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Abstract: Coadsorption of high-affinity avidin with lower
affinity cell adhesion protein fibronectin has been shown to
significantly augment short-term (1 h) adhesion and spread-
ing of endothelial cells; however, the longer term persistence
of avidin binding and its effect on endothelial cell adhesion
have not been addressed. In this study, the presence of
avidin—biotin bonds 24 h after cell adhesion to the dual
ligand surfaces was verified by laser confocal microscopy of
a fluorescent avidin analog, streptavidin. Total internal re-
flection microscopy showed that the focal contact area, focal
contact density, and cell spreading all increased significantly
at 24 h compared to fibronectin-treated control surfaces.
Focal contact area was identical when measured with cells

that were labeled with either the fluorescent streptavidin or
a carbocyanine dye incorporated in the cell membrane. Con-
focal images of stress fibers formed in cells adherent to dual
ligand surfaces after 24 h were thicker and more numerous
compared to cells adherent to fibronectin controls. The re-
sults indicate that 24 h after initial attachment avidin—biotin
is localized to focal contacts on the basal surface and affects
cell spreading, actin filament organization, and focal contact
density. © 2003 Wiley Periodicals, Inc. ] Biomed Mater Res
66A: 729-737, 2003
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INTRODUCTION

An approach to improving the patency of synthetic
vascular grafts is to seed the graft lumen with a layer
of endothelial cells.! The binding of cells to the sub-
strate is mediated by integrins that link to extracellular
matrix proteins (ECM), primarily fibronectin, ad-
sorbed to the graft surface.>® Integrin-fibronectin
binding at focal adhesions initiates actin filament for-
mation that generates mechanical tension throughout
the cell. The interactions between the actin and the
focal adhesion complex activate signaling pathways
and stabilize the cell on the substrate, control cell
morphology, proliferation, and differentiation.*

In the short term, the ability of seeded endothelium
to be retained at the onset of blood flow depends upon
rapid attachment and spreading of cells at the lumenal
surface. In the long term, however, seeded endothe-
lium endure high vascular shear stresses through cy-
toskeletal remodeling land by forming strong adhe-
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sions to the underlying ECM. Because cell function is
dependent upon the actin—focal adhesion link, the me-
chanical response of the cell to changing shear stress
cannot be regulated without strong anchoring of the
cell to the ECM. Thus, the effect of surface properties
on cell behavior can be analyzed by studying the cell
morphology, cell mechanical properties, and focal ad-
hesion formation on various adhesive surfaces.

We hypothesized that high-affinity avidin-biotin
bonds (K, = 10"°~10"> M ') would bring biotinylated
cell membranes in rapid apposition to surfaces coad-
sorbed with avidin and fibronectin, thus promoting
the formation of lower affinity integrin-mediated focal
adhesions (K, =10°-10° M™"). This concept was dem-
onstrated through the binding of biotinylated bovine
aortic endothelial cells (BAEC) to surfaces treated with
the dual ligand system.” ® The cell seeding efficiency
and cell retention after exposure to flow (10-30
dynes/cm?) of BAEC adherent for 1 h on surfaces
containing both fibronectin and avidin were signifi-
cantly higher than for cells attached by either fibronec-
tin or avidin alone.* The short-term adhesion increase
of the dual ligand system was accompanied by in-
creases in both focal contact area and the number of
ligand-receptor bonds.® Force balance modeling of
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BAEC adhesion with the dual ligand system showed
that cell detachment under flow conditions was attrib-
uted to the extraction of receptors from the mem-
brane.

Even though avidin-biotin was shown to signifi-
cantly enhance initial endothelial cell adhesion, the
effects of avidin at longer adhesion times have not
been assessed. At longer times cytoskeleton proteins
link to focal contacts, forming stress fibers. Stress fi-
bers appear to stabilize contacts, enabling cells to re-
sist higher shear stresses when exposed to flow.’
Therefore, we examined the effect of avidin—biotin
bonds on focal adhesions and the cytoskeleton 24 h
after attachment.

