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Abstract 

 
Large bone defects are frequently encountered during surgeries. Traditional methods of 

repair are limited by bone graft availability and increased surgical morbidity. Tissue 

engineered bone tissue has many clinical advantages. However, its current technology is 

limited by implant size and lacks of immediate nutritional perfusion once the tissue is 

implanted. 

Objective: To sustain cell growth and proliferation in a three-dimensional scaffold unit 

with radial convective flow. 

Material and Methods: Fetal rat calvarial cells were harvested and loaded into 1x1 cm 

hydroxyapatite cylinders. Microperforated hollow fibers were placed at the center of the 

cylinders to generate radial convective flow with oxygenated cell culture medium under 

hydraulic pressure. Live cell densities within the blocks were determined after 8 days of 

convection. 

Results: Radial convection sustained cell growth and proliferation better than simple 

diffusion at all three zones of the cylinders: center, outer, and rim. 

Conclusion: Radial convective flow is capable of supporting cellular function and 

proliferation in small scaffold units. The design of the radial convection units and their 

system parameters are validated by this study. The results are very useful to devise 

future tissue engineering studies involving radial convective flow.  
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Introduction 

 

In the field of head and neck surgery, there have been significant advances in 

treating advanced stage oral cancer with composite resection in conjunction with 

chemoradiation. The operation creates a large bony defect of the mandible that poses a 

serious reconstructive challenge. Other clinical conditions, such as trauma and abnormal 

skeletal development, also create problematic bony defects. Many defects are too large 

for the natural regenerative process to heal or to fill in over a short period of time 

(Damien et al. 1991). The traditional methods of repairing these bone defects are 

limited by not only bone graft availability but surgical morbidity as well. 

Tissue engineering attempts to create tissue replacements with laboratory 

engineered living tissue. Engineered bone tissue holds great promise for head and neck 

reconstruction for a variety of tissue defects. It would be convenient, readily available, 

storable, and easy to use (Burg et al. 2000). In combination with surgical repair, bone 

tissue engineering offers a promising avenue for repairing and replacing damaged 

tissue. 

The long range goal of bone tissue engineering is to culture large blocks of live 

bone in laboratories for surgical implantation. These large engineered tissue blocks 

consist of many individual units stacked together. It is the objective of this study to 

sustain cellular function and proliferation in a single unit of preconstructed scaffold via 

microperforated hollow fibers. The central hypothesis is that cellular growth and 

differentiation inside the scaffold is better supported by radial convective flow than 

simple diffusion.  
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Significance of the problem 

Bone defects, which result from tumor resection, trauma, infections, and 

abnormal skeletal development, pose significant reconstructive challenges. For 

example, after a total or subtotal mandibulectomy for advanced stage oral cavity cancer, 

the mandibular defect could reach 10 cm in length. Without surgical reconstruction such 

defect results in the “Andy Gump” type deformity, which is functionally and 

cosmetically unacceptable (Pogrel et al. 1997).  

The traditional methods of repairing bone defects include autologous bone 

grafts, allografts, distraction osteogenesis, and microvascular free flaps. Both 

autologous bone grafts and allografts exhibit excessive resorption when the defect is 

larger than 6 cm or when blood supply from the surrounding tissue is inadequate due to 

radiation or scarring (Torroni 2009). Distraction osteogenesis requires multiple surgical 

procedures to control and adjust three-dimensional (3D) distraction vectors. It has a 

limited application to linear or small bone defects. Repairing large defects or those with 

complex three-dimensional shapes such as a mandibular arch is not possible with 

current distraction osteogenesis devices (Bertele et al. 2005). The best solution for 

reconstructing such defects at the present is microvascular free flaps. A section of bone 

with its supplying blood vessel is harvested from a donor site, such as the fibula or 

scapula, with or without attached muscle and skin. The bone graft is then shaped into 

the desired form to fit into the defect and its vascular pedicles are anastomosed to 

nearby host vessels before the bone graft is finally fixated. The clinical outcome of 

microvascular free flaps is stable and predictable (Torroni 2009).  Nevertheless, 

harvesting the free bone flap may result in additional morbidity such as pain and 
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fracture at the donor site. In addition, compared to nonmicrovascular mandibular 

reconstruction, microvascular free flap recipients spend nearly 3 hours more in the 

operating room and an average 14 days extra in hospitals (Pogrel et al. 1997). Flap 

failure, while unusual in experienced centers, can be a devastating complication. The 

economic impact of free flaps on healthcare is high. 

Tissue engineering, in contrast, coaxes targeted cells to grow on bioactive 

degradable scaffolds and to differentiate into desired replacement tissues. In the case of 

tissue engineered bones, they theoretically can be stored and maintained on-the-shelf 

and be transported to any location at any time for surgical implantation. The potential 

impact of this technology reaches far beyond bone tissue and the field of head-and-neck 

surgery. It reduces the need for organ replacement and may one day eliminate the need 

for organ transplantation altogether. 

Although research has developed biological and engineering principles for in 

vitro tissue engineering applications, recent attempts to engineer bone tissue have not 

produced bone grafts of clinically significant size for surgical reconstruction. The main 

obstacle to engineer large bone grafts is the inadequate vascularization of inner portion 

of the grafts (Torroni 2009). One of the main constraints on the size of tissues 

engineered in vitro is that there is no vascular network to deliver nutrients, especially 

oxygen, to the center of the cell mass in order to sustain cell differentiation and 

proliferation (Griffith et al. 2002). Oxygen solubility in plasma is low. In living tissue, 

hemoglobin is an oxygen carrier to increase total oxygen content of the blood. For 

tissue engineering, it has been a challenge to either invent a synthetic oxygen carrier to 

mimic the role of hemoglobin or to design a vascular network in vitro, similar to the 
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capillary vessels, to actively supply the growing tissue mass with well-oxygenated 

culture medium. The development of a circulatory system is vital for the culture of 

large, three-dimensional engineered tissues to improve gas exchange, nutrient delivery, 

and waste removal (Stevens et al. 2005). 

In order to maintain cellular function, proper circulation of nutrients (such as 

oxygen, glucose, and amino acids) and clearance of metabolic waste products (such as 

CO2, lactate, and urea) are critical. For many water soluble molecules such as proteins 

and sugars, their diffusion in culture medium is rapid and their consumption demand 

can be easily matched by increasing the supply concentration. However, the diffusion of 

oxygen is relatively slow and at the same time oxygen consumption is high. Oxygen 

transport is generally much less favorable than that of other nutrients. Oxygen plays a 

critical role in cell metabolism. Reduced oxygen tension decreases energy production 

and triggers a variety of physiologic processes involving proliferation, apoptosis 

(decreased survival), and dedifferentiation (Muschler et al. 2008). For most tissue 

engineering systems, oxygen is the limiting factor and oxygen delivery is the most 

important parameter in engineering large tissue constructs (Muschler et al. 2004). 

 In laboratory tissue-engineered systems, cells are loaded and supported on 

scaffolds to form an organic mass immersed in culture medium. Oxygen dissolved in 

the medium is transported by passive diffusion via concentration gradient from the 

surface of the scaffold into its interior. The medium can be reoxygenated by aeration or 

by membrane exchange. Nevertheless, oxygen molecules typically travel between 

nanometers to 100µm before being consumed (Wiesmann et al. 2004). Most bone tissue 

engineered by diffusion is about 1-2 mm thick with maximum reproducible thickness 
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being about 4 mm (Olivier et al. 2004, Shea et al. 2000), whereas the interior of the 

scaffold remains relatively acellular or become necrotic as the outer layer cell mass 

grows (Radisic et al. 2004). 

 The literature contains a total of three clinical cases of prefabricated engineered 

bone flaps to reconstruct mandibles. In the most recent case Warnke et al. (2004, 2006) 

constructed a bone flap made up of 10 hydroxyapatite (HA) blocks in a titanium mesh 

cage shaped like a mandible. The HA blocks were coated with 7 mg of recombinant 

human bone morphogenic protein (BMP)-7 embedded in 1 g bovine collagen type 1. 

Then 20 ml of iliac crest bone marrow was aspirated and placed into the cage among the 

HA blocks. The whole construct was implanted into a pouch of right latissimus dorsi 

muscle of the receiving patient. After 7 weeks the bone flap with part of the latissimus 

dorsi muscle and its thoracodorsal artery and vein were transplanted to the mandible via 

microvascular free flap technique. Postoperatively the bone flap showed good 

ossification and vitality even after the patient began to smoke and drink again. The 

patient eventually expired 15 months after the free flap due to cardiac arrest.  

 

Hollow fiber technology 

Hollow fiber technology (HFT) is a technique of using microporous hollow 

fibers for the delivery and/or removal of solutions to a specific site. One application of 

HFT is tissue microdialysis. Gaddum et al. (1961) first used tissue microdialysis in 

1961. Since then many investigators have used tissue microdialysis to assay the 

interstitial space. These investigators have been careful to avoid hydrostatic or osmotic 

gradients. The study by Arner et al. (1988) was unique in that it attempted to 
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manipulate, rather than just measure, the interstitial microenvironment. In recent years, 

there have been many efforts to deliver agents through the microdialysis probe (Bobo et 

al. 1994), but these studies rely only on diffusion gradients. In HFT studies a negative 

hydrostatic gradient has been used. Negative pressure, or suction, was first used by 

Linhares et al. (1992, 1993) to sample the interstitial space with hollow fiber probes 

(called capillary ultrafiltration probes). In contrast to conventional use of microdialysis 

to assay the extravascular space, hollow fiber technology and ultrafiltration can also be 

used to deliver and/or remove fluid, solutes, and specific agents to or from a tissue 

space. Previous work by the Co-advisor has focused on using hollow fiber technology 

to affect a change of the interstitial space by utilizing hyperosmolar gradients (Odland 

et al. 1995) and, more recently, hydrostatic gradients. An ultrafiltration system based on 

hollow fiber technology has been demonstrated to successfully reduce tissue edema 

(Odland et al. 2003) and necrosis (Odland et al. 2004). This technology is capable of 

infusion of therapeutic agents (Seunguk et al. 2007), monitoring of physiologic 

parameters, and removal of tissue fluid (Odland et al. 2005).  

