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Abstract: A novel method is described here that allows
three-dimensional (3D) control of both chemistry and mor-
phology by a series of wet chemical steps: the attachment of
protein functionalized micron-sized beads onto a flat sili-
cone surface that has been functionalized with a distinct
chemical modification. Bovine serum albumin (BSA), lami-
nin, or polylysine is covalently bound to 6.5-um-diameter
spherical beads. A chemical method is then used to bind
these beads to a flat silicone surface that is subsequently
functionalized with polylysine. This process leads to a non-
specific cell adhesive background on the flat surface (poly-
lysine) with the option of differing chemistry on the third-
dimension due to the protein BSA or laminin on the bead

protruding from the surface. The beads do not detach dur-
ing cyclic stretching in vitro. Neo-natal rat cardiac fibroblasts
are cultured on the beaded surfaces and compared with
fibroblasts cultured on nonbeaded, flat polylysine surfaces.
Fibroblast plating density, integrin, and physical responses
are examined as a function of varying the ligands on the
beads. © 2005 Wiley Periodicals, Inc. ] Biomed Mater Res 00:
000-000, 2005
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INTRODUCTION

Cell growth, adhesion, migration, and secretion and
gene expression are influenced by both the chemistry
and three-dimensional (3D) organization of the extra-
cellular matrix and neighboring cells in their local
environment.'? Artificial constructs have attempted to
make this 3D organization for embryonic regenera-
tion,® muscle cell organization in heart tissue,*” and
other applications.>® The ability to produce chemical,
physical, or mechanical cues on a cell culturing sub-
strate is of importance not only for therapeutic appli-
cations, but also to understand cellular processes.

Various studies have employed synthetic micron
and nanometer scale structures on surfaces to guide
cellular behavior.>® There are several well-known
strategies to synthetically produce micron scale two-
dimensional (2D) features, including photolithogra-
phy and soft lithography such as microcontact print-
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ing,'’ laminar flows,"! and microstamping on an
activated polymer surface.”> 2D chemical patterns,
such as cell adhesive proteins on a non-cell adhesive
background,'*'? are effective models for studying cel-
lular behavior. 3D projections have also been used to
guide cell growth. Polydimethylsiloxane (PDMS or
silicone) polymer surfaces with micron-sized 3D pro-
jections produced by photolithography were found to
guide myocyte growth.*> However, improved under-
standing of cellular behavior from in vitro cell cultur-
ing systems requires both cell responsive, micron-
sized, 3D features, and spatially localized cell-
adhesive chemistry.

A novel method is described here that allows 3D
control of both chemistry and morphology by a series
of wet chemical steps: the attachment of protein func-
tionalized micron-sized beads onto a flat silicone sur-
face that has been functionalized with a distinct chem-
ical modification. This method can attach a wide
variety of proteins or other ligands to the bead, whose
diameter can be readily selected to accommodate dif-
ferent cell dimensions. These functionalized beads can
be attached to silicone, other polymers, or other sur-
faces that are commonly used as cell culture surfaces.
The method is demonstrated here by first attaching
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polylysine, bovine serum albumin (BSA), or laminin
onto 6.5-pm-diameter spherical beads. A chemical
method is then used to bind these beads to a flat
silicone surface that is subsequently functionalized
with polylysine. This process leads to a nonspecific
cell adhesive background on the flat surface with dif-
fering chemistry on the third-dimension due to the
protein on the bead protruding from the surface. The
beads do not detach during cyclic stretching in vitro.
Neonatal rat cardiac fibroblasts are cultured on the
beaded surfaces and compared with fibroblasts cul-
tured on nonbeaded, flat polylysine surfaces. Fibro-
blast plating density, integrin, and physical responses
are examined as a function of varying the ligands on
the beads.