Three cell adhesion systems were used for seeding
human umbilical vein endothelial cells (HUVEC) in
the current study: fibronectin-mediated (fibronectin),
avidin-biotin-mediated (avidin-biotin), and avidin-
biotin/fibronectin-mediated (dual ligand). The cells
were examined at 24 h on the three surfaces to deter-
mine if avidin-biotin bonds were still present, and
whether avidin-biotin still exerted an influence on
focal contact coverage area, actin organization, and the
formation of stress fibers. Focal contact formation and
organization were evaluated using total internal re-
flection microscopy (TIRFM). Regions of membrane
substrate contacts with separation distance less than
50 nm were defined as focal contacts. Cell spreading
was determined using phase contrast microscopy.
Confocal imaging was used to characterize actin fila-
ment formation, and to track the formation and loca-
tion of the high-affinity biotin binding using fluores-
cent streptavidin, which has similar affinity to biotin.®
Focal adhesion formation for cells labeled with avidin
vs. streptavidin were compared to show that there
was no effect of changing the ligand between avidin
and streptavidin. The location of the avidin—biotin
bonds with respect to the cytoskeleton were deter-
mined by confocal imaging of dual labeled streptavi-
din and actin.

MATERIALS AND METHODS

Cell culture

Human umbilical vein endothelial cells (HUVEC) (Clonet-
ics Inc., Walkersville, MD) were grown to confluence in
gelatin-coated T25 flasks with Endothelial Basal Medium,
EBM, (Clonetics Inc.) supplemented with Endothelial
Growth Medium (EGM) growth factors and fetal bovine
serum (Clonetics Inc.). Cells were cultured in an incubator
with 95% air/CO, at 37°C. Passage 1 to 3 HUVEC, at a cell
density of 2 X 10° cells/mL, were subsequently cultured on
different ligand coated glass coverslips for 24 h.

For fibronectin-coated slides, a 1.0-mL solution of 15
pg/mL fibronectin was placed on each slide for at least 1 h
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at room temperature. Flasks containing cells were
trypsinized until the cells rounded and detached (2-3 min)
and then centrifuged to form a pellet. The cell pellet was
dispersed and incubated with 15 wg/mL of Dil C;5 (Molec-
ular Probes Inc., Eugene, OR) in a 300-mM sucrose solution
for 10 min. The cells were subsequently cultured in the
supplemented EBM on fibronectin coated glass coverslips
for 24 h. The cells were incubated with 2% v/v HEPES
buffer in supplemented EBM for 1 h prior to TIRFM mea-
surements to maintain a constant pH during the experiment.

Dual ligand preparation for cell attachment

Cells were anchored via avidin—biotin using a modifica-
tion of the protocol of Bhat et al.,'? i.e., avidin was attached
to biotinylated cells before they were plated on glass slides
adsorbed with biotin-BSA. Confluent HUVEC cultured in a
T25 flask were incubated with 5 mg/mL of Dil C,5 (Molec-
ular Probes Inc.) in a 300-mM sucrose solution for 20 min to
label the cell membrane. The cells were washed with DPBS
after 20 min and then further modified with dual ligand
chemistry. A mixture of 1.1 mg of sulfosuccinimidyl 6-(bi-
otinamido) hexanoate (Pierce, Rockford, IL) and 2 mL of
DPBS solution was prepared and placed into a T25 flask
containing a confluent monolayer of endothelial cells. The
cells were incubated for 30 min with the prepared mixture
and then washed three times with DPBS. A mixture of 2 mL
of DPBS and 20 uL avidin solution was added to the cells.
Cells were incubated for 40 min at room temperature. To
image the avidin—biotin bond, a solution of 2 mL DPBS with
20 pL streptavidin labeled with Alexa Fluor 488 (Molecular
Probes) was incubated for 40 min with the biotinylated cells
instead of avidin. Afterwards, the avidin or streptavidin
solution was removed and the cells were washed three times
with DPBS. After the modification, the cells were allowed to
recover overnight with regular growth media.

Flasks with cells ready for seeding were washed with
DPBS and trypsinized, centrifuged at 1300 rpm, and resus-
pended in media. Sterile thin glass coverslips (2.2 X 7.5 cm)
were treated with the solution for the proper coating, given
the condition tested. For slides coated with 2 mg/mL BSA:
biotin—BSA (ratio 3:1), 167 nL of solution supplemented to 1
mL with DPBS was added for at least 1 h. Slides coated with
both fibronectin and BSA:biotin-BSA (dual ligand) were
covered for at least 1 h with a solution containing 167 pL of
BSA:biotin—-BSA and 0.83 mL of 15 pg/mL fibronectin in
DPBS solution. Cell viability was measured after 5 days of
growth using trypan blue stain. The dual ligand linked cells
were 87 * 2% (n = 4) viable after 5 days in culture on glass
coverslips as measured by the trypan blue staining.

