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Abstract 

In the United States, nearly half a million bone graft operations are 

performed annually to repair defects arising from birth defects, trauma, and 

disease, making bone the second most transplanted tissue. Autogenous bone is the 

current gold standard for bone grafts; however it is in limited supply and results in 

a second injury at the donor site.  A promising alternative is a tissue engineered 

bone graft composed of a biomaterial scaffold, pharmaceutics, and 

osteoprogenitor cells.  One source of osteoprogenitor cells is bone marrow 

stroma, which can be obtained from the patient - minimizing the risk of an 

immune response - directed in vitro to proliferate, and differentiate into a bone-

like tissue.  To date, tissue engineered bone grafts have not been clinically 

effective; thus, strategies must be developed to improve efficacy.  I hypothesize 

that to facilitate tissue healing in a manner similar to autogenous bone tissue 

engineering bone must possess a mineralized collagen matrix to support tissue 

integration, and angiogenic factors to stimulate vascular infiltration, and 

osteogenic factors to direct normal bone remodeling.  I propose that these factors 

can be synthesized by osteoprogenitor cells in vitro when cultured under the 

appropriate conditions.  

Previous work has demonstrated that perfusion culture of osteoprogenitor 

cells within 3D scaffolds stimulates phenotypic markers of osteoblastic 

differentiation, but those studies did not determine whether the effects were a 



 

   

consequence of shear stress or increased nutrient availability.  Consequently, this 

work has involved studies in a planar geometry, where nutrient effects are 

negligible.  Three studies that characterize the effect of fluid flow on osteoblastic 

differentiation of osteoprogenitor cells are presented here. The objective of the 

first study was to determine the effect of shear stress magnitude on cell density 

and osteocalcin deposition.  In this study, radial flow chambers were used to 

generate a spatially dependent range of shear stresses (0.36 to 2.7 dynes/cm2) 

across single substrates, and immunofluorescent techniques were used to assay 

cell phenotype as a function of shear stress.  The objective of the second study 

was to determine the effect of the duration of fluid flow on cell density and 

phenotypic markers of differentiation.  Here, parallel plate flow chambers were 

used to generate a single shear stress at the cell surface, and entire cell layers were 

assayed for expression of osteoblastic genes.  The objective of the third study was 

to compare continuous and intermittent fluid flow strategies.  In this study, a 

microprocessor-controlled actuator was added to the flow loop to periodically halt 

flow, and markers of mechanosensation and osteoblastic differentiation were 

measured.  

    These studies demonstrated that shear stresses of 0.36 to 2.7 dynes/cm2 

stimulate late phenotypic markers of osteoblastic differentiation but not cell 

proliferation.  In addition, this osteogenic effect is sensitive to duration of fluid 

flow but insensitive to the magnitude of shear stress.  Further, intermittent fluid 

flow enhances cell retention, biochemical markers of mechanotransduction, and 

synthesis of the angiogenic factor vascular endothelial growth factor (VEGF).  

Thus, these studies suggest that intermittent fluid flow may be an attractive 

component of a biodynamic bioreactor for in vitro manufacture of clinically 

effective tissue engineered bone grafts.  Future studies will further investigate 

intermittent fluid flow strategies and three-dimensional studies with scaffolds 

suitable for bone tissue engineering. 
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Chapter 1: Introduction 

1.1. Significance 

More than 2.2 million bone grafts are performed worldwide each year to 

repair skeletal defects that result from trauma, tumor resection, and congenital 

defects (Lewandrowski et al. 2000).  Among the 600,000 procedures performed 

annually in the United States, 60% involve autogenous bone, 33% allogeneic 

bone, and the remaining 7% synthetic materials (Boyce et al. 1999).  Autogenous 

bone grafts use tissue transferred from one part of a patients� body to another and 

are considered the �gold standard� since they have the best clinical success (Betz 

2002; Lidgren 2002; Vaccaro 2002).  However, autogenous bone - obtained from 

iliac crest, scapula, fibula, or rib - cannot be used in many reconstructive 

procedures due to limitations in volume and shape of donor tissue.  Further, its 

surgical explantation results in painful secondary injury, additional operating 

time, cost, and risk of donor-site morbidity (Lidgren).  In particular, chronic pain 

lasting more than 3 months has been reported in 53 % of patients who have 

undergone surgical explantation of autograft from the iliac crest (Russell and 

Block 2000).  Allogeneic bone, typically from cadaver, is available in a broad 

variety of shapes and sizes.  However, it suffers from poor integration with 

existing bone, is typically not resorbable, and has the potential for the transfer of 

pathogens (Betz 2002).  Finally, synthetic materials, such as ceramics, bioactive 

glasses, and biodegradable polymers, have the benefit of unlimited availability but 

suffer from poor integration and eventual mechanical failure (Betz 2002).  Given 

the inherent limitations with current bone grafting materials, new bone 
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alternatives need to be developed.  One promising alternative is a tissue 

engineered bone graft. 

1.2. In Vitro Paradigm for Bone Tissue Engineering 

Tissue engineering is a relatively new field that seeks to develop devices 

and therapies for the regeneration of normal tissue (Anderson et al. 1995).  In 

principle, a tissue engineered bone graft would function similarly to autogenous 

bone and simulate tissue healing through the natural remodeling process.  To 

achieve this outcome, the tissue engineered bone graft would need to possess a 

mineralized collagen matrix to support cell attachment and facilitate integration 

with host tissue, angiogenic factors such as vascular endothelial growth factor 

(VEGF) to stimulate vascularization, and osteogenic factors such as bone 

morphogenic proteins (BMPs) to stimulate new bone formation.   A promising 

paradigm for in vitro manufacture of tissue engineered bone involves combining a 

biomaterial scaffold and osteoprogenitor cells in a biodynamic bioreactor.  The 

role of the scaffold is to fill the skeletal defect while providing extensive surface 

area for cell attachment and void volume for tissue development.  The role of the 

osteoprogenitor cells is to generate a bone-like environment within the scaffold 

that will facilitate integration with adjacent host tissue, vascular infiltration, and 

host remodeling.  Lastly, the role of the biodynamic bioreactor is to impart 

osteoinductive mechanical stimuli on the osteoprogenitor cells tostimulate growth 

factor production and deposition of a mineralized collagen matrix. 
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1.3. Bone Marrow Stromal Cells 

One promising source of osteoprogenitor cells is the bone marrow stroma, 

which can be obtained from the patient to minimize the risk for an immune 

response.  In vitro culture of bone marrow explants gives rise to colonies of 

proliferative multipotent bone marrow stromal cells (BMSCs) (Aubin 1998; 

Bianco and Robey 2000; Kadiyala et al. 1997).  These cells can be expanded 

extensively and, when introduced into an appropriate animal model, develop into 

bone (Bruder et al. 1998b; Schneider et al. 2003), muscle (Cho et al. 2004), and 

cartilage tissues (Fuchs et al. 2003; Kadiyala et al. 1997).   Additionally, when 

these cells are cultured in vitro in the presence of the appropriate differentiation 

factors, they will develop phenotypic markers of osteoblastic (Crane et al. 1995; 

Maniatopoulos et al. 1988; Vilamitjana-Amedee et al. 1993), chondrocytic 

(Cassiede et al. 1996; Kadiyala et al. 1997), and adipocytic differentiation (Bruder 

et al. 1998b).   Although other sources of osteoprogenitor cells have been 

identified from embryonic, muscle, fat and skin tissue, BMSCs exhibit a 

propensity for the osteoblastic differentiation and therefore are especially 

attractive for regenerating bone tissue (Satomura et al. 2000).   

1.4. Osteoblastic Differentiation 

Osteoblastic differentiation of BMSCs in vitro is marked by three 

sequential phases: proliferation, extracellular matrix development, and matrix 

mineralization.  During the proliferation phase, cells express mRNA for growth-

related proteins such as histone, c-myc, c-fos, transforming growth factor-β and 

extracellular matrix proteins such as procollagen I and fibronectin (Siggelkow et 

al. 1999).  Entry into the extracellular matrix development phase requires the 
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addition of differentiation factors dexamethasone, ascorbic acid, and β-

glycerophosphate.  During this phase, cells maximally secrete alkaline 

phosphatase (Bruder et al. 1997; Maniatopoulos et al. 1988) and produce type I 

collagen (Bruder et al. 1998a).  With continued exposure to differentiation factors, 

BMSCs undergo matrix mineralization, which is marked by the secretion of non-

collagenous proteins such as bone sialoprotein, osteocalcin, and osteopontin and 

the deposition of a calcium/phosphate mineral.  Importantly, these biochemical 

markers can be used to evaluate strategies for promoting osteoblastic 

differentiation of BMSCs. 

1.5. Osteoinductive Stimuli 

Efforts to stimulate osteoblastic differentiation in vitro have centered 

around replicating the conditions that osteoblasts experience in vivo, including 

physical forces, soluble signaling factors, and cell interactions with both 

substrates and adjacent cells (Figure 1.1).   

The physical forces that have been shown to stimulate osteoblastic 

differentiation of BMSCs include fluid flow, mechanical strain, cyclic pressure, 

and electric fields.  Fluid flow has been shown to enhance alkaline phosphatase 

activity (Goldstein et al. 2001), osteopontin secretion, and mineralization 

(Bancroft et al. 2002). Mechanical strain increases mRNA expression of 

osteopontin (OPN) (Owan et al. 1997).  Cyclic pressure improves alkaline 

phosphatase activity and mRNA expression (Nagatomi et al. 2001).  Electric 

fields stimulate an increase in calcium content within cell-matrix layers 

(Wiesmann et al. 2001).   These different mechanical stimuli result in different 

biochemical responses suggesting that a combination of stimuli may be 

advantageous. 



 

Michelle Renee Kreke 1 Introduction  5

Figure 1.1:  Diagram of stimuli acting on an osteoblast 
 

Soluble signaling factors that affect BMSCs include hormones, growth 

factors, and morphogens.  Hormones that are known to stimulate osteoblastic 

differentiation include dexamethasone and prostaglandins.  Dexamethasone, a 

synthetic analog of cortisone known for its anti-inflammatory effects, has been 

shown to increase the number of bone nodules and alkaline phosphatase positive 

colonies and, as a result, is a standard ingredient within osteoinductive medium 

for BMSCs (Fromigue et al. 1997; Herbertson and Aubin 1995).  Prostaglandin 

E2, a lipid hormone synthesized from arachidonic acid by the cyclooxygenase 

(COX) enzymes, has been shown to increase bone nodule formation and alkaline 

phosphatase activity (Shamir et al. 2004).  In addition, the growth factor fibroblast 

growth factor-2 has been shown to increase the number of positive colonies for 

alkaline phosphatase and mineralization of BMSCs (Hanada et al. 1997; Zhang et 

al. 2002).  Finally, bone morphogenetic protein-2 has been shown to elevate 

alkaline phosphatase activity, and mRNA expression and protein synthesis of type 

I collagen, osteopontin, bone sialoprotein, and osteocalcin with BMSCs (Hanada 

et al. 1997; Lecanda et al. 1997).   

Cell-Cell 
Interactions

Soluble 
Factors

Cell-
Substrate 
Interactions
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Stimuli 
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Cell interactions with adhesive substrates and adjacent cells are also 

important for osteoblastic differentiation of BMSCs.  Biomimetic substrates that 

incorporate adhesive peptides are capable of interacting with integrin adhesion 

receptors, and directing assembly of focal adhesion contracts, cell spreading, and 

organization of an actin cytoskeleton (Goldstein and DiMilla 2002).  For example, 

the immobilization of the arginine-glycine-aspartate (RGD) peptide, an adhesive 

motif from fibronectin, at the biomaterial surface has been shown to enhance 

mineralization of BMSCs (Pallu et al. 2003).  Concurrently, adjacent cells interact 

via cadherin receptors, which transmit mechanical forces, and connexin gap 

junctions, which transmit small signaling molecules (Lauffenburger and Griffith 

2001; Stains and Civitelli 2005). When cell-cell interactions are increased by 

increasing seeding density or seeding cells as clusters, increases in alkaline 

phosphatase activity and number of bone nodules have been reported (Aubin 

1999; Goldstein et al. 2001).  

Although many different factors have been shown to stimulate osteoblastic 

differentiation of BMSCs in vitro, this work has focused on the application of 

fluid flow since fluid flow is necessary for the delivery of oxygen and nutrients to 

cells within large scaffolds suitable for the treatment of bone defects. 

1.6. Effect of fluid flow on bone tissue 

Interstitial fluid flow generated during skeletal loading has been postulated 

to stimulate bone remodeling in vivo through four steps: mechanocoupling, 

biochemical coupling, transmission of signal, and effector cell response 

(Bloomfield 2001; Duncan and Turner 1995; Frost 1990).  Mechanocoupling 

involves the transduction of macroscopic mechanical forces on bone tissue into 

the microscopic physical stimuli sensed by individual cells.  Compression, 
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bending, or venous hypertension generate pressure gradients inside bone, which 

result in extracellular fluid flow (Hillsley and Frangos 1994; Turner and Pavalko 

1998) and streaming potentials (Turner and Pavalko 1998).  Within bone, the 

osteocytes - terminally differentiated cells lying in the lacuna-canallicular spaces 

of mineralized bone - are thought to sense the mechanical forces and convert them 

into biochemical signals.  This biochemical coupling may involve the 

transmission of strain from the extracellular matrix to the actin cytoskeleton, 

opening of stretch sensitive ion channels, and activation of guanine nucleotide 

binding proteins (G-proteins) (Duncan and Turner 1995).     The biochemical 

signals generated by the osteocytes are thought to propagate to the osteoblasts on 

the bone surface through gap junctions of the osteocytic network, which causes 

the release of paracrine factors such as prostaglandins and insulin-like growth 

factors (Duncan and Turner 1995).  Finally, these paracrine factors could be 

transmitted to the effector cells (e.g. the osteoprogenitor cells within the bone 

marrow) resulting in osteoblastic differentiation and formation of new bone 

(Duncan and Turner 1995).   

Multiple in vitro techniques have been used to simulate the forces that 

bone cells experience in vivo under mechanical load, including hypotonic 

swelling (Duncan and Hruska 1994), hydrostatic pressure (Nagatomi et al. 2001), 

mechanical stretch (Fong et al. 2003; Smalt et al. 1997), and shearing flow (Hung 

et al. 1996; Kapur et al. 2003; Klein-Nulend et al. 1997; Reich et al. 1997).  

However, these in vitro studies typically involve planar cultures (without the 

architecture of bone tissue) and thus cannot reproduce the true physiologic 

responses observed in vivo.  Nevertheless, these techniques have been important 

for characterizing the biochemical signaling pathways involved in 

mechanotranduction.      
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1.7. Effect of fluid flow on osteoblastic cells in vitro 

Model in vitro studies  in planar cultures have shown that osteoblastic 

cells respond to the application of shear stress with a temporally coordinated 

cascade of biochemical signals that involves G-protein activation, increases in 

intracellular calcium levels, and activation of mitogen-activated protein (MAP) 

kinases (Chen et al. 2000). (Turner and Pavalko 1998).  Additionally, the proto-

oncogenes such as c-fos � associated with cell proliferation and differentiation � 

are upregulated transiently within 30 min of the initiation of shear, while 

inducible cyclo-oxygenase enzyme (COX-2), which is responsible for 

synthesizing prostaglandins, is upregulated within 2 hrs (Bakker et al. 2001; 

Johnson et al. 1996; McAllister et al. 2000).  Further, studies of the activation of 

biochemical signaling in the osteoblastic cell lines suggest biochemical coupling 

requires an intact cytoskeleton (Chen et al. 2000), and activity of various enzymes 

(e.g., COX-2, NOS) and MAP kinases (e.g., ERK) (Donahue et al. 2001; Hung et 

al. 1995; Jacobs et al. 1998; McDonald et al. 1996; Reich et al. 1997). 

Biochemical signaling in osteoblastic cells may also be mediated via 

secreted factors, such as prostaglandins (Figure 1.2).  Shearing flow stimulates the 

synthesis and accumulation of nitric oxide (McAllister and Frangos 1999; Smalt 

et al. 1997) and prostaglandins (Frangos et al. 1988; Nauman et al. 2001; Reich 

and Frangos 1991) in the cell microenvironment where it can act back on the cell 

through receptor binding.  

However, extended exposure to shearing flow has negative effects on 

osteoblastic cell layers.  First, it was been shown to decrease intercellular 

connectivity and cell attachment (Nauman et al. 2001; Thi et al. 2003).  Second, it 

is capable of diminishing biochemical signaling by convecting secreted signaling 

factors out of the cell microenvironment (Figure 1.2).  For example, McAllister, et 

al.showed that increasing  the viscosity of the medium � which decreases mass 
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(b)

(a) 

(c)

(d)
(e)

EP

PGE2

transport  � without changing the shear stress resulted in a increase in NO 

production (Bancroft et al. 2002; Nauman et al. 2001).  Further, this may explain 

why osteoblastic cells respond more strongly to oscillatory flow than to steady 

flow (Donahue et al. 2003). 

Figure 1.2:  Model for shear-induced biochemical signaling. a) Shear stress 
activates b) ERK signaling leading to gene expression, and c) synthesis and 
release of PGE2. PGE2 in the cell microenvironment is either d) eliminated by 
convective mass transport, or e) acts back on the cell via the type E 
prostaglandin receptors. 

1.8. Bone marrow stromal cells are mechanosensitive 

Although biochemical signaling in bone marrow stromal cells has not been 

examined, BMSCs have been shown to be sensitive to fluid flow (Li et al. 2004; 

Nauman et al. 2001).  In particular, Nauman, et al. demonstrated that BMSCs 

secrete prostaglandin E2 in response to pulsatile fluid flow, and Li, et al. showed 

that 24 hours of oscillatory fluid flow stimulates intercellular calcium release, cell 

proliferation, and mRNA expression of osteoblastic genes osteocalcin and 

osteopontin (Li et al. 2004).    These studies indicate that flow may be an effective 

stimulus for directing BMSCs to form into an engineered bone tissue.  However, 

important questions remain unanswered. What range of shear stresses that 



 

Michelle Renee Kreke 1 Introduction  10

stimulation of osteoblastic differentiation?  How does fluid flow affect the 

different stages of osteoblastic maturation?   

 

1.9. Rationale for two-dimensional studies 

 

 Fluid flow is a critical component of a biodynamic bioreactor to create 

tissue engineered bone grafts due to its importance in delivering nutrients and 

oxygen to cells deep within scaffolds and stimulating osteoblastic differentiation.  

Previous studies have shown that perfusion improves cell distribution throughout 

3D scaffolds and increases alkaline phosphatase activity, osteopontin expression, 

and mineralization (Bancroft et al. 2002; Goldstein et al. 2001).  Although these 

studies suggest an osteoinductive effect of fluid flow, the static control substrates 

for these studies suffered from limited nutrient and oxygen availability.  

Consequently, it cannot be discerned whether the enhanced differentation with 

perfusion is a consequence of shear stimulus or increased nutrient availability.  

Therefore, to test the osteoinductive effect of shearing flow in the absence of 

nutrient limitations requires performing studies on planar substrates using laminar 

flow chambers.  This approach has the advantages that static (control) cultures do 

not suffer limitations from nutrient and oxygen availability and flow chambers 

generate well-defined shear stresses. 

1.10. Flow Chambers 

Multiple flow chambers have been described in the literature for studying 

cells under well-defined shear.  These include the radial-flow chamber (Goldstein 

and DiMilla 1998), parallel-plate flow chamber (Reich and Frangos 1991), 

spinning disc apparatus (Reutelingsperger et al. 1994), and tapered-channel flow 
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chambers  (Usami et al. 1993; Xiao and Truskey 1996).   The radial-flow and 

parallel-plate flow chambers are described below. 

1.10.1. Radial Flow Chamber 

The radial-flow chamber (RFC, Figure 1.3), employs axisymmetric 

converging flow between parallel plates.  An analytical prediction for shear stress 

at the wall, τw, is given by the following equation, where fluid viscosity is µ and 

fluid density is ρ  (Goldstein and DiMilla 1998). 

Figure 1.3:  Diagram of Radial Flow Chamber 
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The advantage of this device is that it generates a spatially dependent 

range of shear stresses � spanning nearly an order of magnitude (Goldstein and 
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DiMilla 1998) � that allows examination of cell response as a function of shear 

stress magnitude on a single substrate.  However, biochemical assays are limited 

to immunofluorescent techniques that characterize cell behavior as a function of 

radial position.   

The RFC is attached to a constant head system that consists of a reservoir 

and peristaltic pump (Figure 1.4) (Goldstein and DiMilla 1998).  Monometer and 

pinch valves are used to monitor and adjust flow rate.  The entire flow system is 

assembled within a sterile cabinet and operated either at room temperature or 

37oC. 

Figure 1.4:  Diagram of Flow System 

1.10.2. Parallel Plate Flow Chamber 

The parallel plate flow chamber (Figure 1.5), PPFC, employs 

unidirectional flow between parallel plates to generate a single shear stress at the 

cell surface.  The advantage of this device is the uniform shear stress generated, 

which permits the use of biochemical assays that require large numbers of cells 

(e.g., PCR and western blot analysis).  The PPFC is made up of a polycarbonate 

manifold, a silicone gasket, and a glass slide, which are held together with C-

clamps or a fixture plate.  The silicone gasket maintains a watertight seal and a 

uniform channel height, h, and width, b.  Shear stress at the cell layer is predicted 

by the Equation 2 (Frangos et al. 1988). 
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Similar to the RFC, the PPFC is attached to a constant head system that 

consists of a reservoir, peristaltic pump, monometer, and pinch valves and 

operated either at room temperature or 37oC.   

