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Abstract--Patterned surfaces with alternating regions of amino 
silanes [N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane 
(EDS)] and alkyl silanes [dimethyldichlorosilane (DMS)] have 
been used to alter the kinetics of spatial distribution of cells in 
vitro. In particular, we have previously observed the preferential 
spatial distribution of bone cells on the EDS regions of EDS/ 
DMS patterned surfaces (10). In this study, we examined wheth- 
er the mechanism of spatial distribution of cells on the EDS 
regions was adhesion mediated. Homogeneous layers of EDS 
and DMS were immobilized on quartz substrates and character- 
ized by contact angle, X-ray photoelectron spectroscopy, and 
spectroscopic ellipsometry. The strength of bone cell attachment 
to the modified substrates was examined using a radial flow 
apparatus, within either 20 min or 2 hr of cell incubation in the 
presence of serum. A Weibull distribution was chosen to char- 
acterize the strength of cell-substratum adhesion. Within 20 min 
of cell exposure, the strength of adhesion was significantly larger 
on EDS and clean surfaces, compared with DMS surfaces (p < 
0.001). Within 2 hr of cell incubation, there was no statistical 
difference between the strength of cell adhesion to EDS, DMS, 
and clean surfaces. The results of this study suggest that the 
surface chemistry mediates adhesion-based spatial cell arrange- 
ment through a layer of adsorbed serum proteins. 

Keywords--Surface chemistry, Shear stress, Weibull distribu- 
tion, Patterned surface chemistry, Tissue engineering. 

INTRODUCTION 

Chemical modifications of biomaterial surfaces have 
been extensively used to regulate the behavior or proteins 
and cells at interfaces. In particular, the promotion or pre- 
vention of  cell adhesion to materials and medical devices 
has been a central objective in biomaterials research for 
over 25 years (1). A common direction in biomaterials re- 
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search is that a better understanding of  the mechanisms of  
cell adhesion to material surfaces may provide insights to 
new approaches in surface modification and implant de- 
sign. In an effort to engineer specificity into biomaterial 
surfaces and enhance tissue compatibility at the site of  
implantation, tow forms of  surface modification have 
shown significant promise: immobilization of  organo- 
silanes and alkanethiols with different terminal function- 
alites (9), and adsorption of extracellular matrix glycopro- 
teins and synthetic peptide sequences to model biomaterial 
surfaces (12). For example, Sukenik et al. (27) showed 
that modification of titanium and glass substrates with 
organosilanes can modulate the functionality of  fibronec- 
tin and the response of  neuroblastoma cells to the surface. 
Furthermore, synthetic peptides containing sequences 
found within the cell binding domain of  extracellular ma- 
trix proteins, such as Arg-Gly-Asp-Ser, have been grafted 
on silane-modified glass and polystyrene films, and were 
effective in enhancing cell spreading and adhesion (17). 

The surface chemistry of  a material can also be tailored 
to dictate the spatial distribution and morphology of  mam- 
malian cells in vitro. Photolithographic techniques, similar 
to the ones used in the semiconductor industry, have been 
used to modify biomaterial surfaces with controlled two- 
dimensional patterns, and guide cell organization and mor- 
phology (9,16). (In this study, we use the term "cell  or- 
ganization" to describe the spatial distribution of  cells 
according to the underlying material surface chemistry. 
Materials with patterned surface chemistries offer cells 
either two or more regions with different functional groups 
exposed. Therefore, the use of  patterned surface chemistry 
allows the examination of differential attachment of  cells 
and protein adsorption under the same environmental con- 
ditions. 

Despite the observed influence of  surface chemistry 
and adsorbed serum macromolecules on cell organization, 
the mechanisms that govern the spatial distribution of  cells 
in two dimensions are poorly understood. Kleinfeld et al. 

(13) used photolithography and silane chemistry to create 
two-dimensional patterned substrates to guide spinal and 
cerebellar cell organization on amine regions of  amine/ 
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hydrophobic patterns in the presence of serum. In the ab- 
sence of serum the cells did not organize according to the 
underlying chemistry of the surface. Recently, patterns of 
parallel lines with alternating surface chemistry have been 
used to control the organization and differentiation of pri- 
mary bone cells in the presence of serum. It was found 
that, within 30 min of cell exposure to a patterned surface 
of amino- and alkylsilanes, there was preferential bone cell 
organization on aminosilane regions in the presence of 
serum or preadsorbed serum proteins (10) (see Fig. 1). 
Spectroscopic ellipsometry results indicated that the thick- 
ness of adsorbed protein layers from serum on alkyl- and 
aminosilane surfaces were not statistically different. From 
these observations, three possible factors deemed respon- 
sible for cell organization were proposed: (a) the type or 
density of adsorbed adhesive glycoproteins were different 
on alkylsilane and aminosilane surfaces; (b) the confor- 
mations of adsorbed proteins were different on the amino 
and alkyl silane modified surfaces; and (c) the density of 
"nonadhesive" proteins was greater on the hydrophobic, 
alkylsilane surfaces, compared with the hydrophilic sur- 
faces (22,23). These studies indicate that, in addition to the 
chemistry of the patterned regions, environmental condi- 
tions (such as the presence of serum and secretion of mi- 
croexudates by cells) modulate spatial distribution of cells. 