MATERIALS AND METHODS

Functionalization of beads with proteins and
polylysine

Carboxy polystyrene beads, 0.5 mL of 6.7-um-diameter
(5% w/v, Spherotech, Libertyville, IL) are centrifuged to
remove sodium azide. 3 mg of EDC (Pierce Biotechnology,
Rockford, IL) and 6 mg of NHSS (Pierce Biotechnology) at
pH 5.5 (MES buffer with 0.15 M NaCl) are added to the
beads, shaken for 15 min, and then centrifuged. BSA (4 mg),
laminin (0.5 mg, from basement membrane of Engelgreth-
Holm-Swarm mouse sarcoma, Sigma-Aldrich), or polylysine
(4 mg, >70,000 GMW) in a total of 40 mL of pH 7.4 borate-
borax buffer is added to the bead suspension, shaken, and
then centrifuged to remove unbound proteins, as verified by
a TNBSO test (see below). The presence of protein on the
beads is verified by a TNBSO test and an amino acid anal-
ysis. The resultant suspension of protein bound beads is
rediluted to 5% w/v and stored at 4°C until use.

TNBSO method and amino acid analysis

Protein-coated beads, 100 pL, are centrifuged and sus-
pended in 200 wL of DMF, to which 25 pL of 10% DIPEA is
added, followed by 25 pL of 5% TNBSO (Pierce). The yellow
color of the centrifuged pellet indicates the presence of
amine groups,14 as verified by amine-coated beads used as
positive controls and carboxy beads as negative controls.
Protein-coated beads are also analyzed by PICO-tag amino
acid analysis (Waters Corporation, Milford, MA) at the UIC
Research Resources Center.

Modification of silicone to attach protein beads

Silicone is coated onto tissue culture polystyrene or coated
onto Bioflex dishes (Flexcell International Corp., McKees-
port, PA), and then surface amine groups are formed by
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reaction with 3-aminopropyltriethoxysilance (APTES) in
95% ethanol, as described previously.7 The only change in
this procedure is that the initial silicone surface oxidation is
accomplished here by treatment with concentrated HCl
rather than the water plasma previously employed. One
percent glutaraldehyde is prepared in 3.3 mM KOH, al-
lowed to polymerize for 1 h, sonicated, and then applied to
the amine functionalized silicone surface for 1.7 h. After
repeated rinsing in water, an appropriate bead aliquot in 3.3
mM KOH solution is added to the glutaraldehyde surfaces,
followed again by water rinsing. Finally, 1 mg/mL of poly-
lysine in carbonate-bicarbonate buffer (pH 9.5) is added to
the beaded surfaces and incubated at 4°C for 2 h. The final
beaded surfaces are washed in deionized water to remove
loosely bound polylysine, dried, and then stored at 4°C until
use.

Labeling Protein bound beads with FITC

Protein-coated beads are labeled with FITC (Isomer 1,
Aldrich) to verify that the functionality on the beads does
not change during fabrication. FITC, 0.9 mg, in borate buffer
(pH 9.2) with 0.05% Tween 80 is added to 0.25 mL of bead
suspension W is incubated at room temperature for 18 h and
then separated from unreacted FITC by centrifugation.

Bead density and bead-to-bead distance

Bead density is measured by placing a 234 X 234-um
square on the beaded surface to facilitate bead counting.
Beads within the grid are averaged and standard error is
calculated from 15 grid pictures taken from 8 surfaces pre-
pared on at least 2 different days. Bead-to-bead distance is
measured as center-to-center distance between each bead
and its nearest neighbors using Adobe Photoshop. Eight
surfaces from different days are averaged for each different
type of beaded surface.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to monitor
the surface chemical variation between glutaraldehyde and
polylysine, as represented by variation in the nitrogen and
silicon peak intensities. The monochromatic XPS instrument
was described previously.'> Approximately 7-eV electron
charge neutralization is used to prevent charge buildup on
these ~1-mm-thick silicone membranes during XPS data
collection. Photoemission angle is kept normal to the poly-
mer surface, pass energy of 44 eV is used, peaks are refer-
enced to the aliphatic C 1-s peak at 285.0 eV, and both
Shirley background and (47:53) Lorentzian:Gaussian prod-
uct function are used for peak fitting. Atomic percentages
are determined from the peak areas by using the transmis-
sion function of the electron energy analyzer (VSW) and
sensitivity factors.'®
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In vitro evaluation: flexing, cell culture, and
fluorescence