Using the HABA (4'-hydroxyazobenzene-2-carboxylic
acid) assay,®® membrane biotin concentration was measured
at intervals over 45 min. HABA and avidin form a complex
that dissociates in the presence of biotin. A water soluble
N-hydroxy succinimide—ester-derivatized biotin was used
to form an amide bond with the lysine residues in the cell
membrane of HUVEC in solution."' The biotinylated cell
solution was added to the HABA-avidin solution of known
concentration and changes in absorption at 500 nm were
measured using a spectrophotometer. The absorption
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changes as avidin dissociates with HABA and binds to bio-
tinylated cells. The number of cells in the flask (hemacytom-
eter count) was counted to determine the amount of mole-
cules of biotin per cell. The calculated value was found to be
1.71 X 10° biotin molecules/cell (n = 1).

BSA control experiments

To examine the effect of BSA on HUVEC adhesion to pro-
tein-preadsorbed glass slides, a series of cell retention control
experiments were conducted in which avidin was not used,
and neither the cells nor the adsorbed protein were biotinyl-
ated. HUVEC suspended in serum-free EBM were seeded for
1 h onto glass slides adsorbed with either fibronectin or with a
mixture of fibronectin and BSA. Percent cell retention was
measured using a previously described laminar flow cell' that
subjected the seeded HUVEC to a range of shear stresses of
1-22 dynes/cm?”. The shear stress at which 50% of the seeded
HUVEC were retained (critical shear stress) was determined
using a previously described protocol.'® Protein surface densi-
ties of the adsorbed fibronectin and BSA were measured by
gamma counting of '**I-labeled BSA and fibronectin using a
previously reported protocol.'

Actin staining

Endothelial cells adherent to fibronectin and the dual
ligand surfaces were stained with rhodamine—phalloidin.
For fluorescence staining of the actin, HUVEC cultured for
24 h were immersed in Histoprep Buffered 10% formalin
(Fisher Scientific, Pittsburg, PA) to fix the cells. After 10 min,
formalin was aspirated and 5 mL of acetone was added at
—20°C for 3 min. Permeabilized cells were washed with PBS
and 0.6 pg/mL of rhodamine-phalloidin (Sigma Chemicals,
St. Louis, MO) in PBS was added to the slide to label actin
filaments. The cells were subsequently imaged using confo-
cal microscopy. Images of the stress fibers were quantified
by obtaining a line profile of the filaments and then counting
the intensity peaks that coincided with the stress fibers.
Stress fibers were further characterized by determining the
thickness of the bands. Regions of actin clustering or actin
nodules were also counted per cell.

TIRFM imaging

The cells were incubated with 2% v/v HEPES buffer in
supplemented EBM for 1 h prior to TIRFM measurements to
maintain a constant pH during the experiment. The slide
was mounted onto a fluid cell after its bottom was dried
with lens paper. A 4.1 X 4.7-cm anodized aluminum plate
milled with a 3.8 X 1.8-cm opening and 0.1-cm thickness was
sealed to the cell plated coverslip surface by a layer of silicon
lubricant (Dow Corning Corp., Midland, MI) and then se-
cured to the 12.3 X 7.2-cm fluid cell with screws.'® This
produced a 0.2-cm deep liquid reservoir into which growth

media containing HEPES buffer was added to maintain cell
viability. The left end of the slide was cleaned with lens
paper immersed in 70% ethanol to remove growth media
and cell debris from the surface. A small drop of coupling oil
(Cargille mineral oil, n = 1.515, Cargille labs Inc., Cedar
Grove, NJ) was placed on one end of the coverslip to accom-
modate the coupling prism (BK-7 glass, n = 1.51, Karl Lam-
bretch Corp., Chicago, IL). The entire assembly was fixed to
the stage of the TIRFM apparatus.'®

The theory of TIRFM'* and its application to the study of
cell adhesion are described in detail elsewhere.'® The fol-
lowing approximate expression describes the distance-de-
pendent TIRFM image intensity of an anchorage dependent
cell with a fluorophore-labeled cell membrane,