In this study, we expand on our previous findings and 
test the hypothesis that the preferential organization of 
cells on aminosilane regions on a patterned substrate of 
aminosilane/alkylsilane is adhesion mediated. To test this 
hypothesis, a cell adhesion assay was used to estimate the 
strength of normal rat osteoblast attachment on homoge- 
neous quartz surfaces modified with either an alkylsilane 
or aminosilane. The objectives of this investigation were 
to develop this cell detachment assay, introduce a novel 
probabilistic approach to analyze cell detachment data, 
and use the results of this method to further understand our 
previous cell patterning observations. The strength of bone 
cell attachment on modified quartz substrates was exam- 
ined using a radial flow apparatus (RFA) (3). The advan- 
tage of the RFA over other cell adhesion apparatuses (such 
as parallel-plate and cone-plate) is that the RFA exposes a 
population of cells to a range of shear stresses, in a single 
experiment, thus generating a large number of data points 
(i.e., number of detached cells versus shear stress). Due to 
the heterogeneity in the strength of cell attachment, pos- 
sibly caused by differences in size and shape of attached 
cells, probabilistic and deterministic approaches were used 
to analyze cell-substratum adhesion strengths. Reverse 
sigmoidal, reverse log-normal, and three-parameter Weib- 
ull distributions were used to examine the effect of surface 
chemistry on the strength of bone cell adhesion to modi- 
fied quartz surfaces. Results were analyzed to determine 
whether or not cell organization on patterned surfaces was 
adhesion mediated. 

MATERIALS AND METHODS 

Surface Preparation 

All of the chemicals, except the organosilanes, were 
purchased from Aldrich (Milwaukee, WI, U.S.A.). The 
organosilanes were purchased from Hiils America (Piscat- 
away, NJ, U.S.A.). Quartz discs (Quartz Scientific, Inc., 
Fairport Harbor, OH, U.S.A.) were cleaned ultrasonically 
for 10 rain with ASTM grade I water [resistivity: 18 M~-  
cm, further referred to in this study as ultrapure water 
(UPW)], acetone, hexane, and etched in 9:1 (v:v) sulfuric 
acid:hydrogen peroxide for 15 min, rinsed in UPW, air- 
dried, and exposed to an oxygen plasma (March Plasmod, 
Concord, CA, U.S.A.) set at 0.5 mm Hg pressure and 
100 W power for 5 min. Polished silicon wafers (n type, 
(100), International Wafer Service, Portola Valley, CA, 
U.S.A.), were used for spectroscopic ellipsometry and 
were processed in an identical manner as the quartz 
samples. All samples were dried in a laminar flow fume 
hood (class 100) and then stored in a desiccator until fur- 
ther analysis. 

An amino silane [N-(2-aminoethyl)-3-aminopropyl-tri- 
methoxysilane (EDS)] was bound to substrates using 
modifications to methods published elsewhere (10). 
Briefly, monolayers were prepared by immersing the sub- 
strates for 5 rain in a solution of 1% EDS, 94% anhydrous 
methanol (1 mM acetic acid in methanol), and 5% UPW. 
Samples were then rinsed 3 times with methanol and oven- 
baked at 120~ for 5 min. Dimethyldichlorosilane (DMS) 
was immobilized on substrates by immersing in 5% DMS 
(0.41 M) in chlorobenzene for 5 min, followed by a rinse 
in chlorobenzene. All of the silane solutions were prepared 
in a glove box (nitrogen atmosphere) and transferred to a 
laminar flow fume hood for sample immersion, rinsing, 
and drying. After organosilane immobilization, the sur- 
faces were characterized using contact angle, X-ray pho- 
toelectron spectroscopy (XPS), and spectroscopic ellip- 
sometry (SE). Details of contact angle, XPS, SE measure- 
ments, and their results are described elsewhere (10). 
Briefly, the clean and EDS surfaces were hydrophilic, 
whereas the DMS surfaces were hydrophobic. SE results 
indicated a monolayer coating of EDS and a multilayer 
coating of DMS. XPS results also confirmed the presence 
of a DMS multilayer and an EDS monolayer on the sur- 
faces. High-resolution XPS spectra of the EDS layer in- 
dicated the presence of a protonated amine (--NH~) and a 
free amine (---NH2), with relative amounts of 40 and 60%, 
respectively. 

Cell Culture 

Bone cells were isolated from calvaria of 6- to 12-day- 
old rats (Sprague-Dawley; Harlan, Indianapolis, IN, 
U.S.A.) and were cultured as previously described (10). 
Cells were maintained in 75 cm 2 flasks with 15% heat- 
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inactivated fetal bovine serum (FBS), 1% penicillin- 
streptomycin, 1% fungizone, HEPES buffer (15 mM), so- 
dium pyruvate (1 mM), and ascorbic acid (5 I~g/ml) in 
Dulbecco's modified Eagle's medium [(DMEM) Gibco, 
Grand Island, NY, U.S.A.)]. For the adhesion assay, cells 
at passage 2-4 were removed from flasks by exposure to 
0.5 mM ethyleneglycol-bis-(fS-aminoethyl)-N,N,N',N'- 
tetraacetoxymethyl (EGTA) for 10 min. Cell suspension in 
EGTA was then spun down at 4,000 rpm for 5 min and 
resuspended in DMEM with 15% heat-inactivated FBS. 
Cells were then plated on the appropriate quartz discs at a 
density of -1 • 10 4 cells/ml (-5 • 10 3 cells/cm2). The cell 
population used were verified to be osteoblast rich by 
positive staining for membrane-bound alkaline phospha- 
tase and mineralized tissue (Von Kossa) (10). 

Flow Chamber 

The adhesive nature of modified surfaces was measured 
by an in vitro assay using the RFA. A schematic of the 
flow chamber is shown in Fig. 2. The flow chamber con- 
sists of (a) an upper quartz disc (6.3 cm x 0.32 cm) with 
cells attached, (b) a lower quartz disc (7.6 cm • 0.32 cm) 
with a 0.32 cm inlet hole at the center of the disc, (c) three 
0.022-cm-thick glass spacers used to separate the upper 
and lower quartz discs, (d) an upper aluminum cover plate 
(10.5 cm x 0.63 cm) with a 5.4 cm hole at the center of the 
plate, (e) an aluminum base plate (10.5 cm • 0.63 cm) with 
a 6-cm hole at the center of the base, and (f) three Viton 
O-rings (Scientific Instruments Services, Inc., Ringoes, 
NJ, U.S.A.) were used to provide a good seal between the 
cover plate and the base. Outlet flow was through a 0.32- 
cm hole in the base plate. The flow assembly was placed 
on the stage of an inverted microscope (Nikon Diaphot, 
Tokyo, Japan). A rheoscopic fluid (Kalliroscope Corpora- 
tion, Groton, MA, U.S.A.) was used to observe and con- 
firm the presence of well-defined axisymmetric currents 
between the upper and lower quartz discs. 

