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INTRODUCTION 

STATEMENT OF THE PROBLEM: PERIODONTAL REGENERATION 

The central problem in periodontal disease is the loss of 

attachment between the connective tissue elements of the 

periodontium and the calcified elements of the root surface as 

a result of the inflammatory response to bacterial plaque. 

Various modalities of treatment (mechanical, chemical, 

biochemical) have been examined in an effort to debride the 

root surface, to condition its surface and thus render it more 

conducive to regeneration of a connective tissue attachment. 

Observations from animal models have shown histological 

evidence of new attachment following the adjunctive use of 

demineralizing agents such as citric acid. However, in humans 

the results have been inconsistent. With improved methods of 

excluding epithelial cell migration into the wound, it may be 

possible to use cell attachment enhancers such as citric acid 

or doxycycline to facilitate selective repopulation of the 

root surface by progenitor cellular elements from the 

periodontal ligament space. 

1 
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ROOT SURFACE ALTERATION 

In contrast to the healing process that occurs in a soft 

tissue wound, the process of healing in a periodontal defect 

is unique, owing to the calcified and avascular nature of the 

root interface located adjacent to the gingival connective 

tissues. Another aspect of the dento-gingival unit that 

affects healing is the transgingival location of the root at 

the junction between epithelial and connective tissue borders. 

Finally, there is also the problem of bacterial contamination, 

i.e. the presence of a complex bacterial flora • It has been 

reported (Alec 1975) that periodontally involved root surfaces 

appear to act as a deterrent to cell attachment due to the 

adsorption of cementum-bound endotoxin, a lipopolysaccharide 

derived from Gram negative bacteria and believed to be toxic 

to connective tissue cells such as fibroblasts. 

Restoring the biocompatibility of cementum by eluting the 

endotoxin has been attempted using varying agents. As early as 

the turn of this century, Stewart (1899) advocated the partial 

removal of cementum and surface decalcification using sulfuric 

_or hydrochloric acid in the treatment of pyorrhea alveolaris. 

Other chemical agents that have been investigated include 45% 

phenol in water followed by multiple washings of 70% ethanol 

(Alec 1975) , as well as 18% EDTA at pH 7. 2 (Pitaru 1984) , 

lactic, citric, phosphoric, trichloroacetic and formic acids. 

In addition to varying the agent used for demineralization, 

Register and Burdick (1975) also compared different pH values 
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and application times while studying surgically created 

fenestration wounds in mongrel dogs and cats. After three 

weeks, histological examination revealed tight adaptation of 

the surgical flap to the demineralized root surfaces, evidence 

of connective tissue fibers extending perpendicularly from the 

dentin and the presence of cementoid (following a 5-minute 

application of hydrochloric acid at pH 0.5). When compared to 

other acids at the same pH and applied for the same duration, 

citric acid produced more cementum deposition and less dentin 

resorption than trichloroacetic, formic or hydrochloric acids. 

The high acidity characteristic of a solution at pH 1.0 was 

selected to produce an optimum depth of demineralization in 

the shortest time possible (2-3 minutes) without damaging the 

inductive potential of the organic matrix (Register et al. 

1975). 

Fardal and Lowenberg (1990) compared the in vitro effects 

of a variety of demineralizing agents in terms of the 

fibroblast response (migration, attachment, orientation). 

They determined that diseased/non-treated root surfaces did 

not sustain the attachment of human gingival fibroblasts 

(despite several antibiotic washings) and that citric acid 

applied after mechanical debridement produced root surface 

characteristics that seemed to enhance the migration, 

attachment and orientation of fibroblasts. In terms of in 

vitro cell attachment, citric acid was found to be a 

significantly better agent than EDTA during the initial phase. 
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The inconsistent results reported in human trials 

designed to test the efficacy of citric acid application in 

periodontal therapy have led to questions of its usefulness. 

Hanes (1991) applied citric acid to radicular cementum from 

normal and periodontitis-affected teeth. citric acid 

demineralization of non-diseased root surfaces produced a 

fibrillar surface morphology when viewed under scanning 

electron microscopy, This ·was in contrast to a mat surface 

appearance seen in disease-affected roots. Pathologically

altered root surfaces are believed to be higher in mineral 

content (calcium, phosphorus, fluoride) to a depth extending 

40-60 JLm into the surface (Selvig et al 1981). Since the 

demineralization achieved by the use of citric acid at pH 1 

for 2-3 minutes is relatively superficial (20 JLm, Labahn et 

al. 1992), it is.possible that diseased-affected root surfaces 

will not respond in the same manner to the application of 

citric acid. The apparent failure to penetrate the 

hypermineralized surface of diseased root surfaces would also 

preclude the chemical exposure of the organic matrix (collagen 

Type I) believed to be responsible for stimulating fibroblast 

attachment. This may, in turn, explain the lack of predictable 

results reported in human trials using citric acid 

conditioning in conjunction with new connective tissue 

attachment procedures. Topical citric acid ·treatment has also 

been reported (Magnusson 1985) to be associated with root 

resorption following treatment using a coronally positioned 
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flap procedure in monkeys. Gottlow (1984) reported extensive 

resorption following the treatment of roots that were 

artifically implanted into bone and gingival connective tissue 

in beagle dogs. Aukhil (1987) noted delayed fibroblast 

migration into fenestration wounds in dogs following topical 

citric acid treatment. 

The other major demin.eralizing agent which has 

demonstrated the ability to remove smear layer following root 

planing, to expose root collagen and to stimulate fibroblast 

attachment is tetracycline (Terranova 1986). In addition to 

the properties already enumerated, tetracycline is also 

bacteriostatic and has been shown to inpibit collagenase 

activity (Golub 1984, Ingman et al. 1993). Tetracycline also 

seems to be effective in preventing neutrophil-mediated tissue 

destruction by slowing degranulation and the synthesis of 

oxygen radicals (Gabler 1991). Terranova (1986) reported that 

tetracycline treatment of root surfaces (50-100 mgjml for 5 

min) appeared to significantly reduce laminin binding, 

resulting in less epithelial cell downgrowth, while increasing. 

the binding potential for fibroiiectin, a proteoglycan believed 

to facilitate fibroblast attachment. 

When the surface effects of citric acid were compared to 

those of tetracycline using non-diseased human teeth (Labahn 

1992), it was found that both were effective in removing smear 

layer, that citric acid resulted in a greater increase in 

tubular diameter ( 3 • 18 ~~om versus 2. 68 ~~om) and in greater 
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surface penetration (19.4 ~m ·versus 6.8 ~m). However, since 

the root surface contamination by bacterial endotoxin is 

superficial (Nakib 1982), the extent of penetration of both 

agents appears to· be adequate for detoxification. Furthermore, 

the mode of application (active burnishing versus passive drip 

method) appeared not to exert any significant effect on the 

surface morphology achieved (Labahn 1992). 

