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Abstract: The purpose of this study was to characterize the
role of cell surface adhesive macromolecules through en-
zyme modulation and metabolic recovery prior to and dur-
ing a kinetic cell adhesion assay. Primary rat calvarial os-
teoblast-like cells were derived from Sprague–Dawley cal-
varial plates. Cell adhesion kinetics was evaluated with the
definition of first-order adhesion kinetics. Osteoblasts were
incubated in an adhesion buffer for 1 h prior to a cell attach-
ment assay using various enzymes to remove cell surface
glycosaminoglycans (GAGs). A subtractive adhesion analy-
sis was performed by plating cells at 5 × 104/well for vari-
able periods through 2 h. The medium was collected, the
well surface washed and pooled, and the number of cells
enumerated with a Coulter Counter. Cell adhesion demon-
strated first-order logarithmic adhesion kinetics in the first

60 min. Scatchard analysis demonstrated a linear relation-
ship. Preexposure of cells to various enzyme combinations
demonstrated that 50% of the equilibrium adhesion was de-
pendent on chondroitin sulfate or dermatan sulfate surface
macromolecules. These results were confirmed with pre-
treatment with a metabolic inhibitor of GAG synthesis (b-D-
xyloside). These results suggest an important role for cell
associated chondroitin sulfate and dermatan sulfate in cell
adhesion in addition to Arg-Gly-Asp or integrin mediated
adhesion events. © 1999 John Wiley & Sons, Inc. J Biomed
Mater Res, 47, 345–352, 1999.
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INTRODUCTION

Biological adhesion mechanisms are of great interest
in the fields of embryonic development, platelet and
leukocyte adhesion, and biomaterial interfaces. When
implant surfaces come in contact with biological tis-
sues, specific properties of both the substratum and
cell surface influence adhesion events. These events
can affect long-term tissue differentiation and adhe-
sion at the interface. The physical and chemical prop-
erties of metal implant surfaces can have significant
effects on these cell and tissue responses, therefore

influencing the clinical “bioacceptance” of these struc-
tures.1,2 Although a great deal has been learned about
many of the known adhesion receptors, especially the
integrin receptor family,3–5 only during the past few
years has attention been paid to the role of cell surface
glycoaminoglycans (GAGs).6 The role of chondroitin
sulfates (CS) in mediating melanoma cell adhesion to
specific members of the integrin class has also been
reported.7 Implanted surfaces become coated with a
layer of serum based glycoproteins as soon as contact
is made with body fluids, followed by cellular adhe-
sion responses. These are complex interactions be-
tween the adsorbed glycoproteins such as fibronectin,3

vitronectin,8 laminin,9 osteopontin,10 thrombospon-
din,11 and type I collagen.12 In all of these proteins
short sequences of protein structure are recognized,
the best known being the Arg-Gly-Asp (RGD) se-
quence. The conformation and presence of “acces-
sory” sites, which are often at great distances from the
recognition sequence, are both needed for the devel-
opment of full adhesion properties.

Many of these glycoproteins have globular domain
structures that associate with cell surface GAG mol-
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ecules, such as heparin and heparan sulfate (HS).
These associations can play significant ancillary roles
in mediating initial cell adhesion through spreading
and formation of focal contacts.13 GAGs can exist
bound to surface proteins, as well as specific mem-
brane bound proteoglycans, such as syndecan.14 There
are five major classes of GAG materials: the nonsul-
fated hyaluronans, chondroitin-4 and -6 sulfates (CS-4
and CS-6), dermatan sulfate (DS), keratan sulfate, hep-
arin, and HS. Except for the nonsulfated hyaluronic
acid (HA), these are composed of repeating disaccha-
ride subunits that are highly sulfated. They interact
with other matrix molecules through the strong an-
ionic charge properties in these GAG molecules.15 In
particular, heparin, HS, and DS have high charge den-
sities.