F(x/]//ei) = KTeff(ei)eXP[_A(x/y)/deff(ei)]

where K is an experimental constant, T,(0;) and d.(6,) are the
effective Fresnel transmission coefficient and depth of penetra-
tion of the evanescent wave, respectively, and A(xy) is the
separation distance between the membrane and the substrate.
T ¢ and d g are a function of the effective refractive index, n.
(1.36) of the anchored cell (11.¢ = n,sin(,)) (n, = 1.517 and 6. =
66°), the incidence angle 6,, and the wavelength of light, \. In a
given experiment, 0, and 1./, were considered fixed, mak-
ing T.q(8;) and d_g(8;) constants. Point-by-point application of
the above relationship via digitized imaging allows one to
transform TIRFM data directly into spatial maps of mem-
brane/substrate separation distances.''>'® A nominal separa-
tion distance of 31 * 19 nm was calculated from the slope of
linear regression fit of In[F(x,y,0;)/c0s’0;] vs. 1/d.(6,). The
reported separation distance accounts for both focal contact
(<15 nm) and close contacts (<50 nm).'® Subsequent experi-
ments with the TIRFM were conducted at an interfacial angle
of 71° because the background interference and contribution
from the dorsal membrane were negligible at this angle. The
depth of penetration at 71° was calculated to be 85 nm for 488
nm light. Focal contact areas were calculated for focal adhe-
sions within 50 nm to obtain the contact areas of close contacts.
Phase contrast images of cells were analyzed using Scion Im-
age 1.62 (www.scioncorp.com) to determine the area projected
by the cell perimeter.

Statistical analysis

GraphPad Instat 3.01 (www.graphpad.com) was used to
statistically compare data to assess significant variations.
One-way ANOVA with Tukey post test was conducted to
determine p-values. All data were reported as mean = SEM
with n values given in parenthesis for each.

RESULTS

Similarity of avidin and streptavidin-mediated cell
attachment

Focal contact formation in cells adherent to the dual
ligand surface in the presence of either avidin or
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Figure 1. TIRFM imaging of HUVEC focal contacts and streptavidin—biotin bonds appears to be similar for cells adherent

to the dual ligand surface.

streptavidin was compared to assess their similarity in
adhesion morphology. The TIRFM images in Figure 1
were digitally inverted so that the focal contacts ap-
pear as dark spots, and cell-substrate adhesions fur-
ther away from the substrate are lighter in intensity
(gray). The pattern of focal adhesions in the presence
of avidin and streptavidin had the same punctate ap-
pearance using membrane fluorescent labeling or fluo-
rescently labeled streptavidin. There was no signifi-
cant difference in the average focal contact coverage
area for membrane-labeled cells adherent via the dual
ligand system using either avidin-biotin (27.7 = 3.8
pm? n = 31) [Fig. 2(A)] or streptavidin—biotin (28.7 =
52 pm? n = 11) [Fig. 2(B)]. TIRFM of labeled strepta-
vidin showed similar pattern and coverage area
(38.0 = 57 um? n = 20) [Fig. 2(C)] that was not
statistically different than the focal contact coverage
area for the membrane labeled cells.

Confocal imaging of streptavidin aggregates and
actin filaments

The distribution of streptavidin in cells adherent to
dual ligand surfaces were assessed from the z-section-
ing of cells using confocal microscopy. Figure 2 shows
a series of gray scale confocal z-sections of a single cell
from the basal to apical view after 24 h of adhesion.
Each 0.4-pm thick section is separated by steps of 0.8

pm. The left column is emission from Alexa-labeled
streptavidin. The right column is emission from rho-
damine—phalloidin-labeled actin. Streptavidin and ac-
tin filaments are present on the apical surface of the
cell (top, 2.4 pm), inside the cell (middle, 1.6 and 0.8
pm), and at the basal cell membrane (bottom, 0.0 pm).
The largest fraction of streptavidin was present at the
basal cell membrane. Because the entire cell was
coated with streptavidin, the intracellular, unbound
streptavidin may be present on the apical or basal
surface of the cell membrane. Streptavidin on the basal
surface appears alongside the actin filaments in a sim-
ilar peripheral pattern seen with TIRFM (Fig. 1).
Figure 3(A) is a confocal image of the basal cell surface
after 24 h of adhesion that was dual labeled with Alexa—
streptavidin (green) and rhodamine-phalloidin actin fil-
aments (red). The inset shows a streptavidin aggregate
located immediately adjacent to an actin filament. Figure
3(B) shows the basal image of another cell after 24 h of
adhesion where red actin and green streptavidin emis-
sion were superimposed, combining to appear as yel-
low-orange. The streptavidin clustering with actin in this
case appears to occur at terminating ends of the actin
filaments, which is consistent with streptavidin colocal-
ization in focal contacts. This observation is in line with
the prediction that avidin (or streptavidin) would be
present in the region of focal contacts because it acceler-
ates membrane apposition, in turn nucleating integrin-
mediated focal adhesion formation. More precise char-
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acterization of this colocalization, such as vinculin
immunostaining, would be necessary to definitively
demonstrate colocalization.