Cell Adhesion Measurements 

A sterilized (immersed in 70% ethanol for 15 min) 
quartz sample (clean or silane treated) was plated with the 
cells for either 20 min or 2 hr in the presence of 15% FBS 
in DMEM at 37~ in an incubator. Subsequently, the 
sample was removed from cell suspension and placed in 
the flow chamber. While placing the sample in the flow 

FIGURE 1. Rat calvaria bone cells on aminosilane/alkylsilane 
patterns. In the presence of serum, the bone cells preferen- 
tially attached to the aminosilane (EDS) regions. Within 5 min 
of cell exposure (a), cells were round and no cell organization 
was observed. Within 30 min (b) cell exposure, the bone cells 
preferentially spread and attached on the EDS regions. The 
EDS regions were 50 pm wide and the alkylsilane (DMS) re- 
gions were 100 IJm wide (c). Scale bar, 250 pm. 
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FIGURE 2. Schematic of the radial f low 
assay. 

chamber, care was taken to keep disruption of the cells to 
a minimum. The flow chamber was then connected to a 
reservoir containing Minimum Essential Media (a-MEM; 
without FBS). The reservoir's temperature was maintained 
at 37~ using a heating coil. A constant flow of a-MEM 
was maintained by a constant hydrostatic pressure differ- 
ence between the reservoir filled with cx-MEM and the 
flow chamber. Three different flow rates were generated 
by adjusting the height difference between the tank and the 
microscope stage. This procedure is similar to the one 
outlined by DiMilla et al. (3). Flow rates were calculated 
by measuring the volume of fluid collected in 60 sec. 

Before initiating flow, the number of attached cells were 
counted at 0.4, 0.6, 1, 1.6, and 2 cm from the center of the 
quartz disc in four directions 0 ~ 90 ~ 180 ~ and 270 ~ 
(-38% of the disc area was examined during cell counts). 
The average of the four readings was considered as a 
single cell measurement. A (3.5 mm x 2.5 mm) photomask 
was used as a grid for counting the cells at the start of the 
experiment. Subsequently, flow was initiated for 5 min, 
and then the number of cells within each region was again 
recorded. Cell fractions were calculated by dividing the 
number of cells attached after flow by the initial number of 
cells attached within each region. This procedure was re- 

peated for three different flow rates (0.4 to 2 ml/sec). A 
schematic of the observation scheme is shown in Fig. 3. 

Shear stress at the well was determined using the fol- 
lowing equation based on the continuity and Navier- 
Stokes equations [see Appendix for the derivation of this 
equation (Eq. A8)]: 

3Q, u 3902 
- - -  (1) 

41rh2r 140~flhr 3' 

where ~r is the shear stress at the wall, Q is the volumetric 
flow rate, 2h is the gap height between plates (0.022 cm), 
r is the radial distance, p is the density of the flowing 
media (-1 g/cm3), and Ix is the fluid viscosity at 37~ 
(0.85 cP) (19). The range of flow rates  used ensured that, 
for r > 0.3 cm, laminar flow [channel Reynolds number: 
2Q/(~vr) < 500, v = p/p] existed between the upper and 
lower quartz discs and in the inlet tube [inlet Reynolds 
number: O/('rrvRinlet) < 470] (15). 

RESULTS 

Morphology of Bone Cells on the Modified Surfaces 

Phase-contrast light microscopy was used to observe 
the morphology of the bone cells on the clean, EDS, and 

FIGURE 3. Observation scheme for the 
radial flow assay. Five regions (0.4 to 2 
cm) were used to count the number of 
attached cells before and after exposure 
to flow. 
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DMS surfaces. Cells were incubated on the surfaces for 
either 20 min or 2 h in DMEM with 15% FBS at 37~ 
Figures 4 and 5 depict the morphology of the cells on the 
modified quartz surfaces. Details of the image acquisition 
system were described elsewhere (10). A larger percentage 
of cells were spread at 2 hr (Fig. 5), compared with 20 min 
(Fig. 4) incubation. Also, for 2-hr cell incubation, the cells 
were more round and refractive on the DMS surfaces, 
compared with the flat morphology of the cells on the EDS 
and clean substrates. The nature of bone cell attachment 
and spreading on the DMS surfaces were attributed to the 
surface chemistry and conformation of adsorbed proteins 
rather than possible toxic effects caused by either the DMS 
layer or released DMS into the media. This was verified by 
incubating the cells for 24 hr in the absence of serum on 
patterned substrates with alternating regions of EDS/DMS. 
It was observed that bone cells spread both on the EDS 
and DMS regions. Furthermore, extended cultures of 
bone-derived cells on the EDS/DMS patterned substrates, 
in the presence of serum, exhibited proliferation of cells 
from the EDS onto the DMS regions (10). 

(a) 

(b) 

S t r e n g t h  o f  C e l l  A t t a c h m e n t  

Due to the heterogeneity in the strength of cell adhesion 
to chemically modified substrates, three different distribu- 
tions (Weibull, reverse sigmoidal, and reverse log-  
normal) were used to analyze the relationship between 
surface chemistry and strength of cell adhesion. In general, 
as the shear stress at the wall increased, the fraction of 
detached cells increased. A Weibull distribution was used 
because it offered a probabilistic approach to data analysis. 
Weibull distribution compares the probability of failure as 
a function of applied shear stress at the wall. The reverse 
log-normal and reverse sigmoidal models were selected 
for comparison with a Weibull model and for comparison 
with other cell detachment studies in literature (3,30). The 
reverse log-normal and reverse sigmoidal models were 
used to fit the fraction of attached cells as a function of 
shear stress at the wall. The Weibull, reverse log-normal, 
and reverse sigmoidal distribution functions are given be- 
low: 