Doxycycline hydrochloride, a tetracycline analog, was 

chosen for comparison with citric acid because of its current 

use as a systemic antibiotic in periodontal therapy. Like its 

parent compound, doxycycline is linked to an inorganic acid 

(HCl) that allows it to donate a proton upon dissociation. In 

addition its topical. effect, the drug exhibits potency as a 

collagenase inhibitor that is greater than either 

tetracycline or minocycline (Burns 1989) and significant 

antimicrobial substantivity (Demirel et al. 1991). 

HUMAN GINGIVAL FIBROBLASTS 

It is widely believed that the potential to regenerate 

lost connective tissue elements of the periodontium lies with 

progenitor cells originating from the periodontal ligament 

(PDL). The primary cell type found in the periodontal ligament 

is the fibroblast, believed to be phenotypically different 
. 

from the gingival fibroblast (McCulloch 1991). Electron 

microscopy studies have identified distinct morphological 

types of fibroblasts in periodontal ligament (anatomic 
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heterogeneity) as well as within tissues derived from sites of 

chronic inflammation (functional heterogeneity). Cytoskeletal 

features such as the appearance of stress fibers (Sappino 

1990) may be a feature distinctive of one cell type (eg the 

so-called myofibroblast) or may be indicative of a common 

phenotypic expression in response to cytokines found in 

granulation tissue. similarly, functional parameters such as 

mRNA ratios (Larajava 1989), the synthesis of collagen 

subtypes (e.g. Type I trimer) as well as differences in 

chondroitin sulfate and hyaluronic acid production may reflect 

fibroblast heterogeneity in the form of local tissue 

specificity or biochemical modulation of cell metabolism. With 

reference to cell attachment, it has been reported (Somerman 

1989) that POL and gingival fibroblasts respond differently in 

vitro to factors such as non-collagenous proteins and 

proteoglycans known to enhance attachment. 

The potential for modulating the cell's response to a 

substrate is attributed both to the heterogeneity of cell's 
" 

surface receptors (integrins) as well as to the influence of 

extracellular ligands both of which may serve to regulate 

synthetic activities. In addition, Miki (1987) has suggested 

that mitogenic factors derived from serum may act 

synergistically, first to "prime" the cells and later to 

"induce" a progression to complete cell division and 

proliferation. It is known that the attachment of cells to a 

rigid substrate is a fundamental requirement for metabolic 
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functions associated with mitosis, differentiation and protein 

synthesis. Cell attachment results in the physical interaction 

of surface integrins 

ligands such as the 

fibronectin. 

with distinct extracellular matrix 

Arg-Gly-Asp-Ser sequence found in 

ATTACHMENT ENHANCERS: FIBRONECTIN & VITRONECTIN 

In vitro, fibroblasts develop focal adhesions 

(fibronexes) composed of actin microfilament bundles and 

extracellular matrix (ECM) proteins when adhering to 

fibronectin-coated substrates (Singer 1979). Arg-Gly-Asp-ser 

has been found to be the minimal fibronectin sequence with 

cell attachment activity (Somerman 1989). Arg-Gly-Asp-Val, a 

related sequence, is present in vitronectin, another 

glycoprotein with cell-adhesive properties. Although the 

receptors for fibronectin (Fn) and vitronectin (Vn} are 

distinct, both recognize Arg-Gly-Asp peptides. with reference 

to the root interface, it has been hypothesized (Gebb 1986} 

that vitronectin binds more efficiently to native collagen 

than denatured collagen and that the binding is ionic, rather 

than covalent. By contrast, fibronectin strongly favors 

denatured, unfolded collagen and binds in the region where 

mammalian collagenase cleaves the molecule in the center of 

the COOH-terminal half of the molecule (Klebe, 1981). 

The composition of the substrate may contribute to 

determining the adhesive behavior of fibroblasts. Using 
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antibodies specific for the alpha chains of each receptor 

Singer et al. (1988) found that when gingival fibroblasts in 

serum-free media were plated on substrates coated with a 

purified ligand, eg fibronectin, only the fibronectin receptor 

was synthesized. In the presence of serum, however, both 

receptors were initially detected. With time, the fibronectin 

receptor was redistributed away from the focal adhesion and 

only the vitronectin receptor characterized the membrane 

component of the focal adhesion. 

Formation of a transmembrane linkage between the cell 

membrane receptor and the ECM will concomitantly induce a 

reorganization of cytoplasmic elements. Hynes (1982) has 

reported that the addition of fibronectin to human diploid 

fibroblasts grown for 2-4 days on coverslips appears to 

promote the synthesis of fibronectin fibrils and the 

organization of actin microfilament bundles. By comparison, 

the addition of cytochalasin B, an agent which causes 

disruption of actin-microfilament organization, was observed 

to lead to the release of cell-surface fibronectin. Also, 

double-label immunofluorescence revealed that fibronectin 

fibrils were frequently found to be co-localized with actin

microfilament bundles. Such transmembrane associations between 

fibronectin and actin filaments have also been demonstrated 

using phase contrast and electron microscopy. 

Izzard (1980) studied the movement of chick heart 

fibroblasts on planar substrates using interference-reflexion 
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microscopy and concluded that 1) fibronectin promotes cell 

adhesion and spreading and that 2) actin-microfilament bundles 

are attached to the polar surfaces of cells at points most 

likely to be associated with close contact (either with a 

contiguous cell or with a planar substrate). 

Such observations may contribute to explaining the 

nature of fibroblast attachment in the context of periodontal 

wound healing. Truskey et al. (1993) suggest that, if both 

cell spreading and the strength of adhesion are determined by 

the number of bonds formed between receptor and ligand, then 

the strength of adhesion should increase as the projected 

contact area increases. They also reported that increasing the 

incubation period or preadsorbing a glycoprotein onto the 

surface would increase the contact area and decrease cell 

detachl!lent under flow. Currently, there are three 

hypothesized mechanisms that appear responsible for increased 

adhesion: diffusion of free receptors into the contact area, 

an increased number of receptor-ligand bonds formed and 

interactions between the adhesion protein receptors and the 

cytoskeleton. such mechanisms result in integrin-mediated 

adhesion of cells to the extracellular matrix (ECM) which 

relie on the interaction of cell surface glycoaminoglycans and 

heparin sulfates and the fibronectin bound to collagen. By 

contrast, the development of cell-cell adhesion is mediated by 

intercellular adhesion molecules (ICAM) and the cell 

aggregation illustrated by the binding of platelets to one 
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another is based on soluble multivalent mediator molecules 

such as fibrinogen, prothrombin and the von Willebrand factor. 

FIBROBLASTIC ACTIVITY IN EARLY PERIODONTAL WOUND HEALING 

Wound healing in a periodontal defect must take into 

account the peculiar avascular nature of the root interface, 

the function of cementum, and the role of fibroblast cell 

populations in the adjacent connnecti ve tissues. Moreover, 

there is the factor of epithelialization which will affect the 

outcome of healing in terms of repair or regeneration. The 

goal of a biocompatible root surface free of bacterial 

endotoxins begins with mechanical debridement. The resulting 

amorphous and microcrystalline "smear layer" is removed by 

means of topical demineralization, a process that will also 

expose the collagenous matrix of the cementum or dentin. In 

order to promote periodontal regeneration, the application of 

biologic response modifiers such as glycoproteins or various 

growth factors (Terranova, 1986) have been investigated. 

