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I. Introduction 

A. Statement of the Problem 

Periodontitis" is the most common cause of tooth Joss in adults. A National Health 

and Nutrition Survey (NHANES ·Ill 1988-1994) suggest a prevalence rate for 

periodontitis of 35% in dentate adults aged 30-90. Periodontitis not only causes tooth 

mobility and eventual tooth Joss, but also has been associated with several systemic 

diseases. If untreated, periodontitis appears to be linked to increased glucose levels in 

diabetic patients (Iacopino 2001). Other recent studies suggest links between 

periodontitis and heart disease (Beck et al. 1996), pre-term babies, and low birth weight 

babies ( Offenbacher et a!. 1996), and chronic obstructive pulmonary disease (Garcia, 

Nunn, and Vokonas 2001). 

A cure for periodontitis does not exist. Treatment is aimed at controlling further 

Joss of tooth support by reducing the etiologic factors of the disease. When the teeth are 

treated by root planing, open flap debridement, or osseous surgery, repair of the 

supporting tissues typically occurs. This repair involves the formation of a long 

junctional epithelium* (Nyman eta!. 1982), but new cementum, periodontal ligament 

(PDL) and bone are not usually observed (Yilmaz eta!. 1994). Several modes of therapy, 

including guided tissue regeneration*(GTR), and placement of enamel matrix proteins*, 

purportedly aid in regeneration* of the attachment apparatus. Thus, rather than a long 

junctional epithelium, a new connective tissue attachment, cementum 

1 
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encouraged. Histological evidence suggests that regeneration does occur with these 

regenerative treatments. In a ten-case series in humans, three of the ten intrabony defects 

treated with enamel matrix derivatives showed histological evidence of regeneration. 

When regeneration occured, connective tissue fiber insertion into new bone and 

cementum was observed. Both acellular and cellular new cementum were identified, 

although the amount of cementum coronal to a notch placed at the apical extent of 

calculus formation was not extensive (Yukna and Mellonig 2000). In a study that 

evaluated human periodontal defects treated with GTR, all four defects showed new 

connective tissue attachment and cementum formation on the root s!lfface. The extent of 

new attachment was variable (50-HiO%) between defects (Gottlow et al. 1986). 

However, treatments such as guided tissue regeneration using membranes and the 

use of enamel matrix derivatives add cost to periodontal therapy and are unpredictable 

(Yukna and Mellonig 2000). Currently the periodontist cannot determine if the post

treatment connective tissue attachment is actually stronger and more resistant to future 

breakdown than the long junctional epithelium that typically occurs when more 

traditional and inexpensive modes of therapy are used. 

*indicates word found in Glossary of Terms 



3 

B. Significance 

This study investigated the attachment properties of epithelial cells and 

periodontal ligament fibroblasts (PDLF) to human dentin. To date, the attachment 

strength of any cell type to dentin has not been measured directly. The overall goal of 

this study was to determine if epithelial cell attachment is weaker and less durable than 

the attachment of periodontal ligament fibroblasts, which would support the generally 

held opinion that treatments aimed at true regeneration ofthe attachment apparatus of the 

tooth are superior to treatments resulting in a long junctional epithelium. The results of 

this project have quantified the rate and strength of attachment of epithelial cells and 

periodontal ligament fibroblasts, thereby providing a basis for understanding the 

mechanisms that mediate healing following periodontal treatment, and ways to promote 

and sustain· healing. 
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C. Review of the Literature 

a. Anatomy of the Periodontium 

The periodontium consists of four components: the gingiva, the root cementum, the 

PDL, and the alveolar bone. All of these components attach the tooth to either the 

mandible or maxilla and maintain the integrity of the masticatory mucosa of the oral 

cavity in function (Lindhe 1996). The root cementum is unique because it is part of the 

tooth and the periodontium. Cementum is a thin layer of calcified tissue over the root 

dentin, with a slightly higher mineral content than bone. Two types of cementum are 

recognized, primary (acellular) cementum that forms as the root is formed and the tooth 

erupts, and secondary (cellular) cementum that forms after tooth eruption. A large 

portion of acellular cementum contains Sharpey' s fiber bundles (PDL fibers) that connect 

the root cementum to alveolar bone (Lindhe 1996). The cementum is thicker (200-600 

J.UU) in the apical region of the root, thinner (50-150 J.UU) in the coronal region, and 

continuously thickens throughout life (Zander and Hurzeler 1958). 

The PDL connects root cementum to alveolar bone. It is a richly vascular 

connective tissue that is continuous with the lamina propria of the gingiva. (Lindhe 

1996). The PDL is composed of connective tissue fibers, cells, vasculature, nerves, and 

ground substance*. Cells including osteoblasts*, cementoblasts* and fibroblasts* are 

also present (Coolidge 1937). The PDL, which has a thickness of appro~mately 0.25 

mm, transmits and distributes occlusal forces from teeth to the alveolar bone~ The PDL 
\' 

also allows for tooth mobility. In the PDL, collagen fibrils are arranged into fiber 

bundles that form the following five principal tiber groups: transeptal, alveolar crest, 

* indicates word found in Glossary of Terms 
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horizontal, oblique, apical, and interradicular. The portion of the principal fiber 

embedded in cementum or bone is termed a Sharpey's fiber (Quigley 1970). 

The alveolar bone forms the sockets of the teeth. Walls of the socket are lined with 

compact bone*, whereas the areas between the sockets including the compact bone wall 

is occupied by cancellous bone* (Lindhe 1996). Bone that divides one socket from 

another is termed the interdental septum (Fedi 1995). Osteons, or Haversian systems, 

make up the basic structural unit of compact bone. Cancellous bone is less dense than 

compact bone and contains many marrow spaces. The layer of bone lining the socket 

into which Sharpey' s fibers of the PDL insert is termed "bundle bone" and has numerous 

features in common with cementum (Lindhe 1996). 

The gingiva covers the alveolar process and surrounds the cervical area of the teeth. 

It is comprised of stratified squamous epithelium that has numerous connective tissue 

projections. The free gingiva consists of the gingival tissue at the vestibular and 

lingual/palatal aspects of the teeth and the interdental papilla. On the lingual and facial 

aspects of the teeth, the free gingiva starts at the base of the clinical sulcus and terminates 

coronally at the free gingival margin. In a state of health, the gingiva is in intimate 

contact with the tooth. The free gingival margin is located approximately 0.5-2 mm 

coronal to the cementoenamel junction (CEJ) on a fully erupted, disease-free tooth. The 

shape of the i~terdental papilla is determined by the contact areas of adjacent teeth, as 

well as the contour of the CEJ (Lindhe 1996). The attached gingiva begins at the base of 

the clinical sulcus and terminates where it meets the alveolar mucosa, termed the 

mucogingival junction. Attached gingiva adheres to the underlying structures, and unlike 

alveolar mucosa is immobile (Loe, Listgarten, and Terranova, I 990). 

*indicates word found in Glossary of Terms 
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The gingival epitheliwn is divided into three types based on location. The oral 

epitheliwn faces the oral cavity, the sulcular epitheliwn faces the tooth, but is not in 

direct contact with the tooth, and the junctional epitheliwn * directly attaches to the tooth. 

The oral and sulcular epitheliwn overlie a coarse connective tissue. Epithelial projections 

called rete pegs extend into the connective tissue. However, no rete pegs underlie the 

junctional epithelium (Loe, Listgarten, and Terranova 1990). 

