Patterned glass surfaces direct cell adhesion and process
outgrowth of primary neurons of the central

nervous system
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Abstract: Glass surfaces were patterned with cell-adhesive
regions of laminin adhesive peptides YIGSR, RGD, and IK-
VAV, and cell-repulsive regions of poly(ethylene glycol)
(PEG). The patterns were created by sputter-coating tita-
nium and then gold onto glass coverslips through electron
microscope grids. Gold surfaces were modified with cyste-
ine-terminated peptides to have approximately 450 fmol/
cm?® of peptide incorporated on the glass coverslips as
determined with radiolabeled CGYIGSR. Amine-function-
alized glass coverslips were prepared using an amine-
functionalized silane and then further modified with PEG-
aldehyde by a Schiff base reduction. All surfaces were char-
acterized by X-ray photoelectron spectroscopy and water

contact angles. Hippocampal neurons, plated from a serum-
free medium, adhered preferentially to peptide-function-
alized surfaces over PEG-modified surfaces. Cell adhesion
and neurite outgrowth were limited to the peptide region,
demonstrating that neurite outgrowth could be directed by
a combination of cell-adhesive and cell-repulsive cues.
© 1998 John Wiley & Sons, Inc. ] Biomed Mater Res, 42,
13-19, 1998.
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INTRODUCTION

Axonal regeneration in the central nervous system
(CNS), such as after spinal cord injury, has been most
successful in peripheral nerve grafts'* and in environ-
ments that mimic those of the peripheral nerve.> While
the peripheral nerve graft presents a complex environ-
ment, the extracellular matrix (ECM) comprises an im-
portant component and has been shown to influence
cell interaction and function during development,
maintenance, and regeneration of the nervous sys-
tem.* The ECM in the peripheral nerve consists,
among other ECM molecules, of laminin, fibronectin,
and collagen (I and IV). Laminin, in particular, has
been shown to enhance the cell-substrate interaction
and axonal extension.’

Integrins (cell-surface receptors) bind specifically to
these ECM proteins, with particular amino acid se-
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quences comprising the adhesive regions.® For ex-
ample, the YIGSR* sequence on the Bl chain of lami-
nin promotes neural cell adhesion and outgrowth,’”
while the IKVAV* sequence on the A chain of laminin
promotes neurite outgrowth.®> The RGD* sequence on
both laminin and fibronectin influences numerous cell
types, including neurons.”’” In an attempt to mimic
the functional role of laminin, glass coverslips were
surface-modified with these laminin adhesive pep-
tides. While several methods have been pursued to
link peptides to surfaces, the technique used here capi-
talizes on the gold-thiol bond, previously described,'' ™"
using cysteine-terminated peptides: CGYIGSR,
CSIKVAYV, and CGRGDS.

In vivo, axons are guided to their targets by a com-
bination of diffusible and membrane-bound cues that
are both attractive and repulsive to growth cones.'*”
This enables the growth cones to navigate axons along
specific pathways to their correct targets with few if
any errors. In an attempt to mimic both the contact
attraction and contact repulsion cues that direct
growth cones in vivo, glass coverslips were patterned

*Y = tyrosine; I = isoleucine; G = glycine; S = serine; R =
arginine; K = lysine; V = valine; A = alanine; D = aspartic
acid: C = cysteine.
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to include both cell-adhesive and cell-repulsive re-
gions. The laminin-adhesive peptides define the cell-
adhesive regions, whereas poly(ethylene glycol)
(PEG) defines the cell-repulsive regions.

The cell-repulsive regions were prepared by cova-
lently attaching PEG-aldehyde to amine-function-
alized glass surfaces by a Schiff base reaction. Surfaces
have been modified with PEG by a number of tech-
niques including adsorption, grafting, crosslinking,
plasma deposition, and self-assembled monolayer'®
(SAM) techniques. In these studies, PEG-modified sur-
faces were shown to limit protein adsorption'*** and
cell adhesion®2; a recent review summarizes the ef-
ficacy of PEG-modified surfaces in these applica-
tions.”

The glass surfaces were patterned using the
shadow-masking technique in which first titanium
and then gold was sputter-coated onto modified glass
surfaces?® through either a centimeter-, millimeter-, or
micrometer-scale grid. Micropatterned surfaces can
also be prepared by photolithography,” photochemi-
cal, %! and laser ablation.