In addition to nutrient delivery, hollow fiber technology has the potential to 

monitor and influence the regulatory processes involved in target tissue biophysiology. 

The effect of cell regulatory proteins and growth factors, such as bone morphogenic 

proteins, can be independently studied by introducing a single agent to the engineered 

tissue via hollow fiber catheters.  

Like the biologic capillary system, a network of microperforated hollow fibers 

can be constructed to support a large mass of cells in vitro. Such application in bone 

tissue engineering has not been tried before this study. In this model, cells of specific 
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tissue types can be loaded into an array of hexagonal 3D scaffold units held together 

with an absorbable open cage. An array of microperforated hollow fibers can be 

embedded into the center of individual cylindrical units with tissue space surrounding 

the fibers. Within each unit, the main mode of mass transfer is radial convection 

through the perforations on the hollow fibers under hydrostatic pressure gradients. Once 

oxygen and nutrients reach the vicinity of the cells, their movement is by simple 

diffusion. The perfusion rate through the hollow fibers is selected based on oxygen 

requirements of the cell mass and the oxygen carrying capacity of the culture medium. 

The perfusion rate can be adjusted by changing the pressure gradient through the hollow 

fibers. When cell mass grows and oxygen requirements exceed the oxygen delivery 

through culture medium, the use of synthetic oxygen carriers in the medium can 

increase oxygen carrying capacity. 

By lengthening the fibers and combining multiple hexagonal small units, these 

organic scaffolds could reach many centimeters in thickness and length. Once they are 

implanted into the body to replace damaged organs, they are supported by ex corporal 

medium perfusion initially to wait for the natural angiogenesis from the surrounding 

soft tissue to occur. A surgical drain is placed to remove the waste medium. The whole 

system with pumps and cell medium is made portable. The recipients can be discharged 

from the hospital and are managed with frequent visit to nearby surgical clinics to 

monitor the progress.  

The amount of time for ex corporal medium perfusion depends upon the type of 

cells and the thickness of the implant. At the beginning, it can be estimated from current 

clinical practices. For example, after composite free flap reconstruction of mandible, 
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postoperative Doppler probes are used to monitor the patency of the vascular 

anastomosis. If vascular compromise due to a clot occurs within 4-5 days , surgical 

exploration is carried out immediately to remove the clot. If the compromise occurs 

beyond 4-5 days, the flap will survive and no clot removal is needed (Yuen et al. 2000, 

Guillemanud et al. 2006). Therefore the amount of time to establish minimal 

angiogenesis for an engineered mandibular bone graft to survive is probably less than 

one week. After this critical time, medium perfusion is quickly weaned off and the 

fibers are removed in the surgeon’s office or are degraded by enzymes if it is made of 

dissolvable materials. The cage and the hexagonal scaffolds are degraded much slower 

so that new bone will replace the scaffolds and gain strength over a few years. 

 

Cell source 

 The initial stage of tissue engineering application requires living cells capable of 

proliferation or differentiation in vitro. One approach is to select cells that have 

differentiated into desired tissues, such as primary osteocytes and primary 

chondrocytes. Autogenous cells are the best source due to their immunologic 

compatibility. Allogeneic cells are the second choice if the host is compromised by 

disease or autogenous cells are not available.  

 Another more flexible approach is to use programmable stem cells as seeds to 

the engineered tissue (Meyer et al. 2004). Such cell sources include embryonic stem 

cells as well as stem cells derived from bone marrow, peripheral blood, and other adult 

tissues. Recent experimental evidence has confirmed the existence of progenitor cells 

within adult tissues that retain sufficient plasticity to differentiate along multiple 
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pathways. The pathway that is followed by progenitor cells depends upon the 

extracellular environment they encounter.  

For example, using enzymatically isolated fetal rat calvarial cells cultured with 

ascorbic acid, dexamethasone, and β-glycerophosphate, nodular structures (~75 µm) 

resembling mineralized bone started to form 3 days after confluency (Bellows et al. 

1986). The nodules did not develop without ascorbic acid in the medium and they 

mineralized only in the presence of β-glycerophosphate. Dexamethasone caused a 

significant increase in the number of nodules. The conclusion was that corticosteroids 

had a short-term stimulatory effect on bone cell proliferation, ascorbic acid’s 

hydroxylation of collagen allowed sufficient matrix deposition, and organic phosphate 

was necessary for mineralization. Immunochemically the cells covering the nodules 

stained intensely for alkaline phosphatase. Even though osteonectin was located in both 

the covering cells and the nodules, the labeling was much stronger within the nodules. 

Histologically, the nodules stained strongly with the von Kossa technique for calcium 

deposits. The authors concluded that these developing nodules were in the process of 

mineralization and had the capacity to form bone in vitro (Bellows et al. 1986).  

The use of cells that exhibit phenotypic plasticity in conjunction with highly 

instructive microenvironments is not only valuable but is often the only possible clinical 

approach in autogenous tissue engineering applications. 

 

Oxygen consumption rate of cultured cells 

 Oxygen delivery by a culture medium has to meet the oxygen demand of the 

implanted cells within the system. Knowing the oxygen consumption rate (OCR) of a 



 

 10 

particular cell type is important for tissue engineering. Oxygen delivery is critical for 

cell survival and has to match the OCR of the entire organic mass. The most direct 

method of measuring OCR is to place a known amount of cells in an airtight chamber. 

A special electrode is placed inside the chamber to measure the decrease of partial 

oxygen pressure in the culture medium. The major drawbacks for this method include 

the need for an absolute seal and the avoidance of trapped air bubbles within the 

medium. Laboratory data have shown large variations of OCR values up to twenty 

times for the same types of cells and poor interlaboratory consistency using this method 

of measurement (Mamchaoui et al. 2000, Timmins et al. 2002). 

 Another method of measuring OCR with an open-air system is more flexible and 

does not require airtight seal. The theory that underlies the open-air method is the 

classic Fick’s first and second laws of diffusion and has been used to measure OCR’s of 

many cell types (Swiderek et al. 2002, Timmins et al. 2002). 

 Briefly, in Fick’s first law the diffusive flux of a dissolved solute in any 

direction equals the product of the diffusion coefficient and the concentration gradient 

of that direction; that is, 

 

 
x

C
DJ

∂
∂
⋅=  (1) 

 

where D is the diffusion coefficient of a solute and C is its concentration. Assume a thin 

layer of cells form a surface area, S, at the bottom of a well (Figure 1). During steady 

state, the OCR equals the O2 diffusion rate across S; that is, 
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where x is the medium depth from the surface of the culture medium and D is the O2 

diffusion coefficient in water (3.3 x 10-5 cm2/s) at 37 °C (Timmins et al. 2002). 

 The diffusion of O2 from surrounding medium to the cells is also governed by 

Fick’s second law, 
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where t is time. In a steady state when the medium has been left to stabilize for 

sufficient time, the oxygen concentration gradient does not vary with time, i.e., 0=
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The general solution to Equation 4 becomes 

 

 C(x) = a +⋅ x b (5) 
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where a and b are constants that satisfy the boundary conditions,  

 

 C(0) = b and C(h) = a · h + b. (6) 

 

In addition by the definition of oxygen solubility in aqueous solutions, 

 

 C(0) = ⋅α P(O2)x = 0  and C(h) = ⋅α P(O2)x = h (7) 

 

where h is the total depth of medium column, P(O2) is partial oxygen pressure in mmHg 

and α  is the O2 solubility coefficient at 37˚C [α  = 0.94 (µmolּ cm-3
ּatm-1)/PB, where 

PB is the barometric pressure] (Timmins et al. 2002). Rearranging Equations 6 and 7, 

this gives, 

 

 a = 
h

ChC )0()( −
 = 

h

α
ּ[P(O2)x = h − P(O2)x = 0]  (8) 

 

 b = C(0) = α ּP(O2)x = 0 (9) 

 

and 

 

 C(x) = 
h

α
ּ [P(O2)x = h − P(O2)x =0]ּ x + α ּP(O2)x = 0. (10) 

 

The O2 flow rate along the x-axis is given by J(O2) = Dּ(∂C/∂x) or  
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 J(O2) = 
h

D α⋅
 ּ[P(O2)x = h − P(O2)x = 0]. (11) 

 

From Equation 2,  

 

 OCR = J(O2) ּ S = 
h

pSD ∆⋅⋅⋅ α
 (12) 

 

where ∆p = P(O2)x = h − P(O2)x = 0. Since D and α  are known constants, S and h are 

predetermined by the size of the culture well, the OCR can be easily calculated by 

measuring the partial oxygen pressure at the surface and the bottom of the well using 

oxygen sensing electrodes (Mamchaoui et al. 2000). 

