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One aspect of the design of biocompatible synthetic surfaces
requires an understanding of both the dynamics of protein in-
teraction and the development of techniques to preferentially
control protein adsorption. Qur studies focus on self-assembled
monolayers (SAMs) that are water stable, highly uniform, and
a well-controlled surface composition. These SAMs can be used
to modify surface properties of metals, polymers, and many other
substrates. We report specific effects of surface functional groups
on the spreading and other physiological responses of fibroblasts
and neuroblastoma cells. Qur studies suggest that surfaces with
different compositions modulate the conformation of fibronectin
(FN) and thus affect the differentiation responses of fibroblasts
and neuronal cells in cell type-specific patterns. Using aqueous
Fourier transform infrared ( FTIR) attenuated total internal re-
flection (ATR) techniques we directly evaluate the hypothesis
that fibronectin conformation differs on various SAMs, thereby
altering binding reactions with cell surface receptors, Qur results
clearly demonstrate a measure of surface-dependent confor-
mational changes for FN which are correlated by independent
biological measurements on ¢ell behavior on these surfaces.
@ 1994 Academic Press, Inc.

INTRODUCTION

Several properties of inert biomaterials, including surface
chemistry, surface energy, and morphology, have been shown
to play crucial roles in biological interactions (1-3). In the
field of biomatenals, the nature of the biomaterial surface
has been shown to be critical for biocompatibility. It is now
well accepted that blood proteins adsorb rapidly to the surface
of the biomaterial and this “conditioning” protein layer
controls cellular interaction with biomaterials {4-7). Thus,
one approach for the design of biocompatible biomaterials
utilizes surfaces that will attract specific proteins and main-
tain those proteins in the desired conformation to effect
maximal responses from the desired cell types. This approach
to design has been clear for some time now, but imple-
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menting such a process has not been easy. This is due in part
to the complexity of the biological response and in part to
our inability to accurately characterize the surface and mon-
itor events at the protein—material interface under physio-
logical conditions.

Our studies focus on self-assembled monolayers (SAMs)
that are water stable, highly uniform, and have a well-con-
irolled surface composition (8). The assembly of artificial
layered structures based on the self-association and self-or-
ganization of molecules occurring spontangously at solid-
fluid interfaces has been previously described (9). This
methodology creates oriented compact monolayers by ad-
sorption of amphiphiles from homogeneous organic solution
onto a polar solid surface, thereby modifying surface prop-
erties. These films allow different bulk materiais to have
identical surface properties and we explore their use to reg-
ulate cell responses.

Surfactants are synthesized with a SiCl; group at one end
and an aprotic, chemically mampulable functional group at
the other, The SiCl; moiety enables covalent attachment of
the molecules to surfaces rich 1in hydroxyl groups, e.g., glass,
germanium, etc. These self-assembled organic monolayers
are similar in organization and packing to Langmuir-Blod-
gett (LB} films, but are anchored to the hydroxyl-bearing
surfaces by a cross-linked siloxane network. The stability of
these films opened the door to the creation and study of new
monolayer and multilayer assemblies. LB films, while being
uniform and well characterized, require carefully controlled
conditions and relatively sophisticated equipment for prep-
aration, and are quite fragile once formed. With SAMs, the
assembly is robust and it can be created in an ordinary lab-
oratory environment with no special equipment, A wide
range of functionalities can be tolerated in the deposition
process and a variety of chemical transformations can be
achieved once the monolayer has been deposited. Among
the functional groups that can be present {remote from the
anchoring functionality) in SAM forming systems are olefins,
esters, ethers, nitriles, thioethers, and thioesters, Among the
in situ transformations reported are the conversion of ter-
minal olefin to alcohol, dibromide, or acid, the conversion
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of ester to acid or alcohol, the creation of thiols from thio-
cyanides or thioacetates, and others (8).

We demonstrate specific effects of surface functional
groups on the spreading and other physiological responses
of fibroblasts { 10~12). Our studies suggest that surfaces with
different compositions modulate the conformation of fibro-
nectin and thus affect the differentiation responses of fibro-
blasts and neuronal cells in cell type-specific patterns. The
studies reported herein were undertaken to directly evaluate
the hypothesis that fibronectin conformation differs on var-
ious SAMs, thereby altering binding reactions with cell sur-
face receptors,

A number of features of these SAMs make them ideal for
studying the conformation of adsorbed fibronectin { FN} us-
ing FTIR /ATR techniques. These siloxane-anchored SAMs
are ecasily deposited on Ge ATR crystals and are thin (<30
A), a requirement for FTIR/ATR in protein adsorption
studies. Perhaps more importantly, the uniformity, stability,
and reproducibility of the SAMs eliminates artifacts due to
inconsistent surface preparation or composition.