Because of the complexity of the dento-gingival interface, the 

variable influences of saliva contamination, the presence of 

a bacterial microflora and the tensile forces proper to the 

stomatognathic system, several different animal models have 

been used. Such animal investigations have pointed to the 

crucial importance of clot stability between the root surface 

and the gingival flap. In this context, Polson (1982) has 

suggested that of the two major elements composing the 
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periodontal equation, namely the root surface and the 

connective tissue flap, it appears that it is the former that 

has a direct bearing on the adhesion of the fibrin clot and 

consequently on the tensile strength of the healing 

periodontal wound. If the root has been exposed to an 

environment of chronic inflammation, it may exhibit an 

exogenous surface coating, referred to as a "mineralized 

cuticle," that will constitute a poor substrate for plasma 

protein adsorption. The presence of endotoxin or residual 

bacterial antigenic material may also represent a physical 

barrier to fibrin clot maturation and the repopulation of the 

area by fibroblasts. In order to examine the dynamics of 

tissue repair involving periodontally exposed root surfaces, 

Polson (1982) investigated the effect of transplanting 

diseased (non-treated) maxillary incisors to healthy recipient 

sites in monkeys and reported the apparent failure of fiber 

reattachment to the root surfaces. No new connective tissue 

attachment was observed on histological examination. It was 

concluded that the diseased root surface appeared to inhibit 

the potential for new connective tissue adhesion and this led 

to a re-examination of root surface treatments designed to 

enhance connective tissue reattachment. Specifically, the 

question was raised as to whether fiber denudation (root 

planing) followed by reimplantation would differ from the 

effect achieved if fiber denudation was followed by surface 

demineralization using saturated citric acid. After 21 days of 
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healing, histological examination revealed that an attached 

fibrin clot appeared to mediate the formation of a connective 

tissue fiber attachment on formerly denuded root surfaces. 

Polson and Caton (1982) concluded that root surface 

demineralization after mechanical debridement may enhance the 

adhesion of the fibrin clot and secondly, that plasma 

fibronectin may further strengthen this adhesion by covalently 

linking Factor XIIIa present in the clot to the exposed 

collagen present on the root. 

GOALS AND SPECIFIC AIMS 

The goal of this investigation is to examine the in vitro 

effect of demineralization using citric acid compared to a 

doxycyline hydrochloride. In particular, this study will 

ascertain whether surfaces conditioned by citric acid differ 

from root surfaces treated by doxycyline in terms of gingival 

fibroblast response (cell number, cell shape, cell adhesion 

strength). The decision to employ gingival fibroblasts in this 

investigation, rather than periodontal ligament fibroblasts, 

was motivated by the technical difficulties reported in 

maintaining PDL fibroblast cultures ~n vitro beyond the third 

passage. Secondly, the role of fibronectin will be examined in 

terms of how it enhances the interaction between exposed root 

collagen and the cell. Another aim was to study the effects of 

using vitronectin. Thirdly, the binding between the the root 

surface, the fibronectin matrix and the cell membrane will be 
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tested in order to determine the strength of cell adhesion 

after each of the selected root surface alterations. Finally, 

the rate and strength of attachment will be related to a 

morphometric analysis of the cell using immunofluorescence and 

light microscopy. 



MATERIALS AND METHODS 

A. CELL CULTURES 

Human gingival fibroblasts were obtained from stock 

cultures provided by the Medical College of Georgia School of 

Dentistry. The cells were maintained in plastic culture flasks 

in accordance with standard tissue culture techniques (Hurum 

et al. 1982) • Tissue culture media consisted of Eagle's 

minimum essential medium (MEM, Sigma, St. Louis, MO) 

supplemented with 10% heat inactivated fetal calf serum (FCS), 

0.05 mgjml penicillin, 0.05 mgjml streptomycin, 0.10 mgjml 

neomycin and 2.5 mgjml amphotericin B. Culture plates were 

maintained at 37"C in an atmostphere of 95% room air and 5% 

carbon dioxide. Cells were harvested between the 5th and 10th 

passages by exposure to a solution of 1:250 trypsin (0.5 g/L) 

in EDTA (0.2g/L) and prepared in Hank's buffered salt solution 

(HBSS) without calcium or magnesium (Sigma, st. Louis, MO) for 

3 minutes. 

' B. ROOT SPECIMENS 

Approximately 100 unerupted third molars were collected. 

Only teeth with no previous communication with the oral 

environment were used. Following mechanical debridement of the 

15 



root surfaces using carbide fissure 

cementum removal was confirmed by 

burs and 

viewing 

16 

curettes, 

under a 

stereomicroscope. Roots were sectioned and circular wafers 

measuring 3 mm in diameter were made using a trephine. The 

wafers were maintained at -4'C until ready for use. 

C. CELL ATTACHMENT ASSAY 

In order to determine the degree of cell attachment in 

the course of 60 minutes, three experimental groups ( I, II, 

III) of 10 dentin wafers each were prepared. Group I served as 

the control and was only exposed to phosphate buffered saline 

(PBS) for 5 minutes. Group II was conditioned with a cotton 

pledget soaked in saturated citric acid (pH 1), burnished for 

5 minutes and irrigated with PBS. Group III was conditioned 

by burnishing with an aqueous slurry (pH 2.7) of doxycycline 

hydrochloride (Sigma, st. Louis,MO), 100 mgfml, for 5 minutes 

and irrigated (PBS). After five irrigations each using 250 ml 

of phosphate buffered saline for 30 seconds, the wafers were 

transferred to a 96-well microtiter plate (Sigma, st. 

Louis,MO). Each 96-well plate was organized so that it had 

three rows: the first row was occupied by the saline controls, 

the second row by the citric acid treated group and the third 

row by the doxycycline treated group. An identical 96-well 

plate containing three rows of dentin wafers was prepared for 

each of 6 time durations: 5, 10, 20, 30, 40 or 60 minutes. 



17 

Cell cultures were trypsinized using a 10 ml solution of 

trypsin and EDTA for 3 minutes and prior to use, the detached 

cells were assayed for viability with 0.4% trypan blue (1 

dropjml of suspended cells). An aliquot containing 200,000 

human gingival fibroblasts was added to each of the microtiter 

wells containing a dentin wafer and 100 microliters of MEM. 

After incubation at 37•c in an atmosphere of 5% C02 (incubator 

Model 3158, Forma Scientific, Marietta, OH) for one of the 6 

time points, the dentin wafers with their attached cells were 

gently transferred to an adjacent row of microtiter wells 

containing only growth medium. For the purpose of counting the 

attached cells, the Cell Titer96 colorimetric assay (Promega, 

Madison, WI) was used. The assay is based on the mitochondrial 

conversion of a tetrazolium salt into a blue formazan product 

that is detected spectrophotometrically (Mosmann 1983). The 

assay is performed entirely in the 96-well plate with no steps 

that require washing the cells or the removal of solution from 

the wells. Fifteen microliters of the tetrazolium dye, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

were added to each well for 4 hours at 37•c in 5% C02 • After 

4 hours, 100 microliters of the solubilization solution (100 

microliters of 0.04 N HCl in isopropanol) were added to each 

well to lyse the cells and dissolve the formaza·n crystals. 