Figure 1 summarizes the methodology used to cre-
ate cell-adhesive and cell-repulsive regions on acti-
vated glass substrates, demonstrating the versatility
and facile nature of this technique. The cell-repulsive
regions (PEG) were as important to the success of the
directed cell outgrowth as were the cell-adhesive re-
gions (peptides). Striped patterns of cell-adhesive re-
gions on glass alone, where glass or gold served as the
nonadhesive substrate, were insufficient to direct neu-
ral cell adhesion and neurite outgrowth.*

MATERIALS AND METHODS

Unless otherwise noted, water was distilled and deionized
using Millipore Milli-RO 10 Plus and Milli-Q UF Plus (Bed-
ford, MA) at 18 M() resistance, and all reactions were con-
ducted at room temperature (RT).

All surfaces were characterized by dynamic advancing
and receding water contact angles using a telescopic goni-

EDS PEG-CHO
OH » NH, — PEG

glass-PEG

glass glass-amine

Au Peptide
——— ——-
Sputtering Modification
glass-PEG : glass-gold glass-PEG : glass-peplide
Figure 1. Surface modification steps used to create a pat-

terned glass surface: All patterns (centimeter, millimeter,
and micrometer) were created using the same strategy.
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ometer (Model 100-00; Ramé Hart, NJ). Three samples of
each surface were analyzed and five measurements were
taken for each sample. All samples were characterized by
X-ray photoelectron spectroscopy (XPS) (Leybold LH Max
200) at takeoff angles between sample and detector of 20°
and 90°. A MgKa source was used at an operating pressure
<107® Torr. XPS data were used to estimate both the thick-
ness of the modified surfaces® and their surface coverage,*
as previously described. Iodine-125-radiolabeled tyrosine
(Y) of GYIGSR was quantified using a scintillation counter
(LKB Wallac 1282-802 Universal y-counter) with a 2 x 2-cm
sodium iodide detector well of 80% efficiency.

Preparation and activation of surface hydroxyl
groups on glass coverslips (glass-OH)

Borosilicate glass coverslips (2.5 cm in diameter; 0.15 mm
thick; Bellco, NJ) were activated as previously described.*
Briefly, the coverslips were cleaned with an aqueous deter-
gent solution, sonicated for 10 min (Branasonic 2210; Bran-
son, CT), rinsed repeatedly with water, and then air-dried
for 30 min. The dry coverslips were immersed in 20 mL of a
solution containing nine parts of concentrated sulfuric acid
(BDH, Ontario, Canada) and one part of 50% hydrogen per-
oxide in water (BDH). After 15 min, the coverslips were
rinsed repeatedly with water and then air-dried.

Amine functionalization of activated glass
(glass-NH,)

The method to modify activated glass with an amine func-
tionalized silane, using N-(2-aminoethyl)-3-aminopropyltri-
methoxysilane (EDS) (Aldrich, WI), was previously de-
scribed.?® Briefly, activated coverslips were immersed in a
1% solution of EDS/ethanol/water in a 1:95:4 v/v/v ratio.
After sonicating for 2 min, the coverslips were rinsed repeat-
edly with ethanol, then dried at 105°C for 30 min.

PEG-aldehyde modification of glass-NH,
(glass-PEG)

Glass-NH,, coverslips were immersed in 30 mL of a pH
6-buffered aqueous solution containing 10% potassium sul-
fate (Aldrich, WI), 0.017% PEG-aldehyde (5 kg/mol; Shear-
water Polymers, AL), and 0.003% sodium cyanoborohydride
(Aldrich) for 40 h at 60 °C.>” The modified coverslips were
rinsed with pH 6 buffer (60 °C) and then with water (60°C)
several times before they were dried (105°C, 1 h). The pH 6
buffer was prepared with 9 mg/mL sodium acetate (BDH)
and 0.03% acetic acid (ACP Chemicals, Quebec, Canada).