Understanding how cell adhesion is altered by arti-
ficial implanted surfaces has generated significant in-
terest to determine how surfaces affect the adsorption
and conformation of proteins and subsequent adhe-
sion and expression of a cellular phenotype.16 Healy et
al. and Rezania et al. demonstrated that a specific sur-
face distribution of charged silanes will alter the cell
adhesion of cells through surface proteoglycan mol-
ecules.17,18

Freshly isolated calvarial osteoblast-like cells were
used to evaluate the initial responses of a differenti-
ated cell type to various implant surfaces.19–23 This
approach was undertaken to understand how subtle
alterations of metal oxide surfaces affects the forma-
tion of a resident population of cells. Conditions such
as surface morphology21,22 or the resultant chemical
composition following sterilization treatments were
evaluated using an adhesion assay.19,22–25

To understand the adhesion mechanism(s) being
utilized by this osteoblast-like cell type, the purpose of
this study was to investigate the affects(s) of cell ad-
hesion kinetics and the role of cell surface anionic
charged GAG molecules through use of a kinetic ad-
hesion assay. This assay was then used after cell sur-
face enzyme treatments to remove selective GAG mol-
ecules. This study demonstrates that rat calvarial os-
teoblast-like cell adhesion is partially dependent on
the presence of intact cell surface GAGs, because re-
moval of GAG chains by means of enzymatic diges-
tion or metabolic inhibition resulted in a significant
reduction (>50%) in cell adhesion.

MATERIALS AND METHODS

Cell culture

Primary osteoblast-like cells (RCOB) were derived from
3-day-old Sprague–Dawley rat calvaria obtained from a
standard in-house breeding colony using a method based on
the work by Ecarot-Charrier et al. and Stanford et al.25,26 The

1985 revised (85-23) NIH Guidelines for the Care and Use of
Laboratory Animals were observed. Calvaria were isolated
and washed free of debris prior to dissection of parietal
plates. Plates were prepared by vigorous scraping of the
endosteal and periosteal sides followed by a liberal removal
of sutures. Pieces were then incubated in CMRL 1066
(Gibco/Life Technologies, Gaithersburg, MD) supple-
mented with 10% fetal calf serum (Sigma, St. Louis, MO) and
antibiotics (50 U/mL penicillin, 50 mg/mL streptomycin,
and 1.25 mg/mL amphotericin B) followed by incubation
(37°C, 5% CO2) for a 12-day period. Cultures were washed 2
times with saline (without Ca++ or Mg++), followed by a
rapid digestion (5 min, 39°C) with a combination of sterile
trypsin (0.01%, Irvine Scientific, Santa Ana, CA) and colla-
genase (0.1%, collagenase B, Mannheim Boehringer, Mann-
heim, Germany). Enzyme activity was standardized be-
tween trials by calibrating enzyme activity to 0.136 mg/mL
(BCA protein assay, Pierce Chem Co.) that gave a 530-nm
absorbance (A530) of 0.5 U after 5 min (37°C) using a color-
imetric substrate.27 Following incubation the osteoblast cul-
tures were transferred to ice and mechanically disrupted
using a Pasteur pipette. The isolated cell suspension was
then transferred to an equal volume of medium containing
10% serum on ice and pelleted (900 × g, 5 min). Cells were
resuspended to a total volume of 5 mL (CMRL without se-
rum) and passed through a #20 Nitex filter, and the resulting
single cell suspension counted using a hemocytometer.
Trypan blue dye studies demonstrated >95% “viability”
during these experiments when assayed 1 h after enzymatic
isolation of the cell suspension.

Cell adhesion assay

Cell adhesion to the test surfaces utilized a subtractive
mode of analysis in which retrieved cells were obtained and
quantified at the indicated time points.28,29 Preliminary tri-
als demonstrated identical values for cell adhesion at 1 h
compared to cells incubated for periods of 1–12 h following
enzyme treatment. Therefore, all cell suspensions were in-
cubated for 1 h (37°C, 5% CO2) prior to use in these experi-
ments. Cell suspensions were made to the final cell density
by diluting with media without serum. Aliquots of cell sus-
pension (500 mL) were then plated on tissue culture grade
plastic (TCP, 24-well plates, Corning, Corning, NY) or
chemically pure titanium prepared as described previ-
ously,23,24 and cell adhesion was assayed in 2 h.

Following incubation at 37°C for the indicated time, the
cell suspension was gently removed with a fine bore pipette
(Rainin, Gilson Co. Inc.); the suspension was washed once
across the surface of the well and transferred to particle-free
PBS (Hematall, Fisher Scientific). Each well was washed two
times with PBS and the resultant suspension pooled. Each
sample was then counted using an electronic cell counter in
the manometer mode (model ZM, Coulter Electronics).