Our previous studies indicate that fibronectin is very tightly
bound to these modified surfaces. Using an ATR flow cell,
spectral measurements of the adsorbed FN could therefore
be made as the deposition was occurring and after flushing
the cell with fresh buffer to remove any loosely adsorbed
protein. Spectral data were collected to provide information
on both the amounts of protein on the surface and changes
in conformation with time.

The Amide I band in proteins represents primarily the
C=—=0 stretching vibrations of the amide groups, coupled to
the in-plane NH bending and CN stretching modes (13).
The exact frequency of this vibration depends on the partic-
ular secondary structure adopted by the polypeptide chains.
In proteins like fibronectin, one generally finds a number of
domains in different conformations. Structure-spectra cor-
relations of Amide I band frequencies with the presence of
a-helical, antiparallel and parallel 8-sheets and random coil
structures were established as a result of a systematic study
by Byler, Susi, and co-workers { 14-16). These studies were
extended by other groups ( 17-23) including that by Jakobsen
who showed that correlations developed for proteins in so-
lution can be used for proteins adsorbed to surfaces. The
widths of the Amide [ bands assigned to the various secondary
structures are large compared to the separation of their peak
maxima; thus the Amide | band of complex proteins, like
those found in blood, consists of several overlapping bands.
Fourier self-deconvolution (FSD) and second derivatives are
two algorithms most commonly used to identify the over-
lapping bands representing o-helices, S-sheets, turns, and
other structures in the Amide I band (24, 25}. The infor-
mation provided by such resolution enhancement techniques
is strictly qualitative (26). The methodology of curve-fitting
first proposed by Fraser and Suzuki can be used for quan-
titative estimation of protein secondary structure from the
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Amide [ band (27), The number of component bands and
their positions is obtained from resolution enhancement
techniques {(FSD). An iterative technique is then used to
adjust the height and widths of the component bands to
“best™ fit the overall Amide I contour. Fractional areas of
the fitted component bands are then directly related to the
relative populations of the conformational structures rep-
resented by these components. This method is most useful
for following changes in conformation of proteins and less
useful for absolute quantitation of protein secondary struc-
ture.

Infrared spectra of adsorbed FN on different SAMs were
analyzed to reveal both amounts of adsorbed protein and
changes in the relative ratios of 8-sheet to g-turn structures
as a function of time.

EXPERIMENTAL METHODS

Solvents and reagents:  Dicyclohexyl { Aldrich )} was vac-
uum distilled and passed through Activity I alumina (3%
water by weight ). Doubly distilled water was used. Hexadec-
ane was passed through Al;O; to remove polar contaminants.
Octadecy! trichlorosilane ( Aldrich) was vacnum distilled be-
fore use to deposit [CH;, OTS] surfaces. CHCl, (Fisher,
HPLC) was used as received. Undecenyl aicohol (Aldrich)
was converted into w-hexadecenyl bromide. This 16-carbon
chain with an olefin at one end and a CH;Br unit at the
other was used to make all of the necessary trichlorosilanes.
Additional details of these techniques are provided in our
earlier publications {8). Fibronectin was purified from hu-
man plasma by affinity chromatography and stored in CAPS
buffer at —80°C. For adsorption to surfaces, FN was diluted
to 20 pg/ml in phosphate buffered saline.

Self-assembled monolayers:  The preparation of the var-
iously functionalized SAM-coated germanium ATR crystals
began with the adsorption of surfactants (16 carbon alkyl
chains), with SiCl; at one end, onto the crystal. All trichlo-
rosilane surfactants were used as 0.02-0.25 M solutions in
dicyclohexyl. The SiCly groups provide for the covalent at-
tachment of the molecules to the crystal. Br- and nitrile
{ CN )-bearing surfaces are directly obtained from deposition
of surfactants bearing those functional groups, and the SH-
functionalized surface arises from the reduction of either
thipacetate or thiocyanate coatings (8). Inttially, monolayers
are prepared by pipetting 10 ml of the surfactant solution
(100 gl of surfactant in 10 m! of dicyclohexyl) onto one face
of the germanium ATR crystal. After 3 min, the selution is
removed and the crystal is washed with CHCl; and water,
and finally with hot CHCl;. Chemical transformations of
the monolayer-coated crystal are done directly on the crystal.