Whereas the oral and sulcular epithelia have similar structure, the junctional 

epitheliwn differs from these. The junctional epithelium is comprised of basal cell layers 

and multiple suprabasal cells layers. Junctional epithelial cells are "flat and large relative 

to the cells of oral and sulcular epitheliwn. Intercellular spaces of the junctional 

epitheliwn are comparatively wider than those of the oral and sulcular epitheliwn. Also, 

the number of desmosomes* is smaller in the junctional epitheliwn versus the oral and 

sulcular epithelia (Lindhe 1996). The junctional epitheliwn is widest at its coronal aspect 

(15-20 cell layers), and becomes thinner towards the CEJ. It has a free surface at the 

bottom of the gingival sulcus where cells are shed as the epitheliwn continuously renews 

through basal cell layer division (Lindhe 1996). The junctional epitheliwn is attached to 

the cementwn root surface by four to eight hemidesmosomes* per micron at its coronal 

aspect, and two hemidesmosomes per micron at its apical aspect (Sabag eta/. 1981). The 

dentogingivaljunction, where the tooth and supporting tissues meet, consists of the dental 

sulcus and two types of attachment, the epithelial attachment or junctional epitheliwn, 

and the connective tissue attachment. It has been found that the average length of the 

epithelial attachment is 0.97 mm (Gargiulo et al. 1961). Apical to the junctional 

epitheliwn is the supracrestal connective tissue attachment which supports the junctional 

*indicates word found in Glossary of Terms 
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epithelium. The average length of this connective tissue attaclnnent is 1.07 mm 

(Gargiulo eta/. 1961), and is structurally and functionally different from the connective 

tissue supporting the oral gingival epithelium. A population of inflammatory cells, 

predominantly polymorphonuclear leukocytes*, is found in this connective tissue, even in 

a healthy periodontium. Also, the connective tissue in this region is considered "deep" 

connective tissue. This deep connective tissue determines the epithelial expression of the 

junctional epithelium, which instead of maturing persists in an immature state. It is this 

functional immaturity that allows the junctional epithelium to develop hemidesmosomal 

attac!nnents to the root surface (Ten Cate, 1998). 

Connective tissue, the predominant tissue of the gingiva, is composed of collagen 

fibers, fibroblasts, vessels, nerves and connective tissue matrix. The fibroblast is the 

main connective tissue cell (Lindhe 1996). The fibroblast produces both connective 

tissue fibers and the ground substance. The cell is stellate or spindle shaped with an 

ovoid nucleus and a well-defined rough endoplasmic reticulum. Besides fibroblasts, mast 

cells*, and macrophages*, other inflammatory cells are dispersed throughout the 

connective tissue (Uie, Listgarten, and Terranova 1990). Gingival fibroblasts are not 

identical to the PDL fibroblasts. It has been thought that gingival fibroblasts proliferate 

more quickly than PDLF, however two recent studies report that PDLF have a faster 

proliferation rate (Ogato et a/. 1995, Palioto et a/. 2003). PDLF are larger and more 

spindle shaped than the gingival fibroblast (Ogato et a/. 1995, Palioto et a/. 2003), yet 

protein synthesis, measured by electrophoresis over a 24-h period, .was similar for PDL 

and gingival fibroblasts (Palioto et al. 2003). However, previous investigators have 

found that PDL fibroblasts have greater alkaline phosphatase levels and higher levels of 

*indicates word found in Glossary of Terms 
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cyclic AMP production than gingival fibroblasts (Ogata et at. 199 5). Protein and 

collagen production are significantly greater in PDLF when compared to gingival 

fibroblasts (Somerman et al. 1988). Both PDLF and gingival fibroblasts (from the same 

donor) are stimulated by growth factors including platelet derived growth factor (PDGF), 

insulin like growth factor-I (IGF-I), insulin like growth factor-II (IGF-II), epidermal 

growth factor (EGF), and transforming growth factor-~ (TGF-~) in a dose-dependent, 

chemotactic, migratory response in which chemotactic cytokines directed migration of 

the growth factor to specific sites. However, human native periodontal ligament cell 

chemotactic and mitogenic factor (PDL-CTX) are specific for PDLF, as gingival 

fibroblasts showed no response to this growth factor (Nishimura and Terranova 1996). 

Thus, PDL and gingival fibroblasts have similar migratory responses to many, but not all, 

growth factors. 

Collagen, reticulin, oxytalan, and elastic fibers are produced by fibroblasts in 

periodontal connective tissues. These fibers account for 60-65% of the connective tissue, 

with collagen as the predominant form (-50%). Gingival collagen fibers are organized 

into five groups based on the course they transverse: dento-gingival, alveolo-gingival, 

dento-periosteal, circular and transeptal (Hassell 1993). 

The ground substance, or matrix, of the gingival connective tissue is produced by 

fibroblasts, mast cells and blood, and accounts for 35% of the connective tissue and is 

comprised of proteoglycans* and glycoproteins*. Proteoglycans contain 

glycosaminoglycans that regulate fluid flow and diffusion. Glycoproteins, principally 

fibronectin, function in communication between cells and ground substance. Fibronectin 

is involved in the attachment, spreading and migration of cells (Ten Cate 1998). 

*indicates word found in Glossary of Terms 
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b. Breakdown of the Periodontal Attachment 

Periodontitis is defined as a progressive inflammation of the supporting tissues of 

the teeth that leads to loss of bone and periodontal ligament (Periodontal Literature 

Reviews 1996). The initiation and progression of periodontitis is dependent on the 

presence of microorganisms. Although hundreds of species of microorganisms may be 

present in periodontal pockets; only a few are considered etiologic agents of periodontitis 

(Moore and Moore, 1994). As microbial plaque accumulates on the tooth surface 

adjacent to the gingival tissues, oral sulcular and junctional epithelial cells are exposed to 

waste products, enzymes and surface components of these bacteria. The host tissue 

becomes more irritated as the bacterial load increases. In response to microorganisms, 

the epithelial cells produce proinflammatory cytokines* and other mediators of 

inflammation. A classic immune inflammatory tissue response then ensues. The gingival 

tissue swells as fluid accumulates and cell infiltration occurs. PMNs, monocytes, 

macrophages, and lymphocytes are attracted to the area (Lindhe 1996). 

Interactions between infiltrating inflammatory cells and the host's antibodies and 

complement system protect against deleterious effects of microbial agents. Typically, 

high levels of antibody are not found in the host's serum or gingival crevicular fluid 

(GCF) until the disease process is already well-established (Ebersole, 1990). However, 

in aggressive periodontitis, typically involving Actinobacillus actionmycetemcomitans 

and Porphyromonas gingiva/is, the extent of the disease correlates inversely with the 

antibody titer to these two bacteria (Califano eta!. 1996 and Gunsolley eta!. 1987). 

In addition to the direct effects of pathogenic microorganisms on periodontal 

tissues, inflammatory cells inappropriately aid the progression of disease. In hosts 

*indicates word found in Glossary of Terms 
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susceptible to periodontal disease, when periopathogenic microorganisms are not 

eliminated, the continued release of inflammatory mediators begins to breakdown the 

periodontal tissues. PMNs release enzymes capable of destroying host tissue as they 

phagocytose bacteria. Activation of monocytes, lymphocytes, fibroblasts, and other host 

cells also result in tissue destruction by releasing cytok:ines and inflammatory mediators 

when exposed to bacterial-derived factors (Offenbacher, 1996). 

The state of the host's immune response greatly affects whether the disease 

continues, and the speed at which it progresses. There is almost certainly a genetic 

component to periodontitis. Genetic variation of the gene encoding interleukin 1, a pro

inflammatory multifunctional cytokine, has been associated with the susceptibility to, and 

progression of periodontitis (Kornman, Crane and Wang 1997). Diseases such as 

diabetes mellitus and acquired immunodeficiency syndrome, which impair the patient's 

immune response, are risk factors associated with periodontal disease. Smoking, which 

has an inhibitory response on immunoglobulin levels and antibody response to plaque 

bacteria, also has been implicated as a risk factor for periodontal disease (Schenkein 

1999). 