Removal of cell surface GAGs

Following standard isolation and quantification, the os-
teoblast-like cells were exposed to various treatments in sus-
pension at 37°C with 5% CO2 for 1 h in adhesion medium
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(Table I). Protease-free chondroitinase (CHase) ABC was ob-
tained from ICN Pharmaceuticals (Costa Mesa, CA); strep-
tamyces hyaluronidase was from Calbiochem (La Jolla, CA).
All other reagents were obtained from Sigma (St. Louis,
MO). Preliminary experiments demonstrated that cell adhe-
sion values were identical when either the enzyme was pre-
sent in the digestion step prior to the cell adhesion assay or
throughout the assay at the final concentration.

Statistical analysis

Data were analyzed using linear or nonlinear regression
ANOVA procedures where appropriate (Prism 2.01, Graft-
Pad, San Diego, CA). The level of significance was a = 0.05.
Percentage data sets were also analyzed with Arc-Sine trans-
formation procedures (SAS), but in no case did this analysis
contradict the nontransformed analysis.

RESULTS

In vitro cellular responses to various biomaterials
entails initial cellular adhesion and subsequent
spreading on the artificial surface.

To determine if saturation induced effects were oc-
curring in the density range used in cell adhesion tri-
als, RCOB cells were plated on TCP.30 Cell densities
were plated in the range from 26 to 386 cells/mm2 and
retrieved cells were quantified (Table II). The results
suggest the density of cells plated can significantly
affect a relative measure of cell adhesion, such as a
percentage of the cell suspension (Table II; e.g., the
120-min percent bound data). Therefore, in this experi-
mental series, a standardized cell concentration of 5 ×
104 cells/well was utilized.

Cell adhesion demonstrated an initial log phase of
adhesion over the first hour followed by a state of
equilibrium in the second hour (Table III, line 1). Typi-
cally, 50–60% adhesion (of an initial 5 × 104 cells/well)
occurred on TCP over the 2-h test period. Equilibrium
was operationally defined as the time at which the
percentage adhesion no longer changed.

When cells were plated (5 × 104 cells/well) on TCP
(Fig. 1) and followed every 5 min through the first
hour, approximately half the cells that adhered by 1 h
(22,500 or 45 ± 5%) did so within the first 5 min (9300
cells or 25 ± 3%). Adhesion then gradually increased
through the end of the experiment.

To determine if a cell density of 5 × 104 cells/well
was at saturation for the available surface area and to
evaluate for potential cooperative interactions in ad-
hesion, equilibrium values were subjected to a
Scatchard analysis (Fig. 1, inset). The analysis demon-
strated a linear relationship (r2 = 0.98) between the
RCOB cell adhesion and the plastic surface over a
range of 26–400 cells/mm2. This indicates both a lack
of cooperative interactions and adhesion at subsatura-
tion between cells within this density range.31,32 From
this plot a general adhesion constant of 2.5 × 10−5 and
a total of 60,636 “adhesion sites” was determined for
this test surface. With the demonstration of a linear
relationship between cell adhesion and this density
range (r = 0.95), a rate constant was defined for the
adhesion of cells to the test surface at any one time
period.33 This rate constant follows the general for-
mula of

k = −1
@log Ct − log C0#

T
,

TABLE I
Surface Treatments of Calvarial-Derived Cells Prior to Cell Adhesion Assay

Enzyme Activity Specificity

Chondroitinase ABC 25 mU/mL (Tris acetate buffer) Cleaves O linkages of N-acetylgalactosamine of CS-A,
CS-B, CS-C

Protease-free chondroitinase
ABC

250 mU/mL (Tris acetate buffer) Cleaves O linkages of N-acetylgalactosamine

Testicular hyaluronidase 200 U/mL Cleaves endo-N-acetylhexosaminic bonds of hyaluronic acid,
CS-A, and CS-C

Streptamyces hyaluronidase 25 TRU/mL (Tris acetate buffer) Cleaves endo-N-acetylhexosaminic bonds of hyaluronic acid
b-D-xyloside and a-D-xyloside 2 mM Competitive inhibitor of transfer of O-linked GAG to Ser

residues in core protein of PGs

CS-A, chondroitin 4-SO4; CS-B, dermatan SO4; CS-C, chondroitin 6-SO4; PGs, proteoglycans.