Figure 1.5:  Diagram of Parallel Plate Flow Chamber 

1.11. Experimental Plan 

The overarching goal of this research was to determine whether shearing 

flow stimulates osteoblastic differentiation of bone marrow stromal cells, and to 

identify perfusion conditions that strongly affect differentiation.  The goal of the 

first study was to determine if the degree of osteoblastic differentiation depends 

on the magnitude of applied shear stress (Chapter 2). To accomplish this, 

fibronectin coated substrates were seeded with BMSCs, cultured under 

osteoinductive conditions, and periodically assembled into RFC (Goldstein and 
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DiMilla 1998; Rezania et al. 1997).  For practical reasons, substrates were 

exposed to a range of shear stresses (0.36 ≤ τw ≤ 2.7) for 30 minutes every second 

day from either 2 or 6 days through day 12 after the addition of osteoinductive 

factors, ascorbate-2-phosphate, β-glycerophosphate, and dexamethasone.  To 

characterize the effects of flow on cell density and osteoblastic differentiation, 

cell layers were examined at day 7 for cell density and at day 20 for cell 

morphology, OC secretion, and mineralization.  This study determined that late 

markers of osteoblastic differentiation of BMSCs are sensitive to shearing flow 

but not the magnitude of shear stress.  

The goal of the second study was to determine if the duration of 

intermittently applied fluid flow affects growth and differentiation of BMSCs 

(Chapter 3).  To accomplish this, BMSCs were seeded on fibronectin coated 

substrates, and PPFCs were used to expose cell layers periodically to flow for 

different durations: 5, 30, and 120 minutes.  To test for effects of shear stress 

duration on proliferation and ALP activity, flow was applied at 2 and 4 days after 

the addition of osteogenic supplements and cell layers were collected on day 6 for 

analysis of cell number and ALP activity.  To test for effects of duration on late 

markers of osteoblastic differentiation, flow was applied on days 6, 8, 10, and 12 

and cell layers were collected on day 20 for analysis of phenotypic markers.  This 

study demonstrated that fluid flow enhances expression of BSP and OPN genes 

and accumulation of OPN protein in a duration dependent manner.  These results 

lead us to hypothesize that short durations of flow stimulus were sufficient to 

enhance osteoblastic differentiation and that intermittent flow might be an 

attractive alternative to a continuous flow strategy. 

The goal of the third study was to compare continuous and intermittent 

flow (5 min of flow / 5 min cessation of flow) strategies on biochemical markers 

of mechanotranduction, and synthesis of VEGF and OPN.  To accomplish this, a 
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microprocessor-controlled actuator was incorporated into the flow loop to 

periodically initiate and halt fluid flow (Chapter 4).  Cell layers were exposed to 

24 hours of fluid flow on day 6 (after the addition of osteoinductive factors), and 

analyzed for cell number.  Concurrently, recirculating culture medium was 

collected and analyzed for prostaglandin E2 or VEGF secretion.  In addition, to 

examine the effect of continuous and intermittent fluid flow on late markers of 

osteoblastic differentiation, cell layers were exposed to fluid flow for 24 hours on 

day 6 and analyzed at day 20 for osteopontin.  Lastly, to determine the impact of 

these flow strategies on the biochemical markers of mechanotransduction, cell 

layers were exposed to fluid flow for 1 hour on day 6 and analyzed for 

immediately phosphorylation of ERK.  This study demonstrated that intermittent 

fluid flow enhanced phosphorylation of ERK, and synthesis of PGE2 and VEGF 

relative to continuous fluid flow.   Interestingly, although intermittent fluid flow 

elevated OPN secretion relative to no flow, maximal OPN was observed with 

continuous flow.   

1.12. Material within Appendices 

 Studies performed that were not closely linked to the overall goal of this 

dissertation, to study the effect of fluid flow on osteoblastic differentiation of 

bone marrow stromal cells, were included in Appendix A and B for 

documentation purposes.  Within Appendix A, protein absorption and cell studies 

with poly(allylamine hydrochloride) heparin films can be located.  The study to 

determine the effect of varying fibronectin soaking concentrations with clean and 

amino-phase glass can be found in Appendix B. 
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2.1. Abstract 

Bone marrow stromal cells (BMSCs) are a promising component for 

engineered bone tissues, but in vitro formation of a bone-like tissue requires 

culture conditions that direct these multipotent cells toward osteoblastic 

maturation. Fluid flow has been postulated to stimulate bone tissue development 

in vivo, but the effect of shear stress on proliferation and differentiation of 

osteoprogenitor cell cultures in vitro has not been examined closely.  In this study 

BMSCs were cultured on fibronectin-coated substrates and exposed intermittently 

(for 30 min at 2, 4, 6, 8, 10, and 12 days after after the addition of osteoinductive 

factors) to a spatially dependent range of shear stresses (0.36 to 2.7 dynes/cm2 

dynes/cm2) using a radial-flow chamber (RFC). After 7 days cell density did not 

vary between sheared and control cell layers. In contrast, after 20 days the 

accumulation of osteocalcin protein (OC) in cell layers was increased 

significantly relative to static controls, while the quantity of multilayer cell 
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aggregates (i.e., bone nodules) was diminished. Neither of these effects varied 

systematically with shear magnitude. Finally, pretreatment of cultures with the 

cyclo-oxygenase (COX)-2-specific inhibitor NS-398 blocked prostaglandin 

secretion in response to shearing flow and significantly reduced OC accumulation 

in cell layers. These results provide evidence that flow stimulates osteoblastic 

maturation but not proliferation of bone marrow stromal cells and that 

prostaglandin signaling is involved in this effect. 

2.2. Introduction 

Bone marrow stromal cells (BMSCs) contain a subpopulation of 

osteoprogenitor (skeletal stem) cells, which hold promise for the clinical repair of 

bone defects (Bianco et al. 2001; Hollinger et al. 2000). Recent efforts to develop 

bone tissue equivalents by differentiating these cells in vitro within three-

dimensional scaffolds have demonstrated that culture within a perfusion 

bioreactor stimulates phenotypic markers of osteoblastic differentiation: alkaline 

phosphatase (ALP), osteocalcin (OC), osteopontin (OP), and mineralization 

(Bancroft et al. 2002; Goldstein et al. 2001). Within this geometry perfusion may 

enhance bone tissue development both by transporting nutrients to cells within the 

scaffolds, and by imparting a hydrodynamic shear stimulus. However, the effect 

of shear stimulus on proliferation and osteoblastic differentiation of BMSCs � in 

the absence of nutrient effects � has not been examined closely. To accomplish 

this requires the use of planar cell cultures. 

Osteoblastic cells are sensitive to shear stress and short term studies in 

planar culture have shown that they respond to fluid flow with a cascade of 

biochemical signals, including a transient release of calcium from intracellular 

stores (Chen et al. 2000), activation of Rho and ERK pathways (Chen et al. 2000; 
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Wadhwa et al. 2002b), assembly of actin stress fibers (Pavalko et al. 1998), 

upregulation of c-fos and cyclo-oxygenase (COX)-2 genes (Pavalko et al. 1998), 

and secretion of prostaglandins and nitric oxide (McAllister and Frangos 1999; 

Reich and Frangos 1991). The c-fos and COX-2 gene products may be involved in 

directing osteoblastic differentiation. The former is a component of the AP-1 

transcription factor complex and is involved in regulating osteoblast proliferation 

and differentiation (Wagner 2002). The latter is an enzyme involved in synthesis 

of prostaglandins, which are a family of eicosanoids that stimulate proliferation of 

immature osteoprogenitor cells (McCarthy et al. 1991) and phenotypic expression 

in mature osteoblasts (Kaneki et al. 1999). Although this indirect evidence 

suggests that shear stress should stimulate BMSC proliferation and differentiation, 

the only long-term shear study using a planar geometry that has been reported to 

date showed no effect (Nauman et al. 2001). 

In this study rat BMSCs were cultured on planar substrates in medium 

containing osteoinductive supplements (dexamethasone, ascorbate, and β-

glycerophosphate) for 20 days. Under these conditions proliferation diminishes 

significantly within 7 days (Kim et al. 1999) and osteocalcin (OC) protein will 

appear within 14 days (Peter et al. 1998). Further, as BMSC cultures progress 

toward osteoblastic maturation the cells aggregate into multilayer cell clusters 

(i.e., bone nodules), which are the foci for mineralization and osteocalcin 

deposition (Maniatopoulos et al. 1988).  The goal of this study was to determine if 

osteoblastic differentiation is stimulated by shearing flow and if expression of 

phenotypic markers varies systematically with the magnitude of applied shear 

stress. To accomplish this, BMSC-seeded substrates were periodically assembled 

into radial-flow chamber (RFC)(Goldstein and DiMilla 1998; Rezania et al. 1997) 

devices and exposed to a spatially dependent range of shear stresses, 0.36 ≤ τw ≤ 

2.7 dynes/cm2. This range of shear stress includes the highest shear stress (0.6 
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dynes/cm2) used in the previous long-term study (Nauman et al. 2001), but is 

lower than the 7 to 12 dynes/cm2 that have been used in short-term studies (Chen 

et al. 2000; Klein-Nulend et al. 1997; Pavalko et al. 1998; Wadhwa et al. 2002a).  

For practical reasons substrates were exposed to shear for 30 min. every second 

day from either 2 or 6 days through day 12 after the addition of osteoinductive 

factors, ascorbate-2-phosphate, β-glycerophosphate, and dexamethasone. Thirty 

minutes is sufficient to upregulate c-fos and COX-2 genes (Chen et al. 2000), and 

the two-day interval is necessary to sterilize the RFC. To characterize the effects 

of shearing flow cell layers were examined at day 7 for cell density, and at day 20 

for cell morphology, OC secretion, and mineralization. Finally, to determine if 

shear-dependent effects are mediated by prostaglandins a set of cell layers were 

pre-treated with 0.1 or 10 µM NS-398 prior to each application of shear to 

inactivate COX-2.  

2.3. Materials and Methods 

2.3.1. Materials 

Growth medium was Dulbecco�s modified Eagle�s medium (DMEM, 

Gibco BRL, Gaithersburg, MD) with 10% fetal calf serum (Gemini Biosciences, 

Calibasas, CA), 1% antibiotic/antimycotic (Gibco), and 3.7 g/L NaHCO3 (Gibco).  

Differentiation medium was growth medium supplemented with 10 nM 

dexamethasone (Sigma, St. Louis, MO), 37.5 mg/L ascorbate-2-phosphate 

(Sigma), 10 mM β-glycerophosphate (Sigma), and 5.94g/L HEPES (N-2-

hydroxyethylpiperazine-N�-2-ethane sulfonic acid, Sigma), pH 7.4.  Here, 

ascorbate-2-phosphate was used in place of the more labile ascorbate to stimulate 

collagen maturation, and HEPES was added to maintain physiological pH during 

application of flow (Goldstein and DiMilla 1997). A 0.18 mM stock solution of 
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NS-398 (Biomol, Plymouth Meeting, PA) was prepared in dimethyl sulfone 

(Sigma). 

Substrates for adhesion were glass microscope slides, which were coated 

with fibronectin to promote retention of BMSCs (Dennis et al. 1992; Goldstein et 

al. 2001).  Briefly, microscope slides (Fisher, Pittsburgh, PA) were cut to 2�x2� 

and cleaned by acid-etching in 70 vol% concentrated H2SO4  (VWR Scientific 

Products, West Chester, PA) and 30 vol% H2O2 (30%, EM Science, Gibbstown, 

NJ) (Goldstein and DiMilla 1998).  Substrates then were rinsed well with 

deionized water, dried with nitrogen, placed into 100 mm polystyrene petri dishes 

(Fisher, Pittsburgh, PA), and sterilized overnight under UV light.  A 1.5 mL 

volume of 10 µg/mL solution of fibronectin (Sigma) in phosphate-buffered saline 

(PBS, pH 7.4, Gibco) was added to each surface and allowed to incubate for 1 

hour at room temperature. Surfaces then were rinsed with PBS and kept wet until 

use. 

2.3.2. Cell Culture 

BMSCs were obtained from 125-150g male Sprague-Dawley rats (Harlan, 

Dublin, VA) using standard published protocols (Goldstein et al. 2001) and in 

accordance with the Animal Care Committee at Virginia Tech.  Briefly, marrow 

plugs were aseptically collected from femurs and tibias, dispersed, and the 

suspension centrifuged at 1,000 rpm (206 G) to remove buoyant adipose tissue.  

Pelleted cells were resuspended in growth medium and plated into two 100 mm 

polystyrene petri dishes per animal (approximately 108 nucleated cells per dish).  

The cells were expanded in 7 mL growth medium for 14 days and medium was 

changed every 3 or 4 days.  

After 14 days, colonies of osteoprogenitor cells had formed and were 50-

75% confluent (2-3x106 cells/ dish). Cells were rinsed twice with PBS, lifted with 
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2.5 mL trypsin/EDTA (Gibco) per dish, and seeded onto fibronectin-coated 

substrates at a density of 1.6x104 cells/cm2. Cells were left undisturbed for one 

hour at room temperature to permit attachment.  An additional volume of 12.5 mL 

of growth media then was added slowly to each petri dish, and dishes were 

transferred to a 37°C humidified 5% CO2 incubator.  The following day 

(designated Day 1), medium was replaced with 14 mL of differentiation medium. 

Cultures were allowed to grow for at least two days in differentiation medium 

prior to the first application of shearing flow to ensure that they would not be 

detached. Differentiation medium was replaced every 2 or 4 days. 

2.3.3. Application of Shear Stress 

The apparatus used to perfuse planar cultures was a radial-flow chamber 

(RFC), which employs axisymmetric converging flow between parallel plates to 

generate a spatially dependent range of shear stresses across a single substrate 

(Figure 1.3). An analytical prediction for shear stress at the wall, τw, is given by 

the following equation (Goldstein and DiMilla 1998). 
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Here, the fluid viscosity, µ, is 0.91 cP and fluid density, ρ, is 1.0 g/mL. A 

volumetric flow rate, Q = 1.5 mL/min, was used.  For the range of radial 

positions, r, from 2 to 15 mm, the resultant range of shear stresses, τw, was 0.36 to 

2.7 dynes/cm2.  

Flow stimulation was initiated either two or six days (designated Day 2 

and Day 6, respectively) and applied for 30 min every second day through 12 
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days after the addition of osteoinductive factors, ascorbate-2-phosphate, β-

glycerophosphate, and dexamethasone. Briefly, individual substrates were 

removed from culture dishes and loaded into the RFC.  Each substrate was 

positioned in a reproducible manner to ensure similar shear stress distributions 

from day to day. The RFC was gently filled with differentiation medium and 

connected to a continuous flow system that consisted of a reservoir and peristaltic 

pump (Frangos et al. 1988; Nauman et al. 2001).  A monometer and pinch valve 

were used to monitor and control flow rate.  This entire flow system held 

approximately 90 mL of medium.  Steady shearing flow was initiated gently by 

opening the pinch valve until the desired flow rate was achieved.  After 30 min. 

flow was discontinued and the medium carefully removed.  The RFC was gently 

disassembled and the seeded substrate transferred to a petri dish containing fresh 

differentiation medium.  Control substrates (designated No Flow) were not 

exposed to shearing flow but medium was replaced at the same time as shear-

stimulated cultures. 

The same circulating medium for shearing flow was used for three 

replicates of a single experimental condition. The sequence in which substrates 

were loaded was maintained throughout the study to determine if systematic 

differences between otherwise identical samples might be attributed to changes in 

the medium with shear (e.g., accumulation of cytokines). Following the third 

replicate, a sample of the medium was collected to assay for prostaglandin E2 

(PGE2) secretion. 

2.3.4. Prostaglandin E2 Secretion 

PGE2 levels in circulating media were measured using an enzyme-linked 

immunoassay kit (Amersham Biosciences, Piscataway, NJ).  This assay employed 

competitive binding of PGE2 and PGE2-linked peroxidase for anti-PGE2 
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antibodies on the microtiter plate. Samples, PGE2 standards, and controls were 

prepared according to the manufacturer�s instructions. The substrate for the 

peroxidase enzyme was 3,3�,5,5�-tetramethyl benzidine and enzyme activity was 

quantified by adsorption at 450 nm using a Multiskan RC plate reader 

(Labsystems, Frankfurt, Germany).  Samples were measured in triplicate and an 

exponential decay function was fit to the standards and used to calculate the 

concentrations of PGE2 in the media. 

2.3.5. Cell Density 

To characterize the effect of the magnitude of shear stress on cell 

proliferation, cell nuclei were fluorescently stained and examined as a function of 

radial position. Briefly, following shear stimulation on day 4 the medium was 

replaced with fresh differentiation media without phenol red.  After two days the 

medium was removed and the slides were fixed with neutral-buffered formalin 

(NBF, Sigma) for 10 minutes and rinsed well with Tris buffer (100 mM 

tris(hydroxymethyl) aminomethane hydrochloride, pH 7.4, Sigma).  Cell layers 

then were incubated for 15 min with 0.05 vol% Triton-X100 (Sigma) in Tris 

buffer to solubilize cell membranes, and rinsed with Tris buffer. Next, 1 µM 

SYTOX Green nucleic acid stain (Molecular Probes, 1.5 µL into 7.5 mL of Tris 

buffer) was added to stain DNA, and incubated at room temperature for 10 

minutes.  Samples were analyzed immediately. 

Stained samples were placed onto the motorized stage (Prior, Rockland, 

MA) of an Olympus IX50 inverted microscope (Opelco, Sterling, VA) and 

fluorescent images were acquired along each of the four primary axes at 0.5 mm 

increments from 2.0 to 15.0 mm from the axis of symmetry at 20X with a wide 

blue filter cube and a Hamamatsu cooled CCD camera (C4742-98-12NRB). 

Individual nuclei were counted and divided by the area of the image (0.112 mm2) 
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to determine cell density as a function of radial position. The data was reported as 

a function of shear stress predicted by Equation 3.  

2.3.6. Osteocalcin Expression and Cell Morphology 

OC secretion and cell morphology were characterized 20 days after the 

addition of osteoinductive factors, ascorbate-2-phosphate, β-glycerophosphate, 

and dexamethasone. Briefly, at 18 days after the addition of osteoinductive factors 

medium was replaced with fresh differentiation medium without FBS and phenol 

red.  (FBS was removed to minimize non-specific binding and phenol red was 

removed to reduce background fluorescence.) After two days cell layers were 

fixed with 10% NBF and rinsed well with PBS.  A solution of 30 µL goat anti-rat 

OC (RIA Grade, Biomedical Technologies Inc., Stoughton, MA) in 1.5 mL of 

blocking solution (0.2 g of bovine serum albumin (BSA, Sigma) and 50 µL of 

Triton X-100 in PBS) was added to each slide.  The slides were incubated 

overnight at room temperature.  The following day unbound anti-OC was rinsed 

away with PBS.  A volume of 2.5 µL Alexa Fluor 488-conjugated chicken anti-

goat IgG (Molecular Probes) in 1.5 mL of PBS was then added to each slide.  

Each dish was covered with aluminum foil and incubated at room temperature for 

45 min.  Excess antibody was rinsed away with PBS.  A volume of 14 mL of PBS 

was added to each petri dish to keep slides wet. 

Pairs of images were acquired at 20X along each of the four primary axes 

at 0.5 mm increments from 2.0 to 15.0 mm from the axis of symmetry. Phase 

contrast images were acquired for identification of regions where cells had 

aggregated into multilayer clusters, and complementary fluorescent images were 

acquired with a wide blue filter cube for regions where OC had been deposited.  

To determine the area of multilayer cell clusters a Sobel edge detection filter was 

employed using ImagePro software (I-Cube, Crofton, MD).  The resultant image 
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was subjected to threshold with fill to include objects enclosed within the detected 

edges.  To determine the area of OC deposition a background subtraction was 

followed by threshold, and OC-positive regions smaller than 4.2 µm2 were 

neglected.  Finally, areas of cell aggregation and OC deposition were reported as 

a percentage of the image area. Because image analysis is subject to conditions of 

illumination, camera speed, and dye concentrations, all samples were prepared 

and analyzed together in a random order but consistent manner.  

2.3.7. Mineralization 

Following analysis for OC deposition and cell aggregation into multilayer 

clusters, cell layers were assayed for deposition of mineral using the von Kossa 

silver staining technique (Goldstein et al. 2001).  Briefly, cell layers were fixed in 

4% glutaraldehyde (Sigma), rinsed well with deionized water, and then incubated 

with 5% AgNO3 (Sigma) in deionized water under incandescent illumination for 

30 minutes.  Safrinin-O (Fisher) was then added to non-specifically stain the cells. 

Grayscale images of the stained cell layers were acquired at 4X. Mineralized and 

non-mineralized regions were distinguished by a gray-scale threshold 

corresponding to a minimum in the histograms.  Debris was eliminated by 

neglecting objects smaller than 100 µm2, and total areas of both mineralization 

and cell coverage were determined for each well. 

2.3.8. Statistics 

On each substrate cell behavior was analyzed at 108 unique locations 

corresponding to 27 different shear stresses along each of 4 different primary 

axes. To test for shear-dependent trends, data for each shear stress was averaged, 

and the resultant means evaluated by comparing a two-parameter linear model (y 

= aτw+ b) with a one-parameter uniform model (y = b) using the F-statistic for 
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hypothesis testing.   To test for differences between treatment groups, data for 

each substrate was averaged and considered as single measurement. To eliminate 

effects associated with differences between cell batches, measurements were 

normalized by the mean of the control group for that batch of cells. Normalized 

data was analyzed by a one-way analysis of variance and a 95% confidence 

criterion was used to evaluate the significance for all statistical tests. All studies 

were performed in duplicate. 

