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JAMES C. LYONS
The Effects ofFibronectin and the RGD
Binding Sequence on Gingival Fibroblasts
in an In Vitro Wound Healing ModelUnder the direction of CAROL LAPP, PhD
The purpose of this study was to ip.vestigate the influence of fibronectin or the tripeptide Arginine-Glycine-Aspartate (RGD) on human gingiyal fibroblast ceil migration
and wound repopulation using an in vitro wound-healing model. The hypothesis was that
increasing concentrations of .either fibroneetin or RGD would positively enhance the
..

ability of human fibroblast ceiis to repopulate a wound over time.
Fibronectin in concentrations of

5 ~tg, 10

)lg, arid- 15

Jlg/ ml and

RGD

concentrations of 1TJg, 4 11g, 8 TJg, and 12 11g/ml were used in this study. The in vitro
wound-healing model utilized 12-well culture plates in which gingival fibroblasts were
seeded and grown to confluence. A 24-hour synchronization phase preceded the creation
of a linear 3 mm wide cell-free zone across the diameter of each well. The cell-containing
wells were replenished daily with a serum-free medium containing either fibronectin or
RGD at the specified concentrations. Control samples received serum-free media only.
Cell samples were then fixed and stained with either crystal violet or hematoxylin &
eosin every 48-hours for eight days. Photomicrographs were taken of each stained well
for the histomorphometric examination and measurements of wound fill using the Scion
Image Analysis Software.
In follow-up experiments, using the same procedures, the 3 mm wide cell-free
zone was coated with a RGD-polyol substrate immediately after wounding. The polyols

were mixed with RGD to concentrations of either 1T]g, 4 TJg, 8 T]g, or 12 T]g/ml. Positive
controls were coated with an RGD-free polyol substrate while the negative controls were
coated with serum-free media only. All cells received daily nutrient replenishment and
were subsequently fixed, stained, photographed, examined and measured as previously
mentioned.

Conclusions reached in this study were as follows:
Both the fibronectin and RGD challenge appeared to result in positive dose-dependent
responses in the early days of wound repopulation when compared to controls.
1. The serum-free defined media provides an excellent nutrition source for gingival

fibroblast cells.
2.

All experimental concentrations of fibronectin appeared to stimulate the
migration of gingival fibroblasts into the wound area up to day two. Fibroblast
cells exposed to fibronectin at 15ug/ml consistently displayed more wound fill.

3. All experimental concentrations of RGD also appeared to positively influence
fibroblast migration through day two.
4. All RGD-polyol samples appeared to support better wound fill than the positive
control (polyol only) but did not appear to improve fibroblast migration when
compared to the negative control (serum-free media only).
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INTRODUCTION

A. STATEMENT OF THE PROBLEM

Periodontitis is a disease that causes injury to all structures of the periodontium
and its investing epithelium. The regenerative capacity of the epithelium often masks the
destruction to the sub-surface connective tissue, alveolar bone, periodontal ligament, and
cementum. These underlying hard and soft tissues, responsible for dentition support, can
be , severely compromised by the progression of undiagnosed periodontal disease.
Fortunately, once periodontal disease has been . detected, there are various treatment
modalities that may be implemented to arrest this destructive process. These methods can
range from patient education and non-surgical tissue management to surgical intervention
involving osseous resection, grafts, regenerative procedures and replacement therapies.
Non-surgical interceptive therapies may not always cure periodontal disease;
'
.however,
they most always create an environment that is conducive to the re-growth and

maintenance of healthy tissue. SurgiC?al procedures are an invaluable resource in the
treatment of moderate to severe periodontal disease. Ideally, once diseased tissues are
removed and the area is free of pathologic conditions, slower growing structures of the
peri?dontium, the cementum, periodontal ligament, and alveolar bone will regenerate to
pre-disease levels or repair to a state of health under the protection of the connective
tissue and epithelium. The differences in the rates of proliferation and migration of these
1
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five tissues appear to be the most significant limiting factor in ideal wound healing.
Wound healing is the process of repair that follows injury to the skin and other
soft tissues, and this repair process is primarily dependant on the ability of epithelial and
fibroblast cells to repopulate and replace that which has been lost. Regenerating cells
must have available a source of nutrition, a waste removal sys_tem, and a structural matrix
that supports their migratory properties.
The extracellular matrix (ECM) is the structurally stable material beneath the
epit~elium

surrounding the cells of the connective tissue, and is composed of three major

classes of biomolecules, structural proteins, specialized proteins and proteoglycans. This
matrix is essential for the attachment and l)ligratiori of fibroblast cells. Periodontal
ligament fibroblast cells that attach teeth to alveolar bone, and gingival-fibroblast cells·
which support the epithelium and form the connective tissue interface with the tooth root,
are two types of cells whose development are vital to the regenerative and repair
processes. The proliferative and migratory activity of human gingival fibroblast and
periodontal ligament cells in the presence of extracellular matrix proteins has been
previously studied; however, cellular responses following a tissue wound, in the presence
of exogenous binding peptides and specialized proteins, have not been completely
described.

B. REVIEW OF RELATED LITERATURE
B. 1. Periodontal Tissues

Gingival epithelium, its underlying connective tissue, alveolar bone, periodontal
ligament, and cementum compose the periodontal tissues. The epithelium, with a tumover rate of approximately ten to fourteen days, provides primary protection to the
periodontium from external forces. Two other cell types ·actively involved in the
regeneration and repair of periodontal tissues following im injury are periodontal
ligament (PDL) and gingival fibroblast (GF) cells (Mariotti and Cochran, 1990; Hoang et
a!., 2000; Laclder et a!., 2000). Periodontal ligament cells have the ability to migrate,
proliferate, and differentiate into other cell forms that can produce cementum and
alveolar bone in addition to collagenous ligaments ( Meyer, 1986; Mariotti and Cochran,
1990). Gingival fibroblast cells, capable of regenerating various types of connective
tissues, have a greater migration and proliferation rate into a wound site than do bone,
cementum, or periodontal ligament cells (Mariotti and Cochran, 1990; Hoang et a!., 2000;
Ladder et a!., 2000), and these gingival fibroblasts are responsible for forming the
framework and subsurface tissues needed to promote and support the growth of other
tissue types. Gingival connective tissue (CT) is composed of cells, fibers, and a ground
substance consisting of proteoglycans and glycoproteins. The developing vasculature of
this tissue promotes rapid regeneration and repair by perfusing the area with nutrients and
i

by providing the means for"transporting host defense cells. Sixty-five percent of
3

4

connective tissue is composed of fibers and these are dominated by the collagen fiber
group (Hassell, 2000). Approximately 35% of the CT is composed of pro teo glycan (PG)
glycoprotein (GP) ground substance known as the extracellular matrix.

B. 2. Proteoglycans
A proteoglycan is a molecule composed of a protein core with at least one, but
frequently more (up to tens or hundreds), covalently attached glycosaminoglycan
(carbohydrate) side chains (Adams and Watts, 1993). Proteoglycans are macromolecules
that are distributed almost everywhere in the body. Their size and structure varies
enormously. They can be found intracellularly, on the surface of the cells and in the
extracellular matrix. The structural diversity of proteoglycans suggests numerous
-interactive biological functions, although the precise roles of these molecules are not well
understood; the core protein and glycosaminoglycan chains appear to selectively mediate
various cell and tissue functions. The larger molecules have been noted for their ability to
assist in the regulation of diffusion and fluid flow through connective tissue.

The biosynthesis of proteoglycan core proteins follows the general pattern of all
proteins. Specific messenger RNA (mRNA) is transcribed from the DNA. This mRNA is
then used in polysorries as a template for the core protein. The polypeptide is processed
and transported through the rough endoplasmic reticulum to the Golgi apparatus. In the
Golgi, the major addition of carbohydrates occurs, as well as the sulfation of the

5

glycosaminoglycans, at the end stage of biosynthesis (Cheresh, 1994). The proteoglycan

is then either secreted, transported to the 'cell membrane, or to intracellular compartments.

B. 3. Glycoproteins

Glycoproteins function within

c~nnective
!

tissue to facilitate cell-to-cell and cell-

matrix interactions, and are. essential fo~ cell viability and growth (Hassell, 1993). They
are composed of both a protein and a covalently linked carbohydrate. The attached
carbohydrate may assist in maintaining the stability of the protein when it folds into the
I

,

,

-

proper conformation. This attachment and may also affect physical p~operties such as
solubility

an!l viscosity, help to correctly orient the protein within a membrane, or make

the protein recognizable to other molecules and cells. Carbohydrate portions of
glycoproteins are usually c9mposed of a small-sugar of no more than 8 to 10 individual
'
monosaccharide units. Combinations of up to seven of the many different sugar
molecules known to .occur in nature comprise the saccharide portions of mammalian
glycoproteins.