The carboxylic acid (COOH) surface used in this work
was obtained by hydrolysis of | 7-trichlorosilyl heptadecanoy!
chieride (SiCl3-(CH,),4~COCI). This preparation differs
from the COOH surface used in our earlier FN work (10-
12} in that the current surface s less hydrophilic but is more
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uniform in bearing only COOH groups on the surface. The
surfaces for which data were obtained and analyzed include:
Ge (bare, underivatized), Ge/COOH, Ge/Br, Ge/OQTS, Ge/
SH, and Ge/CN. These surfaces offered a reasonable range
of hydrophobicities and chemistries and have convincingly
shown that monolayer functionality of various types does
not interfere with our measurements on FN.

Contact angle measurements: Contact angle measure-
ments were determined in 2 Rame-Hart Model 100 contact
angle goniometer. Advancing contact angles were determined
by watching the advancing periphery of a drop of water
placed on the monolayer-covered germanium crystals. Con-
tact angles were measured within 30 s of placement of the
drop of water. Receding contact angles were measured as
part of the liquid was drawn off, Measurements were made
at ambient temperature and the values reported are the av-
erage of 4-6 measurements at different points on the surface.

FT-IR/ATR data acquisition: A Digilab FTS-40 with
data-collect software in Dr. Roger Marchant’s laboratory at
Case Western Reserve University was used for these studies.
Ge ATR crystals were plasma cleaned and left either un-
coated (control) or coated with a SAM monolayver film. Us-
ing ATR optics the spectra of the SAMs were obtained; bare
germanium ATR crystal was used as the reference. These
spectra confirmed the identity and the integrity of the mono-
tayers prior 1o protein adsorption experiments.

Adsorption of protein 1o coated and uncoated Ge crystals
was followed in time using techniques we have previously
published (28). Briefly, two similar ATR crystals, one coated
and the other uncoated, were used for assembiing the flow
cell. Only one flow channel was used during individual ad-
sorption runs. PBS buffer was then introduced into the flow
channel and a reference spectrum was obtained. FN solution
(20 pg/ml, in phosphate-buffered saline, pH = 7.4, PBS)
was introduced into the ATR flow cell, displacing the PBS
buffer under which the surface had initially been equilibrated.
The flow cell was sealed off and adsorption was allowed to
proceed under static conditions, at room temperature. Data
collection was initiated immediately. During the first 30 min,
spectra were collected every 4 min. All spectra were collected
at a resolution of 4 cm™' with one level of zero filling and
triangular apodization. During the next 60 min spectra were
collected at a slower pace, once every 20 min. A total of 12
spectra were collected during these 90 min. Fresh PBS bufter
was then reintroduced to the cell to flush away proteins that
were very loosely adsorbed to the surfaces. Two spectra of
the strongly adsorbed protein were then obtained during the
next 30 min, for a total of 14 spectra. In each experiment,
the I4th spectrum thus represented the final spectrum of the
adsorbed pratein on the surface,

Data processing:  Absorbance spectra of proteins were
obtained by subtracting the spectrum of buffer (i.c., PBS)
by a simple 1:1 rule—except when bands near 1640 cm™!
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were investigated. In such cases, the criterion of a flat baseline
in the region from 1900 to 1800 cm ™' was used for calculating
the subtraction factor. The subtraction factor was close to
1.0 in all cases.

The intensity of the Amide Il band (1550 cm™) can be
linearly correlated with the total amount of surface-bound
protein (29, 30). Actual Amide Il intensities were scaled to
a water band intensity of 700 milliabsorbance units to correct
for experiment-to-experiment variations in alignment and
flow-cell assembly. For example, if the intensity at 1640 cm™"
for a given experiment was (.65 absorbance units and the
Amide II intensity (after buffer subtraction) was 0.015 ab-
sorbance units, the “normalized™ value was obtained as (0.7
X 0.015/0.65) or equal to 0.0162 absorbance units. A de-
tailed discussion of this correction has been published pre-
viously (29). Quantitative comparison of protein amounts
on ATR surfaces cannot be made without such a correction.