Silicone is stretched to determine whether the beads re-
main attached on the silicone surface after repeated stretch-
ing of the underlying silicone. Cyclic mechanical deforma-
tion is produced with a strain unit (Model FX-4000, Flexcell
International), as described previously.”'” Briefly, the strain
unit consists of four six-well plates that radially and cycli-
cally stretch the silicone membranes to a user-defined per-
centage of elongation (% strain).

Primary neonatal heart fibroblast cells are isolated from
neonatal rat hearts by collagenase digestion and cultured as
described previously.”'® Culturing of fibroblasts is carried
out for 24 h on both beaded and nonbeaded, nonflexing
silicone surfaces in serum media to determine response to
the chemical functionality on the bead. After culture, the
surfaces are rinsed and fixed in preparation for fluorescence
labeling as described earlier.* Briefly, cells are fixed in 4%
paraformaldehyde (pH 7.4) for 10 min and washed in phos-
phate-buffered saline (PBS). After washing, cells are incu-
bated with paxillin antibody (BD Transduction Laboratories,
San Diego, CA) at 1:1000 dilution for 1 h. Cells are then
rinsed three times with PBS and subsequently placed in a
blocking solution of 0.1% BSA in PBS for 1 h. After blocking,
rhodamine-conjugated goat anti-mouse secondary antibody
(Molecular Probes, Eugene, OR) in blocking buffer is used at
1:500 dilution for 1 h to fluorescently label paxillin antibody.
Cells are then washed in PBS three times for 10 min each,
and membranes are mounted on glass slides using per-
mount adhesive (Fisher Scientific, Hampton, NH). Nuclei
are stained by addition of mounting medium for fluores-
cence with DAPI (Vectorshield, Vector Laboratories Inc,
Burlingame, CA). Fluorescently labeled cells are then exam-
ined under confocal microscopy (Model LSM 510, Carl Zeiss
MicroImaging Inc., Thornwood, NY) and digital images are
captured. Images demonstrate that fluorescence labeled pax-
illin exhibits a distribution of focal adhesions and is indica-
tive of overall cellular response to the beads.

Statistical analysis

All data are presented as the means = SEM (standard
error of the mean), unless otherwise specified. Results are
evaluated to test significance by analysis of variance
(ANOVA) with the Neuman-Keuls test.

RESULTS AND DISCUSSION

Preparation and analysis of beaded surfaces

The functionalization and binding of the beads to
the silicone surfaces shown schematically in Figure 1
are verified experimentally by x-ray photoelectron
spectroscopy (XPS), wet chemical methods, and fluo-
rescence. The amine layer bound to the silicone sur-
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Figure 1. Surface modification steps in the formation of
beaded surface. (A) Acid-oxidized silicone; (B) amine sur-
face; (C) glutaraldehyde surface; (D) beaded surface with
polylysine background.

face via the aminosilane reaction is monitored by the
SDTB wet chemical method,” which indicates that
0.5 = 0.1 nmol amine/cm? or approximately equiva-
lent to one monolayer are present on the surface,
although multilayers of aminosilane likely form here.
Nitrogen present in the upper ~10 nm of the glutar-
aldehyde- and polylysine-coated surfaces are also
monitored by XPS and quantified as atomic percent-

ages (Table I), where the polylysine surfaces for XPS T1

analysis are prepared by maintaining the same reac-
tion conditions but omitting the beads. Glutaralde-
hyde (GA) binding to the amine-silicone surface fol-
lowed by polylysine binding displays an increase in
nitrogen content by XPS and a decrease in silicon
content (see Table I), indicating a build up of amine-
containing glutaraldehyde and polylysine layers as
the silicone is covered. The presence of primary amine
groups of the polylysine surface is verified by SDTB,
which gives a value of 0.2 = 0.03 nmol amine/cm?.