Plates were incubated at 37•c (5% C02 ) overnight. The 

following day, wafers were removed .and the solubilized product 

was measured in a spectrophotometer at 570 nanometer 
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• 
wavelength. (Denley Instruments, Durham, NC). The optical 

density (0. D.) values were then converted by means of a 

standard formula (O.D.jmean O.D. of total cells x 100) to the 

percent of total cells that had attached to each wafer during 

the incubation period. When plotted against time, the number 

of attached cells established a kinetic curve that indicated 

the rate of fibroblast attachment per unit time. 

D. ATTACHMENT ENHANCERS 

In order to establish whether the adjunctive use of an 

ECM glycoprotein in addition to a demineralizing agent would 

result in enhanced cell attachment, three glycoproteins were 

compared: fibronectin, vitronectin and a recombinant RGD 

polymer designated F5022 (Sigma, St.Louis, MO). As before, 3 

groups (I,II and III) of 10 wafers each were treated using 

saline, citric acid or doxycycline respectively. Each 

microtiter well containing a dentin wafer was covered by 200 

microliters of the glycoprotein.solution {30 ~gjml) or the PBS 

control. After 30 minutes of contact with the glycoprotein 

(Mendieta et al. 1990), each dentin sample was transferred to 

an adjacent well containing a suspension of cells in serum-

free growth medium. Incubation of the cells in the presence of 

a demineralized (or saline) and glycoprotein-treated (or 

saline-treated) dentin wafer proceeded for 40 minutes. This 

was the time established initially after which cell attachment 

appeared to plateau (see Figure 1) at 37"C in 5% C02 • As 
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before, the Cell Titer96 assay was used to determine the 

number of cells that had attached to each of the wafers. 

E. CELL ADHESION 

To examine strength of gingival cell attachment, we 

compared the resistance to shear forces in cells adherent to 

dentin wafers previously treated using one of the conditions 

described above: saline, citric acid, doxycycline, fibronectin 

or vitronectin. The combined use of doxycyclinejfibronectin 

was also compared to the combined treatment of citric acid/ 

jvitronectin. For the purpose of this study, strength of 

adhesion was defined as a function of the number of cells· 

remaining attached after subjecting the dentin wafers to shear 

forces generated by 150, 250 or 350 revolutions per minute on 

a gyratory shaker (Model G-2, New Brunswick scientific, 

Edison, NJ). A practical means of measuring the forces 

generated by these gyrations is not available. Cells similarly 

grown on a tissue grade plastic served as a positive control 

while cells grown on teflon served as a negative control. 

Cells remaining on the dentin surface were counted using the 

Cell Titer96 assay and the number used to compare the 

strengths of cell adhesion relative to each experimental 

condition. 
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F. SURFACE MODULATION: EFFECTS ON CELL ADHESION 

We examined the attached cells under varying conditions 

using immunohistochemistry with the diaminobenzidine 

tetrahydrochloride (DAB) reaction product and 

immunofluorescence microscopy. Specimens were prepared as 

follows. Three sets of 30 dentin wafers (control, citric acid 

treated or doxycycline treated) were generated. Each set had 

10 wafers that were treated with fibronectin (Fn), 10 

wafers that were treated with vitronectin (Vn) and 10 wafers 

were saline controls. Nine of the ten wafers in each group 

were then incubated with a fibroblast cell suspension (as 

described earlier) for 40 minutes, washed and the attached 

cells fixed (3 specimens were fixed with formalin, 3 were 

fixed with 70% ethanol in 150 mM NaCl and 3 were fixed with 

Bouin's solution). The remaining dentin wafer served as a 5-

minute cell incubation control and was fixed in ethanol. Three 

different fixatives were assayed based on a concern for 

compatibility with the antibodies to be used. It is reported 

that aldehyde fixatives cross-link proteins and may change the 

conformation of the epitopes. Alcohol-derived fixatives do not 

alter the secondary conformation as much as aldehydes (W. 

Hill, personal communication). Cell morphology, however, is 

best preserved with the aldehyde preservatives. For this 

reason, formalin fixed samples were used primarily. Each wafer 

with its attached cells was decalcified in an EDTA/NaOH 

solution (145g EDTA and 200ml NaOH/L, pH 7.4) for fourteen 
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days, embedded in paraffin, sectioned at 5 ~m and transferred 

to glass slides. The sections were then deparaffinized by 

immersion in xylene followed by hydration through a graded 

alcohol series (100%, 95%, 80% and 70%). The primary antibody, 

either monoclonal anti-actin (Chemicon Internatl, TemeculajCA) 

or rabbit antiserum to human fibronectin (Organon Teknika, 

Durham/NC) at a concentration of 1:5000 was applied to each 

slide and allowed to remain in contact with the tissue section 

in a humid chamber overnight at 4"C. 

The following day, the primary antibody was identified 

using the avidin-biotin complex method (Vectastain Kit, 

Burlingame,CA) that involves detection of the primary antibody 

by a biotin-labeled secondary antibody and then the binding of 

the biotin label with an avidin-biotin-peroxidase complex. The 

peroxidase then uses the DAB substrate to generate a 

precipitated color reaction product that marks the location of 

the peroxidase complex. For immunofluorescence microscopy, 

mouse monoclonal anti-actin was detected with a donkey anti

mouse IgG conjugated with FITC, (Chemicon, Temecula,CA); the 

rabbit antiserum to human fibronectin was detected with a goat 

anti-rabbit IgG, conjugated with Texas red (Southern Biotech, 

Dallas,TX). To verify that the staining patterns observed 

were immunospecific and not due to either non-specific binding 

or to endogenous biotin; avidin, negative':' controls were used. 

These included no primary, no primaryjno secondary and SP-2, 

a non-secreting mouse hybridoma which was substituted for the 
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primary antibody. The sections were viewed using a ConFocal 

microscope (MRC/600, BioRad, Boston,MA) fitted with filter 

blocks appropriate for the wavelength of the labels used: a 

rhodamine filter (567 nm) and a fluorescein filter (468 nm). 

A 63 power objective lens (Zeiss Neoflour, na 1.3) was used. 

G. STATISTICAL ANALYSIS 

The statistical analysis of cell attachment as well as of 

the strength of cell adhesion was performed using a one-way 

analysis of variance (ANOVA). Significant differences were 

analyzed by post-hoc tests, Duncan's Multiple Range test and 

Tukey•s HSD test. Also performed was a morphometric analysis 

of attached cells. Cell length and height as well as the 

number of c~lls per micrometer of dentin surface were 

determined and these parameters were compared by one-way ANOVA 

and appropriate post-hoc tests (Tukey•s HSD test). 