Fourier self-deconvolution { FSD) as described by Kaup-
pinen er al. (24) was used to resolve the intrinsically over-
lapped Amide 1 spectral region. For adsorbed fibronectin on
all the surfaces we examined, FSD analysis revealed three
bands in the Amide I spectral region, centered near 1687,
1670, and at 1638 cm™'. The two bands at 1687 and 1670
cm™' represent G-turn structures in the protein and the band
at 1638 cm™' reflects S-sheet structures ( 14-19). There was
no evidence of the presence of any a-helical structure; no
bands were seen near 1650 cm™'. The relative abundance
of sheet and turn structure was obtained by iterative least
squares fitting, using the technigue described Fraser and Su-
zuki (27).

The Fraser-Suzuki approach was programmed in Fortran
77 and targeted for the IBM PC ( DOS) and compatible en-
vironment. The program accepted infrared data files in the
J-CAMP format for input. Using initial guesses of peak po-
sition (obtained from FSDY), peak height (from original
spectra) and peak width the program determined how best
to fit the Amide I envelope by symmetric Gaussian curves.
Best fit was defined in the least-squares sense; the program
minimized the difference between the Amide I envelope and
that constructed using three symmetric Gaussian curves.
During the itterations, the widths, positions, and the inten-
sities of the peaks were allowed to vary from given initial
guesses; the program determined the best combination of
parameters. The program was allowed to iterate until im-
provement in the ieast-squares error was less than 3% of the
previous least-squares error. Calculations for all spectra were
started using the same initial guesses. The output from the
program included peak position, peak intensity, width, and
band area. The “percent” secondary structure (8-sheet and
B-turn) was calculated from these areas. We have reported
changes in these structures both as a function of time and
of surface.

A total of 14 spectra were obtained for each experiment
on each surface. A minimum of three experiments were done
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on each of the six surfaces, using identical data collection
techniques. The results from curve fitting were averaged at
each time point and standard deviations were computed,
Two-tailed Student’s 7 test was used to check for significance
in the data at the 95% confidence level.

RESULTS AND DISCUSSION

The sessile drop contact angles for the surfaces we studied
are shown in Table 1. As expected, bare germanium is hy-
drophilic (22°) while a [CH;]-coated germanium crystal
from OTS is most hydrophobic with a water contact angle
of 110°. We have previously (10) worked with [COOH]
surfaces having contact angles of 52°. For present purposes
we have changed the method of [COOH | surface generation
and observed the relatively higher contact angle of 72°. The
more hydrophilic COOH surface is generated by the oxidative
cleavage of a terminal olefin with permanganate. These
strongly oxidizing conditions produce surfaces that are dom-
inated by COOH groups but also have some other alcohol
and carbonyl functionality present. The use of acid chloride
hydrolysis (in the present work) guarantees that only acid
groups are present. For such surfaces, there are several pos-
sible reasons for such a relatively high contact angle. As has
been suggested by Ulman and co-workers (31 ) for alcohol
bearing films, the carboxylic acid monolayers, particularly
as acid dimers, may reorganize in air and somewhat bury
the COOH groups. Similarly ¢levated contact angles have
been seen by other researchers (32) where carboxylic acid
terminated symmetrical dialkyl sulfide monelayers on gold
show large variations in the contact angle with chain length
and where contact angle changes from 40° to 80° have been
observed. Since the present work required the creation of
surfaces with as uniform as possible array of functionality,
these COOH surfaces were used despite their reduced hy-
drophilicity.

The Amide 1 and Il regions of fibronectin adsorbed to an
acid (COOH) surface are shown in Fig. 1. There are two
major bands: the Amide I centered near 1640 cm™! and the
Amide I, near 1550 cm™!. A plot of the normalized surface
adsorbed protein amounts (Amide 11, 1550 cm ') with time
for the surfaces studied is shown in Fig. 2. Fibronectin ap-

TABLE 1
Advancing Contact Angles (Average + 1 Standard Deviation)

Surface Contact angle
Bare germanium 22
Ge-COOH 72£2
Ge-~thiol T2 2
Ge-bromide 822
Ge-OTS 1o +2
Ge-nitrile 77 x2
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FIG. I. The Amide [ {near 1640 cm™") and Amide M { near 1550 cm™")

bands of fibronectin adsorbed to a Ge-COOH surface, after subtraction of
H,0.

peared to adsorb at a slower rate on our most hydrophilic
surface, bare germanium. The normalized Amide II inten-
sities from the final spectrum for all the surfaces are shown
in Table 2. There are no significant differences in the amount