Figure 2(a) shows phase contrast micrographs of 2

polylysine beads attached to silicone surfaces also
bound with polylysine. Similar micrographs are also
seen for other protein-coated beads (data not shown),
indicating the method successfully binds these mi-
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TABLE I
Atomic Percentage of C, O, Si and N from X-ray
Photoelectron Spectroscopy (XPS) for Silicone Surfaces
Modified with Glutaraldehyde and Polylysine
Surface (without beads)

Surface C (%) O (%) N (%) Si (%)
Glutaraldehyde 28+1 25+1 1+1 47 £2
Polylysine 35+1 24=+1 3+1 40+ 1

cron-sized beads to silicone. Protein coating of the
beads is verified by amino acid analysis and the TN-
BSO method. The amino acid analysis of the beaded
surface is similar to that for the native protein in
solution (not bead bound), verifying the binding
event. TNBSO method gives the expected yellow color
when reacted with the available amine groups on the
outer surface of the beads, whereas the unmodified
carboxyl-terminated beads used as a control give a
reddish color. Proteins bound to the beads are labeled
with FITC and then bound to the surface in the same
manner as the protein-only coated beads. These FITC-
protein bound beads fluoresce brightly with high op-
tical contrast compared with the flat silicone surface
onto which they are attached. The bead fluorescence
indicates that proteins remain bound to the beads
throughout the fabrication process and remain intact
despite the use here of concentrated basic solution.
There is a low surface density of FITC-labeled beads
here, because the outer amine groups on the protein-
coated beads react with FITC leaving only a few amine
groups to react with aldehyde.

The protein-coated beads display some agglomera-
tion in suspension when viewed under an optical
microscope, probably because of electrostatic interac-
tion, so efforts must be made to minimize this agglom-
eration upon surface adsorption. Before incubating
with the aldehyde surface, the bead suspension is
subjected to sonication for a short time to disrupt
bead-bead interaction. This technique helps reduce
agglomeration and results in an even distribution of
beads as seen in Figure 2(a). However, there are some
areas on the surface where agglomeration of two to
four beads still occurs (data not shown).

Water plasma treatment was previously employed
to oxidize the surface of silicone surfaces before reac-
tion with the aminosilane.” HCI is instead used here to
oxidize the silicone surface'® and is found to produce
a more resilient silicone surface upon even repeated
stretching in vitro, as demonstrated by cell counts
before and after stretching (data not shown).

Controlling bead surface density

Figure 2 shows the difference in polylysine bead
density distribution as a function of the fraction of
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beads in the initial suspension. Bead fraction is varied
from 0.005, 0.010, and 0.025% during the incubation
step over the glutaraldehyde surface. Figure 2 shows
that the surface bead density increases with the input
fraction of beads in the suspension as it is varied from
0.005 to 0.025%. Figure 3 shows surface bead density
differences on polylysine, laminin, and BSA beaded
surface (* indicates a significant difference of p < 0.05,
N = 3). Total bead density of the various protein
functionalized beads is in the range of 100-300 beads/
mm”. Only BSA beads show a significant difference
(p < 0.05) for different input fractions and then, only
for the 0.005% and 0.010% bead fractions (indicated by
“*” in Fig. 3). No change in the surface bead density
with input bead fraction is observed for the laminin or
polylysine beads. Photographs taken at random sites
in the dish show that there is a local change in the