The linkage between t)le oligosaccharide and the protein occurs by

formation of a chemical bond to only one of four protein amino acids; asparagine (ASN),
hydroxylysine, serine (S), or threonin'e (T) (Columbia Encyclopedia 2002). Many
proteins released by cells into the blood and other fluids are glycoproteins. Wound
healing therefore, appears to depend Ojl the ability of both periodontal ligament and
gingival fibroblast cells

6

integrate these glycoproteins, into a tissue supportive matrix, after migrating to the site of
liljury.

B. 4. Fibronectin
Fibronectin is a principal glycoprotein in connective tissue (Palaiologou, 2001).
Abundant in both blood plasma and extra cellular matrices, fibronectin modulates the
interactions between fibroblasts, collagen, and proteoglycans in connective tissue. This
molecule is considered to have an important role in inflammatory periodontal disease
Parkar et a!. (1997), and .assists in: orienting fibroblasts to coliagen and providing a
protein matrix for the attachment of both collagen and fibrin to the cell

~urface

and

underlying cytoskeleton (Palaiologou, 2001). 1n gene-splicing experiments by Parkar et
a!., 1997 fibronectin generated different mRNA transcripts associated with normal adult
tissue, embryogenesis, ti~sue regeneration, and wound healing. Fibronectin has been
shown to enhance the migration of extracellular matrix proteins and appears to form a
strong mechanical and electrochemical bond between matrix components that assists in
maintaining the structural integrity of cultured rat fibroblasts in vitro (Dean, 1997).
Fibronectin's structure is rod-like, composed of three different types ·of homologous,
repeating modules, Types I, II, and III. Others working with the fibronectin glycoprotein
have also designated these modules as Fl, F2, or F3. Twelve type I (Fl) modules make
up the amino-terminal and carboxy-terminal regions of the molecule, and are involved
mainly in fibrin and collagen binding: Only two type II (F2) modules are found in

7
fibronectin and they are instrumental in binding collagen (Ward & Marcey 1996). The
most abundant module in fibronectin is Type III (F3), which contains the Arg-Gly-Asp
(RGD) fibronectin receptor recognition
sequence along with binding sites for other
I
integrins and heparin. Depending on the tissue type and/or cellular conditions, the
fibronectin molecule is made up of 15-17 type III modules (Potts and Campbell 1994).
Type III modules make up a large part of the fibronectin protein, with each module being
approximately 90 amino acids in length. Like other fibronectin modules, type III module
cores are made up of overlapping beta sheets.
There are four anti-parallel beta strands contained in the top sheet of F3 modules and
three strands in the bottom sheet. This module, unlike Fl or F2, acquires its stability
through hydrophobic interactions in the module core (Potts and Campbell 1996). As
previously stated, the type III I F3 module contains the RGD fibronectin receptor
(integrin) binding motif. This tri-peptide protrudes from the protein and is exposed to
solution. The F3 module alone does not bind to the integrin receptor with the same
affinity as intact fibronectin (Baron, 1992).

B. 5. RGD (ARG-GLY-ASP) Binding Sequence
RGD is the single letter code for a peptide composed of arginine-glycineaspartate. A well-characterized signal sequence in protein communication, this tri-peptide
is composed of the cationic amino acid arginine (R), the anionic amino acid aspartate (D)
and the neutral spacer residue glycine (G). The opposite charges of the RGD tri-peptide
sequence attract each other, resulting in. a specific structural bending of this amino acid

8

sequence. The resulting structure-charge pattern constitutes a simple but strong biological
signal that can interact with a comple~entary conformation present in other proteins
(Rath & Pauling, 1992). RGD can be :found in various proteins of the extracellular matrix
(ECM) and has been shown to be involved in a multitude of biological interactions in
human health and disease. The RGD sequence is so critical for binding that short peptides
having the RGD sequence, and other glycoproteins like vitronectin and larninin that also
utilize RGD, can compete with fibronectin for binding and inhibit the attachment of cells
to a fibronectin matrix. Without attachment to the extracellular matrix, gingival and
periodontal ligament fibroblast cells normally undergo apoptosis (Buckley eta!., 1999).

B. 6. In tegrins

Members of the integrin family recognize the tri-peptide RGD, although this
recognition is not sufficient to account:for the specificity ofbinding between integrins
and ECM molecules. Integrins link the intracellular cytoskeleton of cells with the
extracellular matrix by attaching to this RGD motif. The integrin molecules are cell
surface, heterodimeric receptors that in, the presence of divalent cations promote both
cell-matrix and cell-cell interactions (Cheresh and Mecham, 1994).
An individual integrin is composed of a single alpha and beta subunit, each of which

spans the plasma membrane. Thus,: integrins represent a connection between the
extracellular environment and the intracellular compartment (Cheresh and Mecham,
1994). A cell type may express severa!·structurally and functionally distinct integrins on

9
its surface. An example would be the. p2 integrili.s that are found only on leukocytes and
have a role in immunologic recognition and inflammation. P1 and av integrins appear to
have important roles in tissue building. The P1 integrin is recognized for its mediation in
cell interactions with basement membrane components, collagen, laminin, and
fibronectin, while the av integrin has

b~en

noted to promote adhesion to provisional
.

'

matrix proteins such as ·fibronectin and, vitronectin during events associated with wound
repair and tissue reorganization (Scarborough 1991).
I

B. 7. Periodontal Wound-Healing
The reattachment of connective tissue to the surface of the tooth-root following
I

surgical separation has been studied iri' detail.
Wilderman and Wentz (1965) described a
.
'
(0-4) day adaptation stage, a (4-21) day proliferative stage, a (21-28) day attachment phase,
and a (28-180) day maturation phase in the soft tissue wound-healing to the tooth root.
Wikesjo eta!. (1991), discussed specific events associated with early wound healing at the
connective tissue-dentin interface.
Immediately after wounding,

t~e

adaptation phase begins with the formation of a

granular precipitate, thought to be plasma proteins, on the dentin/cementa! surface. Within
the initial 6 hours the intercellular matrix (extracellular matrix) is filled with blood cell
aggregates which combine with fibrin to form a clot, filling the void between the soft tissue
I

I

and the tooth, at the tooth surface. N eutrophils are observed throughout the fibrin clot and

'

on the tooth surface, forming an initial line of cellular defense against the external
environment in the form of a polyband layer. The degradation of the red blood cells occurs
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during the first day. As early as the first day, further maturation of the fibrin clot is
characterized by the presence of macrophages, providing phagocytosis of debris and a
ready source of cytokines, and fibroblasts, providing a source of collagenase and the ability
to produce collagen. The proliferation stage is typified by the invasion of granulation tissue
through the fibrin clot, denoting the beginning of neovascularlization.
This stage was observed over the period of 4 to 21 days after wounding.
Fibroblasts were noted on the tooth surface at 6-10 days, epithelium migrated apically
between 10-14 days, and an average of 1 mm of crestal bone resorbed. Wijesko et al.
(1991) described the 7-day specimens in their study, as "exhibiting areas of cell rich
connective tissue without inflammatory cells as well as areas showing the fibrin clot in
various stages of decomposition and fibrobasts could be identified in the maturing blood
clot and at the dentin surface." These observations suggested that connective tissue
attachment to dentin surfaces was mediated by adsorption of plasma proteins to the
surface, subsequent development ·and maturation of a fibrin clot, and that fibroblasts were
involved with the connective tissue attachment to the tooth surface.
The attachment stage, described over. a period of 21 to 28 days, is characterized
by the formation of visible collagen, cementum formation,
reaching a peak at this time.

wi~h

osteoblastic activity

At 28 to 180 days, the fmal stage of maturation showed new,

perpendicularly oriented, PDLF fibers attached to the root surfaces as Sharpey's fibers.
The combination of a long junctional epithelium (approx. 2.0 mm average) and a
connective tissue attachment (approx. 2.1 mm average) makes up this new attachment to
the tooth surface.
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The origin of the fibroblasts on the tooth surface determines the makeup of this
new attachment. PDLF contacting the tooth surface results in periodontal regeneration of
connective tissue of the PDL, cementum and alveolar bone. Should GFs reach the tooth
surface, a long junctional epithelium or possible root resorption could result (Nyman et
a!. (1980), Gottlow eta!. (1984), Becker eta!. (1988), Hoang eta!. (2000).