(c) 

Weibull: W(7i ," m, 70, % 

- -  - -  e x p  - . (2) 
7o \ 7 0 /  

Reverselog-normal: L ( 7  i ,. p ,  ~r) = 

1 [-12cr ~ 2] 1 - - - - = =  e x p  - - - - ~ ( L n ( ' r i )  - 7 )  . (3) 
TiO'~ffT 

FIGURE 4. Morphology of 20-min bone cell exposure in the 
presence of serum to (a) clean quartz, (b) DMS, and (c) EDS 
surfaces. Phase-contrast light microscopy was used to take 
these photomicrographs at 100x. Note the larger degree of 
cell spreading on the EDS and clean surfaces, compared with 
the DMS surface. Solid bar is 250 IJm in length. 
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(a) 

(b) 

(c) 

FIGURE 5. Morphology of 2-hr bone cell exposure in the pres- 
ence of serum to (a] clean quartz, (b} DMS, and (c) EDS sur- 
faces. Phase-contrast light microscopy was used to take these 
photomicrographs. Solid bar is 250 pm in length. 

Reverse sigmoidal: S( 'r i ,  . o~, [3) = 

1 
1 - ( 4 )  

For the Weibull distribution, m is the Weibull modulus, % 
is the characteristic strength (shear stress where the prob- 
ability of  failure is 0.632), "r i is the shear stress at the wall 
(for all the models), and % is the threshold stress (shear 
stress below which the probability of  failure is 0). For the 
reverse log-normal distribution -r is the mean shear stress 
and ~y is the standard deviation of  the shear stress values. 
For the reverse sigmoidal distribution ~ (center parameter) 
is the shear stress where 50% of cells remained attached, 
and [3 is the width of  transition from a high fraction to a 
low fraction of attached cells. 

The characteristic strength of  attached cells was deter- 
mined in a different manner for each distribution. To use 
the reverse sigmoidal and reverse log-normal equations, 
data were arranged as fraction of  cells attached to a surface 
as a function of  applied shear stress at the wall. For the 
reverse sigmoidal fits, the shear stress values correspond- 
ing to a 0.5 fraction of  cells attached, ~, was considered as 
the characteristic shear strength. For the reverse log-  
normal fits, the median, M = exp(-r), values were consid- 
ered as the characteristic shear strength (25). The charac- 
teristic shear strength values were used to compare the 
effect of  surface chemistry on strength of  cell adhesion. 

Due to the heterogeneity of  shear stress values required 
to detach cells from surfaces, a probabilistic approach us- 
ing a three-parameter Weibull distribution was chosen to 
analyze the data. Weibull statistics is based on the weakest 
link theory, which states that a material under uniform 
shear stress fails at the weakest point. In Weibull analysis, 
the parameter of  interest is the characteristic strength, "r 0, 
which is defined as the shear stress at which the probabil- 
ity of cell failure is 0.632. The characteristic strength, "r0, 
values were used to compare the effect of surface chem- 
istry on the strength of  bone cell adhesion. In this analysis, 
each cell that detached from the surface was considered as 
a single failure. Five regions in each quadrant of  the quartz 
discs were used to count the number of  attached cells. To 
ensure that no one region had a significantly higher num- 
ber of  attached cells, compared with other regions, the 
initial cell count in each region was compared using analy- 
sis of variance (ANOVA) and a Scheff6 p o s t - h o c  com- 
parison. If  one region had a significantly higher number of  
cell count, a bias would have been introduced in the prob- 
ability of failure values. The regions that showed a sig- 
nificant difference from other regions, at a level of  p < 
0.05, were not considered in the Weibull analysis. To sim- 
plify the Weibull analysis, it is a common practice to 
linearize Eq. 2 into the following form: 
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( L n  L n  = m Ln( 'r  i - "ru) - m L n ( % ) ,  

x b 

Y 

(5) 

where the left-hand side is the dependent variable (y), 
Ln(-ri - %) is the independent variable (x), m is the slope, 
and m Ln(%) is the intercept (b) of the line. To calculate 
P i ,  the cumulative probability of cell detachment or fail- 
ure at a given shear stress, an estimator was used. The 
estimator used in this analysis was: e ( ' r i )  = i / ( N  + 1), 
wherein i is the rank of ordered shear stress values, and N 
is the total number of cell failures. There are other esti- 
mators, such as the "median"  estimator given by P('r i )  = 

(i - 0.3)/(N + 0.4) (6). However, due to the large number 
of cells detached (i .e. ,  large N), there was no advantage of 
one estimator over another (6). The choice of an estimator 
becomes important when the size of sample is small (usu- 
ally N < 50). 

Two fitting methods, maximum likelihood (ML) and 
least squares (LS), were considered for calculating the 
three parameters (m, "r,, and %) in the Weibull distribu- 
tion. The ML method was considered to be superior to the 
LS method because, in Weibull distributions, a logarith- 
mic scale is used that spreads the smallest shear stress 
values more than the larger stress values. For LS fitting 
methodology, the smallest shear stress values have a larger 
influence on the slope, compared with the ML method. 
Thus, the LS method can lead to larger errors in estimating 
the Weibull parameters m, "r 0, -r,. All of the data were 
fitted using the ML method. The ML estimation technique 
used in this study was modeled after techniques developed 
by Sonderman e t  al. (26) and Thoman et  al. (28). Figure 6 
summarizes the steps involved in the Weibull analysis. 
Table 1 summarizes the parameters obtained for the Weib- 
ull distribution. 