 It has been measured that OCR averages about 4 x 10-17 mol/cell-sec. It ranges 

between 0.47–18 x 10-17 mol/cell-sec depending upon cell types (Muschler et al. 2004). 

 

Scaffolds and extracellular matrix (ECM) 

 Osteogenesis by osteoblasts is a complex process. Not only is nutritional support 

of their metabolism essential for their proper function, but the ECM in which they are 

situated is necessary for their 3D architecture, cellular migration, proliferation, and 

differentiation.  

 Common materials used for 3D scaffolds are natural and synthetic polymers, 

organic or inorganic, with unique spatial and compositional properties. The scaffold 

needs to be porous to allow cells to penetrate the structure during the loading process. 
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The pores need to be interconnected to promote transport of nutrients and waste 

products. For a particular application bioresorbability and mechanical stiffness are also 

key factors in selection (Wiesmann et al. 2004). Natural organic scaffolds include 

collagen- and glycosamino-glycan-based polymers. They are highly biocompatible, 

bioresorbable, and relatively lack immunogenicity. Many synthetic polymers have been 

designed as tissue engineering scaffolds, such as polylactic acid (PLA), polyglycolic 

acid (PGA), polyurethanes, and hydrogels (polyhydroxyethylmethacrylate or 

polyethylene oxide/polypropylene oxide copolymers) (Griffith et al. 2002).  

Although there has been much research done using these materials as tissue 

engineering scaffolds, using hydroxyapatite (HA) block has clinical and practical 

implications for bone tissue. HA is a naturally occurring form of calcium apatite (a 

group of phosphate minerals). The crystal unit is comprised of two identical molecules 

and is denoted as Ca10(PO4)6(OH)2 (Ganong 1993). Seventy percent of bone is made up 

of inorganic mineral HA which consists of HA crystals that measure 20 by 3-7 nm 

(Ganong 1993).  The rest is a collagenous matrix that is mostly type I collagen. Type I 

collagen is made up of a triple helix of three polypeptides bound tightly together. Two 

are identical α1 polypeptides encoded by one gene and the other is an α2 polypeptide 

encoded by a different gene. Under electron microscopy, collagen fibrils have 

characteristic cross-striations every 67 nm, reflecting the regularly staggered packing of 

the individual collagen molecules in the fibril (Alberts et al. 1994). 

HA is also found in marine coral exoskeletons. Coralline HA scaffold is 

obtained from coral skeletons under high temperature which vaporizes organic 

molecules into carbon dioxide and water. In clinical trials HA has been shown to 
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stimulate osteoblast function. In addition it interacts with existing bone allowing 

biointegration with a seamless bone-biomaterial interface (Wiesmann et al. 2004). HA 

from marine source has FDA approval for implantation in humans. It is clinically 

proven to be biocompatible and there has never been reported cases of implant 

rejection. Considering future testing in animals and humans, coralline HA was chosen 

for this study. When large size HA is implanted in live tissue alone without perfusion, 

no significant new bone formation occurs at its center over time (Goshima et al. 1991, 

Eppley et al. 2003). If a scaffold is seeded with autologous bone marrow stromal cells, 

bone formation occurs preferentially, if not exclusively, at the periphery of the scaffold 

(Torroni 2009). This is attributed to the inadequate vascularization of the center of the 

bone graft that directly affects the vitality of the seeded cells. 

In order to increase survival of seeded cells at the center of the scaffold, a few in 

vitro studies increased medium flow through the scaffolds. Using rat bone marrow cells 

in porous polyglycolic acid (PLGA) discs each 6 mm thick, Goldstein et al. (2001) 

showed that an axial flow system improved cell growth better than static culture, rotary 

vessel, or spinner flask. Bancroft et al. (2002) used a single titanium mesh as a scaffold 

and showed increased mineralization by primary differentiating osteoblasts using high 

axial convective flow. These studies demonstrated that axial convective flow supports 

cell growth and differentiation. 

To summarize, there is a critical need for large tissue engineered bone blocks in 

surgical repair of bone defects. Prefabricated engineered bone flaps do not require 

osseous donor sites and seem to be successful with early results. Nevertheless they 

require multiple surgeries with long wait time in between. Soft tissue donor sites are 
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also necessary. Laboratory engineered bone tissue promises to be more convenient, 

more available in large quantity than autogenous bone graft, and potentially more cost 

effective. But tissue engineered products with current technology are too small to be 

clinically relevant. Axial convective flow improves cell growth and differentiation 

throughout the scaffold but with limited thickness. In order to overcome the obstacle of 

inadequate vascularization of the inner portion of a graft and to create much larger ones, 

a network of hollow fibers resembles the capillary system can be setup. The fibers are 

embedded within the scaffolds with each scaffold unit supported by individual radial 

convective flow. These units are then stacked in parallel or in series. Under positive 

hydrostatic pressure, oxygen and cell medium can be delivered to the interstitial space 

via the hollow fiber network at a high flow rate. The purpose of the study is to 

demonstrate the effectiveness of high radial convective flow in supporting in vitro cell 

proliferation in a single hollow fiber/HA unit. 
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Research Design and Methods 

 

Specific Aim 1:  To design and construct HA perfusion units with hollow fibers. The 

medium perfusion rate and cellular shear stress were calculated. Initial cell distribution 

after cell loading was measured. 

  

Fetal rat calvarial primary osteoblast isolation  

Fetal rat calvarial cells were chosen to be the cell source of the study. The use of 

animals as cell source was approved by the Institutional Animal Care and Use 

Committee of Minneapolis Medical Research Foundation at Hennepin County Medical 

Center, Minneapolis, MN.  

 Cells isolated enzymatically from fetal rat calvaria have been shown to contain 

osteoprogenitor cells. It has been observed that cells after fresh harvest appear 

heterogeneous and only 0.3% of the isolated cells are osteoprogenitors. The rest are a 

mixture of fibroblasts, chondrocytes, and undifferentiated mesenchymal cells (Bellows 

et al. 1988). Each osteoprogenitor is capable of further doubling and differentiation to 

form bone-like structures (Peck et al. 1964, Bhargava et al. 1988). Using hormonal 

responses and biochemical parameters, cells released early during the digestion are 

likely to be osteoclasts, whereas those released in the later stages of digestion are more 

typical of osteoblasts (Peck et al. 1964, Wong et al. 1974 and et al. 1975). The later 

digest cells respond to hormones such as parathyroid hormone, prostaglandin E2, 

vitamin D, and glucocorticoids. Their biochemical behaviors include high alkaline 
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phosphatase activity and synthesis of osteocalcin (Price et al. 1976) and osteonectin 

(Termine et al. 1981). 

Four pregnant Sprague-Dawley rats (Jackson Laboratory, Bar Harbor, Maine) 

were obtained as the bone marrow source. They were anesthetized and euthanized by an 

intraperitoneal overdose of sodium pentobarbital. Each rat carried 6-8 pups which were 

surgically delivered using sterile technique. The calvaria (primarily the parietal bones) 

of the pups were then harvested. The calvaria were placed in cold sterile phosphate 

buffered saline until all were collected. All calvaria were minced with scissors in a 

solution of 0.1% collagenase with 0.05% trypsin and incubated at 37 °C for 20 minutes. 

The supernatant with cells released early during the digestion was discarded and the 

remaining digestion was repeated with fresh solution for 20 minutes at 37 °C. The 

supernatant was washed and cultured in α-modified minimum essential medium (α-

MEM) (Sigma Chemical, St. Louis, MO) containing 10% fetal bovine serum (FBS) and 

antibiotics (100mg/mL of penicillin G and 100 IU/mL of streptomycin) in cell culture 

bottles.  

 Many cells were not viable after the initial enzymatic isolation. The viable ones 

were selected and expanded by allowing them to attach to the culture bottle. After two 

days, fresh medium was added to the cells and the old was discarded. After another two 

days, cells were washed with 5 cc of 0.05% trypsin for 5 minutes at 37 °C. The culture 

bottle was gently agitated to loosen the cells and 15 cc of cell medium was added to 

stop the enzymatic action by trypsin (via FBS binding to trypsin). Cells were then 

concentrated with centrifuge at 800 rpm for 10 minutes. The pellet was dispersed in cell 

freezing medium (Sigma Chemical) and was separated into 1 cc vials. These were then 
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frozen to –70 °C and stored. At each later experiment one vial of cells was thawed and 

expanded as cell source. It was to be acknowledged that each cell source was a mixture 

of cells that contained a certain amount of osteoprogenitor cells. Nevertheless, total live 

cell counts was the measurement of the study and all harvested cells proliferated readily 

in culture.  

 

System assembly 

Cylindrical HA scaffolds, measuring 1 cm in diameter and 1 cm in height, with a 

1.75 mm central pore, were constructed from Pro Osteon 500 (InterporeCross 

International, San Diego, CA). Pro Osteon 500 was derived from the trabecular 

exoskeleton of marine coral and chemically converted to a mixture of HA (90%) and 

calcium carbonate/calcium triphosphate. Median pore diameter was 435 µm and the 

porosity was 65% (manufacture product information). 