In a patient with both pathogenic microorganisms and an ineffective host defense, 

periodontitis is more likely to occur. Clinically, periodontitis results in periodontal pocket 

formation, suppuration, fibrosis, destruction of alveolar bone and PDL, tooth mobility 

and drifting, and eventually tooth loss (Lindhe 1996). Pocket development, with apical 

displacement of the junctional epithelium, is a hallmark of this destructive disease. The 

epithelium will travel down the connective tissue/tooth interface creating a long 

junctional epithelium and a "pocket epithelium" (Gillett eta/. 1990). As the epithelial 

* indicates word found in Glossary of Terms 
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layers become broken down and the infiltrate of inflammatory cells continues, bone is 

resorbed. A heavily vascularized granulation tissue* is formed in the connective tissue 

adjacent to the pocket. Granulation tissue is composed of plasma cells* and other 

inflammatory cells producing tissue-degrading enzymes. This tissue response leads to 

further destruction of connective tissue and bone (Lindbe 1996). 

Histologically, the environment of the periodontal pocket resembles the "established 

lesion" described by Page (Page and Schroder 1976). This lesion has a predominance of 

plasma cells, loss of collagen subjacent to the pocket epithelium with fibrosis at more 

distant sites, formation of periodontal pockets, presence of cytopathologically altered 

plasma cells in the absence of altered fibroblasts, extension of the lesion into alveolar 

bone and PDL, conversion of bone marrow distant from the lesion to fibrous connective 

tissue, and a widespread manifestation of inflammatory and immunopathologic tissue 

reactions (Page and Schroeder 1976). In addition, the spread of inflammation into the 

surrounding tissues and alveolar bone loss also occur. 

*indicates word found in Glossary of Terms 
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c; Periodontal Pocket Healing After Periodontal Treatment 

Healing of the periodontium after periodontal regeneration does not progress much 

differently from healing of epidermal surgical wounds and has been divided into three 

continuous, overlapping phases: inflammation, granulation tissue formation, and matrix 

formation. Within 1 h after therapy, neutrophils infiltrate the clot formed between the 

root of the tooth and the gingiva after periodontal treatment. After three days, the late 

phase of inflammation occurs, with a decrease in neutrophillic infiltrate and a concurrent 

influx of macrophages. These macrophages release growth factors and play an essential 

role in the transition from the inflammatory phase into the granulation tissue phase. 

Granulation tissue slowly transforms into matrix at approximately seven days, and 

healing is typically complete by twenty-one days (Wikesjo 1995). 

A periodontal wound can heal in one of two ways. Repair"' is the healing of a 

wound by tissue that does not fully restore the original architecture or function of the 

periodontal pocket. Production of a long junctional epithelium after periodontal 

treatment does not reflect restoration of the original attachment apparatus, and thus is 

considered repair (Graber eta/. 1999). Regeneration is the reproduction or reconstitution 

of a lost or injured part in such a way that the architecture and function of the lost or 

injured tissues are completely restored (Glossary of Periodontal Terms 1992). Therefore 

regeneration of the periodontal pocket includes reformation of cementum, PDL and bone. 

A long junctional epithelium is typically produced on exposed root surfaces 

following traditional periodontal surgeries (such as modified Widman flap procedures) as 

well as following scaling and root planing, and soft tissue curettage. Treatment of the 

periodontal pocket using the modified Widman flap procedure has been shown to result 

*indicates word found in Glossary of Terms 
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in no gain in connective tissue attachment and no increase in crestal bone height (Caton 

and Nyman, 1980). Studies have shown that after this procedure the most apical cells of 

the junctional epithelium were consistently located at or near the most apical level to 

w~ich the roots were planed. Even in angular defects, where some bone fill was noted, 

bone repair was never accompanied by new connective tissue attachment (Caton and 

Nyman, 1980). A similar study showed histologically that, following scaling and root 

planing, the attachment between the tooth and gingival tiss!les is primarily through the 
. . 

formation of a long junctional epithelium (Caton and Zander 1979). 

Long junctional epithelium is believed to occur following traditional periodontal 

procedures because of all the types of tissue involved in wound healing, the cells of the 

junctional epithelium proliferate and migrate at the fastest rate (Graber eta/. 1999). After 

periodontal treatment, the root surface may be repopulated by four different cell types: 

epithelial cells, cells of the gingival connective tissue, cells of bone origin, and cells of 

periodontal ligament origin (Melcher 1976). Cells of periodontal ligament origin are 

hypothesized to be the only cells that can regenerate a connective tissue attachment 

(Nielson, Ellegaard and Karring 1980). However, because of their fast proliferation and 

migration, typically the junctional epithelial cells are the first to come into contact and 

attach to the root surface, therefore preventing regeneration. It is unknown whether the 

epithelial cells form a stronger attachment to the root surface or are simply the first cells 

present during repair. 

Different root surface treatments have been used to attempt to regenerate a 

connective tissue attachment. Root surface treatments have included tetracycline, citric 

acid and ethylene-diamine-tetra-acetic acid (EDTA), a neutral root-etching agent. The 

" indicates word found in Glossary of Terms 
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use of tetracycline as a root conditioning agent adjunct to modified Widman flap 

procedures may improve clinical parameters such as bleeding on probing, gingival 

inflammation and pocket depth versus surgical therapy alone (Darhous, Zahran and Ragy 

1995). However, the results are controversial (Erdinc, Efeoglu, and Demeirel 1995). 

New connective tissue attachment following citric acid treatment of roots has been 

demonstrated histologically in humans. Although histologic specimens of human 

periodontally diseased root surfaces treated with scaling and root planing and citric acid 

solution (for 5 minutes) revealed cementogenesis and some degree of reestablishment of 

connective tissue re-attachment (Cole eta/. 1980) findings of regeneration using citric 

acid are inconsistent (Lowenguth and Blieden 1993). The use of EDT A to treat the root 

surface of teeth in monkeys resulted in more total histologic attachment (connective 

tissue and reparative cementum) and less long junctional epithelium when EDTA was 

used verses control (Blomlof et al. 1996). 

Guided tissue regeneration (GTR) has been used to promote regeneration of 

periodontal tissues. GTR uses a membrane adapted to the tooth surface at its coronal 

border to cover the osseous defect. The rationale behind its use is that exclusion of the 

epithelial and gingival connective tissue cells will allow PDL cells to repopulate the root 

surface. Using millipore filters as membranes in surgically created fenestrations in four 

monkeys, it has been demonstrated histologically that islands of new bone formation and 

some new cementum form in the apical half of the periodontal defect by 21 days (Aukhil 

et al. 1988). Many studies report improved clinical outcomes using GTR to treat 

periodontal disease (Murphy and Gunsolley 2003). Histologic proof of new attachment, 

"'indicates word found in Glossary of Terms 



15 

along with new cementum and bone formation, has been demonstrated in humans as well 

(Gottlow eta/. 1986). 

Enamel matrix derivatives, such as amelogenin have been used to reestablish the 

periodontal attachment apparatus as well (Giannobile and Somerman 2003). Enamel 

matrix derivatives initiate selective cell attachment and proliferation, and may be useful 

to regenerate acellular extrinsic fiber cementum (Hammarstrom 1997). Although 

histologic evidence exists that enamel matrix derivatives are capable of inducing 

regeneration, results have not been clinically consistent (Yukna and Mellonig 2000). 