RESULTS 

A. CELL ATTACHMENT ASSAY 

TJ:le number of cells attaching to the dentin wafers 

increased over time in Groups I (PBS controls), II (citric 

acid group) and III (doxycycline group), reaching a plateau 

after 40 minutes of incubation (Figure 1). When analyzed for 

inter-group differences, it was found that doxycycline-treated 

dentin wafers exhibited a moderately greater number of 

attached cells at 40 minutes than either the citric acid or 

saline controls. The difference however'· was not statistically 

significant. In a separate assay in which cells were allowed 

to incubate in the presence of tissue grade plastic for 6 

hours, it was also found that a leveling off of attachment was 

reached after approximately 40 minutes. 

The dentin substrate on which the cells attached differed 

when viewed under SEM magnification. Both chemical agents 

appeared to remove the smear layer (Figure 3). However, the 

citric acid treated surface was characterized by greater 

exposure of dentinal tubules of varying diameters. Mean cell 

to dentin surface ratio for citric acid treated surfaces was 

0.19 compared to 0.23 for doxycycline and 0.25 for controls. 
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FIGURE 1: Degree of gingival fibroblast attachment following demineralization 
(200,000 cells per microtiter well). Each value is the mean of 10 
experimental samples assayed at each of six time intervals. Vertical 
lines above and below the mean values designate plus or minus one 
standard deviation (1.87). 
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FIGURE 2: Condition of smear layer: SEM x 8600 
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FIGURE 3: Smear layer removal A) after citric acid and B) after doxycycline (SEM 
X 1000) 
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In view of the limited number of specimens examined (3 per 

experimental condition), no statistical analysis was used. The 

microscopic (40x) counts of cell numbers per substrate were in 

agreement with the respective means obtained in the cell 

attachment assay using the automated Cell Titer96 method. 

B. CELL ATTACHMENT MEDIATED BY GLYCOPROTEINS 

The number of cells attached following the application 

of an ECM glycoprotein to the topically demineralized dentin 

wafers was also measured. The ECM glycoproteins tested were 

fibronectin, vitronectin and F-5022 (a recombinant fibronectin 

polymer). Attached cells were counte~ using the Cell Titer96 

assay described earlier. statistical analysis revealed that 

the rate of fibroblast attachment was significantly greater 

(p<0.001) compared to demineralized-only controls (Figure 4). 

statistically significant differences were noted only between 

salinejF5022 and doxycyclinejfibronectin responses (p<0.001). 

Given the in vitro conditions described, it appeared that all 

three glycoproteins promoted cell adhesion to a similar 

degree. 

The numbers of fibroblasts observed on paraffin-embedded 

sections stained with anti -actin ( 1: 5000) are reported in 

Table I. In the doxycycline treated group, the number of cells 

per substrate ranged from 0.09 (vitronectin) to 0.14 

(fibronectin) compared to 0.23 for PBS controls. In the citric 

acid treated group, inter-group differences were not 



FIGURE 4: Degree of gingival fibroblast attachment following demineralization and 
treatment of each dentin wafer with 200 microliters of a 30 microliter/ml 
solution of fibronectin, vitronectin or F5022 for 30 minutes. Values 
designated plus or minus one standard deviation (3.52) 
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significant by comparison with saline controls. The number of 

cells per dentin section measured 0.17 (fibronectin) and 0.19 

(vitronectin) compared to 0.17 for PBS controls. Due to a 

limited number of samples, statistical analysis was not 

performed. 

C. CELL ADHESION 

The relative strength of fibroblast cell adhesion as a 

function of surface demineralization and/or ECM glycoproteins 

wasjwere measured using a gyratory shaker to generate shear 

forces. Cells that remained attached to the dentin wafers were 

counted and their numbers used to determine the relative 

strength of cell binding. 

According to our observations, those wafers which had 

been treated by application of an ECM glycoprotein (either 

fibronectin or vitronectin) maintained between 95%-100% of 

total attached cells after 150, 250 and 350 rpm (Figure 5). 

For vitronectin, this implied 100% ± 4.27, 96% ± 4.63 and 95% 

± 5.52 respectively and for fibronectin, 100% ± 5.16, 100% ± 

3.4 and 100% ± 4.69 of total cells remained. 

By contrast, demineralized-only surfaces maintained 62% 

± 4.3, 70% ± 6.13 and 68% ± 5.01 of total cells in the case of 

doxycycline and 71% ± 5.14, 75% ± 6.2 and 51% ± 3.7 of total 

cells after 150, 250 and 350 rpm in the case of citric acid 

(Figure 6) • 



FIGURE 5: Percentage of remaining cells following application of fibronectin or 
vitronectin. After 40 minutes of incubation, attached cells were exposed to 
increasing shear forces (150, 250, 350 rpm). Values designated are plus 
or minus one standard deviation (3.45). 
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FIGURE 6: Percentage of remaining cells following demineralization, cell 
incubation for 40 minutes and exposure to shear forces on a gyratory 
shaker. Values designated are plus or minus one standard deviation 
(3.73). 
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Dentin wafers that were first demineralized using doxycycline 

and then treated with fibronectin maintained 97% ± 5.04 1 84% 

± 5.77 and 63% ± 6.32 of total cells respectively. Surfaces 

that were topically demineralized using citric acid and then 

treated with vitronectin maintained 90% ± 3.37 1 59%± 4.31 and 

30% ± 4.39 of total cells (Figure 7). 

D. MORPHOLOGY OF ATTACHED CELLS 

The degree of cell spreading under the 9 experimental 

conditions (Figure 8) was expressed as a ratio of cell length 

to cell height. The mean ratio for cells. attached to citric 

acid treated surfaces measured 4. 43 ± 1. 54 1 significantly 

greater (p<O. 001) than the mean ratio for cells from the 

doxycycline treated group (3.09 ± 1.52) or from the saline 

treated controls (2.8 ± 1.13). Inter-group differences were 

also significant (p<O. 05) when we compared the adjunctive 

effect of an ECM glycoprotein. Fibronectin application in the 

citric acid treated group resulted in significantly greater 

(p<0.001) cell spreading (5.47 ± 1.84) than observed in 

either the doxycyclinejfibronectin samples (2.40 ± 1.04) or 

the salinejfibronectin samples (3. 27 ± 1. 24) • Similarly 1 

vitronectin application in the citric acid treated group 

was associated with significantly more (p<O. 001) spreading 

( 5. 3 7 ± 1. 8 6) than in either the doxycycline/vi tronectin 

group (2.11 ± 1.12) or the salinejvitronectin group (2.49 ± 

1.27). In order to view changes in the distribution of 



FIGURE 7: Percentage of remaining cells following demineralization and selective use 
of an attachment protein: vitronectin (30 microliters/ml) to citric acid 
treated dentin surfaces; fibronectin (30 microliters/ml) to doxycycline
treated surfaces. Shear force application. Values designated plus or minus 
one standard deviation (4.31). 
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FIGURE 8: Morphometric changes (ratio of cell length to cell height) following each of 
9 experimental conditions. 



en 
Wz 
cno z-
o!;: 
a_...J 
cn::J wo 
a:~ 
Ow 
(5!;: 
oa: 
...Jt-
0~ 
:::C::J 
a..oo 
a: a 
Qt-
~ -:I: -.c -Cl 

c 
~ 

z 

~ 
0 
c 
z 
IL 

g 
c 

~ 
0 c 

z 
IL 
j::' 
0 

z 

~ 
0 
0 
z 
IL -z 
0 
0 

~ z 
0 
0 

35 



36 

fibronectin and actin within the cell, fibronectin was 

identified with a rhodamine labeled secondary antibody (anti

rabbit) while, the actin was identified with fluorescein 

labeled secondary antibody (anti-mouse). Figures 9-12 

illustrate the distribution of fibronectin and actin staining 

patterns. 