B. 8. In Vitro Wound-Healing Model

The artificial environment of an in vitro model has allowed researchers to study
the cellular response to a wound on a level that in vivo experiments cannot Hoang et a!.
(2000). The model described by these investigators allows us to study the effects of
extracellular matrix proteins on the growth and migration of human gingival cells. The
controlled manipulation of chemical and physical modifiers in this environment allows us
to simulate wound production and cell death, and then measure the amount of recovery
histologically, without the morbidity associated with a live patient or the effects of other
host factors.

C. PURPOSE
The purpose of this study was to measure the influence of the fibronectin
glycoprotein and the RGD tri-peptide on the growth and migration of human gingival
fibroblast cells. Immersed in a standardized growth medium supplemented with
graduated concentrations of fibronectin and RGD, the fibroblast proliferation and
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migration was studied. The in vitro wound-healing model provides a controlled

.

environment in which measurements of migration
. and growth can be determined.

D. HYPOTHESIS
Increased concentrations of exogenous fibronectin and/or RGD would positively
influence the growth and migration of gingival fibroblasts in a dose-dependent manner.

E. SPECIFIC AIMS
1.

To measure the wound fill ability of human gingival fibroblast cells across an

in vitro wound using 5, 10, and 15 f!g/ml concentrations of fibronectin, in a serum-free
growth medium.
2.

To measure the wound fill' ability of human gingival fibroblast cells across an in

vitro wound using 0.4, 4, 8, and 12 11g/ml concentrations of RGD, in serum-free growth
medium.

F. MATERIALS AND METHODS

F. 1. Establishment of Cell Cultures
Teeth were obtained from systemically healthy patients requiring extraction of
fully erupted premolars for orthodontic reasons, or from impacted molars, in accordance
with a Medical College of Georgia (MCG)- institutional review board approved protocol.
Teeth to be extracted showed no signs of gingival inflammation, and no evidence of
periodontal attachment loss. Clinically healthy marginal gingival tissues were excised
from the interproximal premolar and molar papillae of patients without periodontal
disease. The Department of Oral Biology then provided human gingival fibroblast cells
for research.
All tissue samples were handled using aseptic techniques. The specimens were
placed directly into medium containing tissue culture tubes and transported to the
laboratory for explanting. Transport medium consisted of Dulbecco's modified Eagles
medium (DMEM) containing 100-units/ml penicillin, 100 !lglmi streptomycin, and 100
llg/ml amphotericin B.

All subsequent procedures were conducted in a sterile

environment under a laminar flow hood. The gingival tissues were minced into 2 x 2 x 3
mrn 2 pieces and placed in 6-well culture plates containing DMEM plus I 0% fetal bovine
serum (FBS), 100-units/ml penicillin, I 00 llg/ml streptomycin, and 50 !lglmi
amphotericin B. Explants were incubated at 37° C in an atmosphere of 5% C02 95% air,
13
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and 100% humidity for 2-4 weeks. The medium was replaced after one week and every
3 days thereafter until cell confluence was ·observed. Cells that had migrated from tissue
explants were released from the tissue culture surface using 0.25% trypsin-EDTA
2

(Invitrogen!GIDCO, Gaithersburg MD) andre-plated into 75 cm flasks in the same
DMEM but without amphotericin B. Such cells were designated passage #1, maintained
in culture medium, and .sub-cultured weekly, as needed for experimentation, or frozen for
future use.

All cells were utilized between passages four and eight. Cell cultures were

monitored for confluence using phase contrast microscopy.
Gingival fibroblast cells at passage 4 were transported from MCG to the Clinical
Investigations Laboratory at Fort Gordon, GA. Confluent layers of cells immersed in
DMEM (Dulbecco's Modified Eagles Medium) containing 10% fetal bovine serum
(Sigma F-0643), 100 units/ml penicillin, 100 )lg/ml streptomycin, non-essential amino
acids, and gentamycin were housed in two tightly closed T-175 flasks at ambient
temperatures under normal atmospheric conditions. Upon reaching the Clinical
Investigations laboratory the flask caps were loosened and the flasks were immediately
placed in a Napea 6000 biological incubator at 37 degrees Centigrade, 5 % C02, 95% air
and 100% humidity. After a 24-48 hour stabilization period, the cells in each flask were
subdivided in

ord~r

to increase the number of fibroblasts available for experimentation

and to provide a sufficient quantity of cells for _freezing and use at a later date. All
procedures were carried out in a sterile environment under a laminar flow hood.
The medium used for cell cultures was prepared by adding distilled water, lx10 5units penicillin, 100 mg of streptomycin, I 0 ml MEM Non-essential Amino Acids, 50 mg
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of Gentamicin Reagent Solution, 1200 llg of fungizone, plus fetal bovine serum, to one
package of Dulbecco's Modified Eagles Medium (Gibco 12800-17). The medium
osmolality was adjusted to 320
was adjusted to 7.2

± 0.1

± 10 using a Vapor Pressure Osmometer (Vapro) and pH

prior to filter sterilization. The flask medium was exchanged

every 3 to 4 days as needed until a confluent monolayer covered the wall of the container.
Celi confluence within the flask was reached around days 10 to 14.

F. 2. Establishment of Experimental Plates

To sub-divide the cells, all nutrient medium in each flask were removed and placed into a
waste collector. Fibroblasts were then rinsed twice with Phosphate Buffered Saline (PBS)
at 37°C. Five ml of0.05% trypsin- EDTA (Sigma T3924) was added to each of the T175 flasks immediately after .the PBS rinse. Once the trypsin was evenly distributed over
the fibroblasts the flasks were allowed to sit at room temperature (2 to 4 minutes) until
the cell monolayers began to separate from the container wall. At this point the trypsin
was immediately removed, and the flasks placed in an incubator at the previously stated
conditions for 4 to 10 minutes. When the fibroblast cells appeared completely separated
from each other and the container walls, approximately 40 ml of warm DMEM
containing 10 % FBS was added to each flask. The resultant fibroblast-medium
suspension was mixed thoroughly by pipettings to ensure complete separation of the
fibroblasts from one another and to provide an even distribution within the medium.
Based on previous "Clinical Investigations" laboratory experiments, cell counts in the
range of2.0- 2:5 x 107 cells per T-175 flask would be expected.
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The cell-suspension was· transferred into a beaker containing approximately 350
ml with DMEM plus 10% FBS and mixed thoroughly. The resultant fibroblast mixture
was then divided and dispensed into 12-well culture plates for the experiments, or newT175 flasks for future use. Two ml of the cell-rich suspension was pipetted into each well
in ten of the 12-well plates; five other plates were filled with two ml of the cell-media in
only 8 of the 12 wells (two 4-well columns). The remainder of the cells were dispensed
evenly into 4 T-175 flasks. All plates were covered, flasks loosely capped, and placed in
the incubator.
While the flask medium was changed every 3 to 4 days as needed, the plate
medium was renewed every 3 days until a confluent monolayer was observed. When
flask confluence was reached, the cell line was sub-cultUred again using the same
technique as described above. At this passage, the cells from two T-175 flasks were used
to seed fifteen more 12-well culture plates for trial 2 and provide cultures for the next
passage.

F. 3. Procedure for freezing cells
Fibroblast cells in the two remaining flasks were separated from the flask walls
and each other as previously described and re-suspended in DMDM + 10 % FBS. The
cell-rich medium was then transferred iil equal quantities into two sterile 50 ml conical
tubes and placed in a Beckman J-6M Induction Drive Centrifuge to collect the cells. The
centrifuge was set at 18 - 20

° C and spun at 700 rpm (x

lOOg) for 10 minutes. After

removal of the supernatant, the cell pellets in each tube were re-suspended in 10 ml of
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Cell Freezing Media-DMSO (Sigma C-61640).

One ml of this concentrated cell-

suspension was then pipetted into twenty 1.2 ml Nalgene cryovials (Nalge Company
5000-0012) which were secondarily packed into a Nalgene Freezing Container (Cat no. S
100-0001). The freezing container, enclosed in a Styrofoam cooler, was initially placed in
a Fisher Scientific Isotope freezer at -80° C for two days and then transferred to a
Cryostat Freezer at -135° Cor a liquid nitrogen tank for storage.

F. 4. Plating Procedures

Fibroblast cells seeded in the 12-well culture plates were replenished with serumcontaining nutrient medium every 3 days and monitored for optimal density using a
Nikon Phase Contrast Light Microscope. The confluent state can be visually recognized
between 10 to 14 days by the formation of a tightly packed fibroblast monolayer that
covers the entire floor of the well. Cell confluence was established on day 11 of the
incubation period. At this point, the number of fibroblasts calculated per well was
approximately 5.0 x 105 cells. On day 12 the cells were subjected to a 24-hour "stepdown" procedure; the DMEM + 10% FBS in each well was removed and replaced with
DMEM + 4% FBS. The purpose of the step-down phase was to acclimate the fibroblasts
to a reduced serum concentration in an effort to minimize the possibility of cell shock
when FBS was drastically reduced.