Three coralline HA cylindrical cylinders were used for each of the two 

experimental groups—perfusion and nonperfusion (6 total). Two additional HA 

cylinders were used to evaluate initial cell distribution immediately after cell loading 

(see below). A central catheter of 1 mm diameter was inserted into the central pore of 

each HA cylinder. The central catheter was made of nylon with 432 laser-drilled pores 

on its side wall within the 1 cm section inside the HA cylinder. The diameter of pores 

was 25 um. The catheters were purchased from Innovation in Medicine of Minneapolis, 

MN. The experimental setup is outlined in Figure 2. Epoxy glue was applied to both flat 

ends of the HA cylinder and the distal end of the catheter. Hence the direction of the 

convection flow was radial only.  
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 For the control group, the same setup was used except that the perfusion pump 

was turned off. Each cylinder was first assembled with the central catheter and 

autoclaved for 30 minutes. Under sterile condition the cylinder was then placed in 

0.01% poly-L-lysine solution (Sigma Chemical, St. Louis, MO) and vacuum was 

applied for five minutes to coat the HA pore surface with poly-L-lysine to improve cell 

adhesion. The cylinder was then washed in α-MEM twice and placed in vacuum for 

sterile air-drying. After 30 minutes, the cylinder was loaded with approximately 0.6 

million cells by dripping a loading solution of 2 million cells/cc evenly on to its outer 

sidewall (Figure 3). Each cylinder held about 0.3 cc of the solution. The assembly was 

then incubated at 37 °C and 5% CO2 in osteogenic culture (α-MEM, 10 nM 

dexamethasone, 10mM β-glycerophosphate, and 50 µg/ml ascorbic acid) for two hours 

awaiting cell adhesion.  

 Two additional HA cylinders were used to evaluate cell distribution inside the 

cylinders after cell loading. They were constructed and loaded with cells the same way 

as the two experimental groups. They were then immediately cut with a surgical blade 

without cell culture. The cell counts in the cylinders were obtained with 5–

chloromethylfluorescein diacetate (CMFDA) according to methods in Specific Aim 2. 

 

Medium perfusion rate calculation 

 The culture medium perfusion rate through the hollow fiber was calculated to 

meet the oxygen demand of the system at the end of the study. The doubling time of rat 

calvarial bone marrow cells has been estimated to be more than 1.5 days. The 

experiment was designed to be 8 days, i.e., less than six doubling cycles. At the end of 
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the experiment, the total amount of cells in the cylinder under the most optimal 

condition would be 0.6 million x 26 = 3.8 x 107. The oxygen requirement of these cells 

on Day 8 under the most optimum condition would be estimated to be 

 

 n/cell)consumptio (O  cells) 10 x (3.8  (req)O 2
7

2 ⋅=  (13) 

or 

(3.8 x 107 cells) ּ  (18 x 10-17 mol/cell-sec)  = 6.8 x 10-9 mol/sec  

≈4 x 10-7 mol/min 

 

where O2 consumption/cell was chosen with the high end of the spectrum (see Oxygen 

consumption rate of cultured cells section above) since fetal rat calvarial cells are 

metabolically very active. Oxygen is an insoluble gas and its concentration ([O2]) in 

water under standard air is 205 µM at 37°C. In 5% CO2 it is 195 µM (Timmins et al. 

2002). The maximum medium delivery rate (Q) required to meet the oxygen 

requirement of the HA cylinder on Day 8 is  
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As oxygen molecules move from the central catheter to the rim of the HA cylinder, they 

are consumed by cells on their path. Assuming even distribution of cells in the HA 

cylinder at the end of the experiment, the final cell density ε is 
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The residue oxygen concentration at radius r (r is between 0.875 to 5 mm) at Day 8 of 

the study is 

 

O2(r) = O2 (req) – (O2 consumption/cell) ּ π ּ [r 2–(0.175/2)2]  ּ 1 cm ּ ε 

 

= [ 6.8 – 27.1ּ(r2–0.08752)]  x 10-9 mol/sec.                                             (16) 

 

In Figure 4 O2(r) was plotted against r. 

 

Membrane shear stress tolerance 

In addition to providing oxygen and nutrients, high medium flow through the 

pores induces cell membrane shear stress which could be detrimental to cell adherence 

and survival. The selection of cell medium flow rate for HA cylinder perfusion must 

balance oxygen delivery and membrane shear stress. Shear stress occurs at a boundary 

when a viscous fluid moves along that solid boundary. The no-slip condition dictates 

that the speed of the medium at the cell membrane surface is zero, but at some distance 

from the cell membrane the medium speed must equal that of the whole medium. The 

region between these two points is the boundary layer. The shear stress, τw, is imparted 

onto the cell membrane as a result of this loss of velocity and can be calculated as 

(Figure 5) 
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where 

    µ is the dynamic viscosity of the fluid; 

    u is the velocity of the fluid along the cell membrane; 

    y is the distance from the cell membrane. 

 

Assuming parabolic flow of medium and uniform pore size, the shear stress along the 

radius of the HA pores where cells attach can be calculated as (Goldstein et al. 2001) 

 

ρ
µ

τ mV8
=w                                                         (18) 

where  

    µ is the dynamic viscosity of medium = 0.01 g/cm⋅sec;  

    ρ is pore size = 435 µm (according to HA supplier); 

Vm, the mean medium flow velocity, is  

areaflowsectionalcross
rateflowmedium

−
=mV .                                       (19) 

 

As cell medium exits the central catheter and enters the cylinder, the surface area at the 

entrance is the smallest. When it leaves the cylinder, the area at the exit is the largest. 
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Hence, the Vm is the highest at the center of cylinder and the least at the rim. Vm at the 

center of the cylinder is expressed as  

 

sec/093.0min/5.5
dH

Q
cmorcmVm ≈=

φπ
                               (20) 

where  

    φ is HA cylinder porosity = 65%;  

    d, the diameter of the center hole that houses the catheter = 1.75 mm;  

    H, height of the cylinder = 1 cm;  

    Q, flow rate = 2 cc/min. 

 

Then, at the center of the cylinder where the medium enters the pores 
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τ         (21) 

 

At the rim, the diameter of the cylinder is 10 mm and the Vm would be 0.016 cm/sec 

and τw would be 0.03 dyn/cm2. Hence, the initial τw ranges between 0.03 to 0.17 

dyn/cm2. Using calcium release from intracellular stores in shear stress activated 

endothelial cells and osteoblasts, the in vivo estimate of τw for osteocytes in bone tissue 

under interstitial flow is 8-30 dyn/cm2 (Weinbaum et al. 1994). The initial shear stress 

of the system should be well tolerated by the cells in the current experimental setup. 

Over time the pore size decreases and the shear stress would increase as cells multiply. 
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The pore size, porosity, and shear stress were calculated using Poiseuille’s law from 

inline measurements of system perfusion pressure in Specific Aim 2. 

 

Specific Aim 2: To evaluate cell viability and cell density in both the perfusion and 

nonperfusion groups. Outcome was measured by live cell density in three zones in the 

HA cylinders. Statistical analysis was carried out with analysis of variance (ANOVA) 

for mixed model using the Tukey-Kramer method. In addition the system perfusion 

pressure was measured and the scaffold pore sizes, porosities, and cell membrane shear 

stress were calculated. 

 

Experimental progress 

 After the medium perfusion rate was appropriately selected, the pump was 

turned on at 2 cc/min, 37 °C, and 5% CO2 in osteogenic culture for the perfusion group. 

There was a reserve of 40 cc cell medium in the circuit. Air with 5% CO2 from inside 

the incubator was injected into the medium at 2 cc/hour to guarantee adequate 

oxygenation of the medium. The injected air bubbled in the medium reserve and 

allowed rapid oxygenation of the medium. Cell medium was changed every 2 days with 

fresh medium. Before medium change, the system perfusion pressure was measured 

using an inline arterial blood pressure manometer (HP, Palo Alto, CA) to calculate HA 

cylinder porosity, average pore size, and membrane shear stress. After an interval of 8 

days, the perfused cylinders were harvested and dissected for cell counting. The 

nonperfusion group had the identical setup except that the pump was turned off and no 

medium circulation occurred. The catheter and Epoxy glue were also in place during the 
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8-day static culture, preventing medium from getting to the surface of the central hole in 

the cylinder. 

To count cells in the HA cylinder after harvest, each cylinder was cut with a 

surgical blade into four quadrants (Figure 6A). Further sectioning had resulted in 

completely fragmenting the cylinder. The specimens were first incubated with 1 µg/cc 

of 5–chloromethylfluorescein diacetate (CMFDA) in α-MEM for 2 hours. Gentle 

agitation was carried out to ensure that the incubation solution reached the center of the 

specimens. CMFDA is a fluorescence–based cell viability assay. The reagent was 

purchased from MolecularProbes, Inc. of the Netherlands. CMFDA is a membrane–

permeant molecule that is nonfluorescent. Once it diffuses into a cell, cytoplasma 

esterase hydrolysis converts the nonfluorescent CMFDA to fluorescent 5–

chloromethylfluorescein (CMF), which can then react with thiols on proteins and 

peptides to form aldehyde–fixable conjugates (Figure 7). The conjugate product is not 

membrane–permeant and has green fluorescence under ultraviolet (UV) light. CMFDA 

will not be converted to CMF in dead cells due to lack of appropriate enzymes.  

 

Cell density calculation 

Cell counts in each cylinder were then obtained manually under a UV 

microscope (Nikon, Japan) with a cell counter (Fisher Scientific, Japan). In each 

specimen the sidewall was designated Rim Zone (Figure 6A) and the longitudinal cross-

section area was subdivided into the Center and Outer Zones (Figure 6B). The area of 

each of the four Rim Zones was calculated as π x 10 x 10/4 = 78.5 mm2. The area of 

each Center or Outer zone was 2.5 x 10 = 25 mm2. All cells within each zone were 
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counted and cell density (counts/mm2) was calculated. For each quadrant specimen 

there were one Rim Zone, two Center Zones, and two Outer Zones counted. 