Sections from the citric acid treated group were 

readily distinguishable from sections derived from the 

doxycycline treated group due to the expression of collagen 

and fibronectin binding patterns. In Figure 9 (citric 

acidjfibronectin) a rhodamine labeled secondary antibody 

identified fibronectin along the dentin surface and bound to 

collagen residues exposed by previous demineralization. 

Fluorescein labeled secondary antibody identified actin 

amassed within the cell along its lower edge. Since actin was 

not applied exogenously, none appeared on the wafer surface. 

In Figure 10 (doxycyclinejfibronectin) the fibronectin was 

identified as bound to the collagen of intratubular dentin 

(Figure 10) and in a more diffuse pattern over the entire 

dentin surface. Actin was identified as a fine, reticular 

mass within each cell that sometimes appeared more prominently 

around the nucleus and at the periphery. Fibroblasts attached 

to the doxycycline treated specimens (Figures 10 & 11) 

exhibited cell rounding together with a diffuse actin 

pattern. Cells attached to citric acid treated wafers (Figures 

9 & 12) exhibited greater cell spreading. 



FIGURE 9: Effect of citric acid demineralization followed by fibronectin application. 
A=view obtained using anti-fibronectin/rhodamine. Arrow points to 
peritubu/ar dentin on the wafer's surface after the binding of fibronectin 
to exposed collagen fibrils. Within the fibrob/as~ areas of fibronectin 
appear in red. B=view obtained using anti-actin/ fluorescein. Arrow 
points to localized actin microfi/aments (x 6300) 
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FIGURE 10: Effect of doxycycline demineralization followed by fibronectin application. 
A= view obtained using anti-fibronectin/rhodamine. Arrow points to 
intratubular collagen bound to fibronectin. B= view obtained using anti
actin/fluorescein. Arrow points to organization of actin microfilaments 
within the cell (x6300) 
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FIGURE 11: Effect of doxycycline demineralization. A= view obtained using anti
fibronectin/rhodamine. B = view obtained using anti-actin/fluorescein (x 
6300). 
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FIGURE 12: Effect of citric acid demineralization. A= view obtained using anti
fibronectin/rlwdamine. B= view obtained using anti-actin/fluorescein (x 
6300). 
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DISCUSSION 

These studies were designed to compare the in vitro effects of 

citric acid relative to doxycycline treatments on root surface 

dentin and to observe the response of human gingival 

fibroblasts in terms of attachment, degree of adhesion and 

cell morphology. In the past, attempts to induce the 

regeneration of the periodontal attachment apparatus had led 

to a search for ways of favoring fibroblast migration. Citric 

acid conditioning of radicular dentin following mechanical 

debridment has been shown to remove smear layer and to 

increase tubule diameter to 3. 18 J.Lm after 4 minutes of 

application, the effect extending to a mean depth of 20 J.Lm 

below the surface (Labahn et al. 1992). The same authors 

reported that tetracycline application increased the tubular 

diameters to 2.68 J.Lm and the demineralization extended to a 

mean depth of 6.8 J.Lm. A topical treatment by either agent is 

believed to result in the exposure of collagen residues that 

serve to anchor gingival connective tissue components in the 

fibrin clot. 

Scanning electron micrographs in our study were used to 

compare the effect of topical demineralization on dentin 

obtained from each of three main areas. The area just below 

the cemento-enamel junction (CEJ) was compared to dentin from 

41 
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the mid-root area and to dentin from the apical one-third. 

Marked differences were noted in terms of histological 

appearance following surface demineralization (data not 

shown). In areas from just below the CEJ, tubule orifices were 

more clearly evident and the tubules generally appeared wider. 

The morphologic response was somewhat lessened in specimens 

derived from the mid-root area adjacent to a furcation and was 

least noticeable in dentin samples obtained from the apical 

one-third. Histologically, the dentin tubule organization 

tends to be more dense in the vicinity of the CEJ and to 

become less dense nearer the apex (Carrigan et al. 1984). 

Dentin wafers which had been demineralized with citric 

acid or doxycycline were examined after decalcification, 

embeddding, sectioning and staining with a rabbit monoclonal 

anti-collagen antibody (1:5000 Chemicon, Temecula, CA). By 

light microscopy, citric · acid treated wafers revealed a 

continuous linear band of immune-identified collagen ranging 

in depth from 4-11 J.lm (mean 9 J.lm) below the surface. By 

contrast, doxycycline treated wafers revealed an irregular 

band pattern that extended from 4-12 ).lm below the surface and 

that was lighter in staining intensity than the citric acid 

treated samples. The impression was that of a more superficial 

response. Saline controls revealed a discontinuous pattern 

measuring from 2-2.5 ).lm in depth and was faint in terms of 

staining intensity. 
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Figure 1 demonstrated that the degree of cell binding in 

vitro appeared to attain a plateau within 40 minutes after 

initial contact with a collagen-presenting substrate. This is 

followed in some of the cells by a change in morphology, in 

favor of greater cell spreading. It has been reported (Ben

Ze'ev et al. 1980) that cell surface contact is also 

associated with regulatory responses. While in suspension, 

cells are believed to gradually lose their ability to 

synthesize protein, while reattachment is thought to signal 

recovery of protein synthesis. Such an event does not require 

the formation of new mRNA since mRNA is already present, 

associated with the polyribosomes in the cytoplasm. While in 

suspension, mouse fibroblasts were found to decrease mRNA 

production 5-fold (Ben-Ze'ev et al. 1980); after replating on 

a plastic surface, protein synthesis recovered to nearly 

control levels after 6 hours. It remains to be determined 

whether 40-minute cell attachment is sufficient time to induce 

protein synthesis particularly of those proteins (actinin, 

vinculin and talin) necessary for cell binding. 

Cells exposed to citric acid treated surfaces for 40 

minutes exhibited the relocation of actin microfilaments 

towards the cell's lower periphery (Figures 9 and 12). The 

same pattern of organization was ·not evident in the cells 

attached to surfaces treated with doxycyclinejfibronectin or 

doxycylinejsaline (Figures 10 and 11) • All cells examined had 

been in contact with the dentin wafers for 0-40 minutes and 
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within this relatively short time, only cells attached to 

collagen-exposed surfaces exhibited a redistribution of actin 

and significantly greater cell spreading (p<0.001). 