Gold patterning on glass-PEG (glass-gold)

Glass-PEG coverslips were sputter-coated under vacuum
(3 x 107* Torr; 2400; Perkin Elmer, CA) with titanium for 10
s followed by gold for 150 s.*® The sputtering system was
equipped with argon gas at a flow rate of 12 sccm and a
target bias of 1000 V (DC).
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Three different patterns were created on the glass cover-
slips using masking techniques: (a) one stripe on the centi-
meter scale where half of the coverslip was masked and the
other half exposed; (b) multiple stripes on the millimeter
scale where gold was sputtered through a custom-made Tef-
lon mask with stripes between 0.8 and 1.2 mm; and (c) nu-
merous stripes on the micrometer scale where gold was
sputtered through an electron microscope grid (Electron Mi-
croscopy Sciences, PA) having a 200-um bar size and a 50-
pwm hole size. The resulting micropattern had 50-pum stripes
of gold, which were then further modified with peptides
and separated from each other by 200 pm of PEG-modified
glass. The opposite pattern with 200-pm gold stripes sepa-
rated by 50-um PEG stripes was also prepared using a grid
with a 50-pm bar size and a 200-pm hole size.

Peptide modification of glass-gold (glass-peptide)

The peptides CGRGDS, CGYIGSR, and CSIKVAV (Vetro-
gen Corporation, Ontario, Canada) were dissolved in the pH
6 sodium acetate/acetic acid buffer solution at a concentra-
tion of 0.2 mg/mL. A glass-gold coverslip was immersed in
10 mL of the peptide solution for 24 h and then rinsed with
the pH 6 buffer and water (three times) before air-drying.

Peptide labeling and quantification

The tyrosine (Y) of CGYIGSR was radiolabeled with ra-
dioactive iodine (**°I) using sodium iodide as previously
described.®® Briefly, 2 mg of CGYIGSR was dissolved in 5
mL of a pH 11 buffer containing 20 mM sodium phosphate
and 0.15M sodium chloride, and reacted with 1 mCi of car-
rier-free Na'*®I (ICN, Costa Mesa, CA) in the presence of
Todobeads (Pierce, Rockford, IL) for 15 min. Free iodide was
removed by successive passes through columns packed with
anion-exchange resin (Dowex 1-X8; Aldrich). The labeled
peptide was coupled to gold surfaces as described above,
and glass-peptide surfaces were rinsed with 10 mM sodium
iodide to desorb any trace amounts of '*°I before counting
by scintillation.

Hippocampal cell culture experiment

All modified glass coverslips were immersed in 70% etha-
nol (BDH), rinsed with water (three times), and air-dried for
1 h prior to plating hippocampal neurons.

Embryonic day 18 (E18) mouse hippocampal neurons
were isolated as previously described® by dissociation with
papain (Worthington Biochemical Corporation) and DNase
(Sigma, Ontario, Canada) for 30 min and mechanical tritu-
ration in calcium-free Hank’s buffered saline solution
(HBSS). Hippocampal cells were suspended in a serum-free
medium (SFM) of Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, NY) supplemented with chicken egg albu-
min (1 mg/mL; Sigma), sodium pyruvate (0.1 mg/mL,
Sigma), B-27 supplement (2%; Gibco), penicillin G (100 U/

mL; Sigma), and streptomycin sulfate (100 wg/mL; Sigma).
After 1 mL of 5 x 10° cells/mL (or 1 x 10° cells/cm?) was
added to the surface of each coverslip, they were incubated
at 35°C, 5% CO, overnight. After 24 h, 1 mL of SFM and 5 pL
of mitotic inhibitor solution made up of deionized water
supplemented with fluorodeoxyuridine (8.0 mM; Sigma)
and uridine (20 mM; Sigma) were added to each sample.
Light micrographs were taken 1 and 4 days after plating.
The number and relative length of neurite extensions were
counted for 50 random cells on both the PEG and the pep-
tide regions of each coverslip.

A positive control (glass-PLL/laminin) was prepared by
coating a clean glass coverslip with a sterile, aqueous 1-mg/
mL solution of poly(L-lysine) (PLL) (36.6 kg/mol) (Sigma)
for 24 h. The PLL-modified coverslip was rinsed with sterile
water and then coated with 0.5 mL of a 0.05-mg/mL sterile,
aqueous laminin solution (Sigma). After 4 h, the coverslips
were rinsed with sterile water and air-dried. The positive
control was plated with cells and analyzed alongside sample
surfaces.