Figures 7 and 8 show reverse sigmoidal and reverse 
log-normal fits for 20 min and 2 hr bone cell incubation 
on the substrates, respectively. Figure 9 shows represen- 
tative Weibull plots for 20 min and 2-hr cell incubation on 
the substrates. On the Weibull plots, the characteristic 
shear strength is the point at which the Weibull line inter- 
sects the 0.632 probability of failure. The characteristic 
shear strength was used as the parameter for comparing 
the effect of surface chemistry on strength of cell adhe- 
sion. In addition to the characteristic strength values, the 
Weibull threshold strength and the modulus were also 
compared for each surface. ANOVA and ScheffE p o s t - h o c  

comparison was used to compare the parameters of the 
three models for each surface. As shown in Table 1, for 20 
min of cell incubation, the magnitude of Weibull modulus 
was significantly higher (p < 0.04) on the EDS and clean 
surfaces, compared with the DMS surfaces. However, 

Compare the cell count of each region 
using Scheff6's test 

Calculate "q for each region not rejected by 
the ScheffCs test 

('~i, number of cells detachedi) 

Rank shear stress values {'c 1, x z ..... a:r~ } 

Estimator for the probability of failure 
Pi = i/(N+ 1) 

{PI, P2,'"PN } 

Weibull Analysis 

Ln(Ln(1 _~lp. )) = m Ln(x i - x u ) -  m Ln(x0) 

Use Maximum Likelihood to fit {(PI,"~I), (P2,'~2) .....  (PN,'I~N) } 
to equation (5) 

i 
Estimate of the Weibull parameters 

{%, x u, m} 

FIGURE 6. Summary of steps involved in using Weibull dis- 
tribution to estimate the characteristic strength of bone cells 
to modified substrates. 

within 2 hr of cell incubation, there was no statistically 
significant difference between the Weibull modulus of the 
three surfaces. The Weibull threshold strength values ex- 
hibited no correlation with the surface chemistry and pe- 

TABLE 1. Summary of parameters used in the 
Weibull distribution 

Clean EDS DMS 
Fitting Models  (n = 3) (n = 3) (n = 3) 

Weibul l  model  (20 min) 
Weibul l  modu lus  (m) 1.6 _+ 0.3 1.7 _+ 0.2 1.2 _+ 0.2 
Threshold stress 

(%, dyne/cm 2) 8 _+ 3 7 _+ 1 5 _+ 1 
Weibul l  model  (2 hr) 

Weibul l  modu lus  (m) 1.6 -+ 0.3 1.9 _+ 0.4 1.7 +_ 0.3 
Threshold stress 

('r u, dyne/cm 2) 8 -+ 2 7 _+ 3 8 _+ 2 
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FIGURE 7. Fraction of attached cells to EDS, DMS, and clean 
substrates for 20-min cell incubation in the presence of serum. 
Reverse sigmoidal (a) and reverse log-normal (b) distributions 
were used to fit the data. The fraction of attached cells was 
calculated by dividing the number of attached cells after ex- 
posure to flow by the initial number of attached cells with no 
exposure to shear stress. The number of attached cells were 
counted after 5 min of exposure to flow. 

riod of  cell incubation. Such an indifference was attributed 
to the relatively few number of cells detaching (<4 to 5% 
of  the number of  cells attached) at low shear stress values 
(i.e., "r i < 10 dyne/cm2). 

Figure 10 compares the characteristic parameter  for the 
Weibull ,  reverse sigmoidal,  and reverse log-normal  dis- 
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FIGURE 8. Fraction of attached cells to EDS, DMS, and clean 
substrates for 2-hr cell incubation in the presence of serum. 
Reverse sigmoidal (a) and reverse log-normal (b) distributions 
were used to fit the data. 

tributions for 20-min and 2-hr cell incubations on the sur- 
faces. Regardless of  the model  used, within 20 min of  cell 
incubation, there was a statistically significant difference 
(p < 0.001) between the characteristic strength of  adhesion 

to EDS and DMS surfaces, with EDS having a higher 
characteristic strength. However,  the reverse sigmoidal, 
and reverse log-normal  distributions showed no signifi- 
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FIGURE 9. Representative three-parameter Weibull probabil- 
ity plots for 20 min (a) and 2 hr (b) of cell incubation on the 
EDS, DMS, and clean substrates. ML fitting was used to esti- 
mate the parameters of the Weibull distribution. The param- 
eter of interest is the characteristic strength that is defined as 
the shear strength at a 0.632 probability of failure. Small dif- 
ferences in the Weibull modulus, slope, led to large differ- 
ences in the characteristic strength. 

cant difference between the DMS and clean surfaces, 
whereas the Weibull fit showed a statistical significance 
between the DMS and clean surfaces (p < 0.001). For 2-hr 
cell incubation, none of the fitting models exhibited a 
significant difference between the characteristic shear 
strength of the EDS, DMS, and clean surfaces. For both 
20-min and 2-h cell incubation, the magnitude of the char- 
acteristic strength for the reverse sigmoidal, and reverse 
log-normal fits was larger than the Weibull fit. 

FIGURE 10. Comparison of the characteristic shear strength 
of Weibull, reverse sigmoidal, and reverse log-normal distri- 
butions. For 2O-min cell incubation (a), there was a statistical 
significant difference (p < 0.001) between the characteristic 
shear strength of EDS and DMS surfaces. For 2-hr cell incuba- 
tion (b), there was no significant difference between the char- 
acteristic strength of the EDS, DMS, and clean surfaces. Note 
that the characteristic strength for 2-hr cell exposure was 
l a r g e r  t h a n  2 0 - r a i n  cel l  i n c u b a t i o n .  D u e  t o  t h e  c o m p l e x  d i s t r i -  
b u t i o n  o f  t h e  s h e a r  s t r e n g t h  v a l u e s ,  t h e  W e i b u l l  d i s t r i b u t i o n  
w a s  c o n s i d e r e d  t o  b e  m o r e  r e p r e s e n t a t i v e  o f  t h e  s h e a r  
s t r e n g t h  d a t a .  