 Cells in each zone were counted twice to ensure reliability. Linear regression 

analysis was conducted to confirm correlation between the two counts. The average of 

the two counts was reported as the cell count for the zone. For each HA cylinder all cell 

counts of a particular zone were added together and divided by the total area of the zone 

to calculate cell density, i.e., 8 Center Zones, 8 Outer Zones, and 4 Rim Zones. 

Statistical analysis was carried out among the zones with analysis of variance for mixed 

model using the Tukey-Kramer method.  

 

Estimation of pore size based on perfusion pressure 

In tissue engineering, cells of certain types are loaded into porous scaffolds. Cell 

medium is actively perfused throughout the porous structure to sustain cell proliferation 

and differentiation. During the process it is of great interest to monitor the progress of 

cell growth and extracellular ground substance deposition. Although there are a variety 

of means to measure such progress, like histology and electron microscopy, they 

necessitate destructing specimens and terminating experiments. Other indirect methods 

such as magnetic resonant imaging are often expensive and cumbersome.  

Fluid flow in porous media with many channels has been studied for more than a 

century. Most of the variables of the Poiseuille’s and Darcy’s laws are easily 

measurable. They provide a quick estimate of change of pore size from the change of 

perfusion pressure without destructing the specimens. However, Poiseuille’s and 

Darcy’s laws are derived from axial flows through a cylindrical tube with a constant 
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circular cross-section that is perpendicular to the flow direction. For this study, the flow 

is radial and the flow area varies along the radius of the cylindrical scaffold. It would be 

natural to question whether Poiseuille’s and Darcy’s laws apply for radial convective 

flow. The purpose of the following analysis is to exam the applicability of Poiseuille’s 

and Darcy’s laws in flow directions other than axial flow and to calculate the changes of 

pore size and porosity based on perfusion pressure. 

Darcy’s law 

Darcy first discovered that, for laminar and Newtonian fluid, the unit flow rate was 

proportional to pressure gradient,  

 

 
(22) 

 
 

where: 

 v is the flow rate per unit area;  

 k is the Darcy permeability of a medium–the HA scaffold; 

 µ is the dynamic viscosity of the fluid; 

 ∇p is the gradient of hydrostatic pressure.  

 

A medium with a permeability of 1 darcy permits a flow of 1 cm3/s of a fluid with 

viscosity 1 cP (1 mPa·s) under a pressure gradient of 1 atm/cm acting across an area of 

1 cm2. If v is a constant, 
p

v
k

∇
−=

µ
 and k is inversely related to ∇p. 
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k
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Poiseuille’s law 

For pressure-driven laminar flow of a Newtonian fluid through a single cylindrical 

channel, flow rate, q, depends on the pressure gradient and is described by Poiseuille’s 

law: 
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−=  (23) 

 

where: 

 r is the radius of the channel; 

 ∆p is the drop of hydrostatic pressure over the entire length of the channel;  

 L is the length of the channel; 

 µ is fluid viscosity.  

 

If we assume uniform pressure drop over the entire length of the channel, then  
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Poiseuille’s law is written as  
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If q and µ are constants, then 
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The radius of the pore, r, is inversely related to the pressure gradient, ∇p, of one-fourth 

power. 

For porous scaffolds with simple structures, such as many single channels 

housed within a large cylinder, Darcy permeability, k, can be further characterized for 

Newtonian fluid by combining Darcy’s and Poiseuille’s laws. Consider a porous 

cylinder with many identical passing channels in parallel of uniform organization, the 

density of channels per unit cross-sectional area is 
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where: 

 nA is the channel density; 

 N is the total number of porous channels in the porous cylinder;  

 A is the cross-sectional area of the cylinder.  
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For a particular porous media, nA, N, and A are all constants. The total flow rate across 

the whole cylinder is 

 

qAnNqQ A==                                                      (29) 

where: 

 Q is the total flow rate; 

 q is individual flow rate of each channel.  

 

By definition, the velocity, v, in the porous cylinder is equal to the total flow rate per 

unit area; that is  

 
A

Q
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Incorporating Darcy’s and Poiseuille’s laws (Equations 30, 29, 25, and 22) 
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where the radius of each channel is r. Then 

 

 
8

4rn
k Aπ= .  (31) 

 



 

 32 

It shows that for simple porous structures Darcy permeability, k, depends upon nA  and 

r, two of the basic characteristics describing the microscopic structures of the porous 

material. No variables attributed to the orientation of the channels and flow appear in 

the formula (Truskey et al. 2004). 

Porosity 

The porosity, φ, is a measure of the void volume fraction in a porous medium. It is 

defined as 

 

 
volumetotal

volumevoid
=φ . (32) 

 

Pores can be divided into three categories: isolated, passing, and nonpassing. Isolated 

pores have no connections to the outer surface. A nonpassing pore connects to the outer 

surface with only one path, like a dead end street. A passing pore is connected to the 

outer surface with at least two paths—one inlet and one outlet. A construct with only 

passing pores is also called an open cell scaffold. Based on this classification, the 

porosity can be expressed as the sum of  

 

 φ = φi + φp + φn (33) 

 

where the subscripts i, p, and n indicate isolated, passing and nonpassing pores, 

respectively. Both isolated and nonpassing pores are not penetrable nor readily 

accessible to the external environment and they can be considered as part of the solid 
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phase in transport analysis. In this sense, the void volume is defined as the total volume 

of penetrable pores.  
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Combining Equations 31 and 35, it gives 
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In addition 

 

(37) 

 

Based on the above analysis, porosity, φ, is directly related to the r2 and the radius, r, of 

the pore is inversely related to the pressure gradient, ∇p, of one-fourth power. 

 Using Equations 27, 37, 20, and 18, pore size which is 2r, porosity, Vm, and 

shear stress are calculated with measurements of system perfusion pressure. 
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Results 

 
Specific Aim 1:   

At 2 cc/min of medium perfusion the oxygen requirement of the system was met 

and that the cell membrane shear stress was well tolerated compared to in vivo data.  

To demonstrate cell distribution after loading, the two HA cylinders were cut 

according to Figure 6. The four fragments were then incubated with CMFDA solution 

for two hours. After washing the cells, cell counts in the Center and Outer Zones were 

obtained (Table 1) and cell densities were calculated (Table 4). No Rim Zone data were 

listed as some of the HA specimens fractured when earlier attempts were made to cut 

them further. The cell density was 2.9 cells/mm2 at the Center Zone and 4.3 cells/mm2 

at the Outer Zone. In addition, there were significantly less (p<0.05) cells in the Center 

than the Outer Zone. It indicated that loading cells into the center of an open HA 

scaffold was successful, although there was possible resistance to cell loading along the 

path of the pores.  

 

Specific Aim 2: 

For the perfusion and nonperfusion groups, after each HA cylinder was 

harvested, it was also cut according to Figure 6. The four fragments were then incubated 

with CMFDA solution for two hours. Cell counts were immediately measured and cell 

densities of the three zones were calculated.  

The cell counts for the perfusion and nonperfusion groups are presented in 

Tables 2 and 3. The cell densities were calculated and are shown in Table 4 and plotted 
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in Figure 9. Each zone was counted twice and an average with standard deviation was 

taken for data reporting. The difference between the two counts of the same zone was 

less than 10% of the average. It suggested a small variance in data collecting. Linear 

regression analysis was carried out on the two cell counts for each surface. The linear 

regression coefficients, R2, were summarized in Table 5. They ranged between 0.82 to 

1.0. The R2 decreased with higher counts consistent with the pattern of error with 

manual counting. Overall there was good correlation between the two counts.  

For the Center Zone, the perfusion group had an average cell density of 9.23 

cells/mm2 (Figure 13), the control (nonperfusion) group 0.16 cells/mm2 (Figure 16); for 

the Outer Zone, the perfusion group had an average cell density of 12.5 cells/mm2 

(Figure 12), the control group 1.2 cells/mm2 (Figure 15); for the Rim Zone, the 

perfusion group had an average cell density of 13.5 cells/mm2 (Figures 10 and 11), the 

control group 10.7 cells/mm2 (Figure 14). The perfusion group has statistically higher 

cell density in all three zones comparing to the control (p<0.01) by ANOVA Tukey-

Kramer method. The difference between the two groups was less in the Rim Zones than 

the Center or Outer Zones, but it was statistically significant. In the control group, the 

Rim Zone cell count was much higher than the Center and Outer Zones. One possible 

explanation is the higher level of nutrients and oxygen from passive diffusion at the rim. 

However, cell counts in all zones were higher in the perfusion group compared to the 

control. 

Under UV light, live cells showed green fluorescence with intracellular 

CMFDA. In addition cells demonstrated superficial spreading morphology in various 

directions (Figures 10, 12, 13). In the perfusion group, the overall cell distribution in the 



 

 36 

Center and Outer Zones was nonuniform. Cells appeared to cluster in aggregates. The 

cause for the observation might include the passing and nonpassing pores in the HA 

cylinder. Like streets in a city, passing pores were all interconnected with each other. 

Nonpassing pores were like dead ends: fresh medium was not able to reach into these 

pores but cells could settle into them. During cell loading, cells were distributed among 

both passing and, to a lesser degree, nonpassing pores. During perfusion, cells in 

nonpassing pores depended on passive diffusion of nutrients from nearby passing pores. 

As cells proliferated, available nutrients from the passing pores became scarce. Due to 

such limitation, cells within the nonpassing pores were less likely to proliferate to large 

quantities.  