Immediately after the step-down procedure the

fibroblast cells underwent
a 24-hour synchronization phase.. This phase was initiated by
.
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'

replacing the 4 % FBS-DMEM in each

we~! witJ phenol red-free DMEM (Gibco

13000-

0-21) + 1.5% FBS. Ten J.tl!ml of Insulin"transferrin-selenium media supplement (ITS)
(Sigma I-2646), 7 J.tllml of Bovine Albumin Fraction V Solution (BSA) (Gibco 15260037), and 7.5 J.tllml of Oleic Acid-albumin (OA) (Sigma 0-3008), stabilizers that assist in
maintaining cell growth and integrity, were added to the 1.5% FBS-synchronization
medium. Minimizing the concentration of FBS, an essential component of this media, is
'

thought to arrest cellular division, yet provide enough nutrients to continue cell growth
into the Gl phase of the cell cycle.

F. 5. Medium Preparation
Prior to initiating the wound-healing expetiment a serum-free medium developed
I

by Dr C. Lapp using phenol red-free DMEM, non-essential amino acids, and the
previously specified antibiotics was prepared. ITS+2 (!OOx), 37.5 grams ofBSA, and 2.0
moles of OA were added to 500 ml volumes of the serum-free medium that was kept
refrigerated at 4° C, and dispensed daily as needed. One-hundred ml volumes of this
medium were warmed to 37° C and supplemented with 10 T]g I m1 of Epidermal Growth
Factor (EGF)(Sigma 072K9!20), 10 T]g I m1 of Fibroblast Growth Factor (FGF)(Sigma F0291), and 2.5 x 10-7 M Hydrocortisone (Sigma H~0888). All3 of these reagents had been
prepared and maintained under refrigeration at- 20 ° C. Lyophili~ed ARG-GLY-ASP
(RGD) (Sigma A-8052) was hydrated with steljle distilled water to make a stock
concentration of 4 J.tg/J.ll. The RGD stock was combined with the above medium to
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produce the experimental RGD-media containing; 0.4 T]g, 4 T]g, 8 T]g, or 16 T]g/ml. Sterile
distilled water was also used to prepare a 5 J.lg/J.ll stock solution of Fibronectin (BD
''

Biosciences 354008) from which three experfrnental serum-free media were made
containing fibronectin at 5 J.lg, 10 J.lg, and 15 J.lg/jl. (See figures I and 2.)

!

F. 6. Cell Wounding
The in vitro wounding of each monolayer, consisting of confluent and
synchronized gingival fibroblasts, was accomplished by dragging a rubber-tipped
instrument, made from a 5000 J.ll pipette tip with a rubber-tipped attachment (see figure
3), under light vacuum, across the diameter of the well. This procedure cut and removed
a strip of cells approximately 3 millimeters wide and 2.8 centimeters long while leaving
the fibroblasts barely immersed in media. After creation of the wounds, all wells were
gently washed twice with phenol-red-free Hanks Balanced Salt Solution (HBSS)(Gibco
BRL 11201-092) and inverted to remove loose necrotic cells and any residual
synchronization medium.
F. 7. Experiment I

For experiment I, fifteen 12-well plates were organized into sets of three,
representing days 0, 2, 4, 6, and 8. Each plate was divided into 3 groups (columns)
consisting of 4 wells. Three groups were treated with fibronectin at concentrations. of 5
J.lg, I 0 J.lg, and 15 J.lg/ml; 4 groups received RGD at 0.4 T]g, 4 'T]g, 8 T]g, and 16 'T]g/ml

Figure 1. (a) Lyophilized Fibronectin

Figure I. (b) I.:yophilized RGD
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Figure 2. Rubber-tipped instrument (rubber policeman)
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concentrations, and 1 group served as control. (The 4 remaining wells were not used in
this study; See figure 4). Into each of the 3 x 28 mm wounds, a micropipette was used to
spread 10 microliters of media containing fibronectin or RGD, at the selected
concentrations, or 10 microliters of serum-free medium only for the control. All wells
were allowed to stand for approximately 4 minutes after the application of this 10

~-tl

volume. All wells were then covered with 2 ml of serum-free media with concentrations
matched for RGD or fibronectin, or serum-free medium only. Twelve plates were placed
in the incubator.

F. 7a. Cell Examination
Three fibroblast-containing plates, designated as day zero, were fixed with a
solution of citrate: acetone: formaldehyde (25:65:8) at 18

°C for I minute, then rinsed

twice with distilled water. Two of the 4 wells in each column were lightly covered with I
percent crystal violet (CV) (Sigma C-0775) stain for 5 minutes and rinsed with distilled
water. The remaining wells were first stained with hematoxylin (Sigma GHS-3) for 5minutes then counter-stained with 20% eosin in 75% ethanol (Sigma HT 1110-3-32) and
also rinsed well with distilled water. (See figure 4)
Fibroblast-containing wells were each examined and photographed under 7X
magnification by means of a live-capture camera fitted to a Stereo Star Zoom Amencan
Optical Light Microscope. Using the Scion Image Analysis Program, developed by NIH,
this 7X setting allowed approximately 90 % of each wound area to be visualized and

·.

Fig 3. Plate Configuration for Wound Repopulation: Exp I
Fibronectin and RGD in Serum-free media
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captured. After each wound area was photographed, the initial wound margm was
outlined and the enclosed area measured in mm2 . On days 2 through 8, in addition to
measuring the area enclosed by the initial wound margins, the space that remained devoid
of cells was also outlined and measured. Once the plates had been stained, photographed
and measured they were stored in a box at room temperature and normal atmosphere. The
RGD and fibronectin studies, using serum-free media, consisted of three separate trials:
from cell passages 5, 6, and 7, forty-five 12-well culture plates were made and 480
wounds were created.
The preliminary results of the RGD fibronectin study led us to investigate the use
of a biocompatible polymer, Pluronic F-127 Surfactant (BASF Corp WPC0-592B), as a
substrate for the RGD binding peptide. It was felt that this study might have direct
clinical implications and could predict a useful inexpensive product that could be
topically applied onto a hard surface, i.e. ,tooth root, in an effort to stimulate connective
tissue attachment and enhance early wound-healing as weli.

F. 8. Experiment II (Polymer F-127)

T:he polymer F-127 powder was hydrated 20:80 with sterile distilled water at 4°
C. At this concentration and temperature the. polymer was uniquely liquid; however, as its
temperature approached 18° C, F-127 became gel-like. RGD was added to four samples
of F-127 in its liquid state to form 1.0 11g, 4 11g, 8 11g, and 12 11g/ml solutions. A fifth
sample ofF-127 did not contain any RGD and was used as a positive control. A negative
control consisted of serum-free media, without either RGD or F-127. Daily serum-free
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nutrient media were replaced as previously described. Four of the media contained RGD
at 1.0 TJg, 4 TJg, 8 TJg, and 12 TJg/ml, and the fifth type was a serum-free only control.
In experiment II, fibroblasts cells, seeded into ten 12-well culture plates divided
into 3 groups of 4 wells, were nourished to confluence, synchronized and wounded as
previously described (See figure 5). Into each newly created wound 5 ~-tl aliquots of either
the control medium or the RGD/polymer media were spread on the wound area and
allowed to gel for over a period of 4 minutes. All wells were then immersed in 2 ml of a
concentration-matched nutrient medium.

Two plates, designated as day zero, were

immediately fixed, stained, photographed, measured, and stored as previously described.
The other 8 fibroblast-containing plates were placed in the incubator and subsequently
processed on days 2, 4, 6, and 8. Three separate trials (cell passages 6 through 8), thirty
12-well plates and 360 wounds were used to complete this experiment.

F. 9. Experiment III
Using the Scion Image Analysis Program, preliminary results from the RODpolymer study indicated that 95 percent of the measurable fibroblast wound repopulation
occurred during. the initial 48-hours post wounding. To verify the wound-fill trend
indicated by the 8-day RGD-polymer experiment, we developed a phase III study. Phase
III followed the same experimental design as and procedures of experiment II but, only

estimated fibroblast repopulation from day zero to two. Phase III consisted of two trials,
cell passages 4 and 5, twelve 12-well plates, and 144 wounds. (See figure 4 for protocol.)