Effect of the dual ligand on stress fiber formation

Figure 4 compares confocal images of rhdamine—
phalloidin stained actin after 24 h of adhesion via
fibronectin—integrin [Fig. 4(A)] and via the dual ligand
treatment [Fig. 4(B)]. Filamentous actin coalesced to
form significantly (p < 0.001) thicker bands (1.71 *
0.15 pm, n = 20) with the dual ligand compared to the
cells on the fibronectin surfaces (0.93 + 0.11 pm, n =

Actin Lahel

Streptavidin Lahel

k

Figure 2. Z-sectioning of streptavidin labeled and actin labeled
HUVEC. The images shown above are 0.8 pwm apart and are in
grayscale. Basal image, 0.0 um; apical image, 2.4 um.

Figure 3. After 24 h of attachment, the streptavidin—biotin
bonds appear as green regions and the rhodamine—phalloi-
din labeled actin filaments are red (A). The regions where
actin and streptavidin emission superimposed appear as
yellow-orange (B).

20). The number of stress fibers was significantly
higher for the dual ligand (16.9 * 1.9 fibers/cell, n =
12) than for cells adherent to fibronectin (9.1 = 0.9
fibers/cell, n = 12). The number of actin nodules on
the dual ligand adherent cells (1.5 = 0.3 nodules/cell)
was also significantly (p < 0.05) higher than on fi-
bronectin (0.5 * 0.2 nodules/cell).

Effect of dual ligand binding on focal contact area

Figure 5 compares the TIRF images of HUVEC ad-
herent to the (A) fibronectin surface, (B) dual ligand
surface, and (C) avidin—biotin surfaces. The distribu-
tion of focal contacts around the cell periphery encir-
cling the central nucleus were similar for cells attached
to the dual ligand and the fibronectin surfaces at 24 h.
Cells on the dual ligand surface appeared to have a
higher density of more intensely dark regions than
cells on the fibronectin or avidin-biotin surfaces. In
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Figure 4. Actin filaments of cells adherent to the (A) fibronectin and (B) dual ligand surfaces span the cell around the central
nucleus (i). A line profile across the cell shows the location, number, and the thickness of the stress fibers as indicated by

intensity peaks (ii).

addition, focal contacts formed on the avidin-biotin
surface were the least dense of all surfaces examined.
Table I provides a quantitative analysis of the focal
contact area and cell spread area on the three surfaces.
On average, cells adherent to the dual ligand surface had
the highest focal contact area, number of focal contacts,
projected area (cell spreading), and total focal contact
area per projected area, followed by the fibronectin sur-
face, and then the avidin-biotin surface. Only the aver-
age area per focal contact and the number of focal con-
tacts per projected area did not fit this trend. The average
area per focal contact was similar for the dual ligand and
the fibronectin surfaces and lower for the avidin—biotin
surface; whereas the number of contacts per projected
area was highest for the dual ligand and similar and
lower for the fibronectin and avidin—biotin surfaces.
Figure 6 shows the size distribution of focal contacts
on the three surfaces that were examined. The vast ma-
jority of focal contacts on all surfaces were 5 pm? or
smaller; however, relative to fibronectin pretreated sur-
faces, the presence of avidin—biotin bonds increased the
number of contacts smaller than 0.25 um? and decreased
the number of focal contacts in the 0.25-5 pm?® range.
This result suggests that avidin acts simply to nucleate

the formation of focal contacts but does not promote
formation of larger contacts. This result may be a func-
tion of the avidin density.