The system perfusion pressure was measured for the perfusion group (Table 6). 

As the perfusion progressed, the system perfusion pressure increased exponentially 

(Figure 8). With the increase of perfusion pressure, cell membrane shear stress also 

increased exponentially (Figure 17). 
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Discussion 

 

In this study, cells were first enzymatically isolated from fetal rat calvaria. They 

were loaded into a 3D absorbable scaffold and supported by radial convective flow with 

hollow fiber perfusion. Compared to cells in the same 3D construct without perfusion, 

the perfused cells proliferated at all locations in the scaffold, more significantly in the 

center and outer zones. Compared to the loading cell density, the nonperfused scaffold 

had fewer cells in the center and outer zones indicating loss of cells (Figure 9). After 

loading the cells, if the cell density in the rim zone from loading was similar to the outer 

zone (speculative assessment due to lack of cell counts at the rim zone), nonperfusion 

gained cell density, even though it was less than the perfusion group. It could be 

speculated that medium delivery is a critical factor in determining cell survival in a 

large 3D construct model. However, other metabolic molecules, such as glucose and 

amino acids, are worth being investigated. 

Most bone tissue engineering research experiments were designed to test 

biomaterials. Most engineered bone tissue was about 1-2 mm thick with maximum 

reproducible thickness being about 4 mm (Olivier et al. 2004). A common observation 

was that the interior of the scaffold remained relatively acellular or became necrotic as 

the outer layer cell mass grew (Radisic et al. 2004). The principal deficiency was that 

simple diffusion was incapable of meeting the increasing metabolic requirements of 

cells seeded in large scaffolds when cultured for long time periods. Some investigators 

tried to enhance the delivery of nutrients by axial convective flow through the whole 
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scaffold and the results were improved with thickness up to 6 mm (Goldstein et al. 

2001). 

 Compared to the results from the literature, this study was able to increase the 

thickness of engineered tissue from 6 mm to 10 mm with radial convective flow. In a 

cylindrical configuration, an increase in radius from 3 to 5 mm almost doubles the 

volume. The hexagonal configuration would allow stacking of several units, resulting in 

much larger constructs which equal the size of human mandibles and maxillas. Radial 

convection has significant potential advantages. First, the scaffold in this study could 

have been bigger as long as oxygen supply and membrane shear stress are balanced. 

The design of the scaffold could also be improved such that the pore diameter and 

porosity could optimize membrane shear stress. The membrane shear stress at the end of 

the study indicated that a higher perfusion rate was possible. The loading cell count 

could have been higher and the duration of perfusion could be longer. Second, the radial 

convection flow system can be magnified to a larger scale with a network of hollow 

fibers in parallel and in series as noted above. It would be very difficult for axial 

convection to be in long series as the pressure drops rapidly in the scaffold along the 

direction of medium flow. In addition, to achieve axial flow, the scaffold has to be 

enclosed in a watertight tube preventing peripheral vascular ingrowth. On the other 

hand the radial convection allows an open system. It permits and can be engineered to 

encourage angiogenesis from surrounding soft tissue once it is implanted in the body if 

angiogenesis factors are added to the medium.  

Current tissue engineering techniques can generate organic constructs that 

mimic body functions. However they do not address the immediate need for blood 
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circulation upon implantation. Microvascular transfer of prefabricated engineered flaps 

may solve the shortage of host bone supply and may address the need of implant 

circulation. But the process is very expensive and involves multiple surgeries and 

prolonged recovery.  

The development of a circulatory system is vital for the culture of large and 

three-dimensional engineered tissues to improve gas exchange, nutrient delivery, and 

waste removal upon implantation. Neovascularization can be achieved with the natural 

angiogenesis from surrounding soft tissue. It is a relatively rapid but not immediate 

process—at least for bone—and takes a few days to a few weeks to occur. Nevertheless, 

the implanted tissue has to be supported with oxygen and nutrition during this period 

and the radial convective system has the potential to play that role. For certain 

engineered tissues, such as liver, angiogenesis from soft tissue may not meet their 

robust circulation needs. Engineered blood vessels may have to be generated in 

conjunction with the engineered tissue and be anastomosed to the host vessels.  

There has been report that connective tissue progenitor cells from human iliac 

crest bone marrow aspirates proliferated better in vitro with an oxygen tension of 5% 

rather than 20% (Villarruel et al. 2008). It seemed that high oxygen supply might not be 

optimal for cells. Various levels of oxygen tension were not tested in this thesis. 

However, low oxygen tensions requirements, if confirmed in this model, would allow 

more cells loaded, lower flow rates, and therefore less shear force. It would further 

obviate the need for synthetic oxygen carriers.  Nevertheless, various low levels of 

oxygen tension requirements would have to be tested. Physiologically the metabolic rate 

of bone marrow cells is high and so is their oxygen demand. In normal bone marrow, 
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arterial blood flow is robust and oxygen tension is high compared to cell medium. The 

oxygen carrying capacity of arterial blood is at least 70 times of plasma (Ganong 1993). 

It seems natural that high oxygen tension would benefit bone marrow cells. The 

Villarruel experiment did not specify the condition of its bone marrow source, i.e., the 

age of the donors and whether the donor site had recent pathologies. It could be 

speculated that what it observed was a stress response to an orthopedic injury or the 

proliferation of nonprogenitor cells. 

The main limitation of the study was its duration of perfusion. The radial 

convection with inline perfusion pressure measurement was more complex and difficult 

to setup than an axial flow system. Infection, especially fungal, became much more 

frequent after 10 days of culture with the current setup. Had the perfusion period been 

longer, cell density would likely be higher. Furthermore, fetal rat calvarial cells are a 

mixture of stromal cells with a small percentage of osteogenic cells (Bellows et al. 

1988). Even though cells released late during the enzymatic digest were used, there was 

no direct evidence of osteoblasts in the study. It was highly possible that most cells in 

the HA scaffold were fibroblasts and this study did not demonstrate osteoblastic 

differentiation. Nevertheless, the goal that radial convection increases cell proliferation 

has been met. To plan for future studies that would show evidence of osteoblasts, fetal 

calvarial cells from transgenic rats with distinct labeling molecules can be employed to 

demonstrate which cells in the cylinder are osteoblasts and how they distribute in 

relationship to other cells. 

 

Radial Convective Flow Modeling 
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The methods of radial convective flow modeling presented in the study lay some 

groundwork for future tissue engineering with similar systems. The consideration of 

oxygen supply, pore size, perfusion pressure, and membrane shear stress is valid for the 

current construct and valuable for future studies. In order to maximize the size of the 

implant with the shortest experimental time, i.e., to engineer a patient specific tissue as 

quickly as possible, the amount of cells being loaded into the system has to be as high 

as possible. To supply nutrients, the flow rate has to be as high as possible as well 

(Figure 18). However, the high flow rate in turn creates high membrane shear stress 

which could be detrimental to the system. Therefore the essence of designing a radial 

convective flow construct is to balance between the number of loading cells and the 

shear stress they sustain as they proliferate.  

Figure 17 showed an exponential increase of shear stress over time in the system. 

By extrapolating the shear stress and time relationship, an optimal duration of perfusion 

can be estimated before the membrane shear stress exceeds physiologic limits. Oxygen 

is consumed in the HA cylinder along its radius (Figure 19). At the same time the shear 

stress decreases along its radius (Figure 20). The ratio of shear stress/oxygen 

consumption along the radius of the cylinder maintains mostly a constant value (Figure 

21). Therefore, the shear stress/oxygen consumption ratio may offer predictive value as 

the experiment progresses. 

For large engineered tissue, high number of loading cells and prolonged 

perfusion time are necessary. There will be a point when the balance between perfusion 

rate and membrane shear stress is maximized. To avoid high membrane shear stress and 

maintain oxygen supply, a synthetic oxygen carrying molecule may be added to the 
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system to lower perfusion rate. Nevertheless, that may require improved design of the 

central delivery catheter with larger laser-drilled holes to permit filtration of the 

synthetic molecule. 

 

Considerations for future studies 

 A few observations were made from the study that may benefit future studies. 

First, the loading cell density in the center was less than the outer zone. The etiologies 

may include loading resistance in the pores and that cells did not reach deep into the 

center of the cylinder. The open cell volume of an HA cylinder is calculated as  

 

 π ּ [r2–(0.175/2)2] ּ H x porosity = 0.49 cc. (38) 

 

The loading volume for the study was 0.3 cc. Theoretically the cylinder was only loaded 

from radius 3.2 mm to 5 mm. Because there were cell counts in the center zone (0.875 

mm to 0.25 mm), cells must have reached the center zone possible by gravity and/or 

capillary action. The reason that no more than 0.3 cc volume could be due to surface 

tension in individual pore channels. To adequately load a future construct, it may be 

advantageous to use vacuum through the center catheter to draw cells into the center or 

to load the cells from the center through the hollow fiber. 

 Second, there is some inconsistency in the method of manual cell count. The 

linear regression coefficient decreased with increased cell counts (Table 5). To 

minimize counting inconsistency, technologies such as computer aided recognition and 
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cells counting can be employed. It would not only be faster but decrease operator-

associated error and eliminate potential observation bias as well. 