RESULTS
Surface characterization

Glass coverslips were modified sequentially, as
shown in Figure 1, and characterized after each step of
modification in terms of both surface elemental com-
position by XPS (20° takeoff angle) and relative sur-
face hydrophilicity by advancing (8,) and receding
(6gr) water contact-angle measurements, as shown in
Table I.

EDS-silane modification of glass coverslips (glass-
NH,) resulted, as expected, in the presence of nitro-
gen, an increase in carbon, and decreases in silicon
and oxygen in the surface composition, as determined
by XPS. Correspondingly, the contact-angle data
showed that the glass-NH, surface (58°/42°) was
more hydrophobic than glass alone (31°/23°), as was
expected after organosilane modification. PEG-
aldehyde coupling to the glass-NH, surface was evi-
dent by the decreased nitrogen and silicon and the
increased carbon and oxygen surface concentrations.
The contact angles decreased (41°/36°), corresponding
to the increased hydrophilic nature of PEG versus or-
ganosilane. After sputter-coating with gold, the con-
tact angle (69°/56°) was greater than expected owing
to the adsorption of adventitious carbon, which was
confirmed by the XPS data. Similar impurities have
been observed by others,* but since this adventitious
carbon layer was weakly adsorbed, it was easily des-
orbed by thiol modification. As anticipated, peptide
modification resulted in an increase in nitrogen, car-
bon, and sulfur (from cysteine), and a decrease in gold
atomic compositions. Consistently, the contact angle
of the peptide-modified surfaces was lower than the
gold surface, confirming the gold-thiol interaction.
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TABLE I
Surfaces of Glass-Modified Coverslips Characterized by XPS and Advancing (0,) and Receding (0;) Water
Contact Angles

XPS Elemental Composition

Contact Angle

Surface (20° Takeoff Angle) (0,/6R)
Glass Si157046Ca76 31° +2°/23° + 2°
Glass-NH, Sig ¢Os; 1Css.Ne s 58° + 2°/42° + 2°
Glass-NH,-PEG Siy 9055 1Ces3No g 41° £ 2°/36° + 2°
Glass-NH,-PEG-Au Si, ¢011 6CasoN; (Allyg s 69° = 2°/56° + 2°

Glass-NH,-PEG-Au-CGRGDS
Glass-NH,-PEG-Au-CGYIGSR
Glass-NH,-PEG-Au-CSIKVAV

S?s.2019.3C67.7N3.9Au4.7s1.2
519.6013.6Ce2.6No.6AU11 851 5

5i5,6013.6C61.5N125AU11 250

36° +2°/21° + 2°
40° + 2°/24° + 2°
54° + 2°/34° + 2°

Using radiolabeled tyrosine of CGYIGSR, the
amount of peptide on the gold surfaces was quantified
at 447 + 37 fmol/cm?. Since the surface modification
is driven by the gold-thiol interaction, we assume
that similar amounts of CGRGDS and CSIKVAYV as
CGYIGSR were bound to the surface.

The XPS data acquired at a 90° takeoff angle for the
same surfaces are summarized in Table II. Here, the
surface selectivity of the reactions is clear, as bulk
glass (i.e., silicon and oxygen) have a higher elemental
concentration in all surfaces relative to those analyzed
at the 20° takeoff angle. The data in Table II were used
to calculate the relative thickness®* and surface cover-
age® of each layer using formulas previously de-
scribed. Figure 2 summarizes these data. For glass-
NH, surfaces, the surface thickness and coverage were
low at 4 A and 8%, respectively. Of the amine-
functional groups present, PEG modification resulted
in a 19 A-thick layer with a surface coverage of 16%.
Sputter-coating gold on PEG resulted in a 39 A-thick
layer of 26% coverage. Peptide modification of the

lass-gold substrate resulted in a thin peptide layer (1
A) and 21% coverage.