TABLE II
Independence of First-Order Rate Constants and Cell

Density for RCOB Cell Adhesion

Cells/Well
Density

(cells/mm2)

First-Order Rate at
Constants [×10−2]

at 120 min
Bound at
120 min

5,160 26 0.4 ± 0.1 103 ± 18
7,200 36 0.4 ± 0.1 68 ± 6

13,380 66 0.3 ± 0.1 59 ± 2
29,960 148 0.3 ± 0.1 56 ± 1
55,380 274 0.2 ± 0.1 50 ± 3
78,000 386 0.3 ± 0.1 45 ± 2

The values are independent at subsaturation levels of cell
density; n = 5/density/time period, mean ± standard devia-
tions of two trials.

347ADHESION KINETICS AND CELL SURFACE GAGs



where Ct is the number of cells retrieved at time t, C0
is the number of cells plated, and T is the time in
minutes. This relationship then gives a general value
of an adhesion rate constant k at time t for the prob-
ability of a single cell in solution to adhere to the test
surface. The probability of adhesion to a surface (k) or
intuitively, its inverse (1/k), with units of minutes/cell
provides a probability statement of the time in which
a cell may bind to the surface. It was determined that
the pseudo-first-order rate constants (FORC) do not
correlate (r = 0.57, p = 0.3108) with different cell den-

sities unlike equilibrium percentages (r = 0.95, p =
0.0134; Table II).

When the average rate constants for cell adhesion
were evaluated over 2 h, the rapid rate of initial cell
adhesion was evident from the rapid fall in the exist-
ing adhesion rate constants, especially those occurring
within the first 20 min (Fig. 2). When the inverse of the
rate constant is considered, the probability for adhe-
sion appears to steadily increase over time, reaching
200 min/cell by the end of the first hour (Fig. 2, inset).

Exposing RCOB cells to various inhibitors or en-
zymes to selectively remove cell surface GAGs dem-
onstrated a dependence of cell adhesion on these mol-

Figure 1. RCOB binding over 1 h: 5 × 104 cells/well were
plated onto TCP and assayed starting at 5 min through 1 h.
Five replicates/time point with a log-curve fit binding iso-
therm demonstrate the fastest rate of adhesion occurs within
the first 5 min followed by a significant decrease in the rate
of adhesion through 1 h. Equilibrium conditions (defined by
a plateau in adhesion) were defined operationally as 1 h on
TCP. A Scatchard plot (inset) was made using the Scatchard
equation: bound/unbound = K(N − B), where N is the num-
ber of sites and K is the average association constant for
cell–substratum interactions.55 A straight-line plot with a
negative slope demonstrated effective homogeneity of sites
within the density range tested31 (n = 10 replicates/density/
time point/trial).

Figure 2. Adhesion rate kinetics for RCOB adhesion on
TCP. First-order rate kinetic analysis demonstrated an initial
rapid rate of adhesion that decreased as a function of time
until a steady state. The inverse of the rate constant (1/k)
defines a probability of adhesion for any cell in solution at
any time (t). This probability (inset) suggests that under
these conditions no cooperativity (linear correlation of r2 =
0.98) occurred in adhesion (e.g., clumping in solution), and
thus the primary adhesion event(s) were occurring at the
substrate surface (n = 5 replicates/time point; data represent
the mean and standard deviations for two trials).

TABLE III
RCOB Cell Adhesion Following 1-h Digestions on Tissue Culture Plastic: Cell Adhesion Values and First-Order Rate

Constants × 10−2

Line
Enzyme

Pretreatment

Cell Adhesion (%)