DISCUSSION 

In previous studies, we have demonstrated that, within 
30 min of incubation on a EDS/DMS patterned surface, in 
the presence of serum, bone cells preferentially distributed 
on amine-terminated, EDS regions (10). In an effort to 
understand better the mechanism of cell organization on 
patterned substrates, we investigated whether bone cell 
arrangement on amine regions of the EDS/DMS pattern 
was adhesion mediated. Weibull, reverse sigmoidal, and 
reverse log-normal distributions were used to examine the 
adhesive nature of the EDS, DMS, and unmodified clean 
quartz substrates (control surfaces). There was a wide 
variation in strength of adhesion for a cell population, 
possibly caused by differences in the surface density of 
ligands, density of ligand-receptor bonds, the area of focal 
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contracts, the number of focal contacts, cell type, and the 
area of spread cells (2,24). Such variations resulted in a 
range of shear stresses required to detach a population of 
cells from a substrate. Thus, for a complex shear strength 
distribution, the characteristic parameters obtained from a 
shear stress analysis, which uses a probabilistic approach, 
was considered to be more representative of the adhesion 
strength of a cell population, compared with reverse sig- 
moidal, and reverse log-normal distributions. Thus, in this 
study, we base our discussions and conclusions on the 
results obtained from Weibull analysis. 

Within 20 min of cell incubation, the surface chemistry 
dictates the strength of cell adhesion in the presence of 
serum through an intermediary layer of adsorbed proteins. 
Spectroscopic ellipsometry results indicated that the thick- 
ness of adsorbed proteins, from media containing serum, 
was equal on homogeneous surfaces with either EDS or 
DMS overlayers (10). Recently, we have used immuno- 
fluorescent staining and confocal microscopy to show that 
the preferential attachment of normal rat osteoblasts and 
human-derived bone cells to the EDS regions was depen- 
dent on the adsorption of vitronectin from serum onto the 
EDS regions of a EDS/DMS patterned surface (data not 
shown) (18). Adsorption of vitronectin was localized 
within the EDS regions defined by surface analysis (i.e., 
time-of-flight secondary ion mass spectrometry). Bone 
cells were not spatially distributed on EDS/DMS patterned 
substrates when vitronectin was depleted from serum; 
however, the removal of fibronectin from complete serum 
did not significantly change the cell distribution observed 
(29). Based on these experiments, we believe the differ- 
ences in the strength of cell adhesion measured reflects the 
interaction of primary bone cells with adsorbed vitronectin 
for EDS and clean surfaces, and the absence of vitronectin 
on DMS surfaces. Neither the surface density nor the sur- 
face conformation of active vitronectin on EDS or clean 
surfaces are known at this time. 

The role of endogenous proteins in masking the surface 
chemistry may explain the indifference, within 2 hr of cell 
incubation, in the strength of cell adhesion to the EDS, 
clean, and DMS surfaces. The major extracellular protein 
secreted by osteoblast-like cells is type I collagen (21). 
Various in vivo and in vitro studies have shown that the 
rate of collagen synthesis and release by osteoblast-like 
cells was within 36 to 60 rain (31). Investigators studying 
the secretion rate of noncollagenous proteins, such as 
phosphoproteins, have found secretion rates to be within 
15 to 30 min, and determined that the rate of phosphopro- 
tein and collagen type I secretion (45 to 60 min) were 
different (4). It is not clear that, in vitro, the same time 
periods are required for secretion of endogenous proteins 
by osteoblasts derived from primary cultures. However, 
these results tend to support our hypothesis that 20 min of 
cell incubation is not sufficient for significant secretion 

and activation of endogenous proteins; but, 2 hr is suffi- 
cient time for significant secretion of collagen and non- 
collagenous proteins onto the surfaces by cells. Presum- 
ably, the cells use these endogenous proteins when inter- 
acting with the material surface (e.g., DMS). 

Due to the heterogeneity of the strength of cell attach- 
ment, a probabilistic analysis (Weibull distribution) was 
considered to be more representative of the complex cell- 
substratum adhesion strength, as opposed to the determin- 
istic analyses, reverse sigmoidal and reverse log-normal. 
As depicted in Fig. 10a, only the Weibull model predicted 
that, for 20 min of cell incubation, there was a statistically 
significant difference between the adhesion strength of 
bone cells on the DMS and clean surfaces. This observa- 
tion was consistent with our previous findings that bone 
cell organization was observed on clean regions of a pat- 
terned substrate with alternating regions of DMS and clean 
chemistries (10). These observations indicated that, com- 
pared with reverse sigmoidal and reverse log-normal dis- 
tributions, the predictions of the Weibull model were more 
consistent with experimental observations. 

There are other additional advantages of using the 
Weibull distribution. The Weibull distribution can predict 
if competing mechanisms that lead to cell failure exist. For 
example, a multimodal Weibull distribution can indicate 
whether cell detachment is due to different competing 
mechanisms of cell failure or different subpopulations of 
cells exhibiting different adhesion strengths (5). In this 
study, a bimodal Weibull distribution was considered for 
data analysis. The bimodal approach was initially chosen 
to establish different mechanisms of cell failure, such as 
membrane rupture or breaking of receptor-ligand bonds. 
Regardless of the type of surface chemistry and period of 
cell incubation, few of the experiments exhibited a bimo- 
dal distribution, and the bimodal distribution showed no 
correlation with time of cell incubation and type of surface 
chemistry. Thus, the bimodal approach seemed inconsis- 
tent and was not used to compare the effect of surface 
chemistry on the strength of cell adhesion. A three- 
parameter Weibull distribution was selected because it is 
the general form of a Weibull distribution. In many stud- 
ies, the threshold stress is assumed to be 0; therefore, the 
three-parameter form of Weibull reduces to a two- 
parameter (i.e., characteristic strength and Weibull modu- 
lus) distribution. The probabilistic approach has disadvan- 
tages too. For example, in a Weibull distribution, there has 
to be a large number of samples, or cell detachments, to 
obtain low uncertainty in the Weibull parameters. In this 
study, after exposure to flow, an average of 500 cells 
detached from a surface; this resulted in an uncertainty of 
+20% for the Weibull modulus, +10% for the character- 
istic shear strength, and +30% for the threshold shear 
strength. These uncertainty values were obtained from a 
study conducted by Duffy et al. (5), who used a Monte 
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Carlo simulation to generate the uncertainty values in the 
Weibull parameters. 