Currently, research is being conducted on the use of growth factors in periodontal 

regeneration. Polypeptide growth factors are a class of natural biologic mediators that 

regulate key cellular events in tissue repair, including the periodontium. Examples of 

these growth factors include: platelet-derived growth factor (PDGF), vascular 

endothelial growth factor (VEGF), transforming growth factors (TGF-a and -~), 

epidermal growth factor (EGF), and insulin-like growth factor (IGF). Pre-clinical trials 

using various growth factors have been conducted These trials demonstrated various 

degrees of success (Giannobile and Somerman 2003). A human clinical trial was 

conducted using PDGF/IGF-1 to treat osseous defects in patients with moderate to severe 

periodontal disease. Significantly greater osseous defect fill was noted in the PDGF/IGF-

1 treated group versus the control (Lynch 1996). Another study in 'investigated the use of 

BMP-3 to promote periodontal regeneration. The results demonstrated no significant 

differences between the use of bone grafts alone or in combination with BMP-3 (Lynch 

1996). 

• indicates word found in Glossary of Terms 
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d. Shear Stress 

The attachment strength of PDLF and epithelial cells is important in periodontal 

pathogenesis, but unknown. The best way to determine attachment strength would be to 

use a tensile test, but this is not possible due to physical size of cells. Shear stress can be 

used to measure attachment strength because it is a controllable means of applying a 

defined force. The physiologic forces affecting PDLF and epithelial cells in vivo, such as 

flow of gingival crevicular fluid, are not meant to be simulated with the model used in 

this study. The forces present in vivo which act on the cells of the dentogingival junction 

are assumed to be low, but have not been adequately measured to date. Nevertheless the 

strength of attachment of cells to a dentin substrate is an important consideration in the 

early stages of wound healing wherein fibrin clot stability has been implicated as a 

determinant of periodontal regeneration (Polson and Proye 1983). Measurement of 

attachment rate and strength in this study was done using a parallel plate flow chamber, 

in which a dentin sample with attached human PDLF and/or human epithelial cells are 

placed. The flow chamber allowed for the application of a highly uniform and defined 

shear force. Shear stress is related to the viscosity* and velocity of the fluid flow (Nerem 

et al. 1998). Increases in either volumetric flow rate or viscosity will lead to increases in 

shear stress (Equation 1 ). 

"twan = 6).l Vr/wh2 

(Equation I) 

In equation 1 'twau is the shear stress, ll the viscosity of the fluid, Vrthe volumetric flow 

rate, w the width of the channel and h the channel height. Thus, the shear stress placed on 

*indicates word found in Glossary of Terms 
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cells can be adjusted_ by changes in volumetric flow rate of the fluid. The volumetric 

flow rate, or volume per cross sectional area, is related to the velocity of the fluid and the 

size of the pipe or channel used (Equation 2). 

Vr = V (cross-sectional area) 
(Equation 2) 

Preliminary studies done by Dr. Regina Messer at the Medical College of Georgia 

demonstrate that cells can be detached from dentin at levels of shear stress that will not 

result in cell death. 

*indicates word found in Glossary of Terms 
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D. Purpose 

The purpose of this study was to determine the rate and strength of attachment of 

epithelial cells and periodontal ligament fibroblasts (cultured individually and together) 

to a dentin surface. Understanding cellular attachment to dentin is crucial in predicting 

the success of periodontal treatment. Nearly all clinicians agree that adequate attachment 

strength reduces the depth of the periodontal pocket, resist occlusal forces on the tooth, 

and resists the contractile forces on attached cells during wound healing (Stephens et a/. 

1996). Various factors affect fibroblastic versus epithelial attachment to previously 

diseased root surfaces. The condition of the dentin surface, numbers of cells that are 

present, cellular secretory products and, and the external forces on cells must be 

considered individually and together to fully understand the dynamics of cell-dentin 

attachment. This project focused primarily on cell number as an important variable of 

cell-dentin attachment. 
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E. Hypotheses 

Based on clinical outcomes in the absence of guided tissue techniques, we 

hypothesized that epithelial cells would attach more quickly to human dentin surfaces 

than periodontal ligament fibroblasts, but would have lower attachment strength. In 

addition, we predicted that when epithelial cells and periodontal ligament fibroblasts 

were co-cultured on human dentin, the epithelial cells would out-compete the periodontal 

ligament fibroblasts, and dominate attachment sites. 

F. Specific Aims 

Specific Aim #1: Measure rate and strength of attachment of human periodontal 

ligament fibroblasts and epithelial cells (NHEK) to human dentin. 

Specific Aim #2: Determine if attachment rate and strength are independent or 

interactive when epithelial (NliEK) and fibroblastic cells are co-cultured on human 

dentin. 



II. Material and Methods 

A. Proposed Methodolgy 

a. Parallel-Plate Flow Chamber 

A schematic of the parallel-plate flow chamber is shown in Figure 1. This design is 

novel and confidential as dictated by The Medical College of Georgia Office of 

Technology Transfer and Economic Development. The syringe pump had a volumetric 

flow rate range of 0.002 pllhr to 55.1 ml/min, which produces shear stresses of 3.3x10"8 

to 5.5lxl02 dynes/cm2
, assuming laminar flow (Harvard Apparatus, Holliston, MA). A 

flow meter was used to verify the flow rate. The chamber was designed to hold a (25.4 

mm)' by 3 mm thick, opaque sample. Human tooth slices were embedded in 

polyvinylsiloxane (Kerr XP Putty, Orange, CA) to give them their final dimensions for 

the chamber. A 0.15 mm thick gasket made from 3M medical grade double sided tape 

covered the surface of the tooth slice except for a 0.5 em section along the length of the 

dentinal root surface. The gasket adhered to an overlying coverslip, forming a flow 

channel with parallel walls. This design exposed only the root dentin to shear flow. 

Culture medium was circulated using the syringe pump. The flow cell, tubing, and dentin 

molds were sterilized by ethylene oxide gas and de-aerated ·for 48 hours post sterilization 

at room temperature and pressure. 
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Figure 1. Schematic of parallel-plate flow chamber. 
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b. Cell-Culture 

Periodontal ligament fibroblasts (PDLF, donated by Dr. Carol Lapp) were 

obtained from erupted third molar teeth (Mailhot et a/. 1995), extracted by the Oral 

Surgery Department of the Medical College of Georgia (IRB# 01-06-299). Freshly 

extracted teeth were immediately placed in Hank's balanced salt solution supplemented 

with penicillin G potassium (200 unitslml) and streptomycin sulfate (200 mglml), 

adjusted to pH of 7.7 (HBSS - PIS). Gingival explants were disinfected on a 0.5% 

sodium hypochlorite Tris-buffered saline (TBS) for 5 min, then rinsed again with HBSS

PIS. The disinfected gingival tissues were sliced into small pieces and transferred into 35 

mm culture dishes. Under sterile conditions, the PDL tissues were mechanically peeled 

off by scraping the middle third of the root surface with a sterile scalpel. These tissue 

explants were placed in a 35 mm2 tissue culture plates containing culture medium 

composed of Eagle's minimum essential medium supplemented with 10% heat

inactivated fetal bovine serum plus penicillin G potassium (1 00 unitslml) and 

streptomycin sulfate (100 mglml). Human adult foreskin keratinocytes (NHEK) were 

purchased from Clonetics-BioWhittaker (Walkersville MD) and were cultured per 

Clonetics-BioWhittaker recommendations in a KGM®-2 Medium Bullet Kit (Cambrex) 

containing 10% fetal bovine serum. Cell monolayers were grown in a 5% C02 

humidified enviromnent at 37°C. All experiments were performed with cells between 

passages 4 and 8. 
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c. Cells Grown on Dentin 

Three materials were used to study the attachment rate and strength of epithelial 

cells and PDLF: polystyrene (positive control), Teflon® (negative control) and dentin. 