2.4. Results 

2.4.1. BMSC c is not affected by fluid flow 

Seeded substrates were exposed to shearing flow on days 3 and 5 and then 

analyzed on day 7 for cell density.  Based on counting of nuclei, cell density did 

not vary with respect to the magnitude of shearing flow applied (Figure 2.1).  

Further, cell density � averaged over the entire range of shear stresses � was not 

statistically different from the density for untreated (No Flow) samples. On 

average the cell densities were 3.7x104 cells/cm2, which represents a 130% 

increase from the initial seeding density. 
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Figure 2.1:  Cell density at 7 days.  a) Plot of the mean cell density as a 
function of the applied shear stress for cultures exposed to fluid flow for 30 min 
on days 2 and 6 after the addition of osteoinductive factors. Each point is the 
average of 4 measurements on one substrate. Dashed line corresponds to the 
mean cell density for two untreated substrates. b) Relative cell densities for n=4 
sheared substrates (Flow) and n=5 untreated substrates (No Flow) normalized by 
the mean of the untreated substrates. Error bars correspond to the standard 
deviation. 

 

2.4.2. Osteocalcin accumulation and cell aggregation are affected by 
shearing flow but not its magnitude 

Samples were exposed to shearing flow every second day starting either 2 

or 6 days (Day 2 and Day 6, respectively) and continuing through day 12 after the 

addition of osteoinductive factors, ascorbate-2-phosphate, β-glycerophosphate, 

and dexamethasone.  Typical microscopy pictures obtain for analysis of 

osteocalcin is shown in Figure 2.2 a, c and depiction of image analysis (Figure 2.2 

b, d).  Analysis of OC accumulation in cell layers at 20 days after the addition of 

osteoinductive factors indicated that the OC-positive area (as a percent of 

substrate area) did not vary systematically with respect to the magnitude of shear 
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stress (Figure 2.3 a).  However, OC positive area � averaged over the entire range 

of shear stresses � was statistically greater for samples exposed to flow than for 

untreated samples (Figure 2.3 b). In addition, Day 2 and Day 6 samples were not 

statistically different. Replicate substrates, which were sheared using the same 

culture medium, indicated that OC positive area did not   depend on the order in 

which samples were exposed to shearing flow. 

Figure 2.2:  Image analysis to determined osteocalcin-positive areas.  A) 
Phase constrast picture acquired at 20X. B) Phase contrast images acquired at 
20X were subjected to Sobel edge detection followed by threshold with fill to 
identify multilayer cell layers. C) Osteocalcin fluorescent picture aquired using a 
wide blue filter D) Osteocalcin fluorescent picture were subjected to a threshold 
with fill to identify fluorescent area.  Resultant objects larger than 4.2 µm2 were 
selected. 

A B

C D
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Figure 2.3:  Osteocalcin-positive area at 20 days.  a) Percent of substrate area 
that stained positively for OC as a function of magnitude of shear stress for 
treatment initiated either 2 (Day 2, circles) or 6 days after the addition of 
osteoinductive factors, ascorbate-2-phosphate, β-glycerophosphate, and 
dexamethasone (Day 6, triangles). Each point is the average of 4 measurements 
on each of three different substrates. Dashed line corresponds to the mean for 
three untreated samples.  b) Relative OC area for n=6 substrates normalized by 
the mean of the untreated substrates. Error bars correspond to the standard 
deviation. Asterisks indicate statistically significant difference from untreated 
(No Flow) samples. 
 
 

Concurrently, the area of multilayer cell aggregates was examined as a 

function of shear stress. This area (as a percent of substrate area) also did not vary 

systematically with respect to the applied shear stress for either Day 2 or Day 6 

substrates (Figure 2.4 a).  However, mean area � as averaged over the range of 

shear stress (0.36 to 2.7 dynes/cm2) � was statistically smaller for substrates 

exposed to fluid flow than for control substrates (Figure 2.4 b). Day 2 and Day 6 

samples were not statistically different. 
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Figure 2.4:  Cell aggregation at Day 20.   a) Percent of substrate area that 
demonstrated multilayer cell clusters as a function of magnitude of shear stress 
for treatment initiated either 2 (Day 2, circles) or 6 days after the addition of 
osteoinductive factors, ascorbate-2-phosphate, β-glycerophosphate, and 
dexamethasone (Day 6, triangles). Each point is the average of 4 measurements 
on each of three different substrates. Dashed line corresponds to the mean for 
three untreated samples.  b) Relative area of cell aggregated for n=5 substrates 
normalized by the mean of the untreated substrates. Error bars correspond to the 
standard deviation. 

 

2.4.3. Mineralization was not detected 

Following analysis of OC and cell aggregation substrates were stained for 

mineral deposits. In these studies mineralized nodules were not observed for 

either shear treated or control cell layers at day 20 (data not shown).  Additional 

studies carried out to day 27 after the addition of osteoinductive factors also did 

not demonstrate mineralized nodules. 
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2.4.4. NS-398 inhibits PGE2 synthesis and osteocalcin secretion 

A set of BMSC cultures was pretreated with 0.1 or 10 µM NS-398 for 30 

min prior to each application of shearing flow (on days 6, 8, 10, and 12) to inhibit 

shear-stimulated synthesis of prostaglandins. Medium samples collected on Day 

12 confirmed that this agent inhibited PGE2 secretion in response to shearing flow 

(Figure 2.5 a). Samples examined for OC accumulation at 20 days indicated that 

NS-398 treatment significantly reduced the average percent OC-positive area 

(over the range from 0.36 to 2.7 dynes/cm2) at both concentrations of both 

relative to sheared samples (Figure 2.5 b). In addition, NS-398 treatment of 

unsheared samples also appeared to increase OC area.  

 

Figure 2.5:  Effect of NS-398 treatment.  a) Concentration of PGE2 in 
circulating medium after 30 min of shear stimulation on day 12. Some cell 
layers were treated with either 0.1 µM (gray) or 10 µM NS-398 (black) prior to 
shear stimulation. Error bars correspond to the standard deviation of three 
measurements. b) Relative OC area at day 20 for n=6 substrates normalized by 
the mean of the untreated substrates. Error bars correspond to the standard 
deviation. Asterisks indicate statistically significant difference from untreated 
(No Flow) samples. 
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2.5. Discussion 

In this study fluid flow was tested for its capacity to stimulate BMSC 

proliferation and expression of phenotypic markers of osteoblastic differentiation.  

Short-term studies (7 days) demonstrated that fluid flow does not affect cell 

density, and long-term studies (20 days) demonstrated that fluid flow diminishes 

aggregation of cells into multilayer structures but increases OC secretion. None of 

these effects, though, varied systematically over the range of shear stresses from 

0.36 to 8.1 dynes/cm2.  Finally, treatment of cultures with NS-398 blocked 

secretion of PGE2 in response to shear and accumulation of OC. Together, these 

results suggest that prostaglandin signaling is involved in shear-stimulated 

differentiation of BMSCs. 

The involvement of prostaglandin signaling in osteoblastic differentiation 

has been postulated previously (Hillsley and Frangos 1994; Raisz et al. 1993; 

Turner et al. 1994), but the signaling mechanisms are not well understood. In 

osteoblastic cell cultures shear stress has been shown to stimulate synthesis of 

several prostaglandins (e.g., PGE2, PGF2α, PGI (Klein-Nulend et al. 1997)). PGE2 

in particular has been shown to induce upregulation of core-binding factor α1 

(Cbfa1) (Yoshida et al. 2002), c-fos and c-jun proto-oncogenes (Suda et al. 2000), 

connexin 43 (Cx43) (Civitelli et al. 1998), and secretion of insulin-like growth 

factor (IGF)-I (McCarthy et al. 1991). These may contribute to proliferation of 

immature osteoblastic cells (Centrella et al. 1994), and differentiation of more 

mature osteoblasts (Kaneki et al. 1999). In this study shear stress had no effect on 

proliferation of BMSCs, but this may be a consequence of cell maturity (Centrella 

et al. 1994) or the presence of dexamethasone, which has been shown to regulate 

BMSC proliferation (Kim et al. 1999; Leboy et al. 1991). Instead, this study 

demonstrated enhanced secretion of OC � a late phenotypic marker of osteoblastic 

differentiation � in cell layers. The OC gene is promoted by Cbfa1 (Ducy et al. 
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1997) and stimulated by Cx43 (Chen et al. 2000), and thus may be indirectly 

upregulated by prostaglandins. The capacity for NS-398 to decrease OC 

accumulation in shear-stimulated cell layers supports this mechanism. However, 

additional studies � involving prostaglandin receptor agonists (Suzawa et al. 

2000; Yoshida et al. 2002) and antagonists (Tomita et al. 2002) to activate and 

deactivate this autocrine pathway � are necessary to confirm this mechanism.  

An intriguing result of this study is that although OC accumulation was 

stimulated by shearing flow it was not dependent on the magnitude of the shear 

stress. Although a reasonable explanation is that the range of shear stresses tested 

in this study was too narrow or was outside the range of cell sensitivity, it has 

been demonstrated that biochemical signaling (e.g., PGE2 and NO synthesis 

(Reich and Frangos 1991; Smalt et al. 1997)) and gene upregulation (e.g., COX-2 

(Wadhwa et al. 2002a)) are sensitive to shear stress magnitude over the range 

from 0.1 to 10 dynes/cm2. An alternative hypothesis is that the insensitivity was a 

result of signaling through autocrine factors.  Because flow can convect secreted 

autocrine factors (e.g., prostaglandins) out of the cell microenvironment and into 

the recirculating medium, their concentration may be spatially homogeneous 

under flow. Thus, although synthesis may vary spatially across a single seeded 

substrate within the RFC, availability for binding cell receptors may be spatially 

independent under perfusion. 

In these studies mineralization was not observed for either control or 

shear-stimulated cultures at either 20 or 27 days after the addition of 

osteoinductive factors. This may be a consequence of two different factors: cell 

seeding density, and substrate chemistry. Because osteoblastic maturation requires 

the establishment of intercellular contacts (Cheng et al. 1998; Cheng et al. 2000) 

and dexamethasone suppresses BMSC proliferation in culture (Kim et al. 1999), 

BMSCs seeded at a low density can fail to develop mineralized bone nodules 

(Aubin 1999). The 1.6x104 cell/cm2 initial seeding density used in this study is 
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lower than 2.6 x104 that we have used previously (Porter et al. 2003), but is 

higher than that used by others (Goldstein et al. 2001; Kim et al. 1999; 

Maniatopoulos et al. 1988). In addition, mineralization is sensitive to the 

biomimetic nature of the substratum. Stephansson et al.(Stephansson et al. 2002) 

demonstrated significantly different levels of OC expression and mineralization 

by MC3T3-E1 cells on three different substrates precoated with similar densities 

of fibronectin. Further, the previous review by Lauffenburger and Griffith 

suggests that high concentrations of adhesion-promoting ligands may undermine 

phenotypic behavior by stimulating cell spreading at the expense of cell 

aggregation (Lauffenburger and Griffith 2001). 

In these studies OC secretion varied among replicates from a single batch 

of cells as well as between batches of cells. Variability in OC gene expression in a 

single batch of cells has been reported previously (Porter et al. 2003) and may 

reflect the inherent heterogeneity of the colony-forming units from which the 

BMSC cultures are developed (Kuznetsov et al. 1997) and cooperative effects 

(Aubin 1999), which are pronounced at low BMSC densities. Variability between 

batches of cells has been observed, and we have noted that cells that are highly 

proliferative in primary (dexamethasone-free) culture do not differentiate well in 

secondary culture with dexamethasone, whereas those that proliferate poorly in 

primary culture secrete large quantities of OC in secondary culture.  

Lastly, this study showed evidence that flow diminishes aggregation of 

cells into multilayer clusters.  Osteoblastic differentiation of BMSCs is marked by 

the formation of multilayer cell aggregates, which are nucleating points for 

mineralization (Maniatopoulos et al. 1988). Differences in aggregation have been 

proposed to reflect differences in adhesion receptor display (Lauffenburger and 

Griffith 2001).  Because BMSCs express several cadherins that regulate 

phenotypic development (Shin et al. 2000) and are sensitive to osteoinductive 

agents (Cheng et al. 1998; Lecanda et al. 2000), differences in aggregation 
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between shear-stimulated and control cultures may reflect differences in cadherin 

display. 

In conclusion, BMSCs are an attractive ingredient in bone tissue 

engineering, and shearing flow is a promising means to stimulate their 

development towards osteoblastic maturation. Evidence presented in this study 

implicates prostaglandin signaling in BMSC differentiation. Thus, efforts to 

regulate this mechanism � through regulated flow regimens and engineered three-

dimensional scaffold architectures � may enhance bone tissue development. 
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3.1. Abstract 

Bone marrow stromal cells (BMSCs) are multipotent progenitor cells with 

a capacity to form bone tissue in vivo, and to differentiate into the osteoblastic 

lineage in vitro. Drawing on evidence that bone is mechanosensitive and 

mechanical stimuli are anabolic, we postulate that proliferation and osteoblastic 

differentiation of BMSCs may be stimulated by mechanical forces. In this study, 

BMSCs cultured in the presence of osteogenic factors (dexamethasone, β-

glycerophosphate, and ascorbate) were stimulated repeatedly (every second day) 

with shearing flow (1.6 dynes/cm2) for 5, 30, or 120 min, and assayed for 

systematic changes in proliferation and osteoblastic differentiation.  Cells exposed 

to fluid flow 2 and 4 days after the addition of osteogenic factors and assayed at 6 
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days exhibited a modest decrease in cell number and increase in normalized 

alkaline phosphatase activity, suggesting the detachment of a non-osteogenic 

subpopulation.  Cells exposed to fluid flow at 6, 8, 10, and 12 days and assayed at 

20 days demonstrated maximal expression of osteopontin and bone sialoprotein 

mRNA with 30 min duration of flow.  Concurrently, at 20 days expression of the 

adipogenic marker, lipoprotein lipase, was minimal with 120 min duration of 

flow.  These results indicate that repeated application of shear stress stimulates 

late phenotypic markers of osteoblastic differentiation of BMSCs in a manner that 

depends on the duration of stimulus.  Finally, accumulation of prostaglandin E2 in 

culture medium in response to shearing flow systematically decreased with 

repeated exposure to 30 and 120 min of shear stress (from 6 to 12 days), 

suggesting an adaptation of the cells to fluid flow. 

3.2. Introduction 

Several tissues have been identified recently that contain progenitor cells 

capable of developing into the osteoblastic phenotype, including skin (Jahoda et 

al. 2003), fat (Zuk et al. 2001), and bone marrow (Bruder et al. 1998a; Krebsbach 

et al. 1999).  Such cell sources offer the potential for regenerative medicine, but 

require the establishment of in vitro culture conditions to produce clinically 

effective materials.  Specific issues include expanding progenitor cell populations 

to sufficient numbers, directing entry of the multipotent cells into the osteoblastic 

lineage, and stimulating differentiation and maturation.  

Bone marrow stromal cells (BMSCs), in particular, have been shown to 

give rise to bone, cartilage, muscle, and adipose tissues in vivo (Aubin 1998; 

Bianco and Robey 2000; Caplan and Dennis 1996), and when cultured in vitro in 

the continued presence of osteogenic factors (dexamethasone, ascorbate, and β-
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glycerophosphate) develop markers of the osteoblastic phenotype (Maniatopoulos 

et al. 1988; Porter et al. 2003).  However, BMSCs derived from primary bone 

marrow explants are phenotypically heterogeneous (Herbertson and Aubin 1995) 

and plastic (Bianco et al. 2001), and even under osteogenic conditions in vitro 

some fraction of the cell population will develop markers of the adipocytic 

lineage (Porter et al. 2003).  Consequently, for the purpose of regenerative 

medicine it may be desirable to identify in vitro approaches that direct progenitor 

cells towards osteoblastic maturation, while limiting their differentiation into 

alternative lineages.  Because bone cells are mechanosensitive and mechanical 

stimuli (e.g., mechanical strain, hydrodynamic shear) are known to stimulate 

proliferation (Fong et al. 2003; Jiang et al. 2002; Kaspar et al. 2002; Yoshikawa et 

al. 1997) and phenotypic markers of osteoblastic cells (Di Palma et al. 2003; 

Yoshikawa et al. 1997; You et al. 2001), we postulate that mechanical stimulation 

may be used to enhance osteoblastic differentiation of BMSCs.  

Hydrodynamic shear stress, in particular, has been shown to initiate a 

cascade of signaling events that include transient release of calcium from 

intercellular stores (Donahue et al. 2001; Hung et al. 1996), synthesis and release 

of prostaglandins (PG) (Nauman et al. 2001; Reich and Frangos 1991) and nitric 

oxide (Bacabac et al. 2004; Johnson et al. 1996; Klein-Nulend et al. 1998), and 

phosphorylation of the mitogen activated protein (MAP) kinases ERK-1/2 (Kapur 

et al. 2003).  Sustained shear stimulation has been shown to induce ERK-

mediated transient expression of the c-fos proto-oncogene within 30 minutes 

(Chen et al. 2000) � associated with osteoblast proliferation and differentiation 

(Wagner 2002) � followed by the cyclooxygenase (COX)-2 gene within 120 

minutes (Chen et al. 2000), which is involved in synthesizing PGs.  Concurrently, 

calcium release initiates a rearrangement of the actin cytoskeleton (Chen et al. 

2000), which leads to changes in cell morphology and loss of gap-junctional 

connectivity (Thi et al. 2003).  The process by which these early signaling events 
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and morphological changes lead to alterations in the osteoblastic phenotype, 

though, are not understood, and efforts to elucidate signaling pathways using 

inhibitors suggest a complex signaling network (Kapur et al. 2003). 

Osteoprogenitor cells undergo a process of differentiation that involves 

sequential stages of proliferation, extracellular matrix maturation, and matrix 

mineralization (Lian and Stein 1992), and consequently phenotypic markers of 

these stages can be used to characterize the effect of shearing flow on 

differentiation.  In particular, when introduced to osteogenic factors BMSCs 

exhibit a decline in proliferation followed by transient alkaline phosphatase (ALP) 

activity (Porter et al. 2003).  After two to three weeks in osteogenic medium, 

when cell proliferation is negligible and ALP activity is low, late phenotypic 

markers of osteoblastic differentiation (e.g., synthesis of osteopontin (OPN), bone 

sialoprotein (BSP), osteocalcin (OC), deposition of a calcium-phosphate mineral) 

appear (Bancroft et al. 2002; Goldstein et al. 2001; Porter et al. 2003). 

The objectives of this study were to determine which stages of osteoblastic 

differentiation are affected by shearing flow, and how the duration of repeatedly 

applied shear stress affects cell behavior.  For these studies, planar cultures of rat-

derived BMSCs were introduced to osteogenic factors and then subjected to 

repeated stimulation with 1.6 dynes/cm2 of shear stress for either 5, 30, or 120 

minutes.  We have previously shown that repeated exposure to 30 min of shear 

stress (0.36 to 2.7 dynes/cm2) is sufficient to enhance OC deposition by BMSCs.  

To test for effects of shear stress on proliferation and ALP activity, shear stress 

was applied at 2 and 4 days after the addition of osteogenic supplements and cell 

layers were collected on day 6.  To test for effects on late markers of osteoblastic 

differentiation, flow was applied on days 6, 8, 10, and 12 and cell layers were 

collected on day 20.  Finally, to test for systematic changes in cell response to 

repeated application of shearing flow, the recirculated media used to exert shear 

stress on days 6, 8, 10, and 12 days was assayed for PGE2. 



Reprinted from Kreke, M. R., Huckle, W. R., and  A. S. Goldstein. Bone (accepted), with 
permission from Elsevier Ltd. 

 

Michelle Renee Kreke              3 Fluid Flow Up-regulates Maturation 40

3.3. Materials and Methods 

3.3.1. Materials 

Materials were obtained from Sigma Chemical (St. Louis, MO) unless 

otherwise indicated. 

3.3.2. Substrate Preparation 

Substrates for cell culture were fibronectin-coated glass slides (Chen et al. 

2000; García and Keselowsky 2002; Kreke and Goldstein 2004).  Briefly, 75 × 38 

mm microscope slides (Fisher, Pittsburgh, PA) were cleaned in a 70/30 vol% 

mixture of concentrated H2SO4  (VWR Scientific Products, West Chester, PA) 

and 30% H2O2 (EM Science, HX0635-6, Gibbstown, NJ), rinsed well with 

deionized water, placed into individual 100 mm polystyrene tissue culture dishes 

(Fisher), and sterilized by overnight exposure to UV light.  Next, 1.5 mL of a 10 

µg/mL solution of sterile fibronectin (from human plasma) in phosphate-buffered 

saline (PBS, pH 7.4, Life Technologies, Gaithersburg, VA) was added to each 

surface and allowed to adsorb for 1 hr at room temperature. The surfaces then 

were rinsed with PBS and kept wet until use. 

3.3.3. Bone Marrow Stromal Cell Culture 

BMSCs were developed from bone marrow explanted from 125-150 g 

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

Care Committee at Virginia Tech (Porter et al. 2003).  Marrow aspirates from the 

tibias and fibulas were dispersed in growth medium (αMEM (Life Technologies), 

10% fetal bovine serum (Gemini, Calabasas, CA), and 1% antibiotic/antimycotic 

(Life Technologies)) and plated into two 100 mm polystyrene tissue culture 

dishes per rat.  This corresponds to a seeding density of approximately 108 
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nucleated cells per dish (Porter et al. 2003).  The cells were expanded in 7 mL of 

growth medium for 14 days and medium was changed every 3 or 4 days.  After 14 

days in primary culture, cells were rinsed twice with PBS, lifted with 

trypsin/EDTA (Life Technologies), and seeded uniformly at a density of 6×105 

cells per fibronectin-coated glass slide (2.1×104 cells/cm2).  After 60 min at room 

temperature, growth medium was added gently to a final volume of 14 mL per 

slide-containing 100 mm dish.  On the following day (denoted as day 0), the 

medium was replaced with 14 mL of differentiation medium (growth medium 

supplemented with 0.13 µΜ ascorbate-2-phosphate, 2 mM β-glycerophosphate, 

and 25 mM HEPES (N-2-hydroxyethylpiperazine-N�-2-ethane sulfonic acid), pH 

7.4).  The medium was changed every 2 to 4 days.  