In this study, we have referred to the shear stress at the 
wall (Eq. 1) as the adhesion strength of cells to the sur- 
faces; however, the force exerted on a cell depends not 
only on the flow rate, viscosity of media, density of media, 
and geometry of the flow chamber, but also on the shape 
of the cell. Olivier and Truskey (24) conducted a numeri- 
cal study to examine the effect of endothelial cell shape on 
the drag force and torque on a cell. The result of the study 
showed that the drag force and torque decreased by a 
factor of 2 and 20, respectively, during cell spreading. 
Therefore, one needs to use caution when citing the shear 
stress at the wall as the strength of cell adhesion. To obtain 
a better estimate of the strength of cell adhesion, one needs 
to consider the contact area, the number of ligand-receptor 
interactions, the rate of receptor diffusion into a contact 
area, the density of ligand-receptor interactions in the re- 
gions of focal contact, the force required to break a ligand- 
receptor bind, and a model that includes all of these pa- 
rameters (14,32). The lack of a model that can fully in- 
corporate all of the previously described variables makes 
the use of shear stress at the wall, that causes cell detach- 
ment, an incomplete but adequate estimate of the strength 
of cell attachment to chemically and biologically modified 
surfaces. 

Understanding the mechanisms involved in cell adhe- 
sion and detachment is of considerable interest in engi- 
neering biomaterial surfaces that promote or diminish cell 
attachment. Numerical and empirical studies on the de- 
tachment of mammalian cells from model surfaces have 
identified two mechanisms of detachment: pulling recep- 
tors through the cell membrane and (or) breaking the re- 
ceptor-ligand bond (8,30,32). Immunofluorescence and 
interference reflection microscopy analyses have been 
used to reveal the role of focal adhesion sites on strength 
of cell adhesion and spreading (30). We did not attempt to 
identify the mechanisms of cell, detachment, but did quali- 
tatively observe that both modes of failure occur with our 
cells and surfaces. Regardless of the model used for data 
analysis, the processed data did not manifest any consis- 
tent trends toward the presence of different mechanisms of 
cell detachment. Furthermore, the degree of cell spreading 
for 2 hr of cell incubation on the EDS, clean, and DMS 
surfaces did not correspond to the strength of cell adhe- 
sion. Although a larger percentage of cell spreading was 
observed on the EDS and clean surfaces, compared with 
the DMS surfaces (see Fig. 5 and 6), the Weibull charac- 
teristic strength values for these surfaces were not statis- 
tically different. Studies by Truskey and Proulx (30) and 
Horbett et al. (11) also showed that a higher degree of cell 
spreading did not result in a higher measured shear stress 
for cell detachment. Truskey and Proulx offered the ex- 
planation that the bond density (i.e., number of receptor- 

ligand bonds) in the contact area between the cell and 
surface is the critical factor controlling the strength of cell 
adhesion. We propose that, in our cell adhesion experi- 
ments, the bond density in the contact area was similar on 
EDS, DMS, and clean surfaces for 2 hr of cell incubation. 
We did not attempt to quantify the bond density in the 
contact areas, because the objectives of this study were to 
develop a rapid cell detachment assay, introduce a novel 
probabilistic method of data analysis, and use the predic- 
tion of the model to explain our cell patterning experi- 
ments rather than elucidate the mechanisms of cell adhe- 
sion. 

CONCLUSIONS 

A novel probabilistic approach (Weibull statistics) was 
used to assess the differences in normal rat bone cell at- 
tachment strengths to materials with modified surface 
chemistry. After 20-min incubation attachment strengths 
were significantly larger on EDS and clean substrates, 
compared with DMS surfaces. Differences in attachment 
strengths were mediated by an intermediary layer of ad- 
sorbed proteins, wherein vitronectin was preferentially ad- 
sorbed to EDS and clean surfaces. Within 2 hr of cell 
exposure, surface chemistry had no significant effect on 
the strength of bone cell adhesion. Results of this study 
suggest that the mechanism of bone cell distribution on 
amine-terminated regions of a patterned EDS/DMS sub- 
strate was adhesion mediated. Synthesis of endogenous 
proteins by bone cells was proposed to be responsible for 
masking the effect of surface chemistry on the strength of 
cell adhesion within 2 hr of cell incubation. 
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A P P E N D I X  

This appendix focuses on the theoretical approaches 
used in characterizing the actual flow between parallel 
discs. The most extensive study on radial flow between 
parallel discs have been conducted by Moiler (20). Also, 
Fryer et al. (7) has pointed to some problems with the 
assumptions used in deriving the velocity profile between 
the parallel discs. In an effort to expand on Fryer 's  work, 
we present a more rigorous approach to the use of the 
equations describing the velocity profile between parallel 
discs and shear stress at the wall. 

Derivation of Equation of Motion for Laminar Radial Flow 
Between Parallel Discs 

Velocity and pressure profiles of  any flow can be char- 
acterized by considering the continuity and Navier-Stokes 
equations. Assuming a radial (u 0 and u z are zero), incom- 
pressible, and steady-state flow between two parallel 
discs, the continuity and momentum equations (in cylin- 
drical coordinates) reduce to the following forms (see Fig. 
A1): 

Our ~-0  - - +  - ( A 1 )  
Or r 

OH r dp {02Ur OU r U r 02Ur~ 

pUr O r -  dr+l*~--~r2 +rO---7--~+~z 2 ) ,  (12) 

where u r is the velocity profile, r is the radial distance 
from the center of  the disk, p is the fluid density, Ix is the 
fluid viscosity, and p is the static pressure. By substituting 
Eq. A1 into A2, the equation of  motion reduces to the 
following form: 
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FIGURE A1. Schematic of radial flow between parallel plates 
(Ur" velocity in r direction; 2h: gap between parallel discs). 