Figure 4. Plate Configuration for Wound Repopulation: Exp ll and Ill. Negative control
contains serum-free media only. Positive control contains F-127/serum-free medium. F127/RGD contains various polyol-RGD concentrations in serum-free media.
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GINGIVAL FIBROBLAST CELLS (PASSAGE 3)

(DMEM + 10% FBS)

SPLIT & PLATE CELLS

~
FREEZE CELLS

.

(PASSAGE 4)
'

-~~

T-175 FLASKS

~

18 (12-WELL) PLATES

t

STEP DOWN (DMEM + 4% FBS)

t

SYNCHRONIZE (DMEM + 1.5% FBS)

t

WOUND CELLS

t
(EXP 1) RGD AND FIBRONECTIN TEST GROUPS (SERUM-FREE MEDIUM)
OR
(EXP 2) RGD WITH F-127 TEST GROUPS (SERUM-FREE MEDTIJM)
OR
(EXP 3) RGD WITH F-127 TEST GROUPS (SERUM-FREE MEDIUM)

~

FIX CELLS AND STAIN WITH CRYSTAL VIOLET ORH & E

-~
PHOTOGRAPH AND MEASURE

Figure 5. Flow Chart encompasses all 3 experiments. From cell passage through
wounding each experiment was identical in protocol. In experiment I, a fibronectin or
RGD serum-free medium was used to test fibroblast activity over 8-days. In experiment
2, after wounding, an RGD impregnated polyol (F-127) covered with serum-free medium
was used to test cell activity over 8-days. Experiment 3 duplicated experiment 2 except
that fibroblast activity was tested for 2-days only.
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<.10. Quantification of Wound Fill

Wound areas were measured using stains of fibroblast cells to deleniate the
vound margins. The CMS-800 Color Microscope System (Scion Corporation, Fredrick,
v!D) was used to view the extent of cell migration into the wound site and

nicrophotographs were captured by a Sony DXC-390 digital camera (Sony Corporation,
[okyo, Japan). The Scion Image Analysis Software was used to analyze the
nicrophotographs and calculate the area of the cell-free zone on designated days. The
·.

lfea of the cell-free zone immediately after the wound was created (day 0) represented
00 % of the wound. Subsequent areas of the cell-free zone measured on days (x) were
tsed to calculate the percentage of wound-fill using the following equation.

'ercent wound-fill

=

. -[Area of cell-free zone on day (x) I Area of cell-free zone on day (0)] x 100

~ .

r

I
I

!

'

G.

RESULTS
1. Experiment I: Fibronectin and RGD

Unaided visual examination of the culture wells from experiment I suggested that
there was a positive, though slight, influence on the ability of fibroblasts exposed to
fibronectin or RDG to repopulate the wound when compared to controls, at least early in

I

- .
the wound· healing process (see Figures 6-10). This differential positive influence,
characterized by a deeper encroachment of the fibroblast cells into the c~ll-free wound
area, appeared to diminish around day 4, midway through the healing phase, when the
control cultures appeared to equal those of the test wells in the depth of cell migration. At
day 8 fibroblasts from the upper and lower region of the Wound borders had intermeshed
in the center of the previously cell-free zone. This pattern was repeated in all three trials.
The measured amounts of wound fill averages for the three repetitions of experiment I are
shown in appendix A (Tables la-c). As can be seen here, the 15 J.!g dose of fibronectin
appeared to inhibit wound repopulation in the first trial, but this was not confirmed by the
second or third trial. No apparent benefits from fibronectin-were observed.
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Figure 6a. CV stain of fibroblast with RGD after wounding (Day 0).

Figure 6b. H & E stain of fibroblast with RGD/F-127 after wounding (Day 0).
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(a)

(b)

Figure 7a. CV stain of fibroblasts with 4T]g I ml of RGD. (Day 2)

Figure 7b. H & E stain of fibroblasts with 4l]g I ml ofRGD/F-127 (Day 2).
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(a)

(b)

Figure Sa. CV stain of fibroblasts with 4 T]g I ml ofRGD. (Day 4)

Figure Sb.

H & E stain of fibroblasts with 4 T]g I ml ofRGD/F-127 (Day 4).
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(b)

Figure 9a. CV stain of fibroblasts with 4 Tjg I ml of RGD. (Day 6)

Figure 9b. H & E stain of fibroblasts with 4 T]g I ml ofRGDIF-127 (Day 6).
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(a)

(b)

Figure 1Oa. CV stain of fibroblasts with 4 T]g I ml of RGD. (Day 8)

Figure lOb.

H & E stain of fibroblasts with 4 T]g I ml ofRGD/F-127 (Day 8).
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(a)

(b)
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2. Experiment II

RGD with F-127 polymer

Since initial wound fill measurements from the first tests indicated that RGD
appeared to provide a beneficial effect in promoting early wound fill, we proceeded with
experiment II. In these experiments the unaided visual examination of the test plates
revealed a rapid cell growth phase in which the cell-free zone was completely filled with
fibroblast cells at day 6;
In trial I all test welis outperformed the positive and negative controls at day 2

but appeared to be equaled or outperformed by the controls at day 4. In trial 2 the controls
consistently exhibited greater wound fill than the test groups. Trial 3 resulted in the
controls and test groups displaying relatively equal growth rates after the second day.
Wound fill measurements supported the visual examinations and strongly
indicated that the majority of cell activity took place during early healing in our in vitro
model. In general, approximately 40-60% of cell migration occurred during the first 2
days post injury, and greater than 75 %of the wound was filled by day 4. (See Appendix
B Tables 2a, 2b, & 3 and Figures 14a-b,l5)
Both experiments I and II showed that the greatest incidence of fibroblast activity
occurred in the first two days after wounding. Experiment II demonstrated that the RGDpolyol mixture easily could be spread onto a biologically inert surface, and that this
combination appeared to positively enhance the in vitro migration characteristics of
fibroblasts across a wound at some RGD concentrations. Experiment III was designed to
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verify the tendency of fibroblasts to display increased wound fill activity in the presence
ofRGD when compared to controls very early in the wound-healing process.

Experiment III

RGD with F-127 Polymer

For this series of two trials, the progression of wound repopulation was observed
for only 2 days. Visual observations of culture plates from experiment ill suggested that
fibroblast advancement into the wound \!rea progressed at similar rates in all wells, with
or without painting RGD onto the wound surface. However, as seen from tables 4a and
4b in Appendix C and Figures I 6a and I 6b, the measurement data from this experiment
indicates that RGD-polyol concentrations of I TJg I ml and 4 TJg I mi appeared to enhance
the wound fill ability of fibroblast cells when compared to the positive control at day 2.

H.

STATISTICAL ANALYSIS
Dr. Richard Topolski of Augusta. State University performed the statistical

analysis portion of this study and utilized the Univariate Analysis of Variance to test for
significance. Separate analyses were performed on the first, second, and third data sets
for percent wound fill between groups and percent wound fill
0.05 were utilized for all comparisons.

ov~r

days. Alpha levels of
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Experiment I

(See Figures 11-13)

For fibronectin: A significant difference was found across days (3, 150) = 12.58,
p = .000. However no difference was found between day 6 and day 8 (p

= .117).

A

higher percentage of the wound was filled as the number of days increased, with the rate
of fill decreasing after 4 days. No significant difference was found between the control
and fibronectin groups (p = .750).
No real difference was found in the amount of fill when comparing varying
concentrations and no significant differences were identified between the controls and
any fibronectin group.
For RGD: A significant difference was found across days F (3, 190) = 205.937,
p = .000. All days differed significantly from one another with the exception of days 6
·and 8 in the third trial, where no significant difference was found. No differences. were
evident between the control and the RGD groups, and no significant differences were
found among the concentrations ofRGD.

Experiment II

(See Figures 14-15)

RGD/F-127 (8-day trial): Significant differences were found across days only,
F (3, 260) = 441.634, p = .000. The means of days 2, 4, 6, and 8 were all significantly
different from one another except the means of day 6 and day 8 (p = .448).
There was a significant difference between the means of the negative control group and
the 4 T]g and 8 T]g I ml RGD groups, but the control group produced more fill.

Figure 11 a. Experiment 1 trial!. Graph displays the percentage of fibroblast wound fill
over 8 days. Compares fibronectin at 5, 10, and 15 11g I mi to the control containing
serum-free medium only.

Figure 11 b. ·Experiment 1 Trial 1 Graph displays the percentage of fibroblast wound fill
over 8 days. Compares RGD at I, 4, 8, and 12 T]g I mi to the control containing serumfree medium only.
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Figure 12a. Experiment 1 Trial 2 Graph displays the percentage of fibroblast wound fill
over 8 days. Compares fibronectin at 5, 10, and 15 J.lg I ml to the control containing
serum-free medium only.