15 min 30 min 60 min 120 min

1 Control 46 ± 2 (2.2 ± 0.4) 52 ± 8 (0.9 ± 0.6) 54 ± 2 (0.5 ± 0.0) 60 ± 2 (0.2 ± 0.1)
2 t-HAase 19 ± 2 (0.7 ± 0.1) 23 ± 5 (0.4 ± 0.1) 21 ± 3 (0.2 ± 0.0) 14 ± 3 (0.1 ± 0.0)
3 CHase ABC 19 ± 3 (0.5 ± 0.1) 23 ± 4 (0.3 ± 0.1) 21 ± 2 (0.2 ± 0.0) 21 ± 1 (0.1 ± 0.0)
4 t-HAase + CHase ABC 17 ± 4 (0.5 ± 0.1) 24 ± 3 (0.4 ± 0.1) 20 ± 1 (0.2 ± 0.0) 20 ± 8 (0.1 ± 0.0)
5 S-HAase 34 ± 4 (1.2 ± 0.1) 36 ± 4 (0.8 ± 0.0) 35 ± 4 (0.4 ± 0.1) 38 ± 3 (0.2 ± 0.0)
6 pf-CHase ABC (ICN) 10 ± 5 (0.3 ± 0.2) 13 ± 2 (0.2 ± 0.0) 20 ± 3 (0.2 ± 0.0) 18 ± 4 (0.1 ± 0.0)
7 2 mM b-D-Xylo 18 ± 2 (0.6 ± 0.1) 15 ± 2 (0.2 ± 0.1) 20 ± 2 (0.2 ± 0.1) 22 ± 5 (0.1 ± 0.0)
8 2 mM a-D-Xylo 53 ± 4 (2.2 ± 0.2) 50 ± 7 (1.0 ± 0.2) 56 ± 1 (0.6 ± 0.0) 57 ± 7 (0.2 ± 0.1)
9 2 mM b-D-Xylo + pf-CHase 20 ± 2 (0.6 ± 0.1) 24 ± 3 (0.4 ± 0.1) 21 ± 2 (0.2 ± 0.0) 23 ± 5 (0.1 ± 0.0)

The values are the mean and standard deviations of two trials with an n = 5/treatment group/time point/trial for the
percentage and the first-order rate constants (in parentheses). The first-order rate constant = −1[logt − log0/t], where Ct are
the cell counts at time t and C are the plated cells. t-HAase, testicular hyauronidase; CHase ABC, chondroitinase ABC;
S-HAase, streptomyces hyaluronidase; pf-CHase ABC, protease-free chondroitinase ABC; b-Xylo, b-D-xyloside; a-Xylo, a-D-
xyloside.
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ecules. These results (Table III) demonstrate the role of
cell surface GAGs, especially the importance of CS
(C-4S and C-6S, also referred to as CS-A and CS-C,
respectively) and DS (also referred to as CS-B) surface
GAGs on cell adhesion. For instance, exposure to tes-
ticular hyaluronidase and/or CHase ABC (acting on
HA and CSs) elicited a 50% decrease in the equilib-
rium adhesion observed at 1 h. Exposure of RCOB to
streptomyces hyaluronidase (specific to HA34) elicited
only a 9% decrease in adhesion relative to adhesion on
nontreated cells at 1 h, suggesting a specific role for CS
and DS (Table III, line 2 vs. 5). In order to evaluate this
hypothesis, a protease-free CHase ABC (pf-CHase)
was added at a concentration of 250 mU/mL during
the “recovery” period. By utilizing this treatment the
equilibrium adhesion was reduced 60% compared to
control values (Table III, line 6).

To confirm the observations of the enzyme treat-
ments, metabolic inhibitors were used that blocked the
formation of primers for GAG chain synthesis (b-D-
xyloside) during the final 10 h prior to the cell adhe-
sion assay. With this treatment, nearly identical values
for equilibrium adhesion were observed at 1 h for this
treatment and the cells incubated with the pf-CHase
(Table III). On the other hand, cells treated with the
inactive isomer of the inhibitor, a-D-xyloside, did not
produce any loss in cell adhesion under the same con-
ditions.

By evaluating the adhesion rate constants for each
of the treatments used in these studies, it was of in-
terest to determine if the surface GAG materials
played a more significant role in mediating early (log
phase) adhesion or equilibrium events (e.g., at 1 and 2
h) or both. Evaluation of these constants (Table III)
suggests alteration of the cell surface GAG material
results in a significant decline during the initial period
of adhesion.

To determine the effect of RGD versus GAG medi-
ated adhesion, fibronectin was used as a coating on
the TCP. Pretreatment of RCOB cells with CHase prior
to the adhesion assay demonstrate that the enzyme
digestion had the predominant effect during the first
30 min of the adhesion assay (Fig. 3). Utilization of
both RGD and cell surface GAG suggests the longer
term (>30 min) adhesion events were dominated by
the integrin or RGD mediated adhesion.