Influence of BSA on HUVEC adhesion

The presence of BSA in a mixed monolayer with fi-
bronectin may also assert an influence on the adhesion of
HUVEC to protein—preadsorbed glass slides in the ab-
sence of biotinylation and avidin. Radiolabeling was
used to determine the surface densities of the adsorbed
fibronectin and BSA. As shown in Table II, the mixed
monolayer was roughly 4:1 BSA to fibronectin, and had
three-fourths the surface density of fibronectin com-
pared to the fibronectin-only case. Figure 7 contains the
percent retention of HUVEC measured over a range of
shear stresses in a laminar flow cell system after 1 h of
cell adhesion time. The open symbols are for HUVEC
adherent to glass slides preadsorbed with fibronectin.
The filled symbols are for HUVEC adherent to glass
slides preadsorbed with a mixture of fibronectin and
BSA. The critical shear stresses determined from these
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Figure 5. Focal adhesion arrangement of HUVEC adherent to (A) Fibronectin, (B) dual ligand, and (C) avidin—Dbiotin
surfaces. The close focal contacts appear as darker spots where as cell-substrate adhesions further away from the substrate
are lighter in intensity (gray). On the dual ligand surface the darker regions are most prominent, followed by the fibronectin

surface and lastly the avidin-biotin surface.

data were 10 = 1.8 dynes/ cm? for fibronectin only, and
12 = 2.5 dynes/cm? for the mixed monolayer. Using a
paired Student’s t-test, these two sets of cell retention
data were determined to be statistically indistinguish-
able at the 95% confidence level (p >> 0.05).

DISCUSSION

If avidin—biotin merely enhanced cell adhesion in
the short term, then one would expect that biotinyl-

ated HUVEC after 24 h of attachment on avidin sur-
faces would not differ from that of cells attached to a
fibronectin surface in terms of the cell spread area,
focal contact number and size, and actin filament size
and density. In the current study, avidin was present
throughout the cell at 24 h, but localized to focal
contacts on the basal surface. As a result, avidin—
biotin bonds persisted in augmenting focal adhesion
formation at longer times, and yielded stress fibers
that were thicker and more numerous compared to
cells adherent to fibronectin controls.

TABLE I
Average Values of Focal Contact Measurements for the Three Different Ligand Systems

Fibronectin Dual Ligand Avidin-Biotin
Total focal contact area per cell 10.6 = 1.6 27.7 = 3.8 4.02 = 0.524"
(um?) (n =16) (n=31) n=17)
Number of Focal Contacts per cell 423 + 4.2 109.0 £ 11.1*** 29.7 + 30"
(n =19) (n=27) (n =19)
Projected area per cell (nm?) 647 + 41 831 + 86* 391 + 38*t*
(n=21) (n = 26) (n = 23)
Focal contact area per projected cell 0.016 * 0.002 0.033 * 0.01* 0.010 = 0.002""*
area (n =16) (n = 26) n=17)
Number of contacts per projected 0.065 = 0.007 0.13 = 0.02* 0.076 = 0.01*
cell area (um™?) (n=19) (n=26) (n=19)
Average area per focal contact (pm?) 0.24 = 0.05 0.25 = 0.03 0.14 = 0.03*1T*
(n =16) (n=27) n=17)

k%% % indicates p < 0.001, p < 0.01, and p < 0.05, respectively, compared to fibronectin and *™*, ™", * indicates p < 0.001,
p < 0.01, and p < 0.05, respectively, compared to the dual ligand.
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Figure 6. The average normalized frequency of focal con-
tacts size distribution shows that there was a wide range of
sizes for focal contacts of cells adherent to fibronectin, dual
ligand, and avidin—biotin surfaces.

Bhat et al.” found an increase in cellular contact area
of BAEC after 1 h of adhesion for cells adherent with
the dual ligand versus the fibronectin ligand, which
had a greater contact area than the avidin—-biotin li-
gands alone. What we show is that this trend persisted
after 24 h of adhesion for HUVEC. A small increase in
cellular spreading after 24 h was evident for HUVEC
adhesion on the dual ligand surface compared to the
fibronectin adherent cells. The persistence of a similar
trend after 24 h indicates that the dual ligand binding
is capable of further enhancing adhesion.

The pattern of focal adhesion formation at 24 h for
avidin—-biotin (and streptavidin-biotin) surfaces
showed a peripheral and punctate distribution similar
to that observed on the dual ligand surface and fi-
bronectin only surfaces; however, there were signifi-
cant quantitative differences. Although the total focal
contact area per cell for the dual ligand surface was
more than twice that observed for cells on fibronectin,
the average size of the focal contacts was the same.
Similarly, the focal contact area of dual ligand adher-
ent cells was more than four times higher than for
avidin-biotin, with the average size of the focal con-

TABLE 11
Surface Densities (xSD) of Adsorbed **°I Labeled
Fibronectin and BSA (10" Molecules/cm?)