3.3.4. Parallel-Plate Flow Chamber  

Two studies were performed to characterize the effect of repeated 

application of shear stress on osteoblastic differentiation. In the first study cell 

layers were exposed to shearing flow on days 2 and 4 (after the addition of 

osteogenic factors), and collected mechanically at day 6 to assay for cell number 

and ALP activity.  In the second study cell layers were exposed to shearing flow 

on days 6, 8, 10, and 12, and collected at day 20 to assay for osteoblastic markers 

OPN, BSP, OC, and the adipocytic marker lipoprotein lipase (LpL). 

The parallel-plate flow chamber, PPFC, used to exert shear stress on cell 

layers consisted of a polycarbonate manifold, a silicone gasket (Special 

Manufacturing Inc, Saginaw, MI), and a 75 × 38 mm cell-seeded glass slide, 

which were held together with C-clamps.  Here, the gasket maintained a 

watertight seal and a uniform channel of height, h = 0.025 cm, and width, b = 2.5 

cm.  The shear stress, τw, exerted on the cell layer is predicted by the equation 

(Frangos et al. 1988) 
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2

6
bh

Q
w

µτ = , -4- 

where Q is the flow rate and µ is the viscosity of culture medium (µ = 0.0093 

g/cm-s).   

For these studies a flow rate of 2.8 mL/min � corresponding to a shear 

stress of 1.6 dynes/cm2 � was used.   This magnitude of shear stress is comparable 

to previous studies involving osteoblastic cells (Chen et al. 2000; Kreke and 

Goldstein 2004; Nauman et al. 2001; Thi et al. 2003), and sufficient to stimulate 

secretion of OC by BMSCs (Kreke and Goldstein 2004).  The PPFC was attached 

to a continuous constant pressure head system consisting of a reservoir and 

peristaltic pump (Frangos et al. 1988; Nauman et al. 2001).  Monometer and pinch 

valves were used to monitor and adjust flow rate.  The flow system was 

assembled within a sterile cabinet, filled with 15 mL of differentiation medium, 

and operated at room temperature.  Steady shearing flow was initiated by the 

turning of a 3-way valve, maintained for a selected duration (5, 30, or 120 min), 

and then discontinued.  Medium was carefully removed and a 1 mL sample was 

stored at -70°C for PGE2 analysis.  Next, the PPFC was disassembled, and the 

cell-seeded glass slide was placed in a culture dish containing fresh differentiation 

medium and returned to the incubator.  To minimize artifacts associated with the 

manipulation of cell-seeded substrates, each unsheared (control) cell layer was 

also assembled into the PPFC, but then was removed immediately, placed in a 

culture dish containing fresh differentiation medium, and returned to the 

incubator.  Following completion of shearing flow, the PPFC and all accessories 

such as tweezers and tubing were washed and sterilized with ethylene-oxide gas 

sterilizer (Anderson Products, Haw River, NC). 
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3.3.5. Alkaline Phosphatase Activity 

ALP activity was determined colorimetrically by the rate of conversion of 

p-nitrophenol phosphate to p-nitrophenol using an ALP 20 kit (Goldstein et al. 

2001).  Briefly, cell layers were rinsed twice with PBS, mechanically scraped, and 

collected into 1 mL of TGT buffer (50 mM Trizma hydrochloride, 100 mM 

glycine, 0.1% Triton X100, pH 7.0) with 10 µL of 100× protease inhibitors (0.2 

mg/mL aproptinin, 0.2 mg/mL leupeptin, 0.1 mg/mL pepstatin (Calbiochem, La 

Jolla, CA)), on ice.  A 0.5 mL aliquot of each sample was set aside for analysis of 

cell number and the remainder stored at -70°C until analysis.  The samples were 

thawed, sonicated for 10 minutes, and an aliquot (typically 200 µL) was 

combined with 1 mL of ALP reagent at 30°C.  Absorbance was measured at 405 

nm using a Genesis 5 spectrophotometer (Spectronic Analytical Instruments, 

Garforth, Leeds, UK) at one-minute intervals, and ALP activity was calculated 

from the rate of change in absorbance.  Non-specific activity was determined 

using TGT buffer. 

3.3.6. Cell Number   

Cell number was determined by total DNA analysis (Goldstein et al. 2001; 

Ishaug et al. 1997).  Briefly, 0.5 mL aliquots that had been set aside from the ALP 

analysis were pelleted by centrifugation at 12,000g at 4°C for 10 minutes, 

resuspended in 1 mL of 10 mM ethylenediaminetetraacetic acid (EDTA, pH 

12.3), and stored at -70°C until analysis.  Samples were thawed and sonicated on 

ice for 10 min.  DNA standards of 0, 1, 2, 4, 6, 8 µg were prepared in 1 mL of 10 

mM EDTA (pH 12.3).  Here, a 50 µg/mL DNA solution gives an absorbance of 

1.00 at 260 nm (Porter et al. 2003).  A volume of 0.2 mL of 1M KH2PO4 was 

added to neutralize pH of samples and standards.  Volumes of 0.4 mL of samples 

or DNA standards and 1.6 mL of dye solution (5 µL of 1 mg/mL Hoechst 33258 
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dye in 50 mL of 10 mM Trizma hydrochloride, 100 mM NaCl, pH 7.0) were 

combined, and fluorescence was measured immediately using a DyNAQuant 200 

(Hoefer Scientific Instruments, San Francisco, CA).  A linear standard curve was 

constructed to convert fluorescence to DNA concentration, and a conversion 

factor of 10.4 pg DNA/cell (Goldstein et al. 2001) was used to calculate cell 

number.    

3.3.7. mRNA Expression  

RNA was isolated from the cells using the SV Total RNA Isolation 

System (Promega, Madison WI) according to the manufacturer�s instructions, and 

the concentrations quantified by absorbance at 260 nm.  Next, 1 µg of RNA was 

reverse transcribed to cDNA using the Superscript kit (Invitrogen, Carlsbad, CA) 

with random hexamers as primers.  Finally, PCR amplification with equal starting 

amounts of total cDNA (14 ng per reaction) was performed in a ABI 7700 

sequence detection instrument (Applied Biosystems, Foster City, CA) using 

Master PCR Mix (Applied Biosystems), specific primers designed using Primer 

Express (Applied Biosystems)  (Table 3.1) and obtained from Ransom Hill 

Bioscience (Ramona, CA), and Sybr green, a double-stranded DNA binding dye.  

Quantification of gene expression for BSP, OC, OPN, and LpL was performed 

using the comparative threshold cycle (∆∆Ct) method (Livak and Schmittgen 

2001) with β-actin as the internal reference, and relative gene expression was 

calculated using 2-∆∆Ct.  The relative gene expression for each phenotypic marker 

was normalized by the mean average for static condition.  Absence of signal 

derived from genomic DNA was verified by PCR amplification of total RNA 

isolates. 
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Table 3.1:  Primers for quantitative PCR based on published sequences 

Protein Forward Primer Reverse Primer Product 
Size (BPs) 

Accession 
Number 

Beta Actin 
CGTGAAAAGATGACC

CAGATCA 

CACAGCCTGGATGGC

TACGT 
71 NM_031144 

Bone 
Sialoprotein 

TACAACACTGCGTAT

GAAACCTATGAC 

TGGTAGTAATAATCC

TGACCCTCGTA 
136 AB001383 

Lipoprotein 
Lipase 

TTCCTGGATTAGCAG

ACTCTGTGT 

CCATGGATCACCACA

AAGGTTT 
72 NM_012598 

Osteocalcin 
GCAGACCTAGCAGAC

ACCATGA 

AGGTCAGAGAGGCAG

AATGCA 
76 M25490 

Osteopontin 
TGAGACTGGCAGTGG

TTTGC 

CCACTTTCACCGGGA

GACA 
62 M14656 

3.3.8. Protein Analysis 

Cell layers were washed with PBS, mechanically scrapped, and lysed with 

1X Laemmli buffer (950 µL Laemmli stock solution (Biorad, Hercules, CA), 50 

µL β-mercaptoethanol (Fisher), and 2 mL PBS).   Protein content of the cell 

lysates were quantified using the RC/DC assay (Biorad) with bovine serum 

albumin (BSA) standards.  Next, 10 µg of total protein was loaded into each lane 

of a 7.5% polyacrylamide separating gel with a 3.5% stacking gel and run at 100 

V (50mA) for 90 min with a running buffer (25 mM Tris base (Biorad), 1.92 M 

glycine (Biorad), and 1% sodium dodecyl sulfate (SDS) (Biorad)).  Next, the 

proteins were transferred to polyvinylidene difluoride (PVDF) membranes with a 

transfer buffer (25 mM Tris, 1.92 M glycine, and 20% methanol (Fisher)) at 20 V 

overnight at 4°C.  Following transfer, the membranes were washed for 5 min in 

TBS-T (50 mM Tris base and 150 mM NaCl (Fisher), with 1% Tween 20 

(Fisher)).  Nonspecific binding was blocked with blocking buffer (5 wt% non-fat 
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dry powdered milk (Carnation, Glendale, CA), in TBS-T) for 2 hrs at room 

temperature.  After rinsing in TBS (50 mM Tris base and 150 mM NaCl), 

membranes were incubated overnight at 4°C with rabbit anti-rat OPN antibody 

(1:500 dilution in TBS with 5 wt% milk, Assay Designs, Ann Arbor, MI).  Next, 

the membrane was washed three times with TBS-T and incubated for 1 hr at room 

temperature with horseradish peroxidase-conjugated goat anti-rabbit antibody 

(1:15,000 dilution in blocking buffer, Zymed, San Francisco, CA).  Following 

four washes with TBS-T and one wash with TBS, protein bands were visualized 

by chemiluminescence (Supersignal West Pico, Pierce, Rockford, IL) to Kodak 

X-Omat film (Fisher).  The membranes were stripped in stripping buffer (62.5 

mM Tris-HCl, 100 mM β-mercaptoethanol, 2% SDS, pH 6.7) for 30 min at 50°C.  

Following five washes with TBS-T, membranes were blocked with blocking 

buffer for 2 hrs at room temperature.  After a wash with TBS, the membranes 

were incubated with horseradish peroxidase-conjugated anti-human 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:500 dilution in 

TBS with 5 wt% milk, Santa Cruz Biotechonology, Santa Cruz, CA) for 2 hrs at 

room temperature.  Following four washes with TBS-T and one wash with TBS, 

protein bands were visualized by chemiluminescence to Kodak X-Omat film.  

Band densities were determined using Scion Image (Scion Corporation), and OPN 

levels were normalized by GAPDH. 

3.3.9. Prostaglandin E2 

PGE2 concentrations in the recirculating medium were measured by a 

competitive enzyme-linked immunoassay (Amersham Pharmacia Biotech, 

Piscataway, NJ) according to the manufacturer�s instructions.  Conversion of 

3,3�,5,5�tetramethylbenzidine (TMB) by horseradish peroxidase-conjugated PGE2 

was measured at a wavelength of 450 nm using a Labsystems Original Multiskan 
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RC plate reader (Labsystems, Frankfurt, Germany).  All measurements were 

performed in duplicate and PGE2 concentrations were calculated from curves 

generated using PGE2 standards. 

3.3.10. Statistical Analysis  

To test for differences between treatment groups, data was analyzed using 

a one-way analysis of variance with a 95% confidence criterion for statistical 

significance.  Unless otherwise indicated bars correspond to the mean ± the 

standard error of the mean.                                    

3.4. Results 

In the presence of dexamethasone, β-glycerophosphate, and ascorbate-2-

phosphate BMSCs undergo a process of differentiation marked by a decline in 

proliferation, transient ALP activity, and expression of OPN, OC, and BSP 

(Malaval et al. 1999).  The two-fold goal of this study was to determine which 

stages of this process are affected by repeated application of shearing flow, and 

how this effect depends on the duration of each application.  To test for effects on 

cell proliferation and ALP activity, cell layers were exposed to shearing flow at 

days 2 and 4 and analyzed at day 6.  Measurement of cell number indicated 20, 

17, and 34% fewer cells relative to unsheared surfaces for surfaces exposed to 5, 

30, and 120 min of shearing flow, respectively (Figure 3.1).  Although these 

differences were not statistically significant, a likely explanation is cell 

detachment under flow, which can cause a systematic decrease in cell number 

with increasing duration of flow (van Kooten et al. 1994).  In particular, cells 

undergoing mitosis may be especially susceptible to cell detachment under flow 

because of their less spread morphology.  However, an inhibitory effect of shear 
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stress on cell proliferation might also contribute to lower cell number on sheared 

surfaces.  

 

Figure 3.1:  Cell number as a function of duration of fluid flow.  BMSCs 
were exposed to fluid flow at 1.6 dynes/cm2 on days 2 and 4 and analyzed on 
day 6.  Data are mean ± standard error of the mean for n=8 samples. 
 

Measurements of ALP activity were performed using the same cell layers 

that were analyzed for cell number.  ALP activities per cell layer measured at day 

6 were not statistically different between treatments (Figure 3.2 a).  However, the 

mean activity for cell layers exposed to 120 min of shearing flow was 10% lower 

than the mean for those not exposed to shear.  When ALP activities were 

normalized by cell number (Figure 3.2 b) differences between treatments also 

were not statistically different. However, normalized ALP activities among the 

three durations of shear were very similar and roughly 20% higher than that for 

unsheared cell layers.  These results indicate that shearing flow is not stimulating 

ALP activity of the BMSCs.  However, when evaluated in the context of cell 

number (Figure 3.1) the results suggest that shorter durations of flow (5 and 30 
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min) may be removing a non-osteogenic subpopulation of the BMSCs, whereas 

the longest duration of flow may also be detaching osteogenic cells. 

 

Figure 3.2:  ALP activity as a function of duration of fluid flow.  a) ALP 
activity per cell layer, and b) ALP activity per cell.  BMSCs were exposed to 
fluid flow at 1.6 dynes/cm2 on day 2 and 4 and analyzed on day 6.  Data are 
mean ± standard error of the mean for n=8 samples. Activity per cell was 
determined by normalizing activity per cell layer by cell number. 
 

To test for the effect of shear stress on late phenotypic markers of 

osteoblastic differentiation, BMSCs were exposed to fluid flow on days 6, 8, 10, 

and 12 and assayed on day 20.  Our previous work using these cells has 

demonstrated detectable OC expression as early as 14 days after the introduction 

of osteogenic factors (Goldstein et al. 2001), and strong expression of OC and 

BSP after 24 days (Porter et al. 2003).  Analysis of mRNA for osteoblastic genes 

BSP and OPN indicated increased expression at all durations of fluid flow relative 

to unsheared cell layers (Figure 3.3 a,b).  In particular, the increase in OPN was 

statistically significant with 30 min of fluid flow, and the increase in BSP 

significant with 30 and 120 min of flow.  These results indicate that shearing flow 

stimulates mRNA expression of BSP and OPN in a temporally-dependent 

manner. Although detachment of a non-osteoblastic subpopulation could 
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contribute to these results, evidence of significant cell detachment was not 

observed.  Finally, expression of OC mRNA was detectable under all conditions, 

but below the linear range for quantitative analysis (data not shown). 

For the purposes of regenerative medicine, identification of stimuli that 

enhance osteoblastic differentiation while concurrently suppress BMSC 

differentiation into alternative lineages may be desirable.  Adipocytic 

differentiation of BMSCs under osteogenic culture conditions has been noted 

previously by both the expression of LpL and the appearance of lipid vesicles 

(Porter et al. 2003).  To determine the effect of repeated application of shearing 

flow on adipocytic differentiation of BMSCs under osteogenic culture conditions, 

mRNA collected at day 20 was assayed for LpL (Figure 3.3 c).  Expression of this 

marker was detected under all experimental conditions, but was significantly 

lower with the application of fluid flow for 120 minutes relative to unsheared cell 

layers.  This result may be partially a consequence of cell detachment of non-

osteogenic cells, but a significant loss of cells with shearing flow was not 

observed.  Finally, it was noted that LpL expression was enhanced (although not 

significantly) with 5 min of shearing flow.  These results indicate that shearing 

flow modulates LpL expression in a temporally-dependent manner. 
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Figure 3.3:  Effect of fluid flow on mRNA expression of a) BSP, b) OPN, 
and c) LpL.  BMSCs were exposed to fluid flow at 1.6 dynes/cm2 on day 6, 8, 
10 and 12 and analyzed on day 20.  Data are means ± standard error of the mean 
with n=9, 11, 9, 10 for no flow, 5, 30, and 120 min flow, respectively.  An 
asterisk denotes statistically different level of expression with respect to no flow 
(p=0.05). 
 

To determine if shear-enhanced expression of OPN mRNA resulted in an 

increase in protein synthesis, an additional set of BMSC cell layers were exposed 

to shearing flow on days 6, 8, 10, and 12 and assayed on day 20 for OPN protein.  

Bands indicative of one or both isoforms of OPN (Panda et al. 1997) were 

detectable under all conditions (Figure 3.4 a).  Both bands for the two isoforms of 
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OPN were combined together to determine total band density for OPN.  Band 

densities were higher (at equal protein loading) for cell layers subjected to 30 or 

120 min of shearing flow, consistent with mRNA expression of OPN (Figure 3.3 

a).  Concurrently, GAPDH density was higher for cell layers exposed to 30 or 120 

min of shearing flow so that normalized band densities were similar for all three 

durations of shearing flow (Figure 3.4 b).  Furthermore, OPN normalized to the 

static condition (No Flow) displayed similar trends to OPN mRNA expression in 

Figure 3.3 a (Figure 3.4 c).  Nevertheless, normalized OPN protein levels for all 

three durations were significantly higher than that for unsheared cell layers, 

consistent with an osteoinductive effect of shearing flow. 

In these studies, the rationale for applying shearing flow repeatedly to 

individual cell layers was to enhance the osteoinductive effects of mechanical 

stimulation, while the two day interval between consecutive treatments was 

considered sufficient to permit cell recovery.  The initiation of shearing flow has 

been shown to cause rapid responses by osteoblastic cells including calcium 

transients (Donahue et al. 2001; Hung et al. 1996), and synthesis of PGE2 

(Nauman et al. 2001; Reich and Frangos 1991) and NO (Bacabac et al. 2004; 

Johnson et al. 1996; Klein-Nulend et al. 1998).  With BMSCs, these biochemical 

indicators of mechanosensation likely depend on cell maturity, but also may be 

modulated by cell adaptation to repeated mechanical stimulation.   
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Figure 3.4:  Effect of fluid flow on OPN protein content.  a) OPN and 
GAPDH protein bands visualized by chemiluminescence. b) OPN density 
normalized by GAPDH density as a function of duration of fluid flow.  c) OPN 
density normalized by mean average of no flow condition as a function of 
duration of fluid flow.  BMSCs were exposed to fluid flow at 1.6 dynes/cm2 on 
day 6, 8, 10 and 12 and analyzed on day 20.  Data are means ± standard 
deviation with n=4, 4, 4, 2 for no flow, 5, 30, and 120 min of flow, respectively.  
An asterisk denotes statistically different level of expression with respect to no 
flow (p=0.05). 
 

To probe for changes in BMSC response with repeated application of 

shear, samples of recirculating culture medium � collected following the cessation 

of shearing flow (i.e., after 5, 30 or 120 min) at days 6, 8, 10, and 12 � were 
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group (e.g., 5 min flow) were compared.  For durations of 30 and 120 min, a 

decrease in PGE2 accumulation from day 6 to day 12 was observed, suggesting 

either a decrease in PGE2 synthesis or an increase in the rate of PGE2 clearance 

with repeated shear.  In contrast, with 5 min of shear flow no systematic change in 

PGE2 accumulation was observed with repeated shear. 

Figure 3.5:  PGE2 accumulation in culture medium during shearing flow.  
Concentrations were measured after cessation of shearing flow (i.e., after 5, 30, 
120 min) on days 6, 8, 10, and 12.  Data are mean ± standard deviation for n=4 
for day 6 samples and n=3 for day 8, 10, and 12.  An asterisk denotes 
statistically different level concentration with respect to 5 min at day 6 (p<0.05). 
A plus sign denotes statistically different concentration with respect to 30 min at 
day 6 (p<0.05). 

3.5. Discussion 

In this study, planar cultures of BMSCs were exposed repeatedly to 5, 30, 

or 120 min of shearing flow at 1.6 dynes/cm2.  When applied on days 2 and 4, 
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when applied on days 6, 8, 10, and 12, shearing flow enhanced expression of BSP 

and OPN genes and accumulation of OPN protein, and inhibited expression of the 

adipocyte marker, LpL.  In addition, accumulation of secreted PGE2 was found to 

decrease with repeated exposure to shearing flow when flow was applied for 30 or 

120 min. 

The overall goal of this study was twofold: to determine which stages of 

osteoblastic differentiation are affected by shearing flow, and how these responses 

depend on duration of flow.  The first stage of osteoblastic differentiation is 

characterized by cell proliferation (Lian and Stein 1992), but a mitogenic effect of 

shearing flow was not observed in this study, consistent with previous studies 

involving rat BMSCs (Kreke and Goldstein 2004; Nauman et al. 2001) and 

neonatal calvarial osteoblasts of mouse (Klein-Nulend et al. 1996) or rat origin 

(Hillsley and Frangos 1997).  In contrast, Li et al.recently showed an increase in 

proliferation of human BMSCs when stimulated by oscillatory flow (Li et al. 