Third, the study made the assumption that oxygen was the least favorable 

molecule being transported because of its poor solubility. For large 3D constructs, other 

molecules, such as glucose, lactate, and amino acids, become metabolically relevant and 

important. Experiments looking into the requirements or the removal of these molecules 

need to be conducted to grow an engineered tissue bigger and better. 
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Conclusion 

 

This project demonstrated that radial convective flow under hydraulic pressure 

is a feasible solution to support cellular function and proliferation in a 3D HA construct. 

Compared to axial convection engineered tissue, radial convective flow constructs have 

the potential to reach clinically meaningful sizes for surgical implantation. The radial 

convective flow model developed in this study is a valuable tool for future studies. 

Tissue engineering is a complex and promising field that ultimately requires a 

convergence of knowledge in engineering, large-scale biology, cell biology, biomaterial 

sciences, and bioinformatics. Much work is urgently needed in this field. 
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Appendix 

 

Scanning electron microscopy and X-ray microanalysis 

X-ray microanalysis is a process to identify chemical elements in an 

electronmicroscopy specimen at an area of interest where a beam of high energy 

electrons is aimed. After the cells in the HA specimens were counted, the specimens 

were stored in 10% formaldehyde until all were ready to be processed for scanning 

electron microscopy and X-ray microanalysis. A blank HA cylinder was included as 

control. Specimens in all groups were randomly selected to undergo either SEM or X-

ray microanalysis due to different coating—gold vs. osmium. First, the specimens were 

fixated over night with 0.1 M buffered 2.5% glutaraldehyde (EM grade, Sigma 

Chemical, St. Louis). The fixative was then rinsed out with the same 0.1 M buffer 

solution without glutaraldehyde three times with 10 minutes duration each. For SEM, 

the specimens underwent serial dehydration in ethanol: 25%, 50%, 75%, 95%, and 3 

times in 100% with 10 minutes each. Specimens then underwent critical point dry and 

were coated with gold in vacuum evaporator. For X-ray microanalysis, the specimens 

were fixated with 0.1 M buffered 2% osmium tetroxide for 30 minutes after the 

glutaraldehyde fixative was rinsed out with the 0.1 M buffer solution without 

glutaraldehyde three times with 10 minutes duration each. The osmium is a rare element 

and serves as cathode for the analyzing electron beam. After the osmium tetroxide 

fixative was rinsed out with distilled water, the specimens underwent serial dehydration 

in ethanol: 25%, 50%, 75%, 95%, and 3 times in 100% for 10 minutes each. Specimens 

then underwent critical point dry and were coated with nickel in a vacuum evaporator as 
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a cathode for the aiming electron beam. The process was formed at the CBS Imaging 

Center of the University of Minnesota. 

SEM demonstrated a continuous layer of polygonal cells formed along the 

surface of some HA pores (Figure 22). Other pores had fewer cells (Figure 23). The 

blank cylinder showed smooth HA surfaces without any organic elements (Figure 28A). 

The cells were closely packed and formed a membrane like lining along the HA surface. 

There were many nonuniform intercellular gaps scattered among cells that were most 

likely a shrinkage artifact of drying during specimen preparation. Through some of the 

intercellular gaps, there were densely packed and very fine microfilaments without 

obvious orientation forming matrixes (Figures 24-26). Some of the microfilaments 

appeared to emerge from the matrix and terminate on either other microfilaments or on 

bodies of other cells. Under high magnification power, the microfilaments demonstrated 

a banded character with the smallest spacing in between being about 70 nm (Figure 27). 

It resembled the cross-striation of fine collagen fibrils. Along these microfilaments there 

were knob-like structures aggregated into larger collections resembling grapes-on-vines 

(Figure 27).   

X-ray microanalysis of the HA surface revealed elements of carbon, nitrogen, 

oxygen, sodium, phosphorus, and calcium (Figure 28B). The low carbon content was 

consistent with the inorganic nature of HA. The microfilaments contained low calcium 

but high carbon elements suggesting organic nature (Figures 30-33). Many distinct and 

round knob-like structures were seen embedded within some fibrils (Figures 27 and 29). 

Their X-ray microanalysis showed high content of oxygen, phosphorous, carbon, and 
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calcium within the knobs. It suggested a mixture of organic material and calcium 

deposits.  

These preliminary findings are helpful in designing future experiments to look 

for possible mineralization. For example, gold tagged antibodies against osteocalcin or 

osteonectin could be used to identify osteoblasts so that the extracellular matrix 

surrounding the osteoblasts could be examined closely.  
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Tables 
 
 

 

9/28/2001 
Center 
1st Cnt 

Center 
2nd Cnt 

Avg Center 
Zone 

Outer 
1st Cnt 

Outer 
2nd Cnt 

Avg Outer 
Zone 

Cylinder 1 75 78 76.5 118 117 117.5 
 72 70 71 110 111 110.5 
 66 68 67 88 91 89.5 
 63 60 61.5 55 58 56.5 
 76 77 76.5 109 107 108 
 73 73 73 118 120 119 
 64 67 65.5 99 102 100.5 
 60 59 59.5 92 88 90 
       
Cylinder 2 65 63 64 98 103 100.5 
 80 82 81 121 126 123.5 
 80 81 80.5 128 128 128 
 77 79 78 118 122 120 
 76 74 75 99 102 100.5 
 83 80 81.5 113 116 114.5 
 81 81 81 115 119 117 
 70 66 68 107 104 105.5 
 
Table 1. Loading cell counts in the Center and Outer Zones. Cnt, count; Avg, average. 
Cell density was summarized in Table 4. There was statistical significance between the 
Center and the Outer Zones (p<0.05).
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3/7/2004 
Center 
1st Cnt 

Center 
2nd Cnt 

Avg 
Center 
Zone 

Outer 
1st Cnt 

Outer 
2nd Cnt 

Avg 
Outer 
Zone 

Rim 
1st Cnt 

Rim  
2nd Cnt 

Avg 
Rim 
Zone 

Cylinder 1 3 3 3 30 32 31 823 822 822.5 
 5 5 5 26 25 25.5    
 2 2 2 34 34 34 810 818 814 
 3 3 3 28 28 28    
 2 2 2 29 28 28.5 854 862 858 
 3 3 3 25 25 25    
 2 2 2 33 30 31.5 858 868 863 
 4 4 4 20 22 21    
          
Cylinder 2 7 7 7 44 48 46 865 880 872.5 
 8 8 8 28 26 27    
 3 3 3 37 35 36 875 883 879 
 5 5 5 25 29 27    
 6 6 6 39 37 38 850 858 854 
 5 5 5 25 29 27    
 4 4 4 35 36 35.5 853 862 857.5 
 4 4 4 20 20 20    
          
Cylinder 3 6 6 6 29 31 30 821 805 813 
 3 3 3 36 38 37    
 4 4 4 27 23 25 809 815 812 
 5 5 5 31 31 31    
 3 3 3 38 35 36.5 849 831 840 
 5 5 5 25 29 27    
 4 4 4 22 23 22.5 830 819 824.5 
 4 4 4 27 25 26    
 
 
Table 2. Cell counts in the nonpefusion group (control). Cnt, count; Avg, average. Cell 
density was summarized in Table 4. There was statistical significance among all three 
zones (p<0.05).
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Center 
1st Cnt 

Center 
2nd Cnt 

Avg 
Center 
Zone 

Outer 
1st Cnt 

Outer 
2nd Cnt 

Avg 
Outer 
Zone 

Rim  
1st Cnt 

Rim  
2nd Cnt 

Avg 
Rim 
Zone 

1/16/2004 259 248 253.5 322 326 324 1009 1055 1032 
Cylinder 1 192 203 197.5 306 298 302    
 230 228 229 302 320 311 1001 1050 1025.5 
 235 240 237.5 274 280 277    
 205 216 210.5 297 296 296.5 996 1002 999 
 254 249 251.5 309 300 304.5    
 209 213 211 289 292 290.5 990 996 993 
 249 241 245 296 299 297.5    
          

2/3/2004 205 193 199 270 266 268 1115 1106 1110.5 
Cylinder 2 222 240 231 334 318 326    
 218 210 214 302 313 307.5 1105 1095 1100 
 299 311 305 370 355 362.5    
 240 234 237 321 311 316 1022 1042 1032 
 241 248 244.5 322 322 322    
 232 241 236.5 305 312 308.5 1012 1032 1022 
 238 245 241.5 321 334 327.5    
          
2/23/2004 228 245 236.5 342 358 350 1164 1119 1141.5 
Cylinder 3 199 203 201 309 304 306.5    
 254 256 255 271 287 279 1140 1168 1154 
 209 194 201.5 357 367 362    
 228 212 220 312 295 303.5 1038 1077 1057.5 
 243 237 240 309 325 317    
 188 201 194.5 346 351 348.5 1029 1051 1040 
 253 248 250.5 291 275 283    

 
Table 3. Cell counts in the perfusion group. Cnt, count; Avg, average. Cell density was 
summarized in Table 4. There was statistical significance among all three zones 
(p<0.05).
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Center 
Zone 

Outer 
Zone 

Rim 
Zone 

Perfusion 1 9.2 12.0 12.9 
Perfusion 2 9.5 12.7 13.6 
Perfusion 3 9.0 12.7 14.0 

Average 9.2 12.5 13.5 
Standard Deviation 0.3 0.4 0.6 

Nonperfusion 1 0.1 1.1 10.7 
Nonperfusion 2 0.2 1.3 11.0 
Nonperfusion 3 0.2 1.2 10.5 