20 T T T

Normalized Amide Il Intensity

Y. L —L L - -
0 20 40 60 80 100 120

Adsorption Time, min

FIG. 2. A plot showing kinetics of fibronectin (20 ug/ml) adsorption
to the surfaces we studied, under static conditions using FTIR JATR. Nor-
malized Amide Il intensity versus adsorption time in minutes. Data shown
as average (of threc experiments} *1 standard deviation. (A) Ge-COOH,
(N} Ge-CN, (Q) Ge-OTS, { B) Ge-bromide, ( T) Ge-thiol, and (() bare
germanium.
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TABLE 2
Normalized Amide II Intensities for Adsorbed Fibronectin
after 116 min (Average + 1 Standard Deviation)

Surface 1550 cm ™!
Germanium 14.855 £ 1,57
Aad 1481 +1.72
Thiol 13.99 + 2.13
Nitrile 16.69 +0.53
Bromide 15.73 + (.84
QTS 1556 +1.09

of protein adsorbed to these surfaces. Qur results are in slight
contrast to some previous FTIR / ATR studies of fibronectin
adsorption on hydrophobic and hydrophilic surfaces (33,
34). These investigators showed that hydrophilic surfaces
adsorbed much less protein, at a lower rate, than hydrophobic
surfaces. These differences could also reflect the fact that the
hydrophilic / hydrophobic nature of surfaces is only one factor
that determines the total amount of protein adsorbed to sur-
faces. Qur FTIR/ATR results are consistent, however, with
our earlier studies { 10-12) on these same surfaces where no
differences were seen in total adsorbed protein, quantified
by radiolabeling methods.

We then examined the data for surface specific effects on
the structure of adsorbed fibronectin. Most studies involving
protein secondary structure on surfaces have as a reference
the structure of the protein in solution. For many proteins,
the principal elements of their structure (a-helix, -sheet,
random coil, aperiodic ) can be conveniently analyzed from
the circular dichroic contributions of the peptide chromo-
phore in the spectral region from 190-250 nm or by analysis
of the Amide 1 band of proteins in solution. Aqueous solution
spectra (free in solution, not adsorbed) of globular proteins
like fibronectin cannot be obtained unless their concentration
is 10 mg/ml; the intense absorption of H,O at 1640 cm™!
is the primary reason for this limitation. One technique in-
vestigators have used to get around this limitation is to dis-
solve the protein in pure D,O, but it is difficult to directly
relate infrared spectra in D-O with that obtained in H,O.

Unlike solution spectroscopy, the ATR technique does
not have such a limitation. Since proteins are concentrating
at the solid-liquid interface, accurate and precise spectra can
be obtained from very low bulk concentrations of protein at
submonolayer to multilayer coverages of the surface. Fibro-
nectin is a trace plasma protein and was purified from plasma
by affinity chromatography. Attempts were made to obtain
a solution infrared spectrum of the stock solution of fibro-
nectin stored in CAPS buffer, but the concentration level
was too low and the absorption of H;O at 1640 cm™ could
not be adeguately subtracted out. We are thus limited to
using information about the solution structure of fibronectin
from limited circular dichroic studies. There is general
agreement that fibronectin does not contain appreciable
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amounts of a-helix because the characteristic double peak
at 210 and 222 nm is not present in the spectra (35). Qual-
itatively, the observed bands at 215 and 200 nm are consis-
tent with the presence of S-sheet. Using completely deuter-
ated water (D,0) Koteliansky er al. {36) have estimated
about 25% antiparallel 8-sheet in plasma fibronectin using
infrared spectroscopy.

In Fig. 3 we show a typical resolution of the Amide I band
into the three symmetric Gaussian curves as calculated by
the curve-fitting program. Such a resolution was obtained
on all 14 spectra, for all replicate experiments, on all the
surfaces we tested. We queried the data using two methods.
For each data set, at each time point, a ratio of the 8-sheet
structure (1638 cm™") to the 3-turn structure {1670 cm™')
was calculated using the area ratio of the fitted Gaussian
curves at 1638 and 1670 cm™', The change in this ratio as
a function of time and for all the surfaces we examined is
shown in Fig. 4a. This ratio changes from approximately 1.5
to about 3.5 during the 2 h of adsorption, suggesting that
fibronectin conformation changes with time. This change in
structure appears to level off after about 30 min of adsorption
on all the surfaces. The increase in ratio suggests that with
time, there is an increase in the relative amount of 3-sheet
to turn type of structure in adsorbed fibronectin. The change
in this ratio during the first 40 min is shown separately in
Fig. 4b; while there appears to be an early separation of Ger-
manium and acid surfaces from the others, these differences
are not statistically significant. In a related study of fibro-
nectin adsorption to polyurethanes, similar observations were
made: the ratio of 1634 cm™' peak to the 1670 cm™! peak
was observed to increase with increasing protein adsorp-
tion (30).
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FIG. 3. The Amide | region of fibronectin adsorbed: to-a Ge-COOH
surface and results frém curve fitting {dotted curves).
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FIG. 4. (a) A plot showing how the ratio of beta-sheet to §-turn bands change with time on the surfaces studied. Since a ratio is plotted, no error bars