Fibronectin Fibronectin and
Preadsorption BSA Preadsorption
Fibronectin
surface density 14 +0.1 1.1+0.1
BSA surface
density — 47*08
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Figure 7. Effect of BSA on the adhesion of HUVEC onto
surface preadsorbed with fibronectin or preadsorbed with a
mixture of BSA and fibronectin. The two data sets are sta-
tistically indistinguishable at the 95% confidence level.

tacts also being higher. The number of focal contacts
per cell on the dual ligand surface was more than
twice that of fibronectin and slightly more than three
times higher than on avidin-biotin. These results sug-
gest that the rapid anchoring of the biotinylated mem-
brane to surface locations of avidin—-biotin binding
nucleates the formation of integrin—fibronectin bonds
in the immediate vicinity, thus augmenting natural
cell adhesion by promoting integrin clustering.'”

This increase in focal contact area affected stress fiber
formation of HUVEC. Because the focal adhesions are
links between the cytoskeleton and the substrate, an
increase in focal adhesions would lead to an increase in
actin polymerization and stress fiber formation. Previ-
ously, cell adhesion was studied on surfaces coated with
varying fibronectin densities of 10-500 ng/cm”'® An
increase in the substrate coating density of fibronectin
resulted in an increase in cell spreading by fivefold. The
increase in cell spreading and cytoskeletal properties
was attributed to the focal adhesion formation. Our re-
sults corroborate these findings that the introduction of a
high-affinity ligand at the focal contacts increases the
area occupied by focal contacts and affects the actin
stress fiber properties.

Cell adhesion appeared to be affected by the addi-
tion of the avidin-biotin bonds because it influenced
focal adhesion and stress fiber formation of human
endothelial cells. For focal adhesions to form, the clus-
tering of integrins at the adhesive sites is an important
first step.17 As the integrins assemble in focal contacts,
the cytoplasmic portion of the B-domain of the inte-
grins associates with the actin filaments resulting in
stress fiber formation. The association of the integrins
on one end with the adhesion protein on the substrate
and on the other end with the actin filaments is a
positive feedback mechanism, which could result in
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formation of larger stress fibers. Therefore, as the avi-
din-biotin bonds are introduced along with the inte-
grin—fibronectin bonds, the increase in focal adhesions
acts as a positive feedback mechanism that promotes
stress fiber formation.'”

This study also included a set of cell retention con-
trol experiments that examined whether BSA itself
affects HUVEC adhesion in the presence of fibronectin
after 1 h of cell seeding. There are three possible
outcomes with respect to the presence of BSA used in
the dual ligand cell adhesion protocol. First, BSA in
the mixed monolayer may diminish the ability of fi-
bronectin to promote integrin-mediated cell adhesion
through a depletion effect. Second, the BSA may aug-
ment HUVEC adhesion, possibly by altering fibronec-
tin conformation as reported by Grinell and Feld."
Third, BSA may have no effect and act primarily as a
noninteractive protein. As shown in Figure 7, there
was no statistical difference between the adhesion of
HUVEC to substrates preadsorbed with fibronectin or
preadsorbed with a mixture of fibronectin and BSA.
Therefore, the presence of BSA neither augmented nor
inhibited the ability of fibronectin to promote HUVEC
attachment in the critically sensitive first hour of cell
adhesion.

CONCLUSIONS

This study showed that the avidin—biotin bonds in
the presence of integrin—fibronectin bonds at 24 h
augmented total area and density of focal contacts,
although avidin-biotin bonds by themselves do not
produce this effect. The higher density of focal con-
tacts on the dual ligand surface indicates that focal
contacts were more prominent on the dual ligand
surface due to the presence of both integrin dependent
and integrin independent bonds. Thus, it is important
that the avidin—biotin bonds are used to support, but
not supplant, the fibronectin-integrin adhesion mech-
anism. Under shear stress conditions, one of the ways
the cells reduce the force acting over their apical sur-
face is by developing stress fibers.” Introduction of
avidin—biotin bonds at the cell-substrate interface en-
hanced focal contact formation and cell spreading,
which altered the stress fiber formation. The cell con-
figuration (thicker stress fibers coupling with large
number of focal adhesions) adopted on the dual li-
gand surface would allow the cells to bear high shear
stresses under flow conditions.
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