Figure 12b. Experiment 1 Trial 2 Graph displays percentage of fibroblast wound fill over
8 days. Compares RGD at I, 4, 8, and 12 11g I ml to the control containing serum-free
medium only.
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Figure 13a. Experiment 1 Trial3 Graph displays percentage of fibroblast wound fill over
8 days. Compares fibronectin at 5, I 0, and 15 11g I ml to the control containing serum-free
medium only.

Figure 13b. Experiment 1 Trial 3 Graph displays percentage of fibroblast wound fill over
8 days. Compares RGD at I, 4, 8, and 12 TJg I ml to the control containing serum-free
medium only.
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Figure 14a. Experiment 2 Trial1 Graph displays percentage of fibroblast wound fill over
8 days. Compares RGD/F-127 at 1, 4, 8, and 12 T]g I ml to positive and negative controls.

Figure 14b. :E;xperiment 2 Trial2 Graph displays percentage of fibroblast wound fill over
8 days. Compares RGD at 1, 4, 8, and 12 T]g I ml to positive and negative controls.
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Figure 15. Experiment 2 Tria13 Graph displays percentage of fibroblast wound fill over
· 8 days. Compares RGD/F-127 at 1, 4, 8, and 12T]g I ml to positive and negative controls.
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Experiment III

(See Figure 16).

RGD!F-127 (2-day trial): Again, a significant difference was found across days, F
(2, 126) = 133.177, p = .000. A significant difference existed between day 1 and day
zero.
A significant difference was also found between the positive-control and RGD at 41]g I
ml, p = .035 when data from trials 1 and 2 were combined .
•

No significant difference was found between the negative control and the RGD groups.

Figure 16a. Experiment 3 Trial 1 Graph displays percentage of fibroblast wound fill over
2 days. Compares RGD/F-127 at I, 4, 8, and 12 T]g I ml to positive and negative controls.

Figure 16b. Experiment 3 Trial2 Graph displays percentage of fibroblast wound fill over
2 days. Compares RGD/F-127 at 1, 4, 8, and 12 T]g I ml to positive and negative controls.
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I.

DISCUSSION
Wound healing, the process by which living tissues attempt to replace that which

has been lost as a result of an injury or insult, is dependant on a wide variety of factors.
These factors, such as degree of injury, the regenerative potential of the injured cells,
blood and nutrient supply to the injured area, chemokines, and host defense activity, can
either stimulate the replacement process or impair it. Periodontal wound healing can
occur (1) by repair, which does not fully restore architecture or function; (2) by
reattachment of severed tissue components, or (3) by new attachment and regeneration of
lost structures.
In this study cell growth and migratory activity were evaluated utilizing the in
vitro wound healing model established by Lackler et a!. (2000), because it provided the

means to implement almost total control over environmental, nutritional, and test
parameters, while maintaining a sterile field. Under these conditions, human gingival
fibroblasts were able to grow in controlled conditions without the systemic variations and
constant bacterial or viral insults that occur in vivo on a daily basis.
Gingival fibroblast cells were chosen for study because they are essential to the
wound healing process. These cells have the inherent ability to reproduce numerous
times, and although they constitute only a small component of the periodontal attachment
apparatus they are vital and form a physical barrier separating the inner body from the
45
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external oral environment utilizing hemidesmosome attachments to the tooth root surface.
An underlying connective tissue base, which determines whether or not the

epithelium displays keratinized or non-keratinized surface characteristics, supports the
oral epithelium both nutritionally and structurally. Gingival fibroblast cells are also
responsible for supporting blood vessels, nerve fibers, and for the passage of proteins,
other molecules and host defense responses within the oral tissues (Pi tams et al., 1994).
Gingival fibroblasts have been shown to complete their cell division cycle,
interphase through cytokinesis, in approximately 18 to 24 hours, at least half of which is
spent in the G 1 phase (Cooper 2000). The end result of the mitotic process is the
liberation of two daughter cells that have the ability to migrate via pseudopod-like
extensions of the cell body and attach to a suitable surface. Thus both by division and
migration gingival fibroblasts can repopulate a wound.
Following many periodontal surgical procedures the periodontist is faced with the
problem of wound healing on two different fronts. The hard tissue-soft tissue interface
focuses on the attachment or re-attachment of connective tissue to the tooth root, while
the other goal, depending on the operation, may be the reattachment of incised gingival
and mucosal tissue margins or the attachment of donor tissues to the recipient bed in
grafting procedures. Grafting and regenerative operations are at the forefront of
periodontal therapy because of their capability to restore stmcture and function in an
esthetically pleasing fashion. However, regeneration of lost tissues, i.e. alveolar bone,
periodontal ligament, and root cementum, involves one of the more difficult aspects in
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periodontal wound healing. The difficulty in wound-healing lies not so much in the
procedure, even when performed by experienced surgeons, but more in the body's
response to the surgical wound. Polson and Proye (1982) have stated that clot stability
and flap stabilization are key to regeneration (Garrett and Bogle, 1993). Mobility (nonstabilization) of the flap/wound margin will likely lead to .tears or rupntres in the fibrin
attachment to the root surface, delaying healing and allowing apical migration of the
junctional epithelium along the inner surface of the wound, thus precluding the
possibility of regeneration. Junctional epithelial cells, migrating at a rate of
approximately 0.5 mrn per day, can easily outpace the proliferative and migratory
capabilities of cementoblasts, gingival fibroblasts, periodontal ligament fibroblasts, and
bone-forming cells of the periodontium (Garrett and Bogle, 1993).
The fibroblast attachment to the tooth root is responsible for blocking the apical
migration, and adaptation of epithelial cells ·along the root surface. Following a guided
tissue regeneration procedure, the more coronal this connective tissue attachment is
located, the more suitable environment' exists for the underlying periodontal tissues to
regain previously lost structure and function. Although human histological reports of
periodontal regeneration are extremely limited, numerous studies using animal models
have produced histological evidence of selective cell repopulation beneath the epithelial
and gingival fibroblast tooth root attachments (Polson et a!., 1987). It also has been
determined that the apical migration of the junctional epithelium during early wound
healing significantly reduces the regenerative potential of the periodontium. (See Figure
17.)

Figure 17. Histological representation the gingival epithelium (C), the gingival margin
(A), and the junctional epithelium (B). (Finkelstein 2003) The arrows indicate the
location of the gingival fibroblast attachment to tooth cementum.
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The major goal of this study was to determine, in vitro, if coating a solid surface
(eg. tissue culture plastic) with the fibronectin glycoprotein could enhance the migration
of gingival fibroblast cells across a wound. We also sought to determine if RGD, the
peptide responsible for actual attachment of fibronectin to various cellular and
extracellular surfaces, was in itself, equally or more capable of enhancing wound fill.
Previous in vitro cell studies by Terranovo (1996) and Hoang (2000) that examined the
ability of fibronectin to enhance fibroblast attachment used a baseline test concentration
of 10 J.lg I mi. In these experiments the application of exogenous fibronectin produced
mixed results when tested for positive attachment benefits. We believed the lack of
significant findings in these studies was, in large part, due to the use of a nutrient media
containing fetal bovine serum. Fetal bovine serum contains numerous growth factors, cell
supporting molecules, plus fibronectin at concentrations as high as 300 J.lg I ml
(Greevenbrook et al., 2002).
In the present study, fetal bovine serum was eliminated from the nutrient medium

and replaced with essential growth factors and cell-supporting molecules. This medium
allowed us to more completely control the exposure of gingival fibroblast cells to
exogenous fibronectin or RGD. The afore-mentioned study by Hoang et a!. (2000) served
as our basis for establishing the 5, I 0, and 20 f!g I m! fibronectin test concentrations used
in this study. During the early trials we found that the wound-fill ability of fibroblast
cells exposed to a 20 f!g I m! fibronectin solution consistently
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appeared to under-perform when compared to controls. Although that medium did not at
any time display cytotoxic characteristics, the highest fibronectin concentration was
reduced to an apparently more cell-friendly I 5 11g I ml dilution. In theory, saturating the
medium with 20 J.kg/ml fibronectin could have induced cross- linking between fibroblasts
instead of promoting attachment and migration within the wound area. (See Figure 18)
The means of percent wound-fill from each treatment group in each of the 3 trials
m experiment I were calculated, examined individually, and then combined. Once
combined, a mean percent wound-fill (m-pwf) for each treatment group was obtained.
This m-pwf was used to determine if a particular treatment group appeared to enhance
fibroblast migration into the wound more than the control or other treatment groups.
Our data indicated that the mean- percent wound fill was greater for all
fibronectin treatment groups when compared to the control at day 2. At days 4 and 6 only
the 10 }.1g I ml group showed more wound-fill when compared to the control, (69.1 vs
66.3) and (85.3 vs 84.2) respectively.. By day 8 the percent wound-fill for all treatment
groups equaled or outperformed the control.
We also found that on day 2, wound-fill was greater for every ROD treatment
group except the I 11g lm! when compared to the control, with the 8 11g lm! group
showing the greatest m-pwf (37.4 vs 33.8). Day 4 was similar ,to day 2 except that now
the 4 l]g lml group displayed the least amount of wound-fill. On day 6 only the 8 11g lml
group exceeded the control in mean-percent wound-fill (85.4 vs 84.3). However on day 8,
all ROD treated groups displayed greater percent-wound-fill than the control.