Teflon® and polystyrene sheets were cut to fit the area of the parallel flow chamber and 

then sterilized using ethylene oxide gas. Teeth were sliced, and molds were formed for 

each tooth slice using Kerr XP polyvinylsiloxane impression material. Note that tooth 

slices were stored in distilled water when not being used in the study to keep the dentin 

moist. Tooth slices were then removed from the molds, polished with 600-grit SiC paper, 

autoclaved, and re-inserted into sterilized molds. PDLF and NHEK were each seeded at 

20,000 cells/cm2 (separately) onto prepared polystyrene, Teflon® and dentin surfaces. 

The cells were allowed to attach to each of three substrates for 2 or 24 hours. These time 

periods were chosen to demonstrate early and more advanced attachment of the cells to 

the various substrates, and maximize the ability to see differences in attachment strength. 

Following cellular attachment, samples were placed in flow chambers (see section a). 
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B. Experimental Procedure 

a. Estimation of strength of attachment by step-increased shear 

Estimation of cellular strength of attachment to dentin was performed using step

measured shear to estimate the appropriate fluid flow rate for subsequent constant-force 

experiments (see next section). Using this strength, fewer specimens were needed in the 

constant-force tests. The specimens were placed in the flow chamber and the shear force 

applied by periodically (every 60 s) stepping-up the flow rate. The set-up time was 

chosen based on Dr. Regina Messer's preliminary data, a reasonable experimental 

duration, and collection of a reasonable volume of effluent per interval. Based on pilot 

data, the initial flow rate was 0.5 ml/min. After 60 s, the flow rate was increased to 1.0 

mllmin and then increased 1 ml/min every 60s until15 ml/min was reached or> 90% of 

detectable cells were removed was chosen. These variables were adjusted to 

accommodate the PDLF or NHEK as needed. 

The effluent flow from the chamber was collected in 15 ml polystyrene tubes with 

each change in flow rate (Fig 2). Each fraction was incubated at 37'C with 5% C02 until 

all samples are collected. The samples were then centrifuged and re-suspended in 1 ml 

media, dyed with trypan blue and counted with a hemocytometer. The n~ber of cells 

·detached and cell viability(> 95%) were calculated. 

These experiments were designed to identifY a flow rate for formal attachment 

strength experiments (sections b and c) by using the total energy required to detach ~ 

50% of the cells (equation 3) computed for each condition. The shear force (flow rate) 

necessary to remove ~ 50% of the cells after 2 and 24 h of attachment was determined 

(n=3) for each cell type (PDLF or NHEK) and attachment time (2 and 24 h) as follows. 
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Power curves were fit to plots of energy applied versus cells detached, and the energy 

was calculated that predicted 50% cell detachment. Uncertainty in this value was 

detennined graphically (see appendix). Detachment energies for each cell type were 

compared individually on each substrate at each time using 2-sided t-tests (a=0.05). 

Attachment times for each cell type also were compared using t-tests. Detachment (50%) 

energies were carried forward to cell-substrate competition assays (sections b and c). 

Forces used in formal attachment strength experiments fell between the forces necessary 

to remove ~50% each cell type (PDLF or NHEK) at both 2 and 24 h. 

Energy =tcwan)tV 

(Equation 3) 

In the above equation t"(wall) is the shear stress at the surface, t is time and V is volumetric 

velocity. 



Figure 2. Schematic of test set-up: syringe pump, silicone tubing, parallel-plate flow 
chamber and collection tubes. 
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b. Cellular Competition- PDLFINHEK ratio 1:1 

The purpose of these experiments was to determine the interactions between cell 

types during attachment. NHEK were pre-labeled with Hoechst dye (Molecular Probes, 

Eugene, OR). The Hoechst dye stock concentrate (0.5mg/ml) was stored protected from 

light at 4° C. At the beginning of experimentation the working solution of dye was made. 

The working solution was made by mixing 4¢ of stock concentrate dye to 10 ml4.6 M 

NaCl-P04 buffer. NHEK were then pre-labeled with 125 ¢ of working solution and 

incubated in a light-protected environment. As a starting point, the cells were seeded 

together on the dentin substrate at a 1:1 ratio with a total density of20,000 cells/cm2
• As 

in the previous experiments, the attachment times were 2 or 24 h. The dentin samples 

were placed into the flow chamber and shear was applied for a 20 minute duration at a 

force determined in section a. The chosen force for the 2 h experimental time period was 

70 dynes/em•, 80 dynes/em• was used for the 24 h experimental attachment time. The 

number of each cell type detached (per 2 minute interval) was counted and then the ratio 

for each cell type was calculated. The time necessary at the applied energy to remove ~ 

50% of the cells after 2 and 24 h of attachment was determined for each cell type. This 

time was used to calculate the energy needed to remove 50% of the cells (in kgm'/s2). 

The difference (arbitrarily, PDLF - NHEK) between ~ 50% detachment energies was 

computed, and a confidence interval was constructed (t statistic, 2-sided, a=0.05) to find 

non-zero differences. Errors for the difference were computed as the square of the mean 

standard deviations of the replicates (n=3) of the points on the detachment time curves. 
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c. Cellular Competition-PDLFINHEK ratio 1:10 or 10:1 

These experiments further explored how interactions between PDLF and NHEK 

modulate cellular attachment Ratios of 1: 10 and 10:1 epithelial cells to fibroblasts better 

mimic clinical conditions near the coronal and apical root surface, respectively. The 

same experiments and statistics carried out in the cellular competition at PDLFINHEK 

ratio of 1:1 were repeated at the altered ratios. 



ill. Results 

A. Estimation of strength of attachment by step-increased shear 

Three trials using each cell type: NHEK and PDLF, on the three different surfaces: 

dentin, Teflon® and polystyrene were run for both experimental time periods, 2 and 24 h. 

On the Teflon® surface ;::: 50% of PDLF were removed at an energy level of 30 

kgm2/s2 after 2 hours of attachment time (Fig 3). Before the Teflon® sample was placed 

in the flow cell, the media covering the sample was placed in a fraction collector, this 

media contained cells which were unattached to the Teflon® surface. The media and 

cells it contained were referred to as the wash. The wash for the Teflon® surface at 2 h 

averaged 12% of the seeded cells. On Teflon® the average energy needed to remove ;::: 

50% of attached PDLF after 24 h was 46 kgm2/s2 (Fig 3). On average, 21% of PDLF 

were unattached to the Teflon® at 24 h and removed in the wash prior to insertion of the 

sample into the flow chamber. An energy of 61 kgm2/s2 was required to removed ;::: 50% 

ofNHEK from the Teflon® surface after 2 h of attachment. NHEK removed in the wash 

prior to insertion in the flow chamber accounted for 22% ofNHEK seeded on Teflon® 

and allowed to attach for 2 h. An energy of 67, kgm2/s2 was applied to the sample before 

;::: 50% ofNHEK were removed fro111 the Teflon® surface after 24 h of attachment. 21% 

of seeded NHEK were removed in" the wash from the Teflon® surface at 24 h (Fig 4). 