Average 0.2 1.2 10.7 
Standard Deviation 0.0 0.1 0.3 

Cell Loading 1 2.8 4.0  
Cell Loading 2 3.0 4.5  

Average 2.9 4.3  
Standard Deviation 1.7 2.4  

 
Table 4. Cell densities (counts/mm2) in the HA cylinders. The perfusion group has 
statistically higher cell density than the nonperfusion group (p<0.01) in each zone. 
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 Center Zone Outer Zone Rim Zone 

Perfusion 0.85 0.82 0.82 

Nonperfusion 1.0 0.86 0.86 

Cell loading 0.92 0.97  

Table 5. Liner regression coefficient, R2, of the first and second cell counts. 
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Perfusion pressure 
(mmHg) 

Pore diameter 
(um) 

Porosity 
(%) 

Vm 
(cm/s) 

ShearF 
Rim 

ShearF 
Center 

Day 1 4 435 65.0 0.093 0.030 0.17 

Day 3 19 295 29.8 0.203 0.096 0.55 

Day 5 81 205 14.4 0.419 0.286 1.63 

Day 7 316 146 7.3 0.827 0.793 4.53 

Table 6. System perfusion pressure membrane shear stress (dyn/cm2) at center and rim 
of the HA cylinder. Vm, mean medium velocity; ShearF, shear stress. 
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1 mm 2 mm 3 mm 4 mm 5 mm

Day 1 0.001 0.014 0.036 0.066 0.105 

Day 3 0.004 0.056 0.142 0.263 0.419 

Day 5 0.010 0.141 0.359 0.663 1.055 

Day 7 0.026 0.355 0.903 1.672 2.659 
 
Table 7. Oxygen consumption (mol/sec) along the radius of HA cylinder. Data 
generated with Equation 16. 
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 0.875 mm 1 mm 2 mm 3 mm  4 mm 5 mm

Day 1 0.17 0.15 0.08 0.05 0.04 0.03 

Day 3 0.55 0.48 0.24 0.16 0.12 0.10 

Day 5 1.64 1.43 0.72 0.48 0.36 0.29 

Day 7 4.55 3.98 1.99 1.33 0.99 0.80 
 
Table 8. Membrane shear stress (dyn/cm2) along the radius of HA cylinder. Data 
generated with Equations 18, 20, and 21. 
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Figures 
 
 

 

x 

h 

S 

 

Figure 1. Noninvasive calculation of OCR. Assume a thin layer of cells at the bottom of 
a well, the cross-sectional area of the well is S, and the total depth of the medium in the 
well is h. x is the medium depth for concentration gradient ∂C/∂x. 



 

 61 

 

 

 

Figure 2. Setup of experimental apparatus. An HA cylinder with a microperforated 
hollow fiber at its center was submerged in a reservoir of osteogenic medium. Epoxy 
glue was applied to both ends of the HA cylinder and the distal end of the hollow fiber. 
After cells were loaded into the HA cylinder, convective medium flowed radially and 
circulated in the direction as indicated. For the nonperfusion (control) group, same setup 
is used except that the medium did not circulate. Not depicted in the figure was the 
intermittent measurement of system perfusion pressure in the perfused group using in 
line arterial blood pressure manometer and room air with 5% CO2 that was bubbled into 
the medium to ensure adequate oxygenation. 

 

Radial flow of medium 

HA 
cylinder 

Pump 

Hollow fiber 

Epoxy glue applied 

Epoxy glue applied 
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Figure 3. Loading cell into an HA cylinder. A loading solution of 2 million cells/cc of 
fetal rat calvarial bone marrow is loaded from the side as the HA cylinder rotates to 
achieve even distribution. A microperforated hollow fiber was placed at the center and 
both ends of the cylinder with one end of the hollow fiber were sealed with Epoxy glue. 

Loading solution of 
2 million cells/cc 
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Oxygen delivery at Radius r on perfusion day 8
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Figure 4. Oxygen delivery along radius r on perfusion day 8. 
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Figure 5. Diagram of medium velocity gradient (∂u/∂y) for shear stress (τ) calculation. 
u is the velocity of the medium fluid along the boundary of cell membrane and y is the 
distance from the cell membrane.  
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Figure 6. Zones of cell counting and cell density calculation. A: The HA cylinder was 
cut into four quadrants. The side wall was designated Rim Zone. B: In each quadrant 
the longitudinal cross-section area was subdivided into the Center and Outer Zones.  
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Figure 7. Molecular structure of 5-chloromethylfluorescein diacetate (CMFDA). 
CMFDA is nonfluorescent and hydrophobic. Once diffuses into a cell, cytoplasma 
esterase hydrolysis converts the nonfluorescent CMFDA to fluorescent 5–
chloromethylfluorescein (CMF), which can then react with thiols on proteins and 
peptides to form aldehyde–fixable conjugates. The conjugate product is hydrophilic and 
thus nonmembrane–permeable. It stays within the cytoplasma and has green 
fluorescence under UV. CMFDA will not be converted to CMF in dead cells due to lack 
of appropriate enzymes. 
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Change of system perfusion pressure
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Figure 8. Change of system perfusion pressure. As the experiment progressed, the 
system perfusion pressure increased logarithmically. 
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Cell Density in HA Scaffolds
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Figure 9. Cell densities at the three zones in the HA cylinders. Data presented as 
average ± standard deviation bar. The perfusion and nonperfusion groups underwent 8 
days of experiment while the loading cell density was obtained before the 8 day 
experiment started. The perfusion group had higher densities in each zone than the 
nonperfuion group reflecting higher cell proliferation. In the nonperfusion group cell 
density at the rim was significantly higher than the outer and center zones. All 
comparisons within the same zone were significant by the Tukey-Kramer method of 
analysis of variance for mixed model.
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Figure 10. Live cells (green highlights) in the rim zone of perfusion #3 demonstrate 
green fluorescence under UV with intracellular CMFDA. Magnification X10. 
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Figure 11. Live cells (green dots) in the rim zone of perfusion #3. Magnification X4. 
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Figure 12. Live cells in the outer zone of perfusion #3. Magnification X10.
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Figure 13. Live cells in the center zone of perfusion #3. Magnification X10. 
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Figure 14. Live cells in the rim zone of nonperfusion #2. Magnification X4.  



 

 74 

 

  

Figure 15. Cells in the outer zone of nonperfusion #2. Magnification X4. 
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Figure 16. Image of the center zone of nonperfusion #2. Magnification X4. There is 
minimal cell density noticed. 
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Membrane Shear Stress at the Rim and the Center
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Figure 17. Membrane shear stress at the rim and the center of the HA cylinder. The 
shear stress increases exponentially over time. The data for the figure is in Table 6. 
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Perfusion Rate vs.Total Loading Cells
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Figure 18. The relationship between loading cell numbers and perfusion rate. The 
perfusion rate must provide adequate oxygen to the cells as they proliferate. Data 
generated with Equations 13 and 14. 
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Oxygen Consumption in HA Cylinder
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Figure 19. Oxygen consumption along the radius of HA cylinder. Data presented in 
Table 7.  
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Shear Stress in HA Cylinder
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Figure 20. Membrane shear stress (dyn/cm2) along the radius of HA cylinder. Data are 
presented in Table 8. 
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Shear Stress/Oxygen Consumption Ratio to Radius
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Figure 21. The shear stress/oxygen consumption ratio along the radius of the HA 
cylinder. The ratio is location specific along the radius over time. 
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Figure 22. Scanning electron microscopy (SEM) of the center zone in a perfused HA 
cylinder. There is a continuous layer of polygonally packed cells on HA surface. Cell 
borders are visible. There are nonuniform large gaps scattered that are most likely a 
shrinkage artifact of drying and possible loss of cells during specimen preparation. 
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Figure 23. SEM of the center zone of the nonperfused HA cylinder in Figure 15. There 
are occasional cells against the granular appearing HA background. 
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Figure 24. SEM of a perfused HA cylinder at a fractured edge. There is artifact from the 
sectioning and processing of the cylinder. Note a web of fibers underneath a layer of 
closely packed flat cells.  



 

 84 

 
 
 
Figure 25. SEM of a gap between two adjacent cells. There is a web of fine fibers 
underneath the cells. 
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Figure 26. SEM of the matrix underneath the superficial cells. There are cells of a 
different morphology embedded within a web of microfilaments. 
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Figure 27. High magnification SEM of the microfilaments with knobs on them, 
resembling grapes-on-vine. Along many microfilaments there are bands (arrows) that 
resemble the cross-striation on collagen fibrils. The shortest distance between the two 
adjacent bands is about 70 nm (open arrow). 
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A 

 

B 

Figure 28. Blank HA surface and its X-ray microanalysis. A: SEM of nonexperimental 
HA. B: X-ray microanalysis of the blank HA. The label indicates individual elements: 
Carbon, Nitrogen, Oxygen, Sodium, Phosphorus, and Calcium. The unlabeled peak is 
the Osmium coating. 
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Figure 29. SEM of matrix vesicles identified as Knob 2 (arrow) and Knob 3 (open 
arrow) during X-ray microanalysis. 
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Figure 30. The location of background (cross) for Knob-2 where X-ray microanalysis is 
taken. 

 

 

Figure 31. X-ray microanalysis result of Knob-2 (line curve) with background (red). 
The background shows high carbon content suggesting organic nature. Knob-2 has high 
oxygen, phosphorous, and calcium content in addition to carbon. 
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Figure 32. The location of background (cross) for Knob-3 where X-ray microanalysis is 
taken. 

  

Figure 33. X-ray microanalysis of Knob-3 (line curve) with background (red). Findings 
are similar to Knob-2.  
 