Hippocampal cell culture

Hippocampal neurons were plated on three types of
patterned surfaces and compared to positive controls
for cell adhesion and neurite outgrowth. The cell-
surface interactions were scored by both quantitative

TABLE II
XPS Data Acquired at 90° Takeoff Angle of Modified
Glass Surfaces

Suface XPS Elemental Composition
Glass Siz6.7066.0C7.3
Glass-NH, Si1940398C272Ns 5
Glass-NH,-PEG Si15.40454C271 N2 5
Glass-NH,-PEG-Au Si4.4019.5C10 8Np sAUss 6

Glass-NH,-PEG-Au-CGRGDS
Glass-NH,-PEG-Au-CGYIGSR
Glass-NH,-PEG-Au-CSIKVAV

SiO‘OOQASCSALOI\IZ3Au48.850,2

Si5.6011.0C44.0N6.4AUz4 350 7
5111.5010.0C30.5N6.8AU35 150 4

and qualitative analyses. The relative number of hip-
pocampal cells that adhered to the modified surfaces
were compared. Figure 3 includes representative mi-
crographs of the patterned surfaces taken after 1 day
of plating.

Qualitative analysis of hippocampal cells on day 1
showed that cell adhesion could be directed on pat-
terned surfaces (cf. Fig. 3). The cells observed under
both x10 and x20 magnification showed preferential
adhesion and neurite outgrowth on the peptide re-
gions of the coverslip for patterned surfaces having
either a 200- or 50-um PEG gap. Few cells adhered and
extended neurites on the PEG regions. Similar cell ad-
hesion/repulsion was observed on CSIKVAV/PEG,
CGRGDS/PEG, and CGYIGSR/PEG coverslips.
Qualitatively, the hippocampal neurons interacted
more favorably with the CSIKVAV-modified surfaces
than either CGYIGSR- or CGRGDS-modified surfaces.
Using the number and size of cell clusters as an indi-
cation of cell-material interaction, the fewest and
smallest number of cell clusters were observed on
CSIKVAV-modified surfaces. Large cell clusters may
indicate that the cells interact preferably with each
other over the surface.

Quantitatively, the peptide-modified surfaces were
compared by averaging the number of neurites ex-
tending from 50 random cells on each surface and

40

3 35
£
5 _ 30
° 2\: 25 -
e ] _
= ”
<8 20 A
Sg ;
gg ©
£ 10
L | _
= 5
o ;
NH2 PEG Au Peptide

Surface Functional Groups

Figure 2. Relative thickness ([J) and surface coverage (M)
of surface functional groups.



Figure 3. Light micrographs were taken 1 day after plating hippocampal neurons on surface-modified glass coverslips:
CGRGDS (50-pm)/PEG (200-wm) micropatterned surfaces at (a) x10 magnification, (b) x20 magnification, and (c) x20
magnification of the peptide-PEG interface of the millimeter pattern; CSIKVAV(200-um)/PEG (50-pm) micropatterned
surfaces at (d) x10 magnification, (e) x20 magnification, and (f) x20 magnification of the peptide-PEG interface of the
millimeter pattern; and (g) positive control (PLL/laminin) at x20 magnification.
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calculating the percentage of cells having one or more
neurites longer than the cell body length. The data
were collected after 1 day of plating and are summa-
rized in Table IIl. As expected, the PEG region was
nonadhesive to neurons and inhibited neurite exten-
sion. The positive control (PLL/laminin) had numer-
ous adherent cells with an average of 2.2 neurites/cell
body, and 68% of these cells had neurites longer than
one cell body length. All of the peptide-modified sur-
faces showed similar ([B) neurite extensions per cell,
and similar percentages (70-78%) of the cells had neu-
rites longer than the cell body length. While it was
difficult to distinguish between the peptide-modified
surfaces quantitatively, all showed a hippocampal re-
sponse greater than that observed on the positive con-
trol.

DISCUSSION

The series of sequential surface modifications of
glass to glass-peptide, as outlined in Figure 1, were
confirmed by both XPS and contact-angle data (cf.
Table I). We assumed that the quantitative radiola-
beled data for CGYIGSR were representative of all
peptides. The XPS data of the three peptide-modified
surfaces are similar; yet, the corresponding contact-
angle data are dissimilar. Interestingly, the surface-
modified CSIKVAYV was significantly more hydropho-
bic (54°/34°) than either of those modified with
CGRGDS (36°/21°) or CGYIGSR (40°/24°). The con-
tact-angle data reflect the greater hydrophobicity of
CSIKVAV over CGRGDS and CGYIGSR. In addition,
the contact-angle data may imply that self-assembled
monolayers formed on gold. Since the driving force
for peptide modification is via the gold-thiol bond, all
peptides are anchored to the surface via the cysteine
(C) amino acid. Thus, the terminal amino acids se-
quences may have a greater influence on the contact
angle than those closer to the glass surface. For ex-
ample, “VAV" of CSIKVAYV is more hydrophobic than
“GSR” of CGYIGSR and “GDS” of CGRGDS.