Collectively, these experiments suggest that ap-
proximately 50% of the RCOB adhesion on uncoated
TCP following a 1-h recovery period after enzy-
matic digestion is influenced by the presence of in-
tact surface GAG materials. Further, the presence of
highly anionic CS and DS GAGs, along with more
minor contributions from HA and heparin/HS ap-
pears to be mediating cell adhesion under these con-
ditions.

DISCUSSION

In creating models for the evaluation of cellular re-
sponses to biomaterials, one approach is the evalua-
tion of short-term adhesion responses. This assay
should be done with a cell type whose phenotypic
characteristics are of interest and applicable for clini-
cal implant use. This study did not address the role of
cell spreading but was limited to the evaluation of
initial adhesion phenomena. This was done to under-
stand the initial adhesion mechanisms that may un-
derlay the use of measures of cell adhesion in in vitro
model systems.19,21–24,29

When a single cell suspension of mesenchymal cells
is desired, an enzymatic digestion procedure is typi-
cally used to remove the surrounding matrix. In per-
forming this procedure the cells are exposed to rela-
tively high concentrations of enzymes that signifi-
cantly alter the surface composition of the cells and in
turn influence the adhesion properties of the cell sus-
pension. By limiting exposure to the enzyme, followed
by rapid inactivation, a population of cells with a con-
sistently altered surface can be provided.35 As in this
study, the suspension can be maintained in serumless
medium during the assay period. This provides the
necessary buffering and nutrient supplementation
without an alteration in adhesion values as compared
to PBS adhesion buffers.36 Cells maintained in this
fashion remained viable as measured with a trypan
blue exclusion test.

Adhesion values (as percentages) similar to those
described in this work have been observed with other
cell types. These include cells subjected to different
enzyme digestions (EDTA or EGTA) and plating den-
sities.28,36–38 These results suggest that at the level of
sensitivity imparted by an adhesion assay, cell surface

Figure 3. Interactive effects on adhesion between RGD
coatings and cell surface GAG materials on first-order rate
constants. The TCP, which was coated with 15 mg/mL rat
plasma fibronectin, demonstrated a gradual delay in the
FORCs that was significantly decreased with preexposure to
pf-CHase ABC. Precoating with an RGD containing peptide
appeared to have a significant role in the log phase of ad-
hesion when cell surface GAG materials were removed. Rate
constants were rounded to three decimal places such that
data points lacking error bars represent standard deviation
values of <0.0004 (n = 5 replicates/group/time point with
mean and standard deviations for two trials).
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charge, which is provided in part by the presence of
cell surface GAGs, can influence the measures of ad-
hesion to test surfaces. These include increased cell
adhesion on roughened metal surfaces prepared by
sandblasting or etching,21,29 oxide composition of a
metal surface,24 surface treatments,39 and the effects
on metal oxide composition by sterilization.22–24,26

To understand the basis for adhesion behavior it
was important to address the role of plating density.
When subsaturation levels of a single cell suspension
were allowed to incubate with a test surface (TCP), the
values obtained reflected settling and adhesion phe-
nomena as observed with an increase in percent ad-
hesion over time. Although absolute values for adhe-
sion are important, citation of quantitative data as a
percentage or number bound was determined to be
sensitive to the plating density within this range
(Table II). Use of subsaturation cell densities was con-
sidered critical because cell densities at or near satu-
ration will not demonstrate positive and/or inhibitory
cooperative interactions either with the surface or be-
tween cells.31,32 Because an inverse relationship was
observed between the percent adhesion and cell den-
sity, this study was primarily based on the use of one
cell density (5 × 104 cells/well or 250 cells/mm2) to
allow for direct comparisons between trials. Interest-
ingly though, descriptions of adhesion behavior can
also be compared with a kinetic adhesion approach by
the definition of a FORC. In this study the FORCs
were found to be independent of plating density
(Table II). In turn, the use of FORCs allows a probabil-
ity comparison of adhesion during the initial log
phase of exposure to a substrate (Fig. 2).

Evidence for ionic adhesion mechanism(s) in RCOB
adhesion under serumless conditions suggests a role
for CS and DS on the cell surface. Such a role is dem-
onstrated by inhibiting CS and DS addition to proteo-
glycans by treatment with 2 mM xyloside or exposing
dissociated cells to pf-CHase ABC. Although these
treatments produce their effects by different mecha-
nisms and have different specificities and side effects,
they produce a uniform reduction in adhesion on TCP.