29 



Figure 3. Detachment energy ofPDLF to polystyrene and Teflon®. They-axis shows 
the energy required to remove ~ 50% of cells from the surface of the materials using 

step-increased shear. A significant difference (a=0.05) in~ 50% detachment energy was 
noted between 2 and 24 h on both surfaces (asterisks). Significant difftrences between 2 

and 24 h (letters). Error bars represent standard deviations. 
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On the polystyrene surface 2:: 50 % ofPDLF were removed at an energy level of 50 

kgm2/s2 at 2 h of attachment time (Fig 3). At 2 h on the polystyrene surface, 10% of cells 

on average were removed in the wash. The average energy necessary to remove 2:: 50% 

of attached PDLF at 24 h from polystyrene was 97 kgm2/s2
• On average, 14% ofPDLF 

were removed in the wash from the polystyrene at 24 h (Fig 3). At 2 h attachment time an 

energy of 57 kgm2/s2 was needed to remove 2:: 50% of NHEK from the polystyrene 

surface. On average, 14% ofNHEK were removed in the wash from the polystyrene at 2 

h. An energy of 63 kgm2/s2 was applied before 2:: 50% ofNHEK were removed from the 

polystyrene surface after 24 h of attachment. I 0% of seeded NHEK were removed in the 

wash from the polystyrene surface at 24 h (Fig 4 ). 

An energy level of 42 kgm2/s2 was needed to remove 2:: 50% of PDLF from the 

dentin surface after 2 h (Fig 5). Unattached PDLF removed in the wash from the dentin 

surface at 2 h accounted for 14% of seeded cells on average. The energy necessary to 

remove 2::50% of attached PDLF from the dentin surface at 24 h was 107 kgm2/s2• PDLF 

removed in the wash from the dentin surface at 24 h accounted for 18% of seeded PDLF 

on average (Fig 5). On the dentin surface an energy of76 kgm2/s2 at 2 h was necessary to 

remove 2:: 50% of NHEK. 18% of NHEK were removed in the wash from the dentin 

surface at 2 h. On the dentin surface an energy of 60 kgm2/s2 at 24 h was necessary to 

remove 2:: 50% of NHEK as well. 15% of NHEK were removed in the wash from the 

dentin surface at 24 h (Fig 5). 

These results show that at 2 h the energy needed to remove 2:: 50 % of attached 

PDLF from the sample surface was quite similar for all three surfaces. PDLF attached to 

the Teflon® surface required a slightly smaller energy for removal (30 kgm2/s2), while 
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the energy appears approximately equal for the polystyrene and dentin surfaces (50 and 

42 kgm'/s2
). Results from the 24 h experimental attachment duration demonstrated that a 

greater energy was needed to remove ~ 50% of PDLF from all three sample surfaces 

when compared to 2 h experimental duration. The energy needed to remove ~ 50% of 

PDLF from the Teflon® surface at 24 h was only slightly higher (46 kgm2/cm2
) than that 

observed at the 2 h time period (30 kgm2/s2
). However, the energy necessary to remove ~ 

50% ofPDLF from the polystyrene and dentin surfaces was more dramatically increased 

when the two experimental time periods are compared (an increase of 47 and 65 kgm2/s2 

energy was needed to remove~ 50 % of cells at 24 h versus 2 h). 

Based on the results of the experiment, NHEK appear to attach equally well to all 

three surface types (at 24 h -60 kgm2/s2 needed to remove NHEK from all surfaces). 

Also, the NHEK do not appear to require a greater energy for removal of~ 50% of cells 

after 24 h compared to 2 h. Results also indicated that a stronger energy was needed to 

remove~ 50 % ofNHEK from surfaces at 2 h when compared to PDLF. However, at the 

24 h experimental duration a greater energy was necessary to remove ~ 50% of PDLF 

thanNHEK. 



Figure 5. Detachment strength ofNHEK And PDLF on dentin. They-axis shows the 
energy required to remove !:': 50% of cells from the surface of the material using a step
increased shear. Significant difference (a=0.05) between!:': 50% detachment energy was 

noted between 2 and 24 hfor PDLF(asterisks). Significant difference also noted 
between PDLF and NHEK at 24 h (letters). Error bars represent standard deviations. 
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B. Cellular Competition-PDLFINHEK ratio 1:1 

After 2 h of attachment time 2: 50% of attached NHEK were removed after 5 min of 

an applied force of 70 dynes/cm2 from the dentin surface. After 7 min of the applied 

force 2: 50% of attached PDLF were removed (Fig 6). Unattached NHEK removed in the 

wash accounted for 27% of seeded cells after 2 h. Unattached PDLF removed in the 

wash accounted for 13% of those seeded. PDLF were removed at a slower rate after 2 h 

when a constant force was applied over time in comparison to NHEK. There was 

statistical significance to the difference in energy for 2: 50% detachment of PDLF versus 

NHEK (Fig 10). 

After 24 h of attachment time 2: 50% of attached NHEK and PDLF were removed 

after 5 min of an applied energy of 80 dynes/cm2
• Unattached NHEK removed in the 

wash accounted for 27% of seeded NHEK. Unattached PDLF accounted for 19% of 

those seeded (Fig 7). PDLF and NHEK were removed at approximately the same rate 

when a constant energy was applied over time at 24 h (Fig 13). 



Figure 6. Percentage of cells removed versus time using a JNHEK:JPDLF ratio at 2 h 
using a constant shear stress of70 dyneslcm2

• Dotted lines denote the time required for~ 
50% cell removal. Time was directly proportional to energy. Error bars represent 

standard deviations. 
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Figure 7. Percentage of cells removed versus time using a INHEK:IPDLF ratio at 24 h 
using a constant shear stress of80 dyneslcm 2

• Dotted lines denote the time required for~ 
50% cell removal. Time was directly proportional to energy. Error bars represent 

standard deviations. 
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C. Cellular Competition-PDLFINHEK ratio 1:10 or 10:1 

The time required to remove~ 50% of cells after 2 h from the dentin surface, using 

the 1 NHEK:10 PDLF ratio and a force of70 dynes/em• was 5 min forNHEK and 7 min 

for PDLF (Fig 8). At 2 h, with cells seeded at a ratio of 1 NHEK:10 PDLF, the PDLF 

showed a statistically significant increase in energy necessary to remove~ 50 % of cells 

in comparison with NHEK (Fig 1 0). 

The time required to remove ~ 50% of cells using the 10 NHEK: 1 PDLF ratio was 

10 min for NHEK and 8.5 min for PDLF (Fig 8). At 2 h, with cells seeded at a ratio of 

10 NHEK: 1 PDLF, a statistically significant increase in energy was necessary to remove 

~50 % ofNHEK in comparison with PDLF (Fig 1 0). 

At 24 hit took 7 min to detach~ 50% ofPDLF, while only 3.5 min were required 

to detach ~ 50 % ofNHEK when cells were seeded at a ratio of 1 NHEK: 10 PDLF and 

an applied force of 80 dynes/em• was used (Fig 11 ). At 24 h, with cells seeded at a ratio 

of 1 NHEK:10 PDLF, the PDLF showed a statistically significant increase in energy 

necessary to detach~ 50 % of cells (~ 50 % of cells were removed at 7 min for PDLF 

versus 3 min for NHEK) in comparison with NHEK (Fig 13). 

At 24 h, 9.5 min were necessary to remove~ 50% of PDLF, while 8 min were 

needed to remove~ 50% of NHEK when cells were seeded at a ratio of 10 NHEK:1 

PDLF (Fig 12). At 24 h, with cells seeded at a ratio of 10 NHEK:1 PDLF, there was not a 

statistical difference in the energy needed to detach PDLF and NHEK (Fig 13). 