Figure 18. Diagram of the fibronectin glycoprotein. Note the relative size and location of
the RGD sequences within the molecule
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In experiment II we used the same method to calculate mean percent wound and
found that on day 2 wound-fill was greater for all RGD-polyol groups when compared to
the positive and negative controls. The I and 8 l]g /ml groups displayed the greatest
amount of m-pwf at 50.2 and 50.1 percent respectively. On day 4 both control groups
showed more percent wound-fill than any of the RGD groups. The negative control
outperformed all groups on day 6, and only the 1 l]g /ml group had better wound-fill
characteristics than the positive control. No RGD treatment was able to equal or surpass
the mean-percent wound-fill of either positive or negative controls by day 8.
On day I of the experiment III we found the negative control (18.4 %) and 4 T]g
/ml RGD-polyol group (18.3 %) superior to all other groups in mean-percent wound-fill,
and the positive control provided the least amount of fill. The I and 4 l]g /ml groups on
day 2 displayed a m-pwf of 28.6 and 28.7 respectively which exceeded that of both the
negative control at 25.8 %and the positive control at 26.3%
The molecular weight ratio between fibronectin (440-500 kDa) and RGD (364
Da) was used to mathematically determine the experimental concentrations of the tripeptide tested in this study. Using this method we were able to ensure that when
comparing the effects of fibronectin to RGD, all cells cultured in a specific fibronectin
group were exposed to the same concentration of RGD as those cells in a corresponding
RGD-only group. (See table 1.)
The Scion Image Analysis Software used in this study was developed at NIH and
provided excellent image clarity, basic measurement tools, and analytical computations.
Seventy-five to eighty percent of each culture well, including 95% of the wound area,

Table I. Each fibronectin levef listed in the left column contains the corresponding
concentration ofRGD in the right column.

53

Fibronectin

RGD

5 flg/m1

4 Tjg/m1

10 flg/ml

8 Tjg/ml

15 flg/m1

12 T]g/m1
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was captured and photographed in each image for measurement purposes. The five
percent of the wound area not included in the photomicrograph involved only the initial .
and or terminal wound edges near the borders of the well, and this was not considered
critical in determining the area of the cell-free zone. (See Figures 19a and 19b) Although
images taken with the Scion Software had excellent color representation and were
sufficiently magnified for analysis to 7x actual size, the software measurement tools
allowed for a certain degree of subjectivity.
Use of a hand-driven computer mouse to delineate the uneven wound margins
became increasingly difficult with respect to prolonged incubation times, and
encompassing small islets of cells away from the wound edges was not possible without
drastically changing the area of measurement. (See Figure 20) Another problematic issue
was that the software did not allow the comparison of cell density in the wound-fill area.
Fibroblasts in most wound-fill areas appeared to be closely grouped with elongated
cytoplasmic extensions angled toward the cell-free zone. However in other wound-fill
areas, fibroblasts appeared loosely arranged, with little contact to adjacent cells, and
displayed long cellular processes that extended in multiple directions. In this study, all
photographs were taken and measurements made by only one researcher. This definitely
helped to minimize the variability of interpreting wound margins and border marking
skills while standardizing subjectivity surrounding the measurement process.
A newer image analysis program produced by BioQuant became available
to us after the measurements for this study were completed. This analytical tool would
appear to offer a more precise method for measuring in vitro wound fill by actually

Figure 19a. Initial wound using a crystal violet stain.

Figure 19b. Day 4 post wounding using a crystal violet stain.
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(a)

(b)

Figure 20. Wound fill measurement
Heavy lines found at the arrow tips depict the initial upper and lower wound margins.
Lighter colored lines that border the relatively cell-free zone represent the extent of
wound fill at a point in time
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counting the number of cells per given area; or density of the filled wound. We made an
attempt to use the BioQuant software for wound fill measurement; however the 7x
magnification of our images was insufficient for this program to operate efficiently.
Future studies might benefit from using this newer system for end-point analysis.
Several technical issues within the study could have contributed to large
variations in the final data collection. Creation of the wound across the cell mono layers
was a mechanically reproducible task, provided the operator applied the same amount of
directional force against the floor of each well. It was apparent that factors such as
operator position, plate position, subtle movements, and fatigue could cause the wound
outline to differ from well-to-wel!, plate-to-plate, and day-to-day. The hand-cut rubber tip
that was inserted into the end of the pipette, and used to disrupt the cell monolayer, varied
in size, sharpness, and flexibility, such that the rubber policeman itself became a source
of error in the production of a standardized wound.
Literature supporting the use of a vacuum-supported biopsy-punch to create a
more standardized wound became available during experiment IT. O'Leary (2004) and
Baschong (1997) stated that during their in vitro fibroblast wound-healing studies the use
of a biopsy-punch under light vacuum created a reproducible circular wound. (See Figure
21). We conducted several pilot studies using the biopsy-punch in an effort to duplicate
Baschong's wound-healing model. However, our inability to consistently control the
amount of vacuum within the hollow punch led to either mass destmction of the cell

Figure 21. Simulated biopsy-punch wound
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monolayer or major disruptions in the circular wound pattern. The use of the biopsypunch was not a viable option for this study since its implementation would have required
additional resources and technical development and its use would have invalidated
previously collected data.
The rubber-tipped instrument used to create wounds in the present study is a
device that has been successfully utilized during numerous wound-healing experiments,
including cell studies previously conducted in our laboratories. All materials and
procedures for using this well-tested wound-healing model were reviewed and accepted
by the research team prior to beginning the study.
Some cell lines performed better than others, in that the rate of wound
repopulation was faster. We used fibroblast sub-lines at passages 4 through 8, during
which other researchers have reported the least variability in growth characteristics. Cell
sub-lines that exceed passage 8 often undergo a specialized form of viable cell cycle
arrest that has been termed replicative senescence, or the Hayflick limit. This process is
characterized by altered cell morphology and biochemical properties, resulting in an
inability to divide in the face of mitogenic stimuli (Hayflick and Moorhead 1961). Since
we did not use cell lines beyond passage 8, and the initial number of fibroblasts plated
remained relatively constant, as did subsequent maintenance procedures, we can attribute
this growth rate variation to inherent donor differences and to the new serum-free
medium formulation.
Normally fibroblasts proliferate in a wound and migrate with the help of
fibronectin and various growth factors. Fibronectin serves as a conduit connecting both
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the wound matrix and the fibroblasts. Fibroblast cells are able to migrate down the
fibronectin structure along a chemotactic gradient of growth factors, and take up
residence in the wound (Ornitz & Itoh 2001). Once in the wound fibroblasts begin to
synthesize collagen fibers and produce proteoglycans, structural proteins, and adhesive
proteins (Ornitz & Itoh 2001).
Fibroblasts in this study were supported by a serum-free medium containing
epidermal growth factor (EGF), fibroblast growth factor (FGF), bovine serum albumin,
oleic acid, and insulin-transferrin-selenium. The stimulatory effects of FGF on fibroblast
cells are well known. FGF is now recognized for its ability to induce proliferation of
endothelial cells, chondrocytes, smooth muscle cells, and melanocytes. It can also
promote adipocyte differentiation, induce macrophage and fibroblast IL-6 production,
stimulate astrocyte migration, and prolong neuronal survival (Ornitz & Itoh 2001). We
suspect that the rapid wound repopulation phase seen in some trials may be due in part to
this protein. At its I 0 T]g I ml concentration, FGF may have increased cell metabolism
and induced fibroblasts to proliferate at increased rates, or increased fibroblast production
and secretion of fibronectin and other supportive peptides or chemokines in amounts
greater than those produced with FBS-based medium. Either or both of these processes
could have influenced wound-fill characteristics in this study. It is important to mention
at this point that during the daily medium replenishment, fibroblasts were never
completely uncovered. In an effort to retain the chemokines produced by these cells,
monolayers were kept barely immersed in the old medium, to which 2 ml of the fresh
medium was added. Chemokines are small (8-16kDa) positively charged soluble proteins,
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produced and secreted by fibroblasts and a variety of cell types during thy initial phase of
host response to tissue injury (Baggiolini 2001). Tenascin, fibronectin, IL-8, collagen I
and collagen III are some of the better-known peptides released by fibroblast cells. These
proteins are best known for their functions in attracting and activating leukocytes
(Fuegate et al., 2002). Parkar et a!. (1997) demonstrated that PDGF, IGF-1, and TGFbeta, growth factors likely to be involved in regeneration and repair, elicited pronounced
upregulation of the embryonic isoforms of fibronectin. It may be useful to reproduce a
short-term wound-healing experiment in the absence of fibroblast growth factor to
determine if the presence of this protein may be masking a concentration-dependent
effect of RGD on fibroblast repopulation. Another short-term experiment could examine
the FGF doses in serum-free medium to determine the least stimulatory concentrations.