In this study a clear pattern emerges concerning the
importance of surface CS and/or DS GAG compo-
nent(s) (CS and/or DS GAGs) in mediating equilib-
rium adhesion. Substantial evidence has been accu-
mulating for the role of cell surface proteoglycan mol-
ecules in mediating adhesion to extracellular matrices
with CS proteoglycans implicated in cell adhe-
sion.15,40–43 CS and DS GAGs have been associated
with cell migration because they are located within
adhesion sites of nontransformed migrating cells44

and melanoma cells binding to and migrating on type
I collagen.42 Cellular adhesion to CS has also been
shown to play a role in blocking adhesion and metas-
tasis of melanoma cells on laminin (Matrigel) sub-
strata.45 CS proteoglycans have been associated with

cell detachment phenomena,43 because residual “foot-
pad” materials left on regions where cells were at-
tached and spread are often elevated in CS. In con-
trast, initial adhesion surface attached materials were
found to be elevated in HS.13,43,46–48 This reflects shifts
in cellular response upon spreading and not contribu-
tions of cell surface GAGs in mediating the initial ad-
hesion events.6,15 This study did not evaluate spread-
ing phenomena but was limited to the evaluation of
the initial adhesion properties of RCOB cells.

In adhesion assays the initial association occurs
with GAGs present as proteoglycans either as part of
the existing membrane structures or intercalated into
membranes. For instance, surface proteoglycans such
as syndecan contain both HS and CS chains.14 While
syndecan is commonly associated with mouse mam-
mary epithelial cells,49 it has been found in limb bud
mesenchyme,50 human lung fibroblasts, the brain, and
in a breast cell line.6 Although syndecan was not spe-
cifically evaluated in this study, it is interesting to note
that transforming growth factor-b (which is present in
the growth medium as a component of the serum) can
significantly increase the number and length of CS
surface chains, as well as decrease HS chains, in
mouse mammary cells.49,51 Because syndecan binds to
types I, III, and V collagens, fibronectin, and throm-
bospondin,6 exploring a role for its presence and dis-
tribution is of current interest. Other possible surface
molecules potentially involved in mediating the ob-
served adhesion is the fibroblast cell surface versi-
can,52 a very large (e.g., a 740-kDa core protein) fibro-
blast associated CS and DS proteoglycan,53 and/or a
versican-like surface molecule very rich in CS, which
is derived from the osteosarcoma cell line UMR 106-
01.54

The present study was designed to address the con-
tribution of cell surface charge mediating RCOB ad-
hesion used in an in vitro dental implant model. As
such, this implant model was not designed to emulate
conditions present in vivo, but in contrast was to pro-
vide an in vitro approach to clarify the biological role
of implant preparation.19,22 The present study sug-
gests that cell surface charge properties are respon-
sible for the majority of adhesion values cited in the
literature for this cell type.19,21–23 It is through such
approaches that the effects of implant surface compo-
sition on biological responses can be analyzed mecha-
nistically.

CONCLUSIONS

1. When subsaturation levels of single cell suspen-
sions are allowed to incubate with a test surface
(e.g., TCP), the values obtained reflect both set-
tling and adhesion phenomena as observed with
an increase in percent adhesion over time. How-
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ever, although absolute values for adhesion are
important, citation of quantitative data as a per-
centage or number bound is sensitive to the plat-
ing density and can be misleading if not reported
along with a statement of the kinetic rate of ad-
hesion.

2. Subsaturation cell densities should be deter-
mined and used for all adhesion assays because
only cell densities at or below saturation will al-
low for adhesion without positive and/or inhibi-
tory cooperative interactions between the sur-
faces of adjacent cells.

3. Descriptions of adhesion behavior can be com-
pared from a kinetic adhesion approach by the
definition of a FORC, which is independent of
the plating density.

4. A significant decrease (50%) in adhesion on TCP
and titanium implant surfaces was observed fol-
lowing alteration of surface GAGs. This suggests
that the described adhesion phenomena in nu-
merous studies using this cell type and condi-
tions19,21–23 reflects a significant contribution
from highly anionic charged surface GAG mol-
ecules.

5. In this study a clear pattern emerged concerning
the importance of surface CS and/or DS GAG
component(s) in mediating equilibrium adhe-
sion.

We are sincerely thankful for the technical assistance, sup-
port, and advice provided by Ms. Rebecca Zaharias during
the performance of these studies.
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