 

between the platelets and hydroxyapatite surface was mediated by increased fibrin adsorption as 

a result of an accumulation of Ca
2+

 ions on the negatively-charged hydroxyapatite surface.  This 

subsequently created a positively charged ion layer that enhanced the electrostatic attraction of 

fibrin to the surface.   Platelets were previously shown to interact with fibrin and become 

activated via integrin αIIbβ3 [193], resulting in platelet production of growth factors, such as 

PDGF and TGF-β, that play a role in bone cell recruitment [194].  The efficacy of platelets in 
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bone healing has further been suggested from the extensive clinical use of platelet-rich plasma 

therapy for enhancement of bone graft integration [195], [196].   

Although this preliminary study has focused primarily on monocyte-apatite interactions, 

we should be reminded that cellular recruitment in response to a foreign implant will take place 

by multiple cell types found in vivo, not limited to just monocytes/macrophages.  Following the 

initial blood-material interaction, inflammatory events occur that progress towards the 

recruitment of other myeloid cells, the first being neutrophils during the acute phase.  Apatite-

based materials were shown to activate neutrophil adhesion and secretion of pro-inflammatory 

factors (IL-1α), chemotactic factors (IL-8 and MIP-1a), and MMP-9 [197].  Release of these 

factors could potentially lead to subsequent activation of other polymorphonuclear cells or 

monocytes/macrophages, while MMP-9 may be critical for tissue remodeling in response to 

hydroxyapatite implants in vivo [198].   

Lymphocytes are another immune cell population that is likely to be recruited to the site 

of implantation.  Their infiltration is typically identified with the onset of chronic inflammation 

following the initial acute phase response by neutrophils and monocytes/macrophages.  For 

biocompatible biomaterials, the chronic inflammatory response is normally short-lived (on the 

order of a few weeks) and confined to the implantation site.  Work by Matesanz et al. suggests 

that apatite materials may be capable of tempering the immune response mediated by 

lymphocytes.  Nanocrystalline hydroxyapatite surfaces were shown to induce macrophage 

production of pro-inflammatory cytokines (IL-6 and TNF-α), but significantly decreased their 

proliferation and phagocytic activity, as well as induced apoptosis of SR.D10 T lymphocytes in 
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vitro [199]. This modulation of the immune response may aid in the long-term acceptance of 

apatite biomaterials in vivo.   

Aside from their primary function in the immune response, lymphocytes may also 

participate in the regulation of bone remodeling, with evidence suggesting they may play a dual 

role in both resorption and formation phases [200].  For example, T lymphocytes have been 

shown to stimulate osteoclastogenesis via RANK/RANKL binding, and through the secretion of 

pro-resorptive cytokines, to initiate the resorption phase. In contrast, there is evidence that T 

lymphocytes also produce various interleukins that function to protect against bone loss by 

inhibiting osteoclast formation.  A role for B lymphocytes in the regulation of new bone 

induction and regeneration has also been suggested [201], and both B and T lymphocytes are 

known to be critical in normal bone homeostasis.  Given the role of lymphocytes in bone 

regulation, these immune cells should also be considered when investigating pro-osteogenic 

properties of apatite materials upon implantation in vivo.  

A heterogeneous population of immune cells known as myeloid-derived suppressor cells 

(MDSCs) has come to the forefront in recent years.  These cells, which inhibit T lymphocyte and 

NK cell activity, typically emerge during chronic inflammation or the development of cancer 

[202].  Myeloid precursors that give rise to MDSCs normally differentiate into typical myeloid-

derived immune cells (neutrophils, macrophages, dendritic cells, etc.) under non-pathological 

conditions.  However, at the onset of infection, cell differentiation will diverge towards the 

immunosuppressive phenotype and infiltrate the site of inflammation.  The expansion and 

activation of MDSC is usually mediated by paracrine factors—including GM-CSF, IL-6, IL-10, 

IL-1, and VEGF—or by cell-cell contact.   
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MDSCs are influenced by mesenchymal stem cells—precursors of bone forming cells—

and have been shown to interact with other bone cells during bone metastasis.  Their response to 

foreign biomaterial implants, however, has not been extensively studied, but it has been shown 

that MDSCs express integrin receptors [203] that may be capable of interacting with adsorbed 

proteins on apatite and other biomaterial surfaces.  MDSCs may also participate in bone 

remodeling processes since they have been shown to express markers that overlap with those of 

osteoclast progenitors, and thus may have the potential to differentiate into bone resorbing 

osteoclasts [204].  The understanding of MDSCs as potential regulators of bone regulation, 

however, is still relatively nascent, and their interaction with biomaterial implants is even more 

limited.  Nevertheless, exploration in this field is rapidly developing and it may be proven that 

these regulators of immune function may ultimately play a significant role in biomaterials-based 

tissue regeneration.  