J.

SUMMARY

The hypothesis of this study stated that increased concentrations of exogenous
fibronectin and/or RGD would positively influence the growth and migration of gingival
fibroblasts in a concentration-dependent manner.
A new serum-free media was used to give researchers control over any exogenous
fibronectin and RGD inserted into this wound-healing model. This new media supported
the growth of gingival fibroblasts as well as the PBS-containing media previously used
and appeared to provide better cell-staining characteristics.
There was no statistically significant indication that the addition of 5 to 15 J.lg/ml
of fibronectin or I to 12 Jlg/ml of RGD, the actual binding peptide in the fibronectin
glycoprotein, positively enhanced the ability of gingival fibroblast cells to fill in a wound

in vitro. However there was a positive trend towards increased mean wound-fill when
comparing the fibronectin at I OJ.Lg I ml to the control. There were also positive trends for
increased wound-fill when comparing RGD at 4 l]g, 8 11g, and 12 11g I ml to the control
group. When we examined the F-127 polymer as a carrier for RGD we generally found
the rate of wound-repopulation was increased in the non-pol yo! containing group when
compared to the pol yo! group alone or in combination with RGD over an 8-day period.
But at 2 days there was a strong trend towards increased wound-fill for all RGD/F-127
groups when compared to both positive and negative controls.
We believe there is sufficient evidence to suggest that gingival fibroblast cells
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display the potential for increased wound-fill within in first few days following an injury,
when exposed to exogenous RGD in an in vitro wound-healing model, and that an F-127
or similar polymer may be an effective vehicle to adapt RGD to a biocompatible surface.
Consistency in wound size, varied cell-line growth rates, measurement tools, and
measurement subjectivity are areas that undoubtedly had some influence in the present
study. It is recommended that a thorough evaluation of these parameters be conducted to
determine modifiable conditions prior to repeating this experiment.
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APPENDIX

Table la: Experiment 1 Trial! Compares mean percent wound fili of fibroblast in
serum-free fibronectin medium (left) and the serum-free RGD medium (right) over an 8day test period.

Table 1b: Experiment I Trial 2 Compares mean percent wound fill of fibroblast in
serum-free fibronectin medium (left) and the serum-free RGD medium (right) over an 8day test period.

Table lc: Experiment I Trial3 Compares mean percent wound fill of fibroblast in
serum-free fibronectin medium (left) andthe serum-free RGD medium (right) over an 8day test period.
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Experiment 1 Trial 1
Day 2

Day4

DayS

DayS

Day2

Day4

DayS

DayS

Control

25.3S

55.9S

SS.4S

74.03

Control

25.36

55.96

68.4S

74.03

~u9mFBN

25.31

52.99

71.33

S2.30

OAn9mRGD

20.73

S2.26

63.03

74.5S

10ugmFBN

24.75

49.12

73.S1

77.00

fn9mRGD

2S.3S.

53.05

69.55

S4.29

15u9mFBN

20.01

49.77

4S.SS

52.S7

8n9mRGD

31.30

60.33

74.96

95.78

. 12n9mRGD

31.45

56.27

68.S7

S6.16

(a)

..

Experiment I Trial2

Day2

Day4

DayS

31.05

52.47

85.86

92.93

5 u9m FBN 31.00

60.20

74.06

92.28

10 u9m FBN 28.26

62:52

.S2.22

. 87.11

15 u9m FBN 37.77

60.SS

S4.67

97.77

Control

Day 2

DayS

.•

Day4

·' DayS

Day6

Control

31.05

52.47

85.86

92.93

1 n9m RGD

29.45

51.96

82.95

89.94

ngmRGD

29.33

51.35

S2.93

89.65

S n9m RGD

'3o:·85 .• 57.65

S1.73

97.03

12 n9m RGD

31.77

S0.39 .

96.70

'

55.41

(b)

Experiment 1 Trial3
Day2

Day4

Day6

DayS

Day 2

Day4

Day6

DayS

Control

44.17

87.25

100

100

Control

44.17

S7.25

100

100

5 u9m FBN

53.37

77.54

100

99.94

1 n9m RGD

46.57

S3.08

99.73

98.31

10 u9m FBN 51.70

79:59

100

100"

4 n9m RGD

47.2S

S0.53

99.S9

100

15 ugm FBN 54.36

83.13

100

100

S ngm RGD

4S.73

S4.38

100

100

12 n9m RGD 45.34

S1.00

100

9S.73

(c)

Table 2a: Experiment 2 Trial 1 Compares mean percent wound fill of fibroblasts exposed
to various concentrations ofRGD/F-127 in serum-free medium to positive and negative
controls over an 8-day test period.

Table 2b: Experiment 2 Trial 2 Compares mean percent wound fill of fibroblasts exposed
to various concentrations ofRGD/F-127 in serum-free medium to positive and negative
controls over an 8-day test period.
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Experiment 2 Trial I
Day2

Day 4

Day 6

Day 8

Control

15.31

89.81

100

100

Control Polyol

16.09

83.62

98.66

100

1 ng RGD/Pol

41.29

77.73

99.52

100

4 ng RGD/Pol

52.28

81.56

100

100

8 ng RGD/Pol

55.15

75.99

99.98

100

12ng RGD/Pol

52.32

82.00

99.15

100

(a)

Experiment 2 Trial 2
Day 2

Day4

Day6

Day 8

Control

49.34

88.44

100

100

Control Polyol

43.28

83.06

94.50

.99.53

1 ng RGD/Pol

40.32

74.82

96.03

97.71

~ ng RGD/Pol

43.56

50.48

92.71

91.10

8 ng RGD/Pol

30.16

46.38

87.82

87.37

12ng RGD/Pol

43.06

69.63

86.95

88.35

(b)

Table 3 Experiment 2 Trial 3 Compares mean percent wound fill of fibroblasts exposed
to various concentrations ofRGD/F-127 in serum-free medium to positive and negative
controls over an 8-day test period.
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Experiment 2 trial 3
Day2

Day4

Day 6

Day 8

Control

63.01

93.40

95.43

100

Control Polyol

62.48

91.06

97.75

99.56

1 ng RGD/Pol

68.54

92.05

99.43

100

4 ng RGD/Pol

54.64

82.71

94.12

99.44

8 ng RGD/Pol

50.91

87.33

99.24

99.50

12ng RGD/Pol

50.65

88.54

96.51 .

99.04

l
l
r

''

Table 4a Experiment 3 Trial 1 Compares mean percent wound fill of fibroblasts exposed
to various concentrations ofRGD/F-127 in serum-free medium to positive and negative
controls over a 2-day test period.

Table 4b Experiment 3 Trial 2 Compares mean percent wound fill of fibroblasts exposed
to various concentrations ofRGD/F-127 in serum-free medium to positive and negative
controls over a 2-day test period.
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Experiment 3 Trial I ,
Day1

Day 2

Control no poly

20.9

20.3

Control poly

16.1 '

22.3

rgd 1/ poly ·

18.2

23.1

rgd 4/ poly

17.2

26.3

rgd 8/poly

17.2

23.1

rgd 12/poly

16.8

22.1

(a)

Experiment 3 Trial 2

Day 1
Control no poly

Day2

15.88

31.29

· Control poly

13.09

30.34

rgd 1/ poly

14.91

34.34

rgd 4/ poly

19.57

31.24

rgd 8/ poly

17.37

28.12

rgd 12/ poly

16.4

29.42

(b)