The thickness and percent coverage data (shown in
Fig. 2) for each surface functional group are more use-
ful as relative comparisons between surface functional

TABLE III
Quantitative Analysis of Cell-Surface Interactions after 1
Day of Plating

Relative No. of Cells
with Neurites Longer than

No. of Neurite
Extensions/Cell

Surface (Average + sem) Cell Body Length (%)
PLL/laminin 22 +0.8 68
PEG 0.8 £0.5 0
CGRGDS 29 +09 76
CGYIGSR 31+1.0 78
CSIKVAV 32+1.0 70
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groups than as absolute numbers, because the calcu-
lations were based on dry samples, evacuated to 1078
Torr. These data represent an estimate, at best, of the
hydrated surfaces which we would have expected to
be both thicker and occupy a greater surface coverage.
The gold-modified surface (which is independent of
surface chemistry) had the greatest calculated thick-
ness (40 A) and coverage; yet fell short of the 500
A-thick layer expected based on sputtering time and
distance between gold target and sample. This order
of magnitude difference indicates that the calculated
values are only estimates. Assuming a self-assembled
monolayer, the peptide-modified surface is also ex-
pected to be an order of magnitude greater than the
calculated 1 A value. The percent coverage data indi-
cate that a significant percentage of the surface was
left unreacted, and that the methods of modification
may be improved. Atomic force microscopy may pro-
vide a more accurate description of in situ surface
thickness and coverage.

Despite the apparently low thickness and surface
coverage of PEG and peptide modifications, the adhe-
sion and neurite outgrowth of E18 hippocampal neu-
rons were directed by the combination of an adhesive
interaction with the laminin adhesive peptides and a
repulsive interaction from PEG. Quantitatively, the
number of neurites and percentage of cells with neu-
rites greater than the cell body length of each of the
peptide-modified surfaces were indistinguishable
from each other and the positive control (PLL-
laminin). Qualitatively, fewer and smaller numbers of
cell clusters were observed on glass-CSIKVAV sur-
faces. This indicated that of the three peptides studied,
the cell interaction was best on CSIKVAV. Overall,
CSIKVAYV, CGYIGSR, and CGRGDS sufficiently mim-
icked the cell-laminin interaction. Substrate-bound
laminin pathways have been shown to guide neural
growth cones.*'*?

The number and length of neurites were a direct
reflection of the surface chemistry and may be less
than what is often observed in neuronal tissue culture
systems because this tissue culture medium was not
supplemented with growth factors. It is widely ac-
cepted that growth factors such as nerve growth fac-
tor, brain-derived neurotrophic factor, fibroblast
growth factor, etc., enhance neurite outgrowth.

This set of peptide-adhesive and PEG-repulsive
cues mimics the in vivo guidance of axons to their
targets.'*” This strategy may be useful in creating
regenerative structures for axonal guidance from
proximal to either distal or target tissues.

The authors thank Christine Kerba for the preliminary
studies that helped to define this study, Brent Clark for as-
sistance in culturing the hippocampal neurons, and Profes-
sor Peter Pennefather for helpful suggestions and encour-
agement.



PATTERNED SURFACES DIRECT NEURAL CELL ADHESION

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

H. Cheng, Y. Cao, and L. Olson, ““Spinal cord repair in adult
paraplegic rats: Partial restoration of hind limb function,” Sci-
ence, 273, 510-513 (1996).

P. M. Richardson, U. M. McGuinness, and A.]. Aguayo,
“Axons from CNS neurons regenerate into PNS grafts,” Na-
ture, 284, 264-265 (1980).