2004). This finding suggests that immature osteoblastic cells are 

mechanosensitive, but that shear-induced cell proliferation may depend on specie 

of origin, shear magnitude, or shear mode (i.e., oscillatory, steady, pulsatile).  The 

last stage of osteoblastic differentiation is marked by expression of non-

collagenous matrix proteins OPN, OC, and BSP (Lian and Stein 1992).  Here, 

shear-induced upregulation of BSP and OPN in this study is consistent with 

previous reports of OC and OPN upregulation in BMSCs of rat and human origin 

(Kreke and Goldstein 2004; Li et al. 2004) and in MC3T3-E1 mouse 

osteoprogenitor cell line (You et al. 2001). 

As a second goal of this study, expression of late phenotypic markers of 

osteoblastic differentiation was shown to increase with the duration of exposure to 

shearing flow. In particular, enhancement of BSP and OPN genes was statistically 

significant with 30 and 120 min of shearing flow but not 5 min.  This finding is 

consistent with the positive effects on OPN and OC when oscillatory flow is 
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applied for 120 minutes (Li et al. 2004; You et al. 2001).  A potential explanation 

for the duration sensitivity involves upregulation and activation of AP-1 

transcription factors (Murphy et al. 2002).  AP-1 is a heterodimer of fos and jun 

members that exhibit temporal patterns of expression with osteoblastic maturation 

(McCabe et al. 1995), bind to the promoter regions of numerous osteoblastic 

genes (e.g., ALP, collagen type I, and OC), and are transiently expressed in 

response to mechanical stimulation (Granet et al. 2002).  In the model proposed 

by Murphy (Murphy et al. 2002) newly synthesized promoter proteins must be 

phosphorylated by active ERK in order to be stable and functional.  Thus, 

although brief exposures to shearing flow can stimulate expression of 

transcription factors (e.g., c-fos (Chen et al. 2000)), sustained stimulus may be 

required to attain a functional gene product. 

The mode of shearing flow (i.e., steady, oscillatory, pulsatile) also may 

play a role in the activation of the mechanotransductive pathways responsible for 

osteoblastic responses.  Analysis of calcium transients revealed a higher percent 

of adherent cells responding to pulsatile flow than to either steady or oscillatory 

flow (Jacobs et al. 1998).   Analysis of nitric oxide release suggests two 

mechanisms of mechanosensation: one sensitive to steady shear, and one � 

involving calcium signaling and G-protein activation � sensitive to transients in 

mechanical stress (McAllister and Frangos 1999).  This may explain why 

UMR106 osteosarcoma cells that proliferate in response to pulsatile flow do not 

do so in response to steady flow (Jiang et al. 2002).  However, proliferation of 

human BMSCs under purely oscillatory flow demonstrated by Li et al.(Li et al. 

2004) also may be a consequence of the accumulation of secreted factors (e.g., 

nitric oxide (Bacabac et al. 2004), PGs (Reich and Frangos 1991)) in the cell 

microenvironment. 

Evidence has accumulated to implicate PG synthesis and its receptor-

mediated signaling in osteoblastic differentiation.  Osteoblastic response to 



Reprinted from Kreke, M. R., Huckle, W. R., and  A. S. Goldstein. Bone (accepted), with 
permission from Elsevier Ltd. 

 

Michelle Renee Kreke              3 Fluid Flow Up-regulates Maturation 57

exogenous PGs has been shown to depend on PG type and osteoblast maturity 

(Centrella et al. 1994; Fujieda et al. 1999).  PGE2 in particular has been shown in 

BMSCs to act through the EP4 receptor to stimulate ALP activity, bone nodule 

formation, mineralization (Shamir et al. 2004), and to enhance EP4 expression 

(Weinreb et al. 2001).  In addition, there is evidence in the MC3T3-E1 

osteoprogenitor cell line that PGE2 acts through the EP1 receptor to stimulate 

expression of COX-2 (Suda et al. 1998) and the c-fos and c-jun transcription 

factors (Suda et al. 2000).  Further, inhibition of PG synthesis has been shown to 

block shear-induced enhancement ALP activity (Kapur et al. 2003) and OC 

production (Kreke and Goldstein 2004).  However, the role of PGE2 in shear-

stimulated upregulation of OPN and BSP in this study is unclear.  Concentrations 

of PGE2 in recirculating culture medium were fairly similar (0.3 to 1 nM, Figure 

5) � despite significant differences in shear duration � and were two orders of 

magnitude lower than the 10 to 100 nM required to stimulate the osteoblastic 

phenotype in the absence of mechanical stimuli (Kaneki et al. 1999; Shamir et al. 

2004).  Thus, if PG-mediated signaling is involved in the duration-dependent 

upregulation of OPN and BSP then its action is likely coupled with other shear-

activated signaling pathways. 

The results of this study demonstrate that shearing flow stimulates late 

phenotypic markers of osteoblastic differentiation, and therefore may be 

beneficial component of a bioreactor strategy to form bone-like tissues suitable 

for regenerative medicine. We and others have shown that when BMSCs are 

cultured under osteogenic conditions in porous three-dimensional porous 

scaffolds the incorporation of continuous fluid perfusion enhances expression of 

osteoblastic markers including ALP activity (Bancroft et al. 2002; Goldstein et al. 

2001), osteocalcin expression (Goldstein et al. 2001), osteopontin synthesis 

(Bancroft et al. 2002), and mineral deposition (Bancroft et al. 2002).  Although 
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these effects may be due primarily to convective transport of nutrients and oxygen 

to cells within the scaffolds (Botchwey et al. 2003; Kellner et al. 2002),  the 

results presented here suggest that shear-induced activation of 

mechanotransductive pathways can be a contributing factor.  However, in order to 

demonstrate a mechanotransductive effect in perfused porous scaffolds new 

experimental methods will be required that can decouple the transport and 

mechanotransductive effects. 
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4.1. Abstract 

An in vitro approach to creating tissue engineered bone grafts is to culture 

osteoprogenitor cells within a porous scaffold under osteogenic conditions. 

Within this paradigm fluid flow is critical for delivering nutrients and oxygen to 

the cells and imparting an osteoinductive stimulus.  However, continuous flow 

may undermine osteoblastic differentiation by decreasing intercellular 

connectivity and cell attachment.  In this study, continuous and intermittent flow 

(5 min of flow / 5 min cessation of flow) strategies were compared for their 

ability to activate biochemical markers of mechanotransduction and stimulate 

osteoblastic differentiation using bone marrow stromal cells.  The intermittent 

fluid flow enhanced cell retention, synthesis of prostaglandin E2 and VEGF, and 

ERK phosphorylation relative to continuous flow.  However, intermittent flow 

resulted in lower osteopontin protein levels relative to continuous fluid flow, 

though significantly higher than for the no flow condition.  This study suggests 
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that intermittent fluid flow may be beneficial for in vitro culture of 

osteoprogenitor cells within tissue engineered bone grafts. 

4.2. Introduction 

 More than 2.2 million bone grafts are performed worldwide each year to 

repair skeletal defects that result from trauma, tumor resection, and skeletal 

abnormalities (Lewandrowski et al. 2000; Paiva 2001).  Autogenous bone grafts - 

tissue transferred from one part of a patients� body to another - are considered the 

gold standard due to their clinical success (Betz 2002; Lidgren 2002).  However, 

autogenous bone grafts are in limited supply and result in a second injury at the 

donor site. One promising alternative is a tissue engineered bone graft composed 

of a biomaterial scaffold and bone marrow stromal cells (BMSCs).  The 

biomaterial scaffold would provide surface area for cell attachment of bone 

marrow stromal cells.  Bone marrow stromal cells would provide a mineralized 

collagen matrix to facilitate integrate with host tissue and osteogenic and 

angiogenic factors to direct tissue healing in vivo through the natural remodeling 

process similar to autogenous bone.  The bone marrow stromal cells with 

biomaterial scaffold would be grown within a biodynamic bioreactor that would 

facilitate in vitro culture of cells by delivering oxygen and nutrients to cells and 

imparting osteoinductive mechanical stimuli.  To date several mechanical stimuli 

have been shown to stimulate osteoblastic differentiation of osteoblastic cells, 

including fluid flow (Bancroft et al. 2002; Goldstein 2001; Nauman et al. 2001), 

mechanical strain (Duncan and Turner 1995; Salter et al. 2000; Smalt et al. 1997; 

Weinbaum et al. 1994), and hydrostatic pressure (Nagatomi et al. 2001).   Of 

these, fluid flow and in particular the convective currents as a result of fluid flow 



To be submitted as Kreke, M. R and Goldstein, A. S. to Biochemical and Biophysical Research 
Communications, with permission from Elsevier Ltd. 

 

Michelle Renee Kreke              4 Intermittent Flow Alters BMSC Behavior 61

is a necessary component of a biodynamic bioreactor that can aid the delivery of 

nutrients and oxygen to cells deep within scaffolds suitable for tissue engineering.  

Fluid flow activates a series of mechanotransductive signaling pathways 

that alter cell morphology, gene expression, and phenotypic behavior.  Flow 

initiates a transient biochemical cascade, which includes a rapid and transient rise 

in intercellular calcium (Chen et al. 2000; Hung et al. 1995; McDonald et al. 

1996), synthesis of nitric oxide (Bakker et al. 2001; Johnson et al. 1996; 

McAllister et al. 2000) and prostaglandins (Frangos et al. 1988; McAllister et al. 

2000; Nauman et al. 2001; Reich and Frangos 1991), activation of mitogen-

activated protein (MAP) kinase pathways (ERK and p38) (Jiang et al. 2002; 

Kapur et al. 2003; Wadhwa et al. 2002b; You et al. 2001).  Additionally, fluid 

flow alters cell morphology through the reorganization of the actin cytoskeleton 

(Chen et al. 2000), decreasing gap junctional connectivity (Thi et al. 2003), and 

cell attachment (Nauman et al. 2001).  Fluid flow also stimulates expression of 

proto-oncogenes such as c-fos that is associated with cell proliferation and 

differentiation (Bao et al. 2000; Chen et al. 2000), and COX-2 gene, which is 

responsible for synthesizing prostaglandins (Joldersma et al. 2000) in osteoblastic 

cells.  Furthermore, initial preliminary studies performed by our research group 

showed that 30 minutes of fluid flow was sufficient to stimulate synthesis of 

osteocalcin � a phenotypic marker of osteoblastic differentiation (Kreke and 

Goldstein 2004).  However, extended periods of continuous fluid flow have been 

shown to have no significant effect on cell proliferation, alkaline phosphatase 

activity, and mineralization of bone marrow stromal cells (Nauman et al. 2001).  

With the negative effects continuous flow (e.g., loss of intercellular connectivity, 

cell detachment) and the positive effects of short episodes of flow (e.g., enhanced 

osteocalcin synthesis), we hypothesize that an intermittent flow strategy should 

enhance osteoblastic differentiation relative to continuous flow.  
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A strategy of intermittent flow has not been examined previously, but 

offers potential advantages over continuous flow.  First,  flow removes soluble 

factors (e.g. prostaglandins) from the cells preventing local accumulation; 

whereas we anticipate that the cessation of fluid flow will permit accumulation of 

autocrine factors (e.g., prostaglandins E2) and growth factors which may be 

beneficial to tissue engineering (e.g., vascular endothelial growth factor) in the 

cell microenvironment.  Second, fluid flow activates a transient biochemical 

cascade; thus we anticipate the cessation of fluid flow will allow cells to return to 

an unexcited (basal) state from which they may be excited by the reinitiation of 

flow.  Third, continuous fluid flow results in the detachment of cells; whereas we 

anticipate the cessation of fluid flow will allow cells to reestablish adhesion to the 

substratum and intercellular connectivity.   

 In this study, intermittent (5 min of flow / 5 min cessation of flow) and 

continuous fluid flow strategies were compared for their ability to activate 

biochemical markers of mechanotransduction, maintain cell attachment, and 

stimulate osteoblastic differentiation of bone marrow stromal cells (BMSCs).  

Parallel plate flow chambers were used to expose cell layers to fluid flow on day 

6 (after the addition of osteoinductive factors).  First, cell layers were exposed to 

24 hours, immediate collected on day 7, and analyzed for cell number.  

Concurrently, recirculating medium was collected periodically and analyzed for 

prostaglandin E2 or VEGF secretion.  Second, cells were exposed to fluid flow for 

24 hours and analyzed at day 20 for osteopontin protein levels.  Lastly, cell layers 

were exposed to fluid flow for 1 hour and analyzed for immediately 

phosphorylation of ERK.    
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4.3. Materials and Methods 

4.3.1. Materials 

 Glassware and plasticware were obtained from Fisher Scientific 

(Pittsburg, PA) unless otherwise indicated.  Chemicals were obtained from Sigma 

Chemical (St. Louis, MO) unless otherwise indicated.  Polyclonal rabbit antibody 

for p44/p42 ERK was purchased from Cell Signaling Technology (Beverly, MA).  

Monoclonal mouse anti-MAP kinase (ERK 1/2) and polyclonal HRP-conjugated 

goat anti-rabbit and goat anti-mouse antibodies were purchased from Zymed (San 

Francisco, CA).  Monoclonal antibody for rabbit anti-rat osteopontin was 

purchased from Assay Design (Ann Arbor, MI).  Polyclonal goat anti-human 

horseradish peroxidase (HRP)-conjugated glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA).   

4.3.2. Substrate Preparation 

 Fibronectin-coated glass slides were used as substrates for bone marrow 

stromal cells cultures.  Briefly, 76 mm × 38 mm microscope slides were cleaned 

in 70 vol% concentrated H2SO4 (Fisher) and 30 vol% H2O2 (Fisher).  Slides were 

rinsed well with deionized water, blown dry with nitrogen gas, placed into 100 

mm polystyrene petri dishes, and sterilized overnight under UV light.  A volume 

of 1.5 mL of a 10 µg/mL solution of fibronectin in phosphate-buffered saline 

(PBS, pH 7.4, Mediatech, Inc, Herndon, VA) was added to each glass surface and 

allowed to adsorb for 1 hr at room temperature.  Subsequently, surfaces were 

rinsed with PBS and kept wet until use. 
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4.3.3. Bone Marrow Stromal Cell Culture   

 Bone marrow stromal cells were developed from bone marrow explants.  

Cells were obtained from 125-150 g male Sprague-Dawley rats (Harlan, Dublin, 

VA) in accordance with the Animal Care Committee at Virginia Tech using 

standard accepted procedures (Dennis et al. 1992; Goldstein et al. 2001; 

Maniatopoulos et al. 1988; Porter et al. 2003).  Whole marrow was dispersed and 

seeded in growth medium (αMEM (Life Technologies), 10% fetal bovine serum 

(Gemini, Calabasas, CA), and 1% antibiotic/antimycotic (Life Technologies)) at a 

seeding density of approximately 108 nucleated cells per dish (Porter et al. 2003).  

The cells were expanded in 7 mL growth medium for 14 days and medium was 

changed every 3 or 4 days.  After 14 days in primary culture, cells were rinsed 

twice with PBS and lifted with trypsin/EDTA (Invitrogen Corporation, Carlsbad, 

CA) and seeded uniformly at density of 6x105 cells/slide (2.1×104 cells/cm2).  

After attaching overnight, growth medium was replaced with 14 mL 

differentiation medium (growth medium supplemented with 0.13 µΜ ascorbate-2-

phosphate, 2 mM β-glycerophosphate, and 25 mM HEPES (N-2-

hydroxyethylpiperazine-N�-2-ethane sulfonic acid), pH 7.4).  The medium was 

changed every 2-4 days.  

4.3.4. Parallel Plate Flow Chamber 

 Parallel plate flow chambers, PPFCs, were used to exert a uniform well 

defined shear stress at the cell surface.  The PPFCs consisted of a polycarbonate 

manifold, a silicone gasket (0.076 cm thick, Special Manufacturing Inc, Saginaw, 

MI), aluminum plate, and a 76 mm × 38 mm cell-seeded glass slide, which were 

held together with screws.  The silicone gasket maintained a watertight seal and 

defined channel of height, h = 0.025 cm, and width, b = 2.5 cm.  Shear stress at 
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the cell-seeded surface, τw, is predicted by the following equation (Frangos et al. 

1988). 

 

2
6
bh

Q
w

µτ =       -5- 

Here, µ is the viscosity of the medium and Q is the volumetric flow rate.  

 

The PPFC was attached to a continuous constant head system that consisted of a 

reservoir and peristaltic pump (Figure 4.1) (Frangos et al. 1988; Nauman et al. 

2001).  Monometers and pinch valves were used to monitor and adjust flow rate.  

Steady shearing flow was initiated by the turning of a 3-way valve, maintained for 

determined amount of time, and then discontinued.  For measurements of ERK, 

the flow system operated within a sterile cabinet at room temperature for 60 min 

with µ = 0.93 cP, Q = 2.8 mL/min, and τw = 1.6 dynes/cm2.  For all other 

measurements, the entire flow system was operated for 24 hours at 37 oC within a 

5 % CO2 incubator with µ = 0.72 cP, Q = 5.5 mL/min, and τw = 2.5 dynes/cm2.  

Different values for µ, Q, and τw were due to the different temperatures in which 

the experiments were preformed.  The ERK experiments were chosen to be 

preformed at room temperature for quick collection of samples after 1 hours of 

flow.  The entire flow loop held approximately 40 mL of differentiation medium.  

During the 24 hour flow experiments, 0.5 mL samples of medium were collected 

from the medium reservoir for PGE2 measurements and replaced with fresh 

differentiation medium to maintain a constant recirculating medium volume. 
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Figure 4.1:  Schematic of Intermittent Parallel Plate Flow chamber 
assembly  

 

Upon the completion of fluid flow, the PPFC was disassembled and the 

glass slide was placed in a petri dish containing fresh differentiation medium or 

collected immediately for analysis.  Afterwards, the PPFC and all accessories 

were sterilized with an ethylene-oxide gas sterilizer (Anderson Products, Haw 

River, NC). 

4.3.5. Cell Number 

 Cell number was measured by total DNA analysis (Goldstein et al. 2001; 

Ishaug et al. 1997).  Briefly, cell layers were collected by mechanical scraping 

into a 1 mL of 10 mM ethylenediaminetetraacetic acid (EDTA, pH 12.3) and 

stored at -70oC until analysis.  Upon analysis, samples were thawed and sonicated 

for 10 min.  DNA standards of 0, 1, 2, 4, 6, 8 µg were prepared in 1 mL of EDTA.  

Here, a 50 µg/mL DNA solution gives an absorbance of 1.00 at 260 nm (Porter et 

al. 2003).  A volume of 0.2 mL of 1 M KH2PO4 was added to neutralize pH of 

samples and DNA standards.  A volume of 0.2 mL of 1 M KH2PO4 was added to 

neutralize pH of samples and DNA standards.  DNA measurements were made by 

combining 400 µL of sample or DNA standard with 1.6 ml of Hoechst dye 

PPFC

Reservoir

Roller 
Pump  Flowmeter

37oC, 5% CO2 incubator
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solution (5 µL of 1 mg/mL Hoechst 33258 dye in 50 mL of 10 mM trizma 

hydrochloride, 100 mM sodium chloride, pH 7.0) and measuring fluorescence 

immediately using a DyNAQuant 200 (Hoefer Scientific Instruments, San 

Francisco, CA).  A standard curve was constructed to convert fluorescence to 

DNA concentration and a conversion factor of 9.1 pg DNA/cell was used to 

calculate cell number (Goldstein et al. 2001).    

4.3.6. Prostaglandin E2 and Vascular Endothelial Growth Factor  

 Prostaglandin E2 (PGE2) concentrations as a function of time and vascular 

endothelial growth factor (VEGF) concentrations after 24 hours of flow were 

determined using commercially available enzyme-linked immunoassays 

(Amersham Pharmacia Biotech, Piscataway, NJ and R&D systems Minneapolis, 

MN), according to the manufacturers� instructions.  Measurements were made 

using a Labsystems Original Multiskan RC plate reader at a wavelength of 450 

nm (Labsystems, Frankfurt, Germany).  PGE2 and VEGF concentrations were 

calculated from curves of known standards.    

4.3.7. Osteopontin and phosphorylated ERK  

 Osteopontin and phosphorylated ERK in cell layers were determined by 

western blot analysis.  Briefly, cell layers were lysed with 1X Laemmli buffer 

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

mercaptoethanol (Fisher), and 1 mL PBS), mechanically scraped, and collected 

into 1.5 mL tubes.   Equal volumes of each sample were loaded into a 7.5 % 

polyacrylamide separating gel with 3.5 % stacking gel,  run at 100 V (50 mA) for 

75 min with a running buffer (25 mM tris base (Biorad), 1.92 M glycine (Biorad), 

and 1 % SDS (Biorad)), and transferred to PVDF membranes with transfer buffer 

(25 mM tris base, 1.92 M glycine, and 20 % methanol (Fisher)) at 100 V with a 
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for 90 min.  Following transfer, the membranes were washed for 5 min in TBS-T 

(50 mM tris base, 150 mM NaCl, and 1 % Tween 20 (Fisher)), blocked with 5 % 

milk (Fisher) in TBS-T (50 mM tris base and 150 mM NaCl), and 0.05 % Tween) 

for 2 hrs at room temperature, rinsed in TBS, and incubated overnight at 4 oC with 

a diluted primary antibody (1:500 for anti-OPN, 1:1000 for Anti-pERK).  