2 bl r dp 02blr 
- - -  ( A 3 )  

-P  r dr + l~ Oz 2" 

The first term is the inertia term, the second term is the 
pressure term, and the last term is the viscous tenn. Omis- 
sion of the inertia term leads to the creeping flow or Reyn- 
olds equation. It is not possible to integrate directly Eq. A3 
unless the nonlinear term is omitted. One method to solve 
Eq. A3 is to assume a velocity profile and then integrate 
the equation to solve for the velocity profile (15). Also, 
numerical integration and series solution techniques have 
been used as alternative approaches to solve Eq. A3 (7). It 
is a common practice to approximately a nonlinear term in 
a differential equation by substituting it with a linear tenn. 
For example, a parabolic velocity profile Ur(Z) = 
3Q(h z -z2)/8"rrrh 3 (Q is the volumetric flow rate) can be 
substituted for the velocity in the inertia term and the 
resulting equation integrated twice yielding the following 
velocity profile: 

Ur(Z)~" 

l dp ( z2_h2  ) 9 Q 2 0  ( Z6 h2z 4 h4z 2 l l h 6  / 

d---~ 64~,rr2r3h 6 3-0 6 § 2 -  30 /" 

(A4) 

ur(+h) = 0 

Ur(-h ) = O. 

Noting that the volume flow rate (from the continuity 
equation and assuming symmetry about z = 0) i s :  

Q = 4wr f 2  u r dz (A5) 

and by inserting Eq. A4 and A5 the pressure gradient is 
obtained 

dp -3Qkt 27pQ 2 
- -  + ( A 6 )  

dr 4,rrrh 3 280~2r3h 2" 

by substituting Eq. A6 into A4, the following velocity 
profile is obtained 

Ur(Z) = 

3Q(h 2 - z 2) 

8,rrrh 3 

9Q2p ( z6 h2z411h4z2  h6 ) 

64,rr~r3h 6 30 6 ~ 70 4-2 " 

(A7) 

The first term of Eq. A7 is the parabolic velocity profile 
due to the viscous effects, and the second term is due to the 
inertia effects in the momentum equation. The shear stress 
at the wall (z = -h) is obtained by differentiating Eq. A7 
and multiplying it by the fluid viscosity 

Ou 3Q~ 3pQ 2 

q'wall = fl -~2 -- 4,rrrh 2 140'rrZr3h" (A8) 

Some of the other shear stress approximations given in the 
literature are as follows: 

(a) An approximation solution was obtained by Moller, 
who assumed a parabolic shape for the velocity 
profile and used an integral momentum approach to 
solve for the shear stress at the wall (20): 

dp 3Ql~ 27Q2p 

dr - 4~rrh 3 + 300aT2h2r 3 (A9) 

3Q~u 3QZp 

"rwa u - 4 7rrh 2 200wZr3h" 
(AIO) 

(b) Peube (7), is this case a power series solution to Eqs. 
A1 and A2, was obtained: 

"rwall -- - -  
3Qkt 0.0022pQ 2 0 . O l p Q 2 h  

4zrrh 2 r3h r 5 

O.O0006p2Q 3 0.O0003p2 Q2 h 3 
+ 

]~r 5 ]~2r5 
(Al l )  
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FIGURE A2. Comparison of shear stress profiles given by Eqs. 
A8, A10, and A l l  for Q = 2 ml/sec, h = 0.011 cm, p = 0.85cP, 
and p = 1 g /cm 3. For r >  0.4 cm, there is little difference ( -10% 
at r = 0.4 cml between the shear stress profiles. 

Figure A2 shows the shear stress profiles ("rwall)  of Eqs. 
A8, A10, and A11. For the smallest radial distance used in 
this study, r = 0.4 cm, the magnitude of the shear stress 
profiles (Eqs. A8, A10, and A11) are within -10% of each 
other. 

The significance of the inertia term in Eq. A3 can be 
evaluated by considering an order of magnitude compari- 
son between the inertia and viscous terms in Eq. A3: 

Or = Q OZ 2 

Re= (R). 

If the magnitude of the Reynolds number [ 2 p Q / ( a x i x r )  < 

500 for the experimental conditions in this study] is of the 
same order of magnitude as the aspect ration ( R / h  - 180 
for the geometry of the RFA), the inertia terms cannot be 
omitted from Eq. A3. However, if the Reynolds number is 
at least an order of magnitude smaller than the aspect ratio, 
the inertia term can be omitted from Eq. A3. 

Note that the equations listed herein are valid for a 
laminar flow regime, so care should be taken to avoid 
radial distances and inlet flow rates that leads to a turbu- 
lent flow regime (Reynolds number > 2,000). In this study, 
the range of inlet flow rates (0.2 to 2 ml/sec) and radial 
distances (r > 0.3 cm) ensured a Reynolds number < 500, 
thus indicating a laminar flow regime. 

NOMENCLATURE 

EDS = 

DMS = 
T, T i 

O = 

tx = 
h = 
p = 
?- 

p 

m = 

T O 

e r r  

O" 

'1" 

3 = 

e i  
R 
p = 

R = 

Re = 

Rin le  t = 

N-(2-aminoethyl)-3-aminopropyl-tr imethoxy- 
silane 
dimethyldichlorosilane 
shear stress at the wall (dyne/cm e) 
volumetric flow rate (ml/sec) 
absolute viscosity (cP) 
gap height (cm) 
density (g/cm 3) 
radial distance (cm) 
kinematic viscosity (cme/sec) 
Weibull modulus 
characteristic strength for Weibull model (dyne/ 
c m  2) 

threshold stress for Weibull model (dyne/cm 2) 
standard deviation for reverse log-normal model 
(dyne/cm e) 

mean shear stress for reverse log-normal model 
(dyne/cm 2) 

center parameter for reverse sigmoidal model 
(dyne/cm 2) 

width parameter for reverse sigmoidal model 
(dyne/cm e) 
probability of failure 
velocity profile (cm/sec) 
pressure profile (dyne/cm 2) 
radial distance (2 cm) 
Reynolds number 
radius of the inlet tube (cm) 