4.5 Conclusion 

The mechanisms underlying accelerated apatite’s ability to provide a pro-osteogenic 

environment are not well understood, especially when coupled with in vivo physiological 

processes such as inflammation and the immune response.  The findings of this preliminary 

study, however, bring to light a possible role of the inflammatory response in the bone-

regenerating capacity of apatite in vivo.  Although there are many factors involved in a complex 

and dynamic inflammatory reaction, the current study aimed to establish the initial cellular 

interactions between monocytes and apatite coatings.  Monocyte adherence in vivo is central to 

an inflammatory response and is typically associated with the release growth factors/cytokines to 

the surrounding environment, which may attract and/or trigger other cell types associated with 
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inflammation or tissue healing.  In the current study, it was found that apatite coatings on 2D 

surfaces as well as 3D polymer scaffolds could promote monocyte adhesion in the absence of 

soluble monocyte activation factors.  Furthermore, the presence of monocytes or monocyte 

conditioned media was shown to promote the differentiation of osteoblasts in vitro.  Finally, the 

cellular production of cytokines, in response to the apatite material, was also assessed to help 

identify potential inflammatory factors that may also function in the healing of bone. 
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4.6 Figures and tables 

 

Figure 14: Adsorbed proteins on apatite surfaces are critical for U937 monocyte survival.  

U937 monocytes were seeded onto uncoated apatite surfaces (i.e. Bare apatite) or apatite 

surfaces pre-coated with FBS solutions with concentration from 0.1% to 100% (w/v).  Live/dead 

viability staining shows a dose-dependent response with respect to the amount of protein pre-

adsorbed onto the apatite prior to cell seeding, with an increasing number of live cells (green 

fluorescence) and a fewer number of dead cells (red fluorescence) being observed as protein 

concentration increases. The bottom right panel shows the extracellular release of DNA from the 

cells at higher magnification. 

  



105 
 

 

Figure 15: Monocyte conditioned media from primary human monocytes or U937 

monocytes are capable of inducing in vitro osteoblast mineralization.  Primary human 

monocytes and U937 monocytes were cultured on 2D apatite-coated TCPS or control TCPS for 

24 hours.  The cells were then removed from the media, which was subsequently used as 

conditioned media (CM) for primary human osteoblasts.  Von Kossa staining for assessing 

biomineralization was performed on the osteoblasts after 28 days.  Osteoblasts incubated in 

conditioned media from both types of monocytes exhibited increased biomineralization (black 

staining) relative to control medium, regardless of the substrate the monocytes were subjected to 

(TCPS vs. apatite-coated TCPS). 
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Figure 16: U937 monocytes adhere to 3D apatite-coated PLGA scaffolds.  (A) SEM 

micrograph of the porous structure of apatite-coated PLGA scaffolds.  (B-D) U937 monocytes 

were seeded onto 3D apatite-coated PLGA scaffolds at a cell density of 50,000 cells/scaffold and 

cell viability was assessed after 24 hours using a Live/Dead fluorescent staining kit.  Live/dead 

fluorescent imaging demonstrated mostly viable cells (B) with few dead cells (C) in response to 

the 3D apatite-coated environment.  (D) Merged Live/Dead fluorescent image with viable cells 

in green, dead cells in red.  (scale bar = 500 um) 
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Figure 17: Primary human osteoblasts cultured with U937 monocytes on 3D apatite-coated 

express higher levels of OCN than osteoblasts alone.  Primary human osteoblasts (hOBs) were 

cultured on 3D apatite-coated PLGA scaffolds either alone, or in co-culture with activated U937 

monocytes.  At 14, 21, and 28 days, RNA lysate was harvested from the scaffolds and OCN gene 

expression was measured by quantitative real-time PCR.  After 14 and 21 days no significant 

difference can be observed in OCN gene expression (expressed as fold-change vs. hOBs alone) 

between hOBs cultured with U937 monocytes and hOBs alone.  By 28 days the hOBs/monocyte 

co-culture exhibited a 7.4±3.9 fold increase over hOBs only culture.  