Following the overnight incubation, the membranes were washed three times with 

TBS-T, probed with a diluted HRP-conjugated secondary antibody (1:15,000), 

and incubated for 1 hr at room temperature.  Next, the membranes were washed 

with TBS-T and TBS and protein bands visualized by chemiluminescence 

(Supersignal West Pico, Pierce, Rockford, IL) to Kodak X-Omat film (Fisher).  

Afterwards, membranes were stripped in stripping buffer (62.5 mM tris-HCl, 100 

mM β-mercaptoethanol, 2 % SDS, pH 6.7) for 20 min at 50 °C.  Following five 

washes with TBS-T, membranes were blocked with blocking buffer for at least 2 

hours at room temperature, washed with TBS, and incubated overnight at 4 oC 

with a diluted primary antibody (anti-ERK - 1:1000) or blocking buffer for OPN.  

Following the overnight incubation, membranes were washed three times with 

TBS-T, probed with a diluted HRP-conjugated secondary antibody (1:15,000) or 

HRP-conjugated anti-GAPDH antibody (1:500) for OPN, and incubated for 1 hr 

at room temperature.  Next, the membranes were washed with TBS-T and TBS 

and protein bands were visualized by chemiluminescence to Kodak X-Omat film.  

Band densities were determined using Scion Image (Scion Corporation).  Band 

densities were normalized by either total ERK for phosphorylated ERK levels or 

GAPDH for OPN levels. 
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4.3.8. Statistical Analysis 

Data was analyzed using a one-way analysis of variance with a 95% 

confidence criterion to determine statistical significant differences between 

treatment groups.  Unless otherwise indicated bars correspond to the mean ± the 

standard error of the mean..                                               

4.4. Results 

4.4.1. Cell Retention 

To the determine if intermittent fluid flow resulted in greater cell retention 

and altered mechanotranduction signaling, cell layers were exposed to fluid flow 

for 24 hours at 2.5 dynes/cm2 collected, and cell number was quantified using a 

DNA assay.  Cell numbers for untreated cultures at days 6 and 7 were similar, 

indicating negligible proliferation during the 24 hour period (Figure 4.2).  Thus, 

differences in cell number are attributed to cell detachment under flow.  The 

application of 24 hours of continuous fluid flow resulted in 37 percent fewer 

attached cells when compared to no flow cell cultures on day 7 (Figure 4.2).   In 

contrast, the application of 24 hours of intermittent fluid flow only produced a 15 

percent reduction in the average number of cells attached.  This small difference 

between no flow cultures and intermittent cultures was not significant.  The 

application of 24 hours of intermittent fluid flow yielded 26 percent greater cell 

retention than the application of continuous fluid flow. 
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Figure 4.2:  Effect of intermittent fluid flow on cell number.  BMSCs were 
exposed to fluid flow at 2.5 dynes/cm2 on day 6 for 24 hours and cell layers 
were collected upon cessation of fluid flow.  Data are means ± standard error of 
the mean with n=3, 3, 4, 4 for no flow at day 6, and no flow, continuous and 
intermittent flow at day 7, respectively.  An asterisk denotes statistically 
different level of expression with respect to no flow (p=0.05). 

 

4.4.2. PGE2 Accumulation 

  

 PGE2 is secreted by BMSCs in response to shearing flow and therefore is 

an indirect measure of mechanotransductive signaling.  To compare the effects of 

continuous and intermittent fluid flow on this marker of mechanotranductive 

signaling, samples of the medium recirculating within PPFC were collected 

periodically during 24 hours of fluid flow and analyzed for concentration of 

prostaglandin E2 by ELISA.  Typical trends for PGE2 concentration during the 24 

hours of fluid flow or within static cultures are shown in Figure 4.3 a.  There 

appear to be 3 domains of PGE2 accumulation: t < 4, 4 < t < 10, and t > 10 hours.  

During this first domain, PGE2 accumulates slowly.  During the second, 

0

2x105

4x105

6x105

8x105

1x106

*

Day 6 Day 7 

C
el

l N
um

be
r (

C
el

ls
)

 No Flow
 Continuous Flow
 Intermittent Flow



To be submitted as Kreke, M. R and Goldstein, A. S. to Biochemical and Biophysical Research 
Communications, with permission from Elsevier Ltd. 

 

Michelle Renee Kreke              4 Intermittent Flow Alters BMSC Behavior 71

accumulation is rapid, but occurs at a significantly higher rate with intermittent 

flow compared to continuous flow.  Lastly, during the third domain PGE2 

accumulation is slow and for both continuous and intermittent fluid flow.  The 

mean prostaglandin concentration per cell during 24 hours of continuous fluid 

flow was significant increased by 300 % compared to no flow cultures (Figure 4.3 

b).  Furthermore, PGE2 concentration per cell over 24 hours of intermittent fluid 

flow was enhanced to a significant 574% increase compared to no flow cultures.  
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Figure 4.3:  PGE2 concentration in culture medium during shearing flow:  
a) representative graph of PGE2 production per cell over time and b) PGE2 
accumulation after 24 hours.  BMSCs were exposed to fluid flow at 2.5 
dynes/cm2 on day 6 for 24 hours and samples collected from recirculating 
medium at varying time intervals or after medium change for static cultures.  
Data are mean ± standard error of the mean with n=6, 7, 7 for no flow, 
continuous and intermittent fluid flow, respectively.  An asterisk denotes a 
statistically different level of expression with respect to no flow (p=0.05). 
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4.4.3. VEGF Accumulation 

VEGF is an angiogenic factor, secreted by osteoblasts under hypoxia 

(Steinbrech et al. 1999), and modulated by PGE2 (Harada et al. 1994).  To 

examine the effects of different flow strategies on VEGF accumulation, samples 

of medium were collect after 24 hours of fluid flow or static conditions and 

analyzed by ELISA.  The concentration of VEGF after 24 hours of continuous 

and intermittent fluid flow was significantly enhanced over no flow conditions 

(Figure 4.4).  Furthermore, the concentrations of VEGF after 24 hours of 

intermittent fluid flow were increased by 28% compared to continuous fluid flow 

conditions.  However, this difference in VEGF accumulation during 24 hours of 

continuous flow and intermittent flow was not significant. 

 

Figure 4.4:  VEGF concentrations in culture medium after shearing flow.  
BMSCs were exposed to fluid flow at 2.5 dynes/cm2 on day 6 and samples were 
collected from recirculating medium after 24 hours or after medium change for 
static cultures.  Data are mean ± standard error of the mean with n=10, 6, 6 for 
no flow, continuous and intermittent fluid flow, respectively.  An asterisk 
denotes a statistically different level of expression with respect to no flow 
(p=0.05). 
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4.4.4. OPN  production 

 OPN is a definitive marker of the osteoblastic phenotype that does not 

appear strongly in BMSCs until after 2-3 weeks in osteogenic medium.  To 

compare the effects of continuous and intermittent fluid flow on osteoblastic 

differentiation, cell layers were exposed to fluid flow at 2.5 dynes/cm2 for 24 

hours started on day 6 (after the addition of osteoinductive factors), collected at 

day 20, and analyzed for OPN by western blot.  Bands indicative of OPN were 

detectable under all conditions but band densities were higher for cell layers 

subjected to both continuous and intermittent shearing flow (Figure 4.5 a).  When 

normalized by GAPDH, cell layers exposed to continuous fluid flow for 24 hours 

contained 5 times the level of osteopontin in no flow cultures; whereas 

intermittent fluid flow only resulted in a 150 percent increase (Figure 4.5 b).  

Differences between osteopontin for continuous and intermittent fluid flow were 

not significant.  However, the mean osteopontin within cell cultures exposed to 

continuous fluid flow was 85 % greater than OPN levels for cultures exposed to 

intermittent fluid flow. 
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Figure 4.5:  Effect of intermittent fluid flow on OPN.  a) OPN and GAPDH 
protein bands visualized by chemiluminescence. b) OPN normalized by 
GAPDH.  BMSCs were exposed to fluid flow at 2.5 dynes/cm2 on day 6 for 24 
hours and analyzed on day 20.  Data are means ± standard error of the mean 
with n=7, 4, 5 for no flow, continuous (Cont.) and intermittent (Inter.) fluid 
flow, respectively.  An asterisk denotes a statistically different level of 
expression with respect to no flow (p=0.05). 

4.4.5. ERK phosphorylation 

The ERK pathway, that is thought to be involved primarily in the 

regulation of cell proliferation and differentiation (Karin and Hunter 1995), has 

been showed to be activated by fluid flow.  Cell layers were exposed to 1 hr of 

fluid flow at 1.6 dynes/cm2 and 25oC and then collected for western blot analysis.   

Phosphorylated ERK band densities were higher for cell layers subjected to 1 hr 

of intermittent shearing flow (Figure 4.6 a).  Phosphorylated ERK 1/2 level was 

significantly 780 % higher for cell layers exposed to intermittent fluid flow 

compared to the no flow or �static� cell cultures and 800 % higher than 

continuous fluid flow (Figure 4.6 b).     
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Figure 4.6:  Effect of intermittent fluid flow on phosphorylation of ERK:  a) 
phosphorylated ERK (pERK) and total ERK protein bands visualized by 
chemiluminescence and b) pERK normalized by total ERK with the application 
of intermittent fluid flow.  BMSCs were exposed to fluid flow at 1.6 dynes/cm2 
on day 6 for 1 hour and collected immediately.  Data are means ± standard error 
of the mean with n=6, 5, 6 for no flow, continuous (Cont.) and intermittent 
(Inter.) fluid flow, respectively.  An asterisk denotes a statistically different level 
of phosphorylation with respect to no flow (p=0.05). 
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4.5. Discussion 

 In this study, the effects of continuous and intermittent fluid flow 

strategies on biochemical markers of mechanotransduction, cell retention, and 

ostseoblastic differentiation of bone marrow stromal cells (BMSCs) were 

compared.  Twenty-four hours of intermittent fluid flow resulted in increased cell 

retention and VEGF secretion compared to continuous fluid flow.  In addition, 

intermittent and continuous fluid flow both significantly increased osteopontin 

synthesis compared to no flow condition, with maximal OPN in cells layers 

exposed to continuous fluid flow.  Finally, 1 hour of intermittent fluid flow 

significantly increased levels of phosphorylated ERK compared to continuous 

fluid flow.   

The first goal of this study was to determine the effect of different flow 

strategies on cell retention of BMSCs.  This study determined that the application 

of continuous fluid flow for 24 hours resulted in a 37 % reduction in cell density.  

This result is consistent with the work of Truskey, et al.how showed with 

fibroblasts that increases in magnitude and duration of shear stress decreased cell 

retention (Truskey and Pirone 1990).  This study also demonstrated that 

intermittent fluid flow resulted in a greater cell retention compared to continuous 

fluid flow.  This may be attributed to intermittent periods of flow cessation, 

during which cells may reestablish cell contacts with the substrate. 

The second goal of this study was to determine the effect of continuous 

and intermittent fluid flow on biochemical markers of mechanotransduction.  This 

study demonstrated that accumulation of PGE2 - a biochemical marker of 

mechantransduction - was increased in response to both continuous and 

intermittent fluid flow, which is consistent with previous fluid flow studies 
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demonstrating that PGE2 production with osteoblastic cells is dependent on both 

magnitude and duration of shear stress (Bakker et al. 2001; Klein-Nulend et al. 

1997; Nauman et al. 2001; Reich and Frangos 1991).  Additionally, this study 

examined concentrations of VEGF, a known inducer of angiogenesis, as an 

additional marker of alter biochemical signaling.  VEGF levels were examined 

since angiogenesis is considered essential for bone formation (Villars et al. 2002).  

VEGF concentrations were significantly enhanced with the application of 24 

hours of fluid flow both continuous and intermittent.  In addition, an increase in 

VEGF levels may have contributed to osteopontin synthesis.  In particular, 

Deckers, et al.showed that addition of exogenous 10 ng/mL VEGF enhanced bone 

nodule formation in an osteoblastic cell line (Deckers et al. 2000).  Currently, this 

study is the first to demonstrate that fluid flow induces of VEGF synthesis with 

BMSCs. 

 The third goal of this study was to evaluate the effect of different fluid 

flow strategies on osteoblastic differentiation of BMSCs for bone tissue 

engineering applications.  The results of this study indicate that 24 hours of fluid 

flow � continuous and intermittent � elevates osteopontin, which is consistent 

with previous studies with BMSCs and MC3T3-E1 cells (Li et al. 2004; You et al. 

2001).   Further, in our study maximal levels of osteopontin were observed within 

cell layers exposed to 24 hours of continuous fluid flow, which is in contrast to a 

previous study indicating enhanced OPN mRNA levels with an osteoblastic cell 

line exposed to 1 hour of rest inserted flow (10 sec rest).  However, in our study 

differences in OPN may be due to differences in the cumulative duration of flow 

(24 hours of flow with continuous whereas only 12 hours of flow with 

intermittent).  Additional experiments will be needed to test this. 

Finally, the fourth goal of this study was to determine effect of continuous 

and intermittent fluid flow on the phosphorylation of ERK.  Previously, You, et 

al.showed in the osteoblastic cell line, MC3T3-E1, that under oscillatory fluid 
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flow phosphorylated levels of ERK 1/2 are transient: rising to a maximum at 60 

minutes and returning to a baseline by 90 minutes of fluid flow (You et al. 2001).  

In our study, after 1 hour of intermittent fluid flow, levels of phosphorylated ERK 

1/2 were elevated, which is consistent with You, et al.  However, phosphorylated 

ERK 1/2 after 1 hour of continuous steady fluid flow was not different from the 

control, the no flow condition.  A likely explanation is that phosphorylated ERK 

levels peaked at an earlier time point and returned to baseline within 60 minutes, 

thus additional time-course studies are planned to confirm this.    

In conclusion, this study demonstrated that continuous and intermittent fluid flow 

strategies stimulate osteopontin synthesis but the application of intermittent fluid 

flow alters biochemical signaling and increases cell retention.   The mechanism 

for fluid flow induced osteoblastic differentiation still remains elusive.  However, 

this study indicates the capacity of intermittent fluid flow to stimulate both 

osteoblastic differentiation and synthesis of angiogenic factors 
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Chapter 5:  Conclusions and Future Work 

5.1. Conclusions 

The goal of this work was to determine that shearing flow stimulates 

phenotypic markers of osteoblastic differentiation of bone marrow stromal cells 

(BMSCs) and to identify which perfusion conditions strongly affect 

differentiation.  In the first study, BMSCs were exposed repeatedly to shearing 

flow for 30 min using a radial-flow chamber.  Fluid flow was found to increase 

osteocalcin (OC) synthesis, but not to affect cell density.  None of these effects, 

though, varied systematically over the range of shear stresses from 0.36 to 2.7 

dynes/cm2.  In addition, shear partially suppressed peeling of the monolayer and 

formation of multilayer, bone nodule-like structures.  Furthermore, treatment of 

cultures with NS-398 blocked secretion of prostaglandin E2 (PGE2) in response to 

shear and accumulation of OC.  This study demonstrated that fluid flow is a 

promising stimulus for affecting development of BMSCs towards osteoblastic 

maturation and suggests that prostaglandin signaling is involved in the osteogenic 

effect of shearing flow.  

  In the second study, cell layers were exposed to fluid flow repeatedly for 

5, 30, and 120 min using parallel-plate flow chambers.  A statistically significant 

increase in osteoblastic markers � osteopontin (OPN) and bone sialoprotein (BSP) 

expression was found with the application of 30 and 120 minutes of fluid flow at 

1.6 dynes/cm2.  Additionally, expression of an adipocytic marker, lipoprotein 

lipase (LpL), was significantly lowered with the application of fluid flow for 120 

minutes relative to unsheared cell layers.  This result may be partially a 

consequence of cell detachment of non-osteogenic cells, but a significant loss of 



 

Michelle Renee Kreke                     5 Conclusions and Future Work           81

cells with shearing flow was not observed.  Furthermore, OPN protein levels for 

all three durations were significantly higher than levels found within unsheared 

cell layers, consistent with an osteoinductive effect of shearing flow.  This study 

demonstrated that short intervals of flow are sufficient to stimulate osteoblastic 

differentiation of BMSCs. 

  In the third study, to further examine the effects of intermittent fluid flow, 

a microprocessor-driven actuator was incorporated into the fluid flow apparatus to 

compare the effects of 24 hours of continuous and intermittent � 5 minutes ON / 5 

minutes OFF � flow.  Continuous fluid flow resulted in a 37 % reduction in cell 

density, whereas intermittent fluid flow only resulted in a 15 % decrease in 

number of cells.  Additionally, both continuous and intermittent fluid flow 

increased synthesis of PGE2 and VEGF production with maximal production with 

intermittent fluid flow.  Furthermore, the application of continuous and 

intermittent fluid flow was determined to significantly enhance OPN protein 

levels compared to unsheared cell layers with maximal expression of OPN with 

continuous fluid flow.  As well, one hour of intermittent fluid flow was 

determined to stimulate ERK 1/2 phosphorylation.  This study demonstrated that 

intermittent fluid flow may be an attractive means to both maintain cell adhesion 

and stimulate both osteoblastic differentiation and VEGF during in vitro culture 

of BMSCs for tissue engineering bone grafts.  

  The results of these studies demonstrate that shearing flow stimulates 

expression of late phenotypic markers of osteoblastic differentiation of BMSC, 

and therefore may be a beneficial component of a bioreactor strategy to form 

bone-like tissues suitable for regenerative medicine.  Furthermore, efforts to 

regulate this mechanism � through regulated flow regimens and engineered three-

dimensional scaffold architectures � may further enhance bone tissue 

development. 
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5.2. Future Work 

Natural extensions of this work would involve 1) a two-dimensional (2D) 

fluid flow study to further investigate different intermittent fluid flow strategies 

with varying periods of cessation from flow, 2) a 2D fluid flow study to 

investigate fluid flow and mass transfer effects, and 3) three-dimensional (3D) 

studies to apply flow strategies developed in 2D to cell within scaffolds suitable 

for bone tissue engineering applications.  The goals of third study presented in 

this dissertation were to design an automated intermittent fluid flow apparatus and 

compare continuous and intermittent flow strategies.  The third study 

demonstrated that intermittent fluid flow increased OPN protein levels, VEGF 

and PGE2 production, and phosphorylation of MAP kinases.  However, the third 

study was not design to answer the question of how does varying the duration of 

cessation from flow affect osteoblastic differentiation.  A conservative 5 minutes 

of cessation from flow was chosen to compare with continuous fluid flow.  Future 

studies to determine the effect of varying the duration of cessation from flow on 

osteoblastic differentiation (5 seconds to 50 minutes) would be advantageous to 

further understanding of perfusion conditions that strongly affect differentiation.   

The second proposed future study is necessary since the mechanism by 

which shearing flow stimulates osteoblastic differentiation is not understood.  

Fluid flow imparts both a hydrodynamic shear stress on adherent cells and alters 

the mass transport coefficient.  Mass transport regulates transport of nutrients and 

oxygen to the cells and metabolic waste and autocrine signaling factors away 

from the cells.  Fluid flow activates beneficial signaling pathways in osteoblasts 

such as calcium waves, nitric oxide (NO) and prostaglandin (PG) production in a 

shear duration and magnitude dependent manner with osteoblasts and increases 

nutrient and oxygen availability.  However, fluid flow eliminates local 

accumulation of autocrine factors (e.g. PG) by the cells.  The second future study 
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would deconvolve the contributions of mass transfer by performing a two fluid 

flow studies the parallel plate flow chambers.  In the first study, the mass transfer 

coefficient would be varied by increasing the viscosity of the culture medium 

hence increasing the magnitude of shear stress.  In the second study, the same 

shear stresses generated by increasing the viscosity of the culture medium would 

be applied the cells but this study the flow rate would be increased to obtain the 

desired shear stress.  By performing these two flow experiments, this study would 

further the understanding of the mechanism behind fluid flow induced 

osteoblastic differentiation. 

To apply this work to bone tissue engineering, the results presented in this 

work in 2D would need to be implemented in 3D studies.  These 3D studies 

would combine BMSCs seeded within porous 3D biodegradable polymer matrix 

and a 3D fluid flow apparatus to deliver nutrients and oxygen to cells and provide 

an osteoinductive stimulus.  With the strategy of intermittent fluid flow proven to 

stimulate late markers of osteoblastic differentiation in 2D flow studies, the 3D 

flow study would be determine the architectures and mechanical properties of the 

3D scaffolds that promote osteoblastic differentiation.  Ultimately, the BMSCs 

grown under flow within 3D scaffolds can be tested for healing critical sized bone 

defects in an appropriate animal model.  
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Poly(Allylamine Hydrochloride) Heparin Films 
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Aaron S. Goldstein1 
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A.1.1. Abstract 

Electrostatic layer-by-layer film assembly is an attractive way to non-

covalently incorporate proteins and bioactive moieties into the surface of 

conventional biomaterials. Selection of polycationic and polyanionic components 

and deposition conditions can be used to control the interfacial properties, and 

through them protein adsorption, cell adhesion, and tissue development. In this 

study the polycation was poly(allylamine hydrochloride) (PAH), which is a weak 

base and consequently adsorbs at interfaces in a pH-dependent manner, and the 

polyanion was heparin, which is capable of interacting with many adhesion 

ligands and growth factors. PAH/heparin multilayer films were formed using 

PAH solutions of pH 6.4, 7.4, 8.4, and 9.4. Film thickness increased both with the 

number of PAH/heparin bilayers and the pH of the PAH solution. Films 

consisting of 10 bilayers with heparin topmost exhibited similar bulk atomic 

compositions and penetration of PAH into the heparin top layer. Finally, 

fibronectin adsorption and cell adhesion were maximal at an intermediate pH (pH 



Reprinted from Kreke, M. R., Badami, A. S., Brady, J. B., Akers, M., and  A. S. Goldstein. 
Biomaterials 26: 2975-2981 (2004), with permission from Elsevier Ltd. 