R. P. Bunge, “The role of Schwann cell in trophic support and
regeneration,” J. Neurol., 242, S19-521 (1994).

G. M. Edelman and J.-P. Thiery, The Cell in Contact, Wiley, New
York, 1985.

L. Luckenbill-Edds, ““Laminin and the mechanism of neuronal
outgrowth,” Brain Res. Rev., 23, 1-27 (1997).

E. Ruoslahti, “Fibronectin and its receptors,” Ann. Rev. Bio-
chem., 57, 375-413 (1988).

Y. Yamada and H. K. Kleinman, ““Functional domains of cell
adhesion molecules,” Curr. Opin. Cell Biol., 4, 819-823 (1992).
M. Jucker, H. K. Kleinman, and D. K. Ingram, ““Fetal rat septal
cells adhere to and extend processes on basement membrane,
laminin, and a synthetic peptide from the laminin A chain
sequence,” |. Neurosci. Res., 28, 507-517 (1991).

M. D. Pierschbacher and E. Ruoslahti, ““/Cell attachment activ-
ity of fibronectin can be duplicated by small synthetic frag-
ments of the molecule,” Nature, 309, 30-33 (1984).

D. S. Grant, K.-I. Tashiro, B. Segui-Real, Y. Yamada, G. R. Mar-
tin, and H. K. Kleinman, ““Two different laminin domains me-
diate the differentiation of human endothelial cells into capil-
lary like structures in vitro,” Cell, 58, 933-943 (1989).

R. G. Nuzzo and D. L. Allara, “Adsorption of bifunctional or-
ganic disulfides on gold surfaces,” . Am. Chem. Soc., 105, 4481—
4483 (1983).

C.D. Bain, E. B. Troughton, Y.-T. Tao, J. Evall, G. M. White-
sides, and R. G. Nuzzo, “Formation of monolayer films by the
spontaneous assembly of organic thiols from solution onto
gold,” J. Am. Chem. Soc., 111, 321-335 (1989).

M. Lindblad, M. Lestelius, A. Johansson, P. Tengvall, and P.
Thomsen, “Cell and soft tissue interactions with methyl- and
hydroxyl-terminated alkane thiols on gold surfaces,” Biomate-
rials, 18, 1059-1068 (1997).

M. Tessier-Lavigne and C. S. Goodman, ““The molecular biol-
ogy of axon guidance,” Science, 274, 1123-1133 (1996).

C.S. Goodman, “Mechanisms and molecules that control
growth cone guidance,” Ann. Rev. Neurosci., 19, 341-377 (1996).
R. Keynes and G. M. W. Cook, ““Axon guidance molecules,”
Cell, 83, 161-169 (1995).

R. Keynes, D. Tannahill, D. A. Morgenstern, A.R. Johnson,
G.M. W. Cook, and A. Pini, ““Surround repulsion of spinal
sensory axons in higher vertebrate embryos,” Neuron, 18, 889
897 (1997).

K.L. Prime and G. M. Whitesides, ““Adsorption of proteins
onto surfaces containing end-attached oligoethylene oxide: A
model system using self-assembled monolayers,” |. Am. Chem.
Soc., 115, 714-721 (1993).

W. R. Gombotz, W. Guanghui, T. A. Horbett, and A.S. Hoff-
man, “Protein adsorption to poly(ethylene oxide) Surfaces,” .
Biomed. Mater. Res., 25, 1547-1562 (1991).

W. Wasiewski, M. J. Fasco, B. M. Martin, T. C. Detwiler, and
J. W. Fenton, “Thrombin adsorption to surfaces and preven-
tion with polyethylene glycol 6000,”” Thromb. Res., 8, 881-886
(1976).

J. H. Lee, J. Kopecek, and J. Andrade, “Surface properties of
aqueous PEO-containing block copolymer surfactants: Protein
resistant surfaces,” Polym. Mater. Sci. Eng., 57, 613617 (1987).
N.P. Desai and J. A. Hubbell, ““Surface modifications of poly-
meric biomaterials for reduced thrombogenicity,” Polym.
Mater. Sci. Eng., 62, 731-735 (1990).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

19

T. G. Grasel and S. L. Cooper, ““Surface properties and blood
compatibility of polyurethanes,” Biomaterials, 7, 315-328 (1986).
N. P. Desai and J. A. Hubbell, “Biological responses to poly-
ethylene oxide modified polyethylene terephthalate surfaces,”
J. Biomed. Mater. Res., 25, 829-843 (1991).