(* p < 0.05) 
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CHAPTER 5 

5.1 CONCLUSION 

In this thesis, three features of the accelerated apatite microenvironment were separately 

examined to evaluate their influence on the cellular response.  First, accelerated apatite coatings 

significantly alter the local calcium and phosphate ionic concentrations that are potentially 

exposed to cells within the microenvironment.  This conclusion may not seem unexpected 

considering that the vast majority of the apatite literature has reported on the dissolution 

properties of apatite, resulting in the release of calcium and phosphate.  Contrary to these reports, 

the results presented in Chapter 2 reveal that accelerated apatite coatings, when immersed in 

standard cell culture media, adsorb free calcium and phosphate, thus depleting the concentration 

of these ions originally present in the surrounding medium.  This suggests that the apatite 

material prepared from a modified accelerated biomimetic approach has dissolution properties 

that may differ from other apatite-based materials.  It is possible that the accelerated apatite 

surface, which has a Ca/P ratio of 1.48, undergoes changes to reach a more thermodynamically 

stable phase, such as stoichiometric hydroxyapatite (Ca/P ratio = 1.67).  Although the exact 

structural and compositional changes that occur to the accelerated apatite upon immersion are 

unknown, these preliminary findings support the hypothesis of Aim 1 that accelerated apatite 

materials create an altered ionic microenvironment for cells. 

The “pull-down” of calcium and phosphate ions to the apatite surface may have 

implications for the cellular or biological response to apatite-coated implants.  Osteoprogenitor 

cells seeded onto apatite-coated scaffolds may be exposed to local elevated levels of calcium and 

phosphate due to the flux of these ions towards the apatite coating’s surface.  The actual 
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concentrations of calcium and phosphate near the surface of the apatite were not determined, but 

the effect of increasing levels of both ions has been reported to promote osteoblastic 

differentiation, up to a certain ion concentration threshold.  It was confirmed here that 

concentrations above that threshold induces significant cell death.  The intracellular uptake of 

phosphate was directly linked to the combined calcium/phosphate ion-induced cell death as 

viability could be restored upon treatment with phosphate transport inhibitors.  Certainly, future 

studies are needed to determine whether elevated, but sub-lethal levels of calcium and phosphate 

are present adjacent to the surface and contribute to the overall osteogenic potential within the 

accelerated apatite microenvironment. 

In Chapter 2, the direct interaction between osteoblast progenitor cells and the bare 

apatite surface was evaluated, and it was determined that adsorbed proteins are critical for cell 

survival.  This result suggests that the unmodified, bare apatite surface may not be as 

biocompatible as is traditionally thought for most apatite materials.  Cell death could be 

prevented, however, by pre-treating the cells with a phosphate transport inhibitor—a similar 

response by cells that were exposed to lethal doses of free exogenous calcium and phosphate 

ions.  This finding suggests that uptake of phosphate may be responsible for the observed cell 

death on bare apatites.  The role of adsorbed proteins in mitigating this response may be through 

the prevention of phosphate uptake, or by other means such as altering surface charge (Chapter 

3), or eliciting pro-survival signaling via integrin-mediated pathways. 

To evaluate the influence of apatite surface charge on cell viability, the surface zeta 

potential of bare accelerated apatites, as well as apatites modified with various surface coatings, 

was quantified and the resulting cellular response assessed.   Both biomolecular and non-
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biomolecular coatings were able to alter the apatite surface charge in a near-linear fashion with 

respect to coating thickness.  The change in magnitude of the surface charge was also largely 

dependent on the degree of adsorption and inherent charge of the various biomolecules used to 

modify the apatite.  It was also confirmed that apatites have varying affinities for different 

biomolecules, which may be governed not only by the molecules’ charge, but also the structure, 

deformability, and presence of specific binding sites on the surface of the adsorbed molecules. In 

general, apatite surface treatments that resulted in a more negatively charged zeta potential, 

compared to un-treated controls, improved the viability of cells upon adherence in a serum-free 

environment. 

When designing in vitro experiments to assess the biological interaction with a 

biomaterial, the in vivo biological response should always be considered since, ultimately, 

synthetically bioengineered constructs for tissue regeneration will be introduced into the body.  

With this in mind, the potential role of the immune response in regulating osteoblast 

differentiation was assessed by examining the cellular response of monocytes to 2D and 3D 

apatite-coated systems.  Our initial in vitro results suggest that monocytes have the potential to 

enhance the biomineralization of osteoblast cultures and up-regulate the expression of mature 

osteogenic markers such as osteocalcin.  Furthermore, co-cultures of monocytes and osteoblasts 

in a 3D apatite microenvironment displayed altered expression profiles of cytokines that have a 

potential role in regulating bone remodeling.  These preliminary findings suggest the possibility 

that inflammatory cell-apatite interactions play a central role in the pro-osteogenic capacity of 

accelerated apatite coatings. 
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In summary, elucidating the immunopotentiating properties of apatite materials has 

considerable implications for the development of better bone tissue engineering constructs.  That 

understanding, however, concomitantly requires an awareness of how changes to the 

physicochemical properties of apatite lead to controllable biological reactions.  For example, 

future work studying apatite coatings may be able to modulate apatite’s ability to adsorb ions or 

proteins.  As a consequence, it may be possible to control ionic concentrations or surface charges 

that are presented at the apatite surface, and thereupon mediate a more effective cellular or 

biological response. Accordingly, an apatite-driven strategy thus can be designed to exploit the 

function of cells either in vitro or in vivo for stimulation of bone healing (e.g. 

monocytes/macrophages producing a “cocktail” of pro-osteogenic cytokines in response to 

apatite material in situ). 