 

Michelle Renee Kreke               Appendix A: PAH / Heparin films 
 

102

8.4 > pH 9.4 > pH 7.4).  These results demonstrate that heparin-containing 

electrostatic films support cell adhesion and protein adsorption in a manner 

sensitive to film deposition conditions. 

A.1.2. Introduction 

Biomaterials selected for their bulk properties (e.g., modulus, 

resorbability) may not necessarily possess bio-interfacial properties conducive to 

cell adhesion, proliferation, and tissue development. Consequently, adsorption or 

covalent immobilization of adhesive proteins and peptides (Cutler and García 

2003; Klee et al. 2003; Rowley et al. 1999) is an attractive method to improve the 

biomaterial interface. However, covalent immobilization techniques can be 

complex and require surface chemistries that support bioconjugate techniques, 

whereas protein adsorption leads to conformational changes (Cheng et al. 1994; 

Giroux and Cooper 1990; Narasimhan and Lai 1989; Yu et al. 1997) that 

undermine bioactivity (García et al. 1999; Iuliano et al. 1993).  An alternative 

strategy that has recently emerged for creating bioactive interfaces is electrostatic 

layer-by-layer film assembly (Ai et al. 2003).  

Layer-by-layer assembly involves sequential deposition of polyanionic 

and polycationic polymers from aqueous solutions to form alternately charged, 

interpenetrating layers (Hammond 2000). Films may be formed on virtually any 

biomaterial substrate and do not require intensive chemical processing. In 

addition, bioactive moieties can be incorporated as one of the polyelectrolyte 

layers or entrapped between layers (Ai et al. 2003). Such films have potential in a 

variety of biomedical applications including biosensors (Narváez et al. 2000; Ram 

et al. 2001), antithrombotic catheters (Serizawa et al. 2002; Tan et al. 2003), drug 

delivery vehicles (Balabushevitch et al. 2001; Qiu et al. 2001), and cell-

supporting surfaces (Boura et al. 2003; Tryoen-Tóth et al. 2002). 
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In this study we consider the utility of poly(allylamine hydrochloride) 

(PAH) and heparin as the polycationic and polyanionic components of a cell- and 

protein-adhesive biomaterial interface for orthopedic applications.  The 

polyanion, heparin, is a member of a family of sulfated glycosaminoglycans 

(GAG) (Ruoslahti 1988) and is capable of interacting with numerous proteins 

associated with osteoblast adhesion (e.g., fibronectin, vitronectin), proliferation 

(e.g., fibroblast growth factor), and differentiation (e.g., bone morphogenetic 

protein, pleiotropin). Heparin has been studied previously as a means to control 

the delivery of growth factors (Ishihara et al. 2001; Sakiyama-Elbert and Hubbell 

2000) and the orientation of adsorbed fibronectin (Yu et al. 1997), and to impart 

anticoagulant properties to layer-by-layer films (Serizawa et al. 2002; Tan et al. 

2003; Zhu et al. 2002). In addition, evidence exists that this sulfated GAG can 

also promote cell adhesion (Zhu et al. 2002). 

The polycation, PAH, is a weak base and consequently its deposition is 

sensitive to the solution pH (Shiratori and Rubner 2000; Yoo et al. 1998). At 

neutral pH, the amine groups of PAH are positively charged and the polymer 

deposits as flat trains. However, above pH 7.5 the amine groups deprotonate and 

the polymer deposits more thickly. This results in an increase in film thickness 

with increasing pH of the PAH solution. Further, it has been shown that layer 

thickness can affect the chemical composition at the film surface (Yoo et al. 

1998). 

We postulate that the pH-sensitivity of the polycation, PAH, can be used 

to produce films with differing degrees of heparin availability.  This in turn 

should impact cell adhesion and behavior. The goal of this study was to determine 

the effects of PAH solution pH on suitability of PAH/heparin surfaces for 

orthopedic applications. In particular film thickness, wetting, chemical 

composition, protein adsorption, and adhesion of osteoblastic cells were 

measured. 
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A.1.3. Materials and Methods 

A.1.3.1. Solutions 

A 10 mM (monomer concentration) solution of poly(allylamine 

hydrochloride) (PAH, Mw 70kDa, Aldrich, Milwaukee, WI) was prepared  in 

deionized water and the pH adjusted to 6.4, 7.4, 8.4, or 9.4 with NaOH. Heparin 

(173-176 U/mg, 12.5 kDa, 9.5% sulfate, Celsus, Cincinnati, OH) was prepared at 

a concentration of 4 mg/mL in phosphate buffered saline (PBS, Invitrogen, 

Rockville, MD) to a final pH of 7.4. Chemical structures of heparin and PAH are 

shown in Figure A.1.1. 

 

Figure A.1.1:  Chemical structures of heparin and PAH. a) Representative 
illustration of two typical GAG repeats with multiple sulfate groups. b) PAH. 
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A.1.3.2. Film Preparation 

Planar substrates for film formation were silicon wafers and 50 × 50 mm 

glass microscope slides (Fisher, Pittsburgh, PA). Substrates were cleaned of 

organic deposits by acid etching in a 70%/30% solution of concentrated sulfuric 

acid (VWR Scientific, West Chester, PA) and 30% hydrogen peroxide (EM 

Science, Gibbstown, NJ).  Samples were then rinsed well with deionized water 

and dried under a stream of nitrogen. 

PAH/heparin films were prepared on glass and silicon wafers by manual 

dip coating. Briefly, substrates were suspended by polypropylene forceps for at 

least 5 min in alternating PAH and heparin solutions.  Following each soak, the 

substrates were rinsed vigorously with excess deionized water.  For all substrates 

the first layer was PAH and (except where noted) the topmost layer was heparin.  

During film formation the pH of the polyelectrolyte solutions was monitored and 

adjusted when necessary. Films were dried with nitrogen and stored dry until use 

(1 to 8 days). Resultant films were mechanically robust and could not be removed 

by gentle rubbing with a cotton swab. 

A.1.3.3. Measurement of Film Thickness 

PAH/heparin film thicknesses were determined using a variable angle, 

variable frequency ellipsometer (VB-200, Woollam, Lincoln, NE).  Scans were 

made at 70, 75, and 80° and frequencies from 250 to 700 nm.  The thicknesses 

were predicted by matching experimental data to a Lorentz oscillator model for 

three layers: Si, SiO2, organic film.  Here, the Si layer was assumed to be infinite, 

and the thickness of the SiO2 was measured separately (typically 2.1-2.5 nm), and 

the parameters for a single Lorentz oscillator model of the organic film were 

A=0.408, B=0.001, and ε0=0.2. This left the film thickness as the only free 
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parameter of the fit. Thickness for each substrate was based on the average of 

three ellipsometric scans at different locations. 

A.1.3.4. Contact Angles 

Advancing contact angles were measured using a Ramé-Hart goniometer 

(model 100-06, Mountain Lakes, NJ). Substrates were wafers deposited with 7.5, 

8, 8.5, 9, 9.5 and 10 bilayers.  For each material contact angles were measured at 

four to six locations on each of two substrates using 3 µL drops of deionized 

water. 

A.1.3.5. X-Ray Photoelectron Spectroscopy 

XPS measurements of films consisting of 10 bilayers on silicon were 

performed using a Perkin Elmer 5400 equipped with a 300W Mg X-ray source. 

Scans were performed for C1s (2 min), O1s (2 min), N1s (3.4 min), S2p (3.4 

min), and Si2p (0.7 min) at take-off angles of 90° and 15° with a pass energy of 

17.9 eV. Signal areas were integrated and corrected by sensitivity standards to 

determine atomic composition. Silicon from the underlying substrate contributed 

no more than 5%. The C1s signal exhibited two distinct peaks at 284.9 and 286.4 

eV and a shoulder at 288.0 eV. These contributions were deconvolved by fitting 

the sum of three Gaussian distributions to the data. Widths of Gaussian 

distributions at half maximum were typically 1.2 to 1.6 eV. 

A.1.3.6. Measurement of Fibronectin (Fn) Adsorption 

Radiolabeled 125I-Fn was prepared by chloramine-T reaction as described 

previously (Akers et al. 1986).  Briefly, 20 µL of 1 mg/mL Fn (purified from 

human serum, Sigma, St. Louis, MO) was combined with 40 µL of 0.5 M 

phosphate (pH 7.5), 2 µL of Na125I (200 µCi, Perkin Elmer, Boston, MA) and 3 
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µL chloramine-T (Fisher Chemical, Fair Lawn, NZ) (0.5 mg/mL in 0.05M 

phosphate buffer pH 7.5).  The reaction proceeded for 1.5 min and was stopped 

by the addition of 20 µL sodium metabisulfite (MCB Manufacturing Chemists, 

Cincinnati, OH) (0.5 mg/mL in 0.05 M phosphate buffer). The reaction mixture 

was then combined with 0.5 mL of 0.05 M phosphate buffer (pH 7.5) and passed 

through a 1 mL bed of AG1-8 ion exchange resin to remove the unreacted 125I, 

and collected into a tube containing 0.425 mL 0.05M phosphate buffer. An 

additional 1 mL of 0.05 M phosphate buffer was added to the column to recover 

additional labeled Fn. Assuming 100% recovery of Fn, the resultant solution was 

10 µg/mL. 

Films consisting of 10 PAH/heparin bilayers were formed on silicon 

wafers and cut into 20 x 8 mm rectangles.  All samples were weighed and surface 

areas were calculated based on silicon density, 2.33 g/cm3, and wafer thickness, 

0.0540 cm.  Soaking concentrations of 1.0, 2.0, 5.0 and 10 µg/mL 125I-Fn were 

prepared and added to substrates at a volume/area ratio of 60 µL/cm2. Following a 

1 hr incubation at room temperature substrates were rinsed twice with PBS, 

incubated for 30 min with 1% bovine serum albumin (BSA, Sigma) in deionized 

water and rinsed twice with PBS.  Substrates were then loaded into tubes and 

activities measured using a Beckman 5500 Gamma Counter (Irvine, CA).  To 

determine the concentration of absorbed 125I-Fn, a standard curve was prepared 

using 0, 2.5, 5.0, 7.5, and 10 ng of protein in 100 µg PBS.  No more than 3% of 

the fibronectin in the soaking solution adsorbed to the substrates. 

A.1.3.7. Cell Culture 

Cell studies were performed with a mouse calvaria-derived 

osteoprogenitor cell line (MC3T3-E1) donated by Dr. A.J. García (Department of 

Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA). Cells 
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were maintained in culture medium (αMEM from Invitrogen, with 10% fetal 

bovine serum from Gemini, Calabasas, CA and 1% antibiotic/antimycotic from 

Invitrogen) and used at passages below 20. For each substrate 6×104 cells were 

seeded into a single 35 mm petri dish (Fisher) with 2 mL of culture medium and 

expanded for two days. 

A.1.3.8. Measurement of Cell Adhesion Strength 

Cell adhesion was measured quantitatively using a radial-flow chamber 

detachment assay (Goldstein and DiMilla 1997). Briefly, substrates consisting of 

10 bilayers of PAH/heparin on 50 × 50 mm glass slides were assembled into a 

radial-flow chamber, which was then filled with protein-free medium for 

detachment (Hank�s buffered salt solution (Sigma) supplemented with 5.94g/L 

HEPES (N-2-hydroxyethylpiperazine-N�-2-ethane sulfonic acid, Sigma), pH 7.4) 

and mounted onto an Olympus IX50 inverted microscope (Opelco, Sterling, VA) 

equipped with a motorized stage (Prior, Rockland, MA), and cooled CCD camera 

(C4742-98-12NRB, Hamamatsu Corporation, Bridgewater, NJ).  Cells were lifted 

from a petri dish by rinsing twice with calcium- and magnesium-free PBS and 

incubated with 0.5 mL of 0.05 % trypsin and 0.53 mM ethylenediamine 

tetraacetic acid (1X trypsin-EDTA, Invitrogen) for 5 to 7 min at 37°C.  Cells were 

then gently detached, collected in 2 mL of culture medium, and centrifuged for 5 

min at 206 × g (1000 rpm). The supernatant was removed and the cell pellet was 

resuspended in 0.8 mL of protein-free medium for detachment. Cells were 

injected into the radial-flow chamber and allowed to attach to the test substrate for 

30 min at room temperature (25°C). At the end of the attachment period shearing 

flow was applied for 30 sec using a multiple syringe pump (KDS230, KD 

Scientific, New Hope, PA) to deliver protein-free medium for detachment.  Pairs 

of images � collected at 10× at select radial positions prior to and after the 
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application of shearing flow � were used to determine the fraction of cells that 

resisted detachment as a function of position.  This data was then combined with a 

fluid mechanical model for shear stress in the flow chamber to calculate the 

critical wall shear stress, τwc (the shear stress necessary to detach 50% of the 

cells).  Details of this calculation can be found elsewhere (Goldstein and DiMilla 

1998). 

A.1.3.9. Statistical Analysis 

All data is presented as mean ± standard deviation unless otherwise 

indicated.  A one-way analysis of variance (Minitab, State College, PA) was 

performed using Tukey�s F-test with a 95% confidence criterion for statistical 

significance. 

A.1.4.  Results and Discussion 

A.1.4.1. Film thickness 

Thickness of PAH/heparin films depended both on the number of bilayers 

deposited and the pH of the PAH solution (Figure A.1.2). Film thickness 

increased linearly with bilayer number, and bilayer thicknesses of 0.76 ± 0.10, 

4.43 ± 0.19, and 41.11 ± 2.78 nm for pH 6.4, 8.4, 9.4, respectively, were 

determined by linear regression. Although regressed lines exhibited negative y-

intercepts, this is consistent with previous studies which have shown that initial 

layers can be thin relative to subsequent layers (Richert et al. 2002; Schmitt et al. 

1993).  Film thickness also increased with increasing pH of the PAH solution. 

Sensitivity to pH has been shown previously with polymers that contain weak 

acid (e.g., poly(acrylic acid) (PAA)) or weak base (e.g., PAH) groups when the 

solution pH is near the polymer pK (Shiratori and Rubner 2000; Yoo et al. 1998). 
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In particular, an increase in thickness is attributed to a transition in polymer 

deposition from flat trains to loopy structures as the density of charges on the 

polymer chain decreases. 

 

Figure A.1.2:  Film thickness as a function of bilayer number.  Films 
prepared with 15, 20, 25, or 30 bilayer. Each point corresponds to triplicate 
measurements on a single substrate. Lines correspond to a linear least-squares 
regression of the means. Films prepared using PAH of pH 6.4 and 8.4 are 
plotted using the vertical scale at left, films using PAH of pH 9.4 are plotted 
using vertical scale at right. 
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adhesion. 
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A.1.4.2. Contact angle 

Advancing contact angle measurements for varying numbers of bilayers 

demonstrated differences in properties of the film interface with surface chemistry 

and pH (Figure A.1.3). Surfaces with 8, 9, and 10 bilayers had heparin topmost 

and exhibited low contact angles (10 to 20°), while surfaces with 7.5, 8.5, and 9.5 

bilayers had PAH topmost and exhibited higher contact angles (30-60°). Heparin 

is a hydrophilic polysaccharide and its contact angle should be near zero, whereas 

PAH should be comparable to amine-terminated self-assembled monolayers (e.g., 

42 to 50° (Acarturk et al. 1999; Keselowsky et al. 2003)). The observation that 

most contact angles were between 0 and 50° suggests interpenetration of PAH 

and heparin layers, consistent with other observations (Baur et al. 1999). A 

systematic increase in contact angle with pH when PAH is topmost suggests a 

decreasing penetration of heparin to the surface with increasing bilayer thickness. 

In contrast, the small but consistent increase in contact angle with pH when 

heparin is topmost suggests an increasing penetration of PAH to the surface with 

increasing bilayer thickness. These trends are consistent with pH-dependent 

trends for PAH/PAA films (Yoo et al. 1998). 
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Figure A.1.3:  Contact angle as a function of pH.  Advancing contact angle 
for water on PAH/heparin films prepared with 7.5, 8, 8.5, 9, 9.5 and 10 bilayers. 
Error bars correspond to the standard deviation of 4 to 6 angles measured on 
each of two substrates. 
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Figure A.1.4:  Atomic Composition. Percent carbon, oxygen, nitrogen, and 
sulfur for PAH/heparin films of 10 bilayers that were formed using PAH of pH 
7.4, 8.4, or 9.4. Individual substrates were analyzed with take-off angles of both 
90° (to probe the bulk composition of the film) and 15° (to probe the 
composition near the surface). Bars correspond to the mean ± spread of n=2 
substrates. 
 

 

Measurement of the same films at a take-off angle of 15° (Figure A.1.4 b) 
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angle. Together, these indicate penetration of PAH into the heparin top layer, and 

its accumulation at or near the film surface.  Further, the signal at 284.9 eV was 

maximal for films prepared using PAH at pH 8.4, suggesting that PAH 

penetration is most pronounced at this intermediate pH. 
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Figure A.1.5:  Deconvolution of Carbon 1s Signal. Percent of total signal 
attributed to individual signals at 284.9, 286.4, and 288.0 eV. PAH/heparin films 
formed using PAH of pH 7.4, 8.4, or 9.4 consisted of 10 bilayers and were 
analyzed at take-off angles of 90° and 15°. Bars correspond to the mean ± 
spread of n=2 substrates. 
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heparin to interact with the heparin binding domains (Hep-I and Hep-II (Yamada 

1989)) of fibronectin.  However, fibronectin adsorption may also be affected by 

PAH at the film surface. In particular, studies of fibronectin adsorption to model 

interfaces reveal a higher affinity for methyl- and amine-terminated surfaces than 

for hydroxyl-terminated surfaces (Keselowsky et al. 2003). Further, fibronectin 

adsorption to multilayer PAH/poly(styrene sulfonate) (PSS) films is two-fold 

greater when PAH is the topmost layer (Ngankam et al. 2004).   Thus, subtle 

differences in the penetration of PAH into the topmost heparin layer and its 

accumulation at or near the surface could contribute to measured differences in 

fibronectin affinity for PAH/heparin films. 



Reprinted from Kreke, M. R., Badami, A. S., Brady, J. B., Akers, M., and  A. S. Goldstein. 
Biomaterials 26: 2975-2981 (2004), with permission from Elsevier Ltd. 

 

Michelle Renee Kreke               Appendix A: PAH / Heparin films 
 

116

Figure A.1.6:  Fibronectin Adsorption.  Surface concentration of Fn on 
PAH/heparin films prepared using PAH solutions of pH 7.4, 8.4, and 9.4, and 
incubated with fibronectin solutions in PBS. Error bars correspond to the 
standard error of the mean for n=7 substrates. Lines are intended to lead the eye. 
An asterisk denotes statistically significant difference from pH 7.4. 
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Figure A.1.7:  Cell Adhesion.  Critical wall shear stress for detachment of 
MC3T3-E1 cells from PAH/heparin films prepared using PAH solutions of pH 
7.4, 8.4, and 9.4, and from borosilicate glass (control).  Bars correspond to the 
mean ± spread of n=2 measurements on separate substrates. 

 

In particular, heparin in the films may be mediating cell adhesion by 

interacting with cell surface receptors that possess heparin-binding domains (e.g., 

neuronal-cell adhesion molecule (N-CAM), glucocorticoid receptors (Ruoslahti 

1988)).  However, PAH at the surface may also contribute to cell adhesion.  
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(e.g., PAH, poly(L-lysine) (PLL)) is topmost (Boura et al. 2003).  Further, 

quantitative measurements of adhesion to PLL/poly(L-glutamic acid) (PGA) 

multilayers showed stronger attachment of cells to films than to glass when PLL 

was topmost (Richert et al. 2002).  Interestingly, the same study showed poorer 

adhesion to PLL/PGA multilayers than to glass when PGA was topmost.  This, 

together with our results on PAH/heparin films, suggests that heparin is a better 

cell-adhesive anionic polymer than PGA. 
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A.1.5. Conclusions 

In this study the layer-by-layer deposition method was used to form films 

of PAH/heparin, and the pH of the PAH solution was systematically varied from 

6.4 to 9.4. As the pH was increased film thickness, bilayer thickness, and contact 

angles systematically increased, consistent with a transition in polymer chain 

orientation from flat trains to loops and an increase in penetration of PAH into the 

heparin topmost layer. XPS analysis indicated a PAH to heparin monomer ratio of 

2 that was independent of pH, and accumulation of PAH at or near the film 

surface. Measurement of fibronectin adsorption revealed pH-dependent 

differences in protein affinity for the films with a maximum at pH 8.4. Finally, 

measurements of cell adhesion showed attachment to all surfaces, but the highest 

strength of attachment was for films formed with PAH pH 8.4. These studies 

demonstrate that PAH/heparin films support protein adsorption and cell adhesion, 

and that these properties can be modulated by altering the conditions under which 

the films are formed. 
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A.2. Osteoblastic Differentiation of BMSCs seeded on Poly(Allylamine 

Hydrochloride) Heparin Films 

A.2.1. Introduction 

  Electrostatic layer-by-layer film assembly is a means to non-covalently 

incorporate proteins and bioactive moieties at the biomaterial surface. Selection of 

polycationic and polyanionic components and deposition conditions can be used 

to control the interfacial properties, and through them protein adsorption, cell 

adhesion, and tissue development. In this study the polycation was 

poly(allylamine hydrochloride) (PAH), which is a weak base and consequently 

adsorbs at interfaces in a pH-dependent manner, and the polyanion was heparin, 

which is capable of interacting with adhesion ligands, growth factors, and cell 

surface receptors.  The goal of this study is to assess how modifying the pH of 

PAH/Heparin films would affect osteoblastic differentiation of cells grown on 

these surfaces.  For this study, films were generated by polyelectrolyte layer-by-

layer deposition using polyallylamine hydrochloride solutions (pH 7.4, 8.4, and 

9.4) and heparin solutions (pH 7.4).  MC3T3-E1 cells were cultured on these 

films and cell number on days 3, 7, and 14, alkaline phosphatase activity at days 7 

and 14, and osteopontin at day 14 was measured.   
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A.2.2. Materials and Methods 

A.2.2.1. Film Assembly 

 In this experiment, bioactive films were prepared by alternating layers of 

PAH and heparin.  The pH of PAH was varied from 7.4 to 9.4 to change the 

degree of protonation hence changing the electrostatic interactions with heparin 

(i.e. film thickness).  In this procedure, solutions were prepared containing ionic 

forms of PAH (MW=~70,000, 0.935g/L, Aldrich, Milwaukee, WI) in deionized 

water and heparin (MW=~12,500, activity=171U/mg, 4 g/L, pH = 7.4, Celsus, 

Cincinnati, OH) in phosphate buffered saline (PBS) solution (Fisher, Pittsburgh, 

PA).  The layers were formed on the bottom of 12-well tissue culture polystyrene 

dishes (Fisher) by alternating treatments with PAH (5 minutes), rinsing well with 

de-ionized water, and following with heparin (5 minutes).  Alternating layers 

were stopped at 9.5 layers (with PAH on the topmost layer) and 10 layers (with 

heparin on top).  Films were sterilized under ultraviolet light for cell cultures 

studies.   