a) 0.005%

b) 0.025%

Figure 2. Phase contrast micrograph of surface bound
beads prepared with initial suspension fractions of (a)
0.005% and (b) 0.025% of polylysine-coated beads. The ex-
ternal grid is placed on top of the beaded surface to assist in
counting. Internal grid dimension, 234 um; bead diameter,
6.5 pm.
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[]—0.005% preincubation, there is a marked difference in bead
500 - —0.010% attachment that is apparently due to a variation in the
B 0.025% density of surface aldehyde groups (data not shown).
400 - Varying the glutaraldehyde concentration in the prep-
& —q aration solution from 1 to 10% also affects the surface
E 300 bead density somewhat.
=
$ 200
@ - Resilience of bead-silicone binding in vitro
g A The ability of beads to remain attached to silicone in
. - response to mechanical disturbance and exposure to
Polylysine  Laminin BSA

Figure 3. Densities of polylysine-, laminin-, and BSA-
beaded surfaces at 0.005, 0.01, and 0.025% initial fractions of
beads, respectively. *Significant difference of p < 0.05, N =
3 for sets paired by brackets.

polylysine beaded surface (see Fig. 2), but this change
is not significant when averaged over many sites at a
given fraction. It thus appears that there are changes
in polylysine bead surface distribution with the frac-
tion of beads in the initial suspension, but that overall
averages are insufficient to characterize these changes.

The bead surface binding can be further quantified
by measuring average bead-to-bead distance, as
shown in Figure 4 for polylysine, laminin, and BSA
beaded surface for different bead suspension frac-
tions. There is a significant difference for polylysine
beads (p < 0.05) between 0.005 vs. 0.025%, whereas
there is no significant difference between the other
types of beads and bead suspension fractions. BSA
and laminin surface bead density reaches saturation at
0.005%, whereas polylysine beads tend to reach satu-
ration at a higher input fraction because of higher
density of amine groups on the outer surface. Con-
versely, it is hypothesized that if the number of amine
groups on the outer surface of the laminin and BSA
beads can be increased to that of polylysine beads,
then the bead surface density on the former can also
be increased. The bead-to-bead distance varies from 20
to 60 pm, sufficient for making in vitro cell culture
systems that mimic in vivo conditions because typical
cells are in this size range.?” If the beads are closer than
this distance, then cells might not recognize the un-
derlying flat surface and its chemical contrast.

The beads are bound to the silicone surface via the
aldehyde group of glutaraldehyde, which undergoes
aldol condensation at high pH. Glutaraldehyde
crosslinks in the presence of amine groups at high pH,
maintaining its polymeric form.>"** However, glutar-
aldehyde maintains its monomeric form at low pH
and reacts as such in the presence of amine. Glutaral-
dehyde is therefore employed here in a high pH solu-
tion so that it can polymerize before reacting with
amine. Experimental evidence indicates that without

growth media is a central requirement, because bead
detachment causes loss of the desired substrate di-
mensionality in vitro and detached beads may induce
foreign body responses in vivo. The attachment of
beads under such conditions is verified by repeated
stretching of the underlying silicone surface, per-
formed in serum media and cyclically stretched for
48 h in a cell culture chamber. Figure 5 (polylysine
columns) indicates that there is no significant removal
of the beads upon repeated stretching, with the total
bead fraction remaining constant near ~200 beads/
mm?. Similar behavior is observed upon stretching of
laminin beaded surfaces (data not shown).
Glutaraldehyde and its interaction with amine form
a noncovalent bond referred as a Schiff base,?* which
may either hydrolyze and eventually remove the
beads or remain strongly attached because of multiple
Schiff base formation. To show that these multiple
noncovalent bonds can retain beads similar to multi-
ple covalent bonds, the reducing agent sodium cya-
noborohydride (in carbonate-bicarbonate buffer at pH
9.5) is used to form multiple covalent bead-surface
bonds. The reducing agent converts Schiff base to
covalent amide bond between the aldehyde and amine