Figure 8. Percentage of cells removed versus time using a JNHEK:JOPDLFratio at 2 h 
using a constant shear stress of70 dyneslcm2• Dotted lines denote the time required for~ 

50% cell removal. Time was directly proportional to energy. Error bars represent 
standard deviations. 
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Figure 9. Percentage of cells removed versus time using a JONHEK:lPDLFratio at 2 h 
using a constant shear stress of70 dynes/em•. Dotted lines denote the time required for<: 

50% cell removal. Time was directly proportional to energy. Error bars represent 
standard deviations. 
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Figure 10. Difference in ?:.50% detachment energy for all seeding ratios at 2 h using a 
constant shear stress of70 dynes/em'. Significant differences (a=0.05) in detachment 

energy were seen between cells types at all seeding ratios (asterisks). PDLF attachment 
was significantly stronger at ratios of 1PDLF:1NHEK and IOPDLF:INHEK. NHEK 

attachment was significantly stronger at a ratio of 1 P DLF: 1 ONHEK. Error bars 
represent standard deviations. 
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Figure 11. Percentage of cells removed versus time using a 1NHEK:10PDLF ratio at 24 
h using a constant shear stress of 80 dyneslcm 2

• Dotted lines denote the time required for 
;::>:50% cell removal. Time was directly proportional to energy. Error bars represent 

standard deviations. 
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Figure 12. Percentage of cells removed versus time using a JONHEK:JPDLFratio at 24 
h using a constant shear stress of80 dyneslcm2

• Dotted lines denote the time required for 
2': 50% cell removal. Time was directly proportional to energy. Error bars represent 

standard deviations. 
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Figure 13. Difference in ?.50% detachment energy for all seeding ratios at 24 h using a 
constant shear stress ofBO dyneslcm 2

• PDLF attachment was significantly stronger 
(a=0.05) at a ratio of JOPDLF:JNHEK (asterisk). Error bars represent standard 

deviations. 
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IV. Discussion 

The current results suggest that NHEK cells and PDLF form an attachment to both 

polystyrene and dentin in vitro at 2 and 24 h (Figs 3-5). Surprisingly, some attachment to 

Teflon® was observed as well. The observed attachment to Teflon® could be related to 

surface irregularities of the surface or an electrical charge on the surface. Previous 

studies have shown that PDLF .attach to various surfaces over time. An in vitro study 

examining the behavior of periodontal ligament cells on C02 laser irradiated dentinal root 

surfaces of extracted human teeth after 12 and 24 h found that cells had attached to the 

tooth surfaces at 12· h, the number of cells attached had increased by 24 h (Pant eta!. 

2004 ). The strength of attachment of the cell$ was not tested in this study however. 

Attachment ofPDLF to non-dentinal surfaces has been demonstrated using Geristore®, a 

root-end-filling material. Camp et a/. reported that PDLF initially attach avidly to 

Geristore®, with improved attachment and proliferation to the surface over time in vitro 

(Camp, Jeansonne and Lallier, 2003). In addition, in vivo PDLF attachment using 

seeded cells has been demonstrated. Seeding cultured PDLF onto root-planed tooth 

· surfaces in artificially created periodontal defects in beagle dogs it was demonstrated 

histologically that the root surfaces after 4 months were almost completely covered by 

cementoblasts (van Dijk eta!. 1991). 
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Many have postulated that the rate of attachment of PDLF to the tooth surface is 

slower because the epithelial cells proliferate and migrate faster (Graber 1999). 

However, there are no reports in the literature of precise attachment rates to tooth 

surfaces for the two cell types be found. Our observations indicate that epithelial cell 

attachment does not significantly increase in strength between 2 and 24 h suggesting a 

quick attachment (Fig 5). Given that a large increase in energy was necessary to remove 

?: 50% ofPDLF at 24 h versus 2 h, the data suggest that PDLF attachment is not mature 

after 2 h (Fig 5). A longer experimental attachment time (36 or 48 h) in future 

experiments may demonstrate that longer than 24 h is necessary for a fully mature 

attachment to form. If the time required for mature attachment of PDLF could be 

determined, then studies focusing on strategi~s to increase the rate of the attachment 

maturation would be plausible. 

It has been suggested that PDLF attachment to a tooth surface is stronger than 

epithelial cell attachment (Yilmaz et a!. 1994 ). In other words, under force, the strength 

and resilience of the connective tissue attachment should exceed that of the epithelial 

attachment. Our observations support this view. A greater force was necessary after 24 h 

attachment time to remove 2: 50 % of PDLF in comparison to the force required to 

remove 2: 50% ofNHEK (Fig 5). Polson eta!. (1980) showed that probe tip penetration 

using 25 g force into the gingival sulcus of humans with no visual signs of inflammation 

was apical to the coronal end of the junctional epithelium. Thus even under ideal clinical 

conditions a junctional epithelium is not well attached to the tooth surface. Furthermore, 

probe penetration was found to be significantly greater, frequently completely penetrating 

the junctional epithelium, in the presence of visible inflammation (Caton, Greenstein and 
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Polson, 1981 ). A long junctional epithelium may be disadvantageous because the area 

may be prone to new pocket fonnation and disease (Barrington 1981). However, a study 

conducted to test this hypothesis clinically found that the barrier function of the long 

junctional epithelium was not inferior to connective tissue attachment (Magnusson et a!. 

1983). No direct measurements comparing the actual attachment strength of the long 

junctional epithelium to the connective tissue were made. In fact, to date, the attachment 

strength of any cell type to the root surface has not been directly measured. Although our 

data do not provide definitive attachment strengths for the two cell types studied, we can 

predict that since a greater energy was necessary to detach the PDLF at 24 h (when 

seeded alone) they, in fact, attach more strongly to dentinal surfaces. 

The results of the cellular competition studies yielded somewhat surprising results. 

At 2 h, for both the 1 NHEK:1 PDLF and I NHEK:lO PDLF ratios the energy required to 

detach;::: 50% of cells was higher for the PDLF (Fig 10). We expected that the epithelial 

cell attachment would be stronger at 2 h, as when the PDLF and NHEK were seeded onto 

the dentin surface separately. These surprising results suggest that epithelial cells may 

release a biological modifier or growth factor that causes the PDLF to attach more 

quickly. In a study of the structural repair and remodeling in the airways it was observed 

that besides acting as a physical and functional barrier, the epithelial cells had the 

capability to modulate the repair processes through the secretion of extracellular matrix 

proteins and the interaction with interstitial fibroblasts (Sacco et a!. 2004 ). A similar 

process may be occurring on the dentin surface when PDLF and epithelial cells are co

cultured. The advantage in attachment strength ofPDLF over NHEK was observed at the 

1 NHEK:lO PDLF ratio, but not the 1 NHEK:l PDLF ratio after 24 h (Fig 13). These 
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results indicate that the attachment may be completely mature and stable by 24 h. Most 

importantly, the data from the cellular competition experiments demonstrate that neither 

cell type acts independently of the other during attachment. Although our data is hard to 

extrapolate to a clinical situation, we suggest that our data support many current clinical 

strategies for periodontal treatment. 

Our model focused on cell-dentin, rather than cell-cementum attachment. Although 

the connective tissue attaches to cementum on an-diseased surfaces, cementum is 

commonly removed in the course of periodontal root planing. Previously, removal of 

cementum through aggressive root planning was deemed necessary to remove endotoxin 

deeply embedded into the root surface. However, current evidence in the periodontal 

literature supports the concept that endotoxin is only weakly adherent to the. root surface 

(Drisko 1998). Thus, complete removal of cementum, based on this evidence, should 

probably not be a goal of periodontal therapy (Drisko et a!. 2000). However, numerous 

studies report removal of cementum, without clinically excessive root planning. Mean 

values of average tissue removal after root planning by a curette have been found to be 

greater in thickness than the mean thickness of cementum in instrumented areas 

(Santarelli et al. 1989). It has also been demonstrated that in a majority of teeth curetted 

from 20-70 strokes complete removal of cementum was observed at the site of planing 

under microscopic inspection (Coldiron et a!. 1990). Standard ultrasonic instruments 

have been reported to remove 12.7 +/- 10.9 microns after 20 strokes on mounted 

extracted teeth (Lavespere et al. 1996). These studies demonstrate that wound healing of 

a clinically treated periodontal root surface routinely involves new attachment to a dentin 
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surface, at least in part. Thus, we suggest our model is relevant to many clinical 

situations. 