5.2 Future directions and suggested experiments 

This thesis presents a preliminary investigation of three central components in the 

accelerated apatite microenvironment and their contribution in mediating in vitro cell-apatite 

interactions.  However, many questions still remain that should be considered in order to fully 

understand the in vitro biological response as well as how it translates to the in vivo environment. 

Therefore, the following is a discussion on potential future considerations that may be explored 

to further the advancement of apatite-based materials for bone regeneration. 

Influence of ion “pull-down” on osteoblast function  

When immersed in standard cell culture media, accelerated apatite coatings caused the 

depletion of calcium and phosphate ions from the surrounding medium.  It is speculated that this 

adsorption, or “pull-down,” creates high local concentrations of calcium and phosphate near the 
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apatite surface where adherent cells are seeded.  Further experimentation is needed to determine 

the ionic concentration adjacent to the apatite coating surface, and compare the measured 

concentration against the literature values that are reported to induce osteoblastic differentiation.  

Furthermore, is it possible to modulate the ion “pull-down” effect through modification of the 

apatite coating in order to finely tune or customize the osteoblastic response based on the ability 

to control local ion concentrations?    

Source of phosphate that mediates cell death on bare apatite  

In regard to the cell interaction with bare apatite surfaces, significant cytotoxicity was 

observed, but could be prevented through the inhibition of cellular phosphate uptake.  It is 

unclear whether the source of phosphate that gains entry to the cell is from the apatite surface 

itself, or potentially from increased local ion concentrations near the apatite surface that is a 

result of the “pull-down” effect.  Further radioactive P-32 cell uptake studies can be performed to 

determine this source by measuring the intracellular radioactivity of cells exposed to P-32 

modified coatings or P-32 doped cell media.   

Role of adsorbed proteins in preventing phosphate-induced cell death on apatite 

Tracking P-32 will also help clarify whether adsorbed proteins on apatite contribute to 

cell survival by inhibiting phosphate-induced cell death, or solely by alternative methods (i.e. 

masking of surface charge or induction of integrin-mediated pro-survival signaling pathways). 

“Pull-down” (adsorption) of other ions onto accelerated apatite surfaces 

Although only calcium and phosphate were assessed regarding the ion “pull-down” 

effect, cell culture media and body fluids also contain other ions such as magnesium, sodium, 
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potassium, chloride, and sulfate.  How accelerated apatite influences the concentrations of these 

ions in the microenvironment is unknown, although it can be speculated that they too can be 

adsorbed to apatite surfaces due to electrostatic interactions.  Further studies can be performed 

using ICP methods to quantify these ions as was previously done for calcium and phosphorus.   

Influence of accelerated apatite surface charge on cell transmembrane potential 

 It is possible that the exposure of a cell to a charged surface like apatite coatings may 

alter the potential difference across the cell membrane.  This transmembrane potential is 

regulated by ion channels that transverse the plasma membrane.  The surface charge of the 

apatite may change the open or closed state of these ion channels, which may have implications 

in regulating cellular activity such as cell death, proliferation, or differentiation.  Recent studies 

have demonstrated that changes in membrane potential are a functional determinant of MSC 

differentiation [205].  Additionally, our preliminary findings suggest that there is a surface 

charge threshold (~ -30 mV) that delineates cell survival versus cell death.  Is it possible to 

correlate specific surface charge values to the open/closed states of these ion channels in a 

quantifiable manner, and does this manipulation of ion channel state influence cell viability?  

Moreover, can this knowledge be used to modify apatite surfaces (i.e. with surface coatings, 

change in crystal structure or composition) in order to achieve a specific charge that will elicit a 

predictable or desired response?  

Accelerated apatite interactions with other cellular and chemical mediators of inflammation 

As was discussed in Chapter 4 of this thesis, certain changes in cytokine expression by 

monocyte cultures and monocyte/osteoblast co-cultures were observed in response to accelerated 

apatite coatings.  More specific assays such as ELISA or multiplexed MAGPIX analysis can be 
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performed to quantify these changes in expression.  Once identified, recombinant forms of these 

cytokines can be delivered to osteoblasts or osteoprogenitors to determine their osteoinductive 

potential. 
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