[ 1—0.005%

—~ 120 ; [1—0.010%
£ M 0.025%
= 100 -
@
(6]
§ 80 - I
B!
o
o 601 [
o
o 40 - T
9 *
B 201 i
1]
I

Polylysine  Laminin BSA

Figure 4. Bead-to-bead distance on polylysine-, laminin-,
and BSA-beaded surfaces for different input bead fractions.
*Significant difference of p < 0.05, N = 3 for sets paired by
brackets.
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Figure 5. Effect of flexing for 48 h in serum media on
density of polylysine beads attached to silicone surfaces.
Polylysine beads refers to standard binding method, CB
treated refers to a covalent binding method performed for
comparison (see text). No significant change in bead density
occurs after flexing.

groups. No significant difference is found for in vitro
stretching of these covalently bound beads (Fig. 5, CB
columns) and those bound by the standard method
(Fig. 5, polylysine columns), indicating that the reac-
tion between glutaraldehyde and the beads is strong
enough to prevent beads detachment during multiple
stretches. Because the standard method involves
strong binding of the beads, cells and beads both can
respond to mechanical forces without being detached
or rolled by the cells.

Cell culture on beaded surfaces

Neonatal rat fibroblast cell response is assessed by
cell physiology as revealed in confocal images of the
beaded surfaces and the percentage of various protein
functionalized beads to which cells terminate. Figure 6
shows fluorescent micrographs of fibroblast cell cul-
ture for 24 h on (a) BSA, (b) laminin, and (c) polyl-
ysine-beaded surfaces. The red color indicates paxillin
staining, and the blue color indicates nuclear staining.
Cells ignore the BSA beads but respond positively to
polylysine or laminin beads by either terminating at or
wrapping around the beads. The images show that
there is no movement of the nuclei within the cell in
the direction of the BSA beads, whereas cells on lami-
nin beads do show nuclear movement toward the
beads. Cell shape on laminin-coated beads is more
elongated, whereas it is rounder on the polylysine and
BSA surfaces. The focal adhesion protein paxillin is an
indicator of focal adhesion sites and is seen on all
beaded surface in the flat regions. Cells showed adhe-
sion sites near the polylysine and laminin beads, but
not near the BSA beads, indicating that polylysine and
laminin on the beads are recognized by the cells.

LATEEF ET AL.

The number of cells responding to the beads is
assessed by the percentage of beads terminating in
cells. Figure 7(a) shows the percentage of beads at-
tached to the cells after 24-h growth on BSA, laminin,
and polylysine-beaded surface. There is a significant
difference (p < 0.05) between the total numbers of BSA

a) BSA beads

b) Laminin beads

Figure 6. Micrographs of cardiac fibroblasts cultivated for
24 h on surface attached beads coated with (a) BSA, (b)
laminin, or (c) polylysine. Scale bar = 10 pm. Arrows indi-
cate cells interacting with beads. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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100 Unsuccessful methods of binding beads to silicone
a) T surfaces
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E Other physical and chemical methods were also
> 601 " * attempted to attach micron-sized beads on the silicone
@ polymer, but with less success. Adding beads at var-
3 40 - ious intervals of time during the curing process of
T silicone lead to beads that either sank too deeply into
O 20 the viscous uncured silicone or were too loosely
bound and easily washed away by saline solution.
0 t Heat-induced attachment of beads onto polystyrene
& & ¥ dishes has been sh iously b f th
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& B PN w2 thors.” However, heating polystyrene beads to
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70 - | heated solution of beads to the silicone surface led to
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8 60 ; :T surface, rather than the dispersed beads required for
2 59 | cell growth. Adsorption of protein-coated beads di-
2 rectly onto amine surfaces, without the glutaralde-
'E:“.; 40 1 * hyde treatment, also showed agglomeration. Finally,
£ 30 many of these methods did not retain beads on the
@ 50 | surface when subjected to cell culture conditions.
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0 . e % CONCLUSIONS
‘oe'@b S ‘oe'@b
X _\('\\'0 & A method is shown here that describes how 3D
Q & ‘§f° projections can be fabricated on flat silicone polymer
A ¢ surface by the strong binding of chemically distinct
micron-sized beads. This method provides the ability
Figure 7. (a) Percentage of beads attached to fibroblasts to change the chemical functionality in the third di-