D. W. Grainger, C. Nojiri, T. Okano, and S. W. Kim, “In vitro
and ex vitro platelet interactions with hydrophilic-hydrophobic
poly(ethylene oxide)-heparin block copolymers. 1. Synthesis
and characterization,” ]. Biomed. Mater. Res., 22, 231-249 (1988).
M. S. Shoichet, S. R. Winn, S. Athavale, J. M. Harris, and F. T.
Gentile, “Poly(ethylene oxide)-grafted thermoplastic mem-
branes for use as cellular hybrid bio-artificial organs in the
central nervous system,” Biotech. Bioeng., 43, 563-572 (1994).
J. M. Harris, ed., Poly(ethylene glycol) Chemistry: Biotechnical and
Biomedical Applications, Plenum Press, New York, 1992.

P. A. DiMilla, J. P. Folkers, H. A. Biebuyck, R. Harter, G. P.
Lopez, and G. M. Whitesides, “Wetting and protein adsorption
of self-assembled monolayers of alkanethiolates supported on
transparent films of gold,” J. Am. Chem. Soc., 116, 2225-2226
(1994).

B. Lom, K. E. Healy, and P. E. Hockberger, ““A versatile tech-
nique for patterning biomolecules onto glass coverslips,” J.
Neurosci. Methods, 50, 385-397 (1993).

T. Matsuda and T. Sugawara, ““Development of surface pho-
tochemical modification method for micropatterning of cul-
tured cells,” |. Biomed. Mater. Res., 29, 749-756 (1995).

T. Matsuda and T. Sugawara, “Control of cell adhesion, mi-
gration and orientation on photochemically micropatterned
surfaces,” |. Biomed. Mater. Res., 32, 165-173 (1996).

J. M. Corey, B. C. Wheeler, and G.]. Brewer, “Compliance of
hippocampal neurons to patterned substrate networks,” J.
Neurosci. Res., 30, 300-307 (1991).

M. S. Shoichet, C. Kerba, and P. S. Pennefather, ““Modification
of Glass for controlled nerve cell interaction,” in Transactions of
the Fifth World Biomaterials Congress, Vol. 1, 1996, p. 992.

J. Andrade, Surface and Interfacial Aspects of Biomedical Polymers,
Vol. 1, Plenum Press, New York, 1985.

L.N. Bui, M. Thompson, N. B. McKeown, A.D. Romaschin,
and P.G. Kalman, “Surface modification of the biomedical
polymer poly(ethylene terephthalate),” Analyst, 118, 463-474
(1993).

D. Kleinfeld, K. H. Kahler, and P. E. Hockberger, “’Controlled
outgrowth of dissociated neurons on patterned substrates,” .
Neurosci., 8, 4098-4120 (1988).

E. Kiss, C. G. Golander, and J. C. Eriksson, ““Surface grafting of
polyethylene oxide optimized by means of ESCA,” Progr. Col-
loid Polym. Sci., 74, 113-119 (1987).

P.D. Drumbheller and J. A. Hubbell, “Polymer networks with
grafted cell adhesion peptides for highly biospecific cell adhe-
sive substrates,” Anal. Chem., 222, 380-388 (1994).

G.]. Brewer, J. R. Torricielli, E. K. Evege, and P. J. Price, “Op-
timized survival of hippocampal neurons in B27-supple-
mented neurobasal, a new serum-free medium combination,”
J. Neurosci. Res., 35, 1-10 (1993).

E. B. Troughton, C. D. Bain, and G. M. Whitesides, “Monolayer
films prepared by the spontaneous self-assembly of symmetri-
cal and unsymmetrical dialkyl sulfides from solution onto gold
substrates: Structure, properties, and reactivity of constituent
functional groups,” Langmuir, 4, 365-385 (1988).

R. W. Gundersen, “Response of sensory neurites and growth
cones to patterned substrate of laminin and fibronectin in
vitro,”” Dev. Biol., 121, 423-431 (1987).

J. A. Hammarback, J. B. McCarthy, S. L. Palm, L. T. Furcht, and
P. C. Letourneau, “Growth cone guidance by substrate-bound
laminin pathways is correlated with neuron-to-pathway adhe-
sivity,”” Dev. Biol., 126, 29-39 (1988).