In terms of cell number, our observations (Figure 1) 

appear to show that doxycycline treated dentin wafers bound 

slightly more gingival fibroblasts than citric acid 

conditioned surfaces or saline treated controls. However, 

attachment of cells to the root surface in vitro does not 

imply that in vivo such an event would ultimately favor the 

formation of a new fibrous attachment. Cell contact with a 

surface may initially occur as a function of forces generated 

by the experimental conditions used. Cell attachment and more 

importantly, cell spreading, may be a time-dependent process 

modified by the physical state (degree of collagen exposure 

ie. denatured versus native) 

composition (eg presence of 

as well as by the chemical 

an ECM glycoprotein) of the 

surface. Thus, the nature of the root interface may facilitate 

or delay the process of cell adhesion reflected as a change in 

cell shape or in terms of greater resistance to dislodgement. 

In our investigation, we observed a more frequent appearance 

of the spindle-shaped cell morphology at 40 minutes with cells 

attaching to citric acid treated dentin. We hypothesize that 

the relatively more exposed collagen residues available on 

those samples and the wider' tubular orifices may have 

facilitated cell anchorage. 
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Surfaces treated with extracellular matrix (ECM) proteins, 

such as fibronectin or vitronectin, tend to promote cell 

adhesion (Singer 1988) by inducing the formation of a 

transmembrane contact (or focal adhesion) between the 

arginine-glycine-asparginine domain in the glycoprotein and 

the cytoskeleton microfilaments 

identified three steps in 

in the cell. Klebe (1981) 

fibronectin-mediated cell 

attachment. First, fibronectin must bind to a suitable 

substrate. Surface activation of fibronectin by a hydrophobic 

substrate is similar to the surface ·activation of Factor XII 

by glass or physiologic substrates such as collagen• Many 

polysaccharides, plastics and ceramics will support cell 

growth as well as fibronectin-associated cell attachment. 

However the binding to collagen displays biologic specificity 

because it involves the polypeptide sequence in collagen that 

contains the mammalian collagenase cleavage site (Kleinman et 

al. 1978) . Fibronectin adsorption to human cementum was 

reduced when added in conjunction with serum and was inhibited 

by monovalent ions such as sodium (Mendieta et al.1990). It 

was also reported that adsorption to cementum was rapid (77% 

occurring within 1 minute), electrostatic in nature, 

competitive, reversible, calcium ion-facilitated and maximized 

by prior treatment of the root with citric acid and sodium 

hypochlorite. Second, Klebe et al (1981) determined that 

fibronectin-mediated attachment required metabolic energy in 

order to initiate and maintain contact with the substrate. 
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In our investigation, the numbers of attached cells 

were greater (p<0.05) when an ECM glycoprotein adjunct such as 

fibronectin was used in contrast to demineralization alone 

(Figure 4). Degree of attachment, however, was not consistent 

with the degree of cell spreading when experimental conditions 

were compared. There was significantly more cell spreading in 

response to citricjfibronectin or citricjvitronectin compared 

to controls. However, the number of attached cells in the 

citric acid group was not significantly greater. 

Dalton (1992) has reported that cell attachment is 

important in the up-regulation of a~1 integrin levels (the 

major fibronectin receptor identified in fibroblasts). This 

suggests that the cell attachment activity seen after topical 

demineralization and fibronectin application may ultimately 

lead to renewed protein synthesis and the formation of an 

extracellular microfibril assembly. 

Singer et al.(1988) examined the relative roles of 

fibronectin and vitronectin receptors in relation to cellular 

adhesion both in gingival fibroblasts and in human melanoma 

cells. He reported that both fibronectin and vitronectin 

receptors, a~1 and avf:J3 , although structurely distinct, occupy 

the same focal contact when cells are seeded on substrates 

coated with vitronectin, Arg-Gly-Asp peptide or serum. Even at 

1 hour, they remarked that cells displayed numerous 

fibronectin and vitronectin receptors localized at the focal 

contacts. Since focal contacts are sites of strong cell-to-
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substrate interaction, the colocation of both receptors near 

the collagen-ECM glycoprotein junction on dentin wafers 

su_ggests a role for exogenous fibronectin or vitronectin in 

the generation of stable surface adhesion. Figures 6 and 8 

illustrate significantly improved cell adhesion to surfaces 

previously treated with either F5022, fibronectin or 

vitronectin and the maintenance of stable cell contacts_after 

shear force application. We observed morphometric changes 

(Figure 5) particularly in response to the combined treatment 

of citric acid and fibronectin or vitronectin. In contrast to 

other experimental groups, the cells tended to assume a more 

flattened and less globular shape. Fath et al. (1989) also 

examined the distribution of fibronectin and vitronectin 

receptors in endothelial cells cultured on fibronectin-coated 

cover slips in the presence of serum and concluded that 

substrate composition plays a crucial role. Their observations 

suggest that the ECM component adsorbed to the substratum 

ultimately determines which receptor localizes to the focal 

contact area. 

Regional distribution of fibronectin and vitronectin 

receptors throughout the periodontium are important to an 

understanding of fibroblast kinetics. Steffensen et al (1992) 

demonstrated the presence and location of cell adhesion 

proteins in the periodontium of the baboon by means of 

immunohistochemical mapping. They reported a "prominent 

staining reaction" for vitronectin in the periodontal ligament 
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(PDL), the connective tissue fibers of the marginal gingiva 

and in the cementocytes. The avP3 integrin, a major receptor 

for vitronectin, was also reported to bind to bone 

sialoprotein (Miyauchi et al. 1991), a non-collagenous protein 

believed to be present in cementum but not in dentin. 

Steffensen (1992) also observed a wide distribution in 

the location of fibronectin receptors which were identified 

primarily in the connective tissue matrix of the marginal 

gingiva as well as to a lesser extent in the periodontal 

ligament. Other tissue elements that distinctly expressed 

fibronectin were the periosteum and the vascular elements in 

the alveolar mucosa. By contrast, epithelium showed little 

staining for fibronectin receptors, a fact which confirms 

Terranova's (1986) claim that the use of exogenous fibronectin 

results in creating a barrier to the apical migration of 

epithelium. 

The identification and localization of several cell 

adhesion proteins and integrins in the primate periodontium 

is significant in the context of tissue repair and 

regeneration. Combined with earlier work (Polson et al. 1982) 

describing the pivotal role played by PDL fibroblasts from 

progenitor cells in the periodontal ligament, the 

identification of vitronectin epitopes in the periodontal 

ligament together with the greater cell spreading observed in 

our studies suggest that the migration and attachment of 
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fibroblasts may be enhanced by selective modulation of root 

surface characteristics using ECM glycoprotein adsorption. 