after 24 h of culture on BSA-, laminin-, or polylysine-beaded
surfaces. *Significant difference of p < 0.05, N = 3 between
sets marked with brackets. (b) Cell plating density after 24 h
of culture with polylysine flat surfaces without beads or
with BSA-, laminin-, and polylysine-beaded surfaces. *Sig-
nificant difference of p < 0.05, N = 3 for sets paired by
brackets. Note significant decline in cell proliferation com-
pared with flat polystyrene.

beads ending with cells compared with the laminin
and polylysine beads. There is no significant differ-
ence between polylysine and laminin beads. Figure
7(b) shows the cell density after 24 h on a flat polyly-
sine surface without beads as well as the BSA-, lami-
nin-, and polylysine-beaded surfaces. Comparison of
total cell attachment on the various surfaces show that
there is reduced (p < 0.05) attachment of fibroblasts on
the polylysine-beaded surface compared with flat
polylysine-coated surfaces. These results show that
cells responded to the third dimension by undergoing
contact inhibition, leading to decreased proliferation.
This is similar to what is seen in vivo. Some of the
authors have shown recently that cardiac fibroblasts
cultured on microtextured, 10-pm-high pegged sur-
faces also undergo contact inhibition.”

mension while maintaining distinct chemistry on the
intervening flat surface. The beads are strongly adher-
ent to the surface and do not detach with repeated
stretching of the underlying silicone. These surfaces
have bead-to-bead distances that vary from 20 to 60
pm and are appropriate for culturing cardiac fibro-
blasts, cardiac myocytes, and various other cells that
fall within this size range.

Neonatal rat fibroblasts, a typical example of mam-
malian cells, show selective response to the beaded
surface by forming focal adhesion sites near and
around the beads. The microfabrication strategy used
here allows the production of surfaces for in vitro cell
culture that mimic in vivo conditions for any soft sur-
face onto which amine films can be formed. The
method may also work on hard surfaces because the
binding event is chemical in nature. These bead bound
surface may also be used for mechanobiology studies.

Several researchers have previously used nanome-
ter and micron-sized beads to study cellular behavior.
When cell adhesion molecules are bound to micron-
sized beads, which are then placed on top of cells, the
cells respond positively to the chemical functionality
on the beads.”” Micron-sized beads adsorbed onto flat
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surfaces have been found to activate cells.** Gold
nanoparticles have been randomly attached to mer-
captan-termined silane layers, and then thiol termi-
nated peptides were specifically bound to the gold
particles via specific gold-thiol reactions and the re-
maining flat mercaptan-terminated silane surface was
passivated with BSA for subsequent cell culture.”
Streptavidin-functionalized beads were also immobi-
lized to gold-plated surfaces with various surface den-
sity promoted by electrical fields applied between two
electrodes. Biotin-linked fibronectin was subsequently
attached to the beads, and the resultant beaded sur-
faces were found to promote cell attachment on top of
the beads.*

The method described in this article displays several
advantages compared with these other bead-based
methods. The former does require use of a gold sur-
face, the application of an electric field, or the avail-
ability of specific groups such as thiol or biotin. Some
of these previously described bead methods do not
form strong bead-surface bonds and are therefore ex-
pected to permit undesirable bead detachment in vitro.
The method described here forms a covalent bond
between the bead and the surface that is shown to
survive in vitro conditions. Furthermore, the use here
of aminosilane films on the flat substrate and reactions
with amine groups on the bead-targeted biomolecule
renders this method applicable to a very wide range of
materials and ligands.
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