Our model also used NHEK instead of gingival epithelial cells. It has been 

previously reported that epithelium from non-oral locations grafted to the mouth show 

different characteristics and qualities than oral epithelium and consequently, negligible 

assimilation of grafted tissue occurs, even years after transplant (Umeda 1969). It is 

therefore possible that gingival epithelium may behave differently than NHEK. Future 

studies should address this question. A technique has been described to cultivate gingival 

epithelium using gingival biopsies (Lauer et al. 1991 ). 

The current study used a combination of media for PDLF and NHEK. However, 

each cell type has an optimal media. It is possible that the combined media skewed 

results and this question should be pursued in future studies. 

The results of our in vitro study, although in congruence with the strategy of guided 

tissue regeneration, do not completely mimic clinical practice. Differentiation during 

wound healing and regeneration is regulated by a complex array of molecules which 

cannot be duplicated in vivo (Pitaru, McCulloch, and Narayanan 1994). The current 

study quantified attachment strength ofPDLF and epithelial cells and showed that PDLF 

attachment takes longer in vitro than epithelial cell attachment. This information can be 

used in the future to study the effects of root-surface modifiers in increasing attachment 

strength or rate of cells to the dentin surface. In addition particular growth factors and 

differentiation factors could be added to cell culture to see how attachment rate and 

strength are affected. 



V. Summary 

A goal in periodontal therapy is to regenerate a new fibroblastic attachment rather 

than repair by long junctional epithelium. Yet to date, there is no evidence that the 

fibroblastic attachment formed during regeneration is stronger or less susceptible to 

periodontal breakdown than a long junctional epithelium attachment. The purpose of the 

current study was to determine the rate and strength of attachment of epithelial (NHEK) 

and periodontal ligament (PDLF) cells cultured individually and co-cultured to a dentin 

surface. The experiments tested the hypothesis that epithelial cells will attach more 

quickly to human dentin surfaces than periodontal ligament fibroblasts, but will have 

lower attachment strength. In addition, when epithelial cells and periodontal ligament 

fibroblasts are co-cultured on human dentin, the two cells will compete for the dentin 

surface, affecting the strength and rate of attachment. The epithelial cells will out

compete the periodontal ligament fibroblasts, forming the primary attachment to the 

dentin surface. 

Longitudinal dentin slices were seeded with PDLF and NHEK for 2 or 24 h. The 

slices, with cells, were placed into a parallel plate flow chamber and a defined increasing 

laminar shear stress was applied. Cells that detached in response to shear were counted 

using a hemocytometer. Combinations ofPDLF and NHEK at three seeding ratios were 

also tested. 
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Each cell type attached equally well to polystyrene and dentin. PDLF showed a 

stronger attachment to polystyrene and . dentin at 24 vs 2 h. NHEK attached to 

polystyrene and dentin equally well at 2 and 24 h. NHEK were more strongly attached 

after 2 h when compared to PDLF. PDLF were more strongly attached after 24 h versus 

NHEK. When NHEK and PDLF were seeded together on dentin at a 1:1 ratio, PDLF 

appeared to be more strongly attached than NHEK at 2 but not 24 h. At a ratio of 10 

PDLF: I NHEK, PDLF appeared to be more strongly attached at 2 and 24 h. At a ratio of 

I PDLF:IO NHEK, NHEK appeared to be more strongly attached at 2 h, but PDLF 

showed a trend of stronger attachment at 24 h. 

The current study measured the relative direct attachment strength of PDLF and 

NHEK cells to dentin for the first time. Our results support the common clinical goal of 

regenerating a fibroblastic periodontal attachment, and the strategy of guided tissue 

regeneration. We also have shown that the attachment processes of these cells are not 

independent of one another, but interact such that NHEK enhance PDLF attachment early 

in the attachment pr(lcess. The present results support further use of this model to asses 

dentin modification, cell type, cell migration, and other factors to unravel the 

complexness of periodontal wound healing. 



VI. Glossary of Terms 

cancellous bone: bone having a reticular, spongy, or lattice-like structure; usually found 
internal to compact bone 

cementoblast: a large cell ranging in shape from cuboidal to squamous with a large 
central nucleus and usually a single nucleolus, which is active in the formation of 
cementum 

compact bone: bone substance that is dense and hard 

complement system: system comprising at least 20 distinct seruin proteins that is the 
effector not only of immune cytolysis but also of other cellular functions 

cytokine: secreted proteins that function as mediators of immune and inflammatory 
reactions 

desmosome: a type of adherent junction that links intermediate filaments and cell 
membranes within and between cells 

fibroblast: a flat, elongated cell with cytoplasmic processes at each end, having a flat, 
oval, vesicular nucleus; differentiate into chondroblast, collagenoblast, and osteoblast, 
form the fibrous tissues of the body 

glycoprotein: a conjugated protein containing one or more covalently linked 
carbohydrate residues 

granulation tissue: healing tissue that consists of fibroblasts, capillary buds, 
inflammatory cells, and edema 

ground substance: material produced by cells and excreted to the extracellular space; 
chiefly made up of fibrous elements, proteins involved in cell adhesion, and 
glycosaminglycans; serves as a scaffold to hold tissues together 

guided tissue regeneration: procedures attempting to regenerate lost periodontal 
structures through differential tissue response 
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hemidesmosome: an ultrastructural feature foWtd on the basal surface of some epithelial 
cells forming the site of attachment between the basal surface of the cell and the 
basementmembr.ane 

interleukin-1: a macrophage induced interleukin that induces the production of 
interleukin-2; is produced epithelial cells and stimulates fibroblast proliferation and 
release of proteolytic enzymes 

junctional epithelium: a single or multiple layer of non-keratinizing cells adhering to 
the tooth surface at the base of the gingival crevice 

long junctional epithelium: epithelial attachment that is produced following healing of 
the periodontal pocket by repair 

laminar flow: the flow of a fluid in an orderly, streamlined manner 

macrophage: a large phagocytic cell of the monocyte series; important as an antigen
presenting cell and as a producer of certain cytokines such as interleukin-1 and gamma 
interferon 

mast cell: a tissue cell often foWtd aroWld blood vessels, which produces histamine, 
heparin, leukotrienes, and platelet activation factor, important in immediate 
hypersensitivity reactions 

osteoblast: a fully differentiated cell, arising from mesenchymal progenitors, that is 
responsible for the production ofbone matrix and the resorptive remodeling of bone 

periodontitis: inflammation of the supporting tissues of the teeth, usually a 
progressively destructive change leading to the loss of bone and periodontal ligament 

plasma cell: an antibody producing B-lymphocyte that has reached the end of its 
differentiation pathway 

polymorphonuclear leukocyte: white blood cell important in infection and injury repair 

proteoglycan: extracellular and cell surface macromolecule composed of a protein core 
with sites of attachment for one or more glycosaminoglycan chains; function in cell 
adhesion, growth, and the organization of extracellular matrix 

regeneration: rep~oduction or reconstitution of a lost or injured part 

repair: healing of a woWtd by tissue that does not fully restore the architecture or the 
function of the part -
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Sharpey's fibers: collagenous fibesr that pass from the periostium and are embedded in 
the outer circumferential and interstitial lamellae of bone and insert into the cementum of 
a tooth 

shear stress: an applied force that tends to cause an opposite but parallel sliding motion 
of the planes of an object 

viscosity: the frictional resistance generated in a fluid when two parallel planes are 
flowing at different velocities, defined as the frictional force per unit area times the 
separation of the planes divided by the relative velocity of the plane 
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