Our data suggest the following conclusions: 

a) Citric acid and doxycycline are both effective in terms 

of removing the smear layer. Exposure of the collagen 

matrix appears to be more extensive following use of 

citric acid. 

b) In vitro cell attachment to topically demineralized 

dentin surfaces appears to be primarily a function of 

time (40 minutes). Inter-group differences between the 

citric acid, doxycycline and saline groups are 

insignificant. 

c) Application of ECM glycoproteins (fibronectin, 

vitronectin) to demineralized surfaces results in more 

cells attaching within the 40-minute time frame 

(p<O.OOl) than controls. 

d) The number of cells remaining after gyration appears to 

be similar when comparing saline to citric acid to 

doxycycline treatment alone. However, the addition 

of either fibronectin or vitronectin significantly 

increases resistance to shear forces (p<0.05) compared 

to demineralized-only specimens. 

e) Cells appear to assume a more flattened, spindle shape 

in response to citric acid treatment compared to 

doxycycline alone or saline (p<O.OOl). Citric and 

fibronectin were more effective (p<O.OOl) than 
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doxycyclinejfibronectin or salinejfibronectin. Citric 

and vitronectin were more effective (p<O.OOl) than 

doxycyclinejvitronectin or salinejvitronectin. 

f) 'cells attached to root surfaces treated with citric 

acid alone or combined with fibronectin exhibit a 

relocation of actin microfilaments. Cells on 

doxycycline treated surfaces are characterized by a 

more diffuse, reticular pattern. 



SUMMARY 

The objective of this investigation was to examine how 

partial demineralization and the addition of exogenous ECM

glycoproteins may affect cell attachment in vitro. The rate of 

gingival fibroblast attachment was observed to plateau after 

40 minutes of incubation and to remain stable until the 

conclusion of the experiment at 1 hour. The number of attached 

cells appeared to be somewhat greater at 40 minutes in the 

doxycycline-treated group as compared to citric acid and 

saline controls. Under identical experimental conditions, it 

was shown that the application of an ECM- glycoprotein 

(fibronectin, vitronectin, F5022) to the demineralized dentin 

surfaces significantly enhanced the rate of fibroblast 

attachment (p<O. 001). The salinejF5022 group exhibited greater 

(p<0.05) cell attachment compared to the salinejfibronectin 

treated group. However, in view of the fact that F5022 is a 

recombinant polymer composed of repeating RGD sequences 

modelled on the parent fibronectin molecule, such a 

difference may reflect a possible intensification of the 

binding affinity between native (non-demineralized) collagen, 

the ligand and the cell's a~1 receptors. 
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The strength of cell adhesion was examined by generating 

shear forces and determining resistance to such forces. The 

number of cells remaining attached appeared significantly 

greater (p<0.05) following the use of either fibronectin or 

vitronectin compared to demineralized only samples or saline 

controls. Use of a demineralizing agent alone, either citric 

acid or doxycyline, resulted in the loss of 25% and 30% 

respectively of total cells following shear forces generated 

by 250 rpm. In the saline group by comparison, 23% of total 

cells were lost. After 0-40 minutes of cell contact with the 

dentin surface, a quarter of total cells may not have 

synthesized the attachment proteins needed to resist a shear 

force of this magnitude. Morphometric evaluation of the cells 

attached to citric acid treated surfaces revealed a 

significantly greater (p<O.OOl) number of cells characterized 

by a flattened and elongated appearance when compared to cells 

in the doxycycline group or saline controls. In the 

doxycycline group, only cells attached to surfaces that had 

been treated with vitronectin exhibited a significant (p<O. 01) 

tendency to adopting the spindle shape. Our observations 

suggest that cell attachment to demineralized and 

glycoprotein treated dentin surfaces may be followed by an 

early change in cell morphology, an event which may also 

signal a greater degree of cell adhesion. The more favorable 

response (less cells lost) demonstrated by wafers that were 

both demineralized and treated with fibronectin or vitronectin 
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Observations derived 

using selected antibodies indicate that the exposed collagen 

matrix of citric acid treated surfaces is readily identified 

following fibronectin application, both along the root 

surface as well as in the outline of dentinal tubule orifices. 

The resultant increase in ECM mediator exposure is believed to 

lead to increased contact area for cell adhesion. Cells 

attached to citric acid treated surfaces also exhibited a 

tendency to localize the actin microfilaments opposite the 

lower border, suggesting perhaps a first step towards 

establishing a transmembrane association (or fibronexus) 

between cytoskeletal elements and ECM microfibrils. The 

nature of cell adhesion on a root surface chemically modified 

by citric acid in contrast to one that has been doxycycline 

treated may be more apparent at the ultrastructural level. 

Future studies should continue to investigate chemical 

agents that may promote greater cell adhesion. Demineralizing 

agents such as citric acid or doxycline were first introduced 

to remove smear layer and to expose organic collagen residues. 

In the case of doxycycline, there are additional advantages 

such as a prolonged antibacterial effect (Wikesjo et al. 1986) 

and the anti-collagenase property (Ingman et al. 1993). An 

attempt could be made to employ citric acid's superior 

demineralizing ability followed by the application of 

doxycycline (or tetracycline) in order to confer an 
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antimicrobial effect to the root surface during the early 

healing phase. Given the histological difference in tubular 

density, care should be taken in evaluating future results of 

chemical modulation to only compare data from the same root 

area, ie from either the coronal, mid- or lower one third of 

the root. The presence of numerous vitronectin receptors in 

the periodontal ligament (Steffenson et al. 1992) may also 

have important functional significance for periodontal 

regeneration as does the observation that the avf33 integrin 

binds to bone sialoprotein II (BSP II), a non-collagenous 

protein found in bone and cementum (but not in dentin) • BSP II 

(Miki et al 1987) may represent a potent mitogenic factor that 

may stimulate fibroblast proliferation. How it may react with 

vitronectin in promoting fibroblast adhesion remains unknown. 

Regarding the heterogeneity of fibroblast subtypes, it 

would be desirable to design future investigations so as to 

use fibroblasts derived from the periodontal ligament. A 

potential source for explants may also be healing coagulum 

(granulation tissue). It has been reported (Oates et al. 1993) 

that injury may induce the expr~ssion of platelet-derived 

growth factor (PDGF) mRNA in connective tissue fibroblasts 

a possible marker to measure the cell's synthetic activity. 

Finally, a strong correlation has been reported between 

changes in the actin cytoskeleton and the induction of 

collagenase and stromelysis expression, two members of the 

metalloproteinase gene family (Werb et al. 1989). If agents 
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such as fibronectin that promote cell spreading (in terms of 

the reorganization of cytoskeletal and membrane receptor 

elements) also inhibit the phenotypic expression of 

collagenase, it may be possible to enhance cell adhesion by 

selectively blocking gene expression of ECM-degrading 

metalloproteinases. Fibronectin is a potent regulator of cell 

growth. If intracellular alkalinization is induced shortly 

after cell attachment to fibronectin treated surfaces (Ingber 

et al. 1990), cytoplasmic pH (pHi) may offer yet another 

marker for evaluating fibroblast activity in terms of DNA 

synthesis. The role of mechanical tension on various 

cytoskeletal and membrane components (expressed as changes in 

cell shape) and its relation to pHi also remains to be 

determined. 
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