A.2.2.2. Cell Seeding 

 Cell culture studies were preformed with MC3T3-E1 cells, a mouse 

calvarial cell-line (generously provided by Andres García, Georgia Tech).  

MC3T3 cells were grown in 10 mL of growth medium (alpha MEM, Life 

Technologies with 10% fetal bovine serum, Gemini, Calabasas, CA, and 1% 

antibiotic/antimycotic, Life Technologies) and passaged every three to four days.  

Cells used in this study had passage numbers lower than 24.  For cell seeding, 

cells were lifted with trypsin/EDTA and seeded onto the bottom of 12-well plates 

modified with PAH/Heparin films at a concentration of 100,000 cells per well 

with two milliliters of differentiation medium (growth medium supplemented 
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with 0.13 µM ascorbate-2-phosphate and 2 mM β-glycerophosphate).  Medium 

was replaced every four days. 

A.2.2.3. Cell Number 

 Cell proliferation was determined by measured changes in cell number 

through a DNA assay. Cell samples were collected on days 3, 7, and 14.  Cell 

layers were washed with PBS, 0.5 mL of 10 mM ethylenediaminetetraacetic acid 

(EDTA, Sigma) added to each well, mechanically scraped to lysis cells, and 

collected into a 1.5 mL microcentrifuge tube.  Following collection, 0.5 mL of 

EDTA was added to collect remaining cell lysate and collected into the same 1.5 

mL microcentrifuge tube.  Cell lysates were stored in at �70°C until ready for 

assay.  DNA standards were created with known amounts of DNA (0, 1, 2, 4, 6, 8 

µg) in 1 mL of EDTA.  The DNA samples were thawed and sonicated to rupture 

the cellular membranes.  A volume of 0.2 mL of 1 M KH2PO4 was added to 

neutralize pH of samples and DNA standards.  DNA measurements were made by 

combining 400 µL of sample or DNA standard with 1.6 ml of Hoechst dye 

solution (5 µL of 1 mg/mL Hoechst 33258 dye in 50 mL of 10 mM trizma 

hydrochloride, 100 mM sodium chloride, pH 7.0) and measuring fluorescence 

immediately using a DyNAQuant 200 (Hoefer Scientific Instruments, San 

Francisco, CA). A linear standard curve was constructed to convert fluorescence 

to DNA concentration and a conversion factor of 9.1 pg of DNA per cell was used 

to calculate cell number.    

A.2.2.4. ALP Activity 

 Alkaline phosphatase (ALP) activity was used as a marker of extracellular 

matrix development.  Samples were collected on days 7 and 14.   All solutions 

were obtained from ALP kit (Biotron Diagnostics, Hernet California) and 
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prepared per manufactures instructions. Samples were washed with PBS, 0.5 mL 

of TGT solution (50 mM Trizma hydrochloride, 100 mM glycine, 0.1% Triton 

X100) with protease inhibitors (aprotinin, bestatin, leupeptin, E-64, and pepstatin 

A) added, mechanically scraped, and collected into a 1.5 mL microcentrifuge 

tube.  Cell lysates were frozen at -70 °C until thawed for assay.  Upon thawing, 

cell lysates were sonicated for ten minutes to disrupt cell membranes and 

homogenize the solution.  For absorbance readings 200 µL of sample and 1 mL of 

ALP reagent were mixed and absorbance readings were take at one minute 

intervals for 4 min using a Genesis 5 spectrophotometer (Spectronic Analytical 

Instruments, Garforth, Leeds, UK).  ALP reagent was maintained at 37 °C as were 

the samples between measurements.  ALP activity was calculated from the rate of 

change in absorbance.  Non-specific activity was determined using TGT buffer. 

A.2.2.5. Osteopontin  

On day 14, cell layers were analyzed for osteopontin by western blot 

analysis.  Cell layers were washed with PBS, mechanical scrapped, and lysed with 

1X Laemmli buffer (950 µL Laemmli stock solution (Biorad, Hercules, CA), 50 

µL B-mercaptoethanol (Fisher), and 2 mL PBS).   The total amount of protein 

within the cell lysate was quantified using RC/DC assay (Biorad) with BSA 

standards.  Next, 50 µg of total protein was loaded into each well of a 7.5% 

polyacrylamide separating gel with 3.5 % stacking gel and run at 100V (50mA) 

for 75 minutes with a running buffer (25 mM Tris base (Biorad), 1.92 M glycine 

(Biorad), and 1% sodium dodecyl sulfate (SDS) (Biorad)).  The protein was 

transferred to a polyvinylidene difluoride (PVDF) membrane with a transfer 

buffer (25 mM Tris, 1.92 M glycine, and 20% methanol (Fisher)) at 20 V 

overnight at 4°C.  Following transfer, the membrane was washed for 5 minutes in 

TBS (50 mM Tris base and 150 mM NaCl, Fisher) with 1% Tween 20 (Fisher).  
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Nonspecific binding was blocked with 5% wt. non-fat dry powdered milk 

(Carnation, Glendalne, CA) in TBS with 0.05 % Tween for 8 hours at 4°C.  After 

rinsing in TBS, a rabbit anti-rat osteopontin primary antibody (0.2 µg/ml in TBS 

with 5% milk, Assay Designs, Ann Arbor, MI) was incubated overnight at 4oC. 

Following the overnight incubation, the membrane was washed three times with 

TBS-T, probed with a goat anti-rabbit horseradish peroxisase-conjugated 

secondary antibody (diluted 1:15,000 in blocking buffer, Zymed, San Francisco, 

CA), and incubated for 2 hours at room temperature.  Following serial washes 

with TBS-T and TBS, the membrane was visualized by chemiluminescence 

(Supersignal West Pico, Pierce, Rockford, IL) to Kodak X-Omat film (Fisher).  

To quantify the protein levels of osteopontin, band density was determined using 

Scion Image (Scion Corporation).  The band density of each sample was 

normalized by the average band intensity of the control condition. 

A.2.2.6. Statistical Analysis 

To test for differences between treatment groups, data was analyzed by a 

one-way analysis of variance and a 95% confidence criterion was used to evaluate 

the significance for all statistical tests. All studies were performed in duplicate.        

A.2.3. Results 

A.2.3.1. Cell Number 

Cell number was determined by DNA analysis using a fluorescent dye 

(Hoechst dye) on days 3, 7, and 14. All cell layers show exponential increase in 

cell number between days 3 and 7 with similar cell numbers by day 14 (Figure 

A.2.1). 
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Figure A.2.1: Cell Density at days 3, 7, and 14.  Cell number of MC3T3-E1 
cells seeded on PAH/heparin films prepared using PAH solutions of pH 7.4, 8.4, 
and 9.4, and tissue culture polystyrene (TCPS).  Bars correspond to the mean ± 
standard deviation of n=3 for each bioactive film and n=6 for TCPS.  
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A.2.3.2. Alkaline Phosphatase Activity 

Alkaline phosphatase (ALP) activity was measured on day 14 to determine 

examine extracellular matrix development. On day 7, all MC3T3-E1 cells 

cultured on TCPS and PAH/Heparin films showed measurable levels of ALP 

activity at day 14 (Figure A.2.2).   

 

Figure A.2.2: ALP Activity at day 14.  ALP activity of MC3T3-E1 cells 
seeded on PAH/heparin films prepared using PAH solutions of pH 7.4, 8.4, and 
9.4, and tissue culture polystyrene (TCPS).  Bars correspond to the mean ± 
standard deviation of n=3 for each film and n=6 for TCPS.  
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A.2.3.3. Osteopontin  

A western blot was performed on the day 14 samples of the MC3T3-E1 

cultures to characterization of third step of osteoblastic differentiation - matrix 

mineralization through the protein expression of a bone specific protein, 

osteopontin (OPN).  Average OPN band density was normalized by the average 

of the control wells for each individual experiment.  Significant increases in OPN 

was observed for PAH top-most layer created with PAH at both pH 8.4 and 9.4 

and heparin top-most layers created with PAH at pH 7.4 (Figure A.2.3).   
 

Figure A.2.3: Osteopontin at day 14.  Osteopontin analyzed by western blot 
analysis for MC3T3-E1 cells seeded on PAH/heparin films prepared using PAH 
solutions of pH 7.4, 8.4, and 9.4, and tissue culture polystyrene (TCPS).  Bars 
correspond to the mean ± standard deviation of n=3 for each film and n=6 for 
TCPS. An asterisk denotes statistically significant difference from TCPS 
(p=0.05).  
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A.2.4. Conclusions 

In this study, polyelectrolyte films of poly(allylamine hydrochloride) and 

heparin were formed under differing conditions to probe how the properties of the 

films impact their capacity to support osteoblastic differentiation.  MC3T3-E1 

cells cultured on films proliferated similarly.  ALP activity at day 14 was 

analogous on all experimental surfaces.  However, OPN with cell layers were 

significant enhanced for PAH top-most layer created with PAH at both pH 8.4 

and 9.4 and heparin top-most layers created with PAH (pH 7.4).  This 

demonstrates that the surface chemistry of the underlying films plays a substantial 

role in the differentiation of osteoblasts. 
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Appendix B:  Modulation of Osteoblastic Differentiation by 
Absorbed Fibronectin on Glass substrates  

B.1. Purpose 

The purpose of this study was to study the effect of surface concentration 

of FN on the osteoblastic differentiation of bone marrow stromal cells.  To 

accomplish this goal, bone marrow stromal cells were seeded onto fibronectin 

coated glass coverslips (both clean and amino-phase glass) and assayed at day 7 

after the addition of osteoinductive factors (asorbate-2-phosphate, β-

glycerophosphate, and dexamethasone) for DNA and ALP activity.  Additionally, 

separate cell layers were assayed at day 20 after the addition of osteoinductive 

factors for osteopontin (OPN). 

B.2. Materials and Methods 

B.2.1. Cell Seeding 

 Bone marrow stromal cells were taken from the femurs and tibias of male 

Sprague-Dawley rats (Harlan, Dublin, VA) between 125 and 150 grams body 

mass.  All animal procedures followed the published protocols and Virginia 

Polytechnic Institute�s Animal Care guidelines (Blacksburg, VA).  Marrow 

extracts were dispersed into solution and centrifuged at 1000 rpm to separate 

buoyant cell types.  These cells were discarded and the remaining pellet of solids 

were resuspended and seeded onto tissue culture polystyrene petri dishes (Fisher).  

Adherent cells were expanded for two weeks in 7 mL of growth medium (α-
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MEM, Life Technologies, Rockville, MA with 2.2 g/L of sodium bicarbonate 

Sigma, St. Louis, MO supplemented with 10% FBS, Gemini, Calabasas, CA and 

1 %antibiotic/antimycotic, Life Technologies).  Medium was replaced every three 

to four days.  Following 14 days, cells were lifted with trypsin/EDTA (Life 

Technologies) and seeded onto varying concentrations of fibronectin coated glass 

coverslips (0.1 to 10 µg / mL) within 12-well plates at a seeding density of 

100,000 cells per coverslip (50 µL of 2 million cell suspension was placed in the 

center of each coverslips.  Cells were seeded onto the clean glass and amino-

phase (created with APTES chemistry by Dr. Goldstein) glass as a control 

surface.  Following 1 hour, two milliliters of growth medium was added to each 

well.  One day after cell seeding into 12-well plates, the medium was replaced 

with differentiation media (growth medium with 0.0375 mg/L of ascorbate-2-

phosphate, Sigma, St. Louis, MO, 2 mM β-glycerophosphate, Sigma, and 10 nM 

dexamethasone, Sigma).  Subsequently, media was replaced every 3-4 days.  

B.2.2. Cell Number 

 Cell number was determined by measured changes in cell number by 

measure quantities of DNA. Cell samples were collected on day 7 after the 

addition of osteoinductive factors, ascorbate-2-phosphate, β-glycerophosphate, 

and dexamethasone.  Cell layers were washed with PBS, 0.5 mL of 10 mM 

ethylenediaminetetraacetic acid (EDTA, Sigma) added to each well, mechanically 

scraped to lysis cells, and collected into a 1.5 mL microcentrifuge tube.  

Following collection, 0.5 mL of EDTA was added to collect remaining cell lysate 

and collected into the same 1.5 mL microcentrifuge tube.  Cell solutions were 

stored at �70°C until ready for assay.  DNA standards were created with known 

amounts of DNA (0, 1, 2, 4, 6, 8 µg) in 1 mL of EDTA.  The DNA samples were 

thawed and sonicated to rupture the cellular membranes.  A volume of 0.2 mL of 
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1 M KH2PO4 was added to neutralize pH of samples and DNA standards.  DNA 

measurements were made by combining 400 µL of sample or DNA standard with 

1.6 ml of Hoechst dye solution (5 µL of 1 mg/mL Hoechst 33258 dye in 50 mL of 

10 mM trizma hydrochloride, 100 mM sodium chloride, pH 7.0) and measuring 

fluorescence immediately using a DyNAQuant 200 (Hoefer Scientific 

Instruments, San Francisco, CA). A linear standard curve was constructed to 

convert fluorescence to DNA concentration and a conversion factor of 10.4 pg of 

DNA per cell was used to calculate cell number.    

B.2.3. ALP Activity 

Alkaline phosphatase (ALP) activity was used as an indicator of 

osteoblastic differentiation.  Cell samples were collected on day 7 after the 

addition of osteoinductive factors.   All solutions were obtained from ALP kit 

(Biotron Diagnostics, Hernet California) and prepared per manufactures 

instructions). Samples were washed with PBS, 0.5 mL of TGT solution (50 mM 

Trizma hydrochloride, 100 mM glycine, 0.1% Triton X100) with protease 

inhibitors (aprotinin, bestatin, leupeptin, E-64, and pepstatin A) added, 

mechanically scraped, and collected into a 1.5 mL microcentrifuge tube.  Cell 

lysates were frozen at -70 °C until thawed for assay.  Upon thawing, cell lysates 

were sonicated for ten minutes to disrupt cell membranes and homogenize the 

solution.  For absorbance readings 200 µL of sample and 1 mL of ALP reagent 

were mixed and absorbance readings were take at one minute intervals for 4 min 

using a Genesis 5 spectrophotometer (Spectronic Analytical Instruments, 

Garforth, Leeds, UK).  ALP reagent was maintained at 37 °C as were the samples 

between measurements.   ALP activity was calculated from the rate of change in 

absorbance.  Non-specific activity was determined using TGT buffer. 
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B.2.4. Osteopontin 

On day 14 after the addition of osteoinductive factors, cell layers are 

collected for western blot analysis to measure osteopontin within cell layers.  Cell 

layers were washed with PBS, mechanical scrapped, and lysed with 1X Laemmli 

buffer (950 µL Laemmli stock solution (Biorad, Hercules, CA), 50 µL B-

mercaptoethanol (Fisher), and 2 mL PBS).   The total amount of protein within 

the cell lysate was quantified using RC/DC assay (Biorad) with BSA standards.  

Next, 50 µg of total protein was loaded into each well of a 7.5% polyacrylamide 

separating gel with 3.5 % stacking gel and run at 100V (50mA) for 75 minutes 

with a running buffer (25 mM Tris base (Biorad), 1.92 M glycine (Biorad), and 

1% sodium dodecyl sulfate (SDS) (Biorad)).  The protein was transferred to a 

polyvinylidene difluoride (PVDF) membrane with a transfer buffer (25 mM Tris, 

1.92 M glycine, and 20% methanol (Fisher)) at 20 V overnight at 4°C.  Following 

transfer, the membrane was washed for 5 minutes in TBS (50 mM Tris base and 

150 mM NaCl, Fisher) with 1% Tween 20 (Fisher).  Nonspecific binding was 

blocked with 5% wt. non-fat dry powdered milk (Carnation, Glendalne, CA) in 

TBS with 0.05 % Tween for 8 hours at 4°C.  After rinsing in TBS, a rabbit anti-

rat osteopontin primary antibody (0.2 µg/ml in TBS with 5% milk, Assay 

Designs, Ann Arbor, MI) was incubated overnight at 4oC. Following the 

overnight incubation, the membrane was washed three times with TBS-T, probed 

with a goat anti-rabbit horseradish peroxisase-conjugated secondary antibody 

(diluted 1:15,000 in blocking buffer, Zymed, San Francisco, CA), and incubated 

for 2 hours at room temperature.  Following serial washes with TBS-T and TBS, 

the membrane was visualized by chemiluminescence (Supersignal West Pico, 

Pierce, Rockford, IL) to Kodak X-Omat film (Fisher).  To quantify the protein 

levels of osteopontin, band density was determined using Scion Image (Scion 
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Corporation).  The band density of each sample was normalized by the average 

band intensity of the control condition. 

B.2.5. Statistical Analysis 

To test for differences between treatment groups, data was analyzed by a 

one-way analysis of variance and a 95% confidence criterion was used to evaluate 

the significance for all statistical tests. All studies were performed in duplicate.        

B.3. Results  

B.3.1. Cell Number 

Cell number was determined by DNA analysis using a fluorescent dye on 

day 7 after the addition of osteoinductive factors.  All surfaces had similar cell 

numbers at day 7 (Figure B.1). 

Figure B.1: Cell Density at day 7.  Cell number of BMSCs cells seeded on FN 
coated coverslips and clean and amino-phase glass as a control.  Bars 
correspond to the mean ± standard deviation of n=3 for each coverslip.  
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B.3.2. Alkaline Phosphatase Activity 

Alkaline phosphatase (ALP) activity was measured on day 7 to determine 

the effect of different absorbed fibronectin concentrations on extracellular matrix 

development. On day 7, all cell layers showed similar measurable levels of ALP 

activity (Figure B.2).   

 

Figure B.2: ALP Activity at day 7.  ALP activity of BMSCs cells seeded on 
FN coated coverslips and clean and amino-phase glass as a control.  Bars 
correspond to the mean ± standard deviation of n=3 for each coverslip. 

0.000

0.005

0.010

0.015

0.020

Amino-phase
Glass

Glass

 

 

AL
P 

Ac
tiv

ity
 (µ

m
ol

es
/m

in
)

0.0

5.0x10-8

1.0x10-7

1.5x10-7

2.0x10-7

2.5x10-7

 

Glass Amino-phase
Glass

 A
LP

 A
ct

iv
ity

 (µ
m

ol
es

/m
in

-c
el

l) 

 Control
 0.1 µg/mL FN
 1 µg/mL FN
 10 µg/mL FN



 

Michelle Renee Kreke               Appendix B: Fibronectin Study 
 

138

B.3.3. Osteopontin  

A western blot to measure osteopontin (OPN) was performed with cell 

lysate collected on the day 20 after the addition of osteoinductive factors to 

determine the effect of different absorbed fibronectin concentration on 

osteoblastic differentiation.  OPN expression was normalized by the average 

value of either clean or amino-phase glass.  Average mean values of OPN were 

increased to a similar level for all concentrations of fibronectin on clean glass 

compared to clean glass (Figure B.3).  Furthermore, average mean values of OPN 

were increased at a soaking concentration of 1 µg / mL of fibronectin on amino-

phase glass compared to amino-phase glass.  However, the differences in OPN 

observed were not statistically significant.  

 

Figure B.3: Osteopontin at day 20.  Osteopontin within cell layers (analyzed 
by western blot analysis) seeded on FN coated coverslips and clean and amino-
phase glass as a control.  Bars correspond to the mean ± standard deviation of 
n=3 for each coverslip. 
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B.4. Conclusions 

In this study, different soaking concentrations of fibronectin (0.1 - 10µM) 

were absorbed to clean and amino-phase glass to study the effect different 

concentration of fibronectin on osteoblastic differentiation of BMSCs.  BMSCs 

had similar cell number and ALP activity for all surfaces at day 7 after the 

addition of osteoinductive factors.  ALP activity at day 14 was analogous on all 

experimental surfaces.  Average mean OPN was enhanced with all soaking 

concentrations of fibronectin on clean glass as well as a soaking concentration of 

1 µg / mL of fibronectin on amino-phase glass. 
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