are shown. (A) Ge-COOH, (N) Ge-CN, (0O) Ge-QTS, (B} Ge-bromide, (T) Ge-thiol, and {G} bare germanium. (b} Data from (a) shown for the first

40 min only.

The FT-IR/ATR technique gives us information about
the entire adsorbed layer. A spectrum obtained after 10 min
of adsorption, for example, represents the “averaged” spec-
trum of many hundreds of molecules of fibronectin on the
surface. The initial layer of proteins, if they are denatured,
may retain that changed structure as more fibronectin mol-
ecules continue to adsorb, As the surface fills up, proteins
will adsorb to other adsorbed protein molecules and are more
likely to retain their native structure. Thus, with time, the
ratio of native to denatured protein is expected to increase.
This is what is expressed in Fig. 4. We have, however, a
measure of the total amount of protein on the surface as a
function of time: the intensity of the Amide Il band. We can
thus plot the ratio of native to denatured protein as a function
of total adsorbed protein, shown in Fig. 5, and this shows
the same trend. Absolute values of the percent areas for the
curve-fitted bands at 1687, 1670, and 1638 cm™! are given
for all the surfaces as a function of time in Table 3.

We have tabulated separately { Table 4 ) the average percent
areas for the final protein spectra; 116 minutes into the ad-
sorption. Using the two-tailed Student’s T test, we examined
the data for significant differences at the 95% level. There
were no significant differences in the structure of adsorbed
fibronectin on Germanium and acid surfaces. We could de-
tect no differences between fibronectin on OTS and Bromide
surfaces. The structure of adsorbed fibronectin on Ge and
acid was significantly different from that adsorbed to OTS
and Bromide. As the data in Table 3 show, Thiol and Nitrile
surfaces fell somewhere in between. These data show clearly

that different chemical end groups on the substratum meod-
ulate fibronectin conformation but have no effect on the
amounts bound. These studies support the hypothesis
evolved from earlier studies on the evaluation of neurite out-
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FIG. 5. A plot showing how the ratio of 8-7 sheet to #-turn changes
with total amount of adsorbed fibronectin. {A) Ge~-COOH, (N) Ge-CN,
(0) Ge-0OTS, (B) Ge-bromide, {T) Ge-thiol, and (G) bare germanium.
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TABLE 3
Curve-Fitting Results

Min 1687 Standard deviation 1670

Standard deviation 1638 Standard deviation

Fibronectin on Germanium

4 8.42 2.12 30.68
8 719 0.76 27,74
12 8.03 1.63 24.27
16 6.26 1.09 26
20 5.64 1.01 259
24 5.29 2.26 26.58
28 6.26 0.73 23.2
32 5.69 0.39 25.38
36 6.58 1.06 23.52
52 6.38 1.3 24.05
68 6.58 2 22,54
84 7.18 343 22.2
100 54 0.21 17.98
116 5.1 2.26 19.58

Fibronectin on OTS

4 7.38 35 32.09
8 4.23 2.2 33.42
12 4.14 205 31.57
16 4.2 202 30.6
20 4.82 0.57 28.56
24 5.28 0.23 26.31
28 492 0.1 26.99
32 5.69 0.66 25.45
36 5.39 0.34 25.35
32 5.26 0.4 24,69
68 5.7 0.38 24,5
84 5.32 0.48 24.39
140 5.37 0.54 25.78
116 4.64 1.02 2661

Fibronectin on Bromide

4 4.69 0.63 36.21

8 4.74 0.39 307N
12 4.95 0.49 30.14
16 5.21 0.86 28.72
20 5.05 0.3 27.24
24 5.2 0.57 26,77
28 4.96 0.89 28.37
32 4.96 0.44 27.11
36 5.02 0.81 27.08
52 5.26 0.54 2598
68 4.98 0.72 24.53
84 5.02 0.54 26.27
100 4.78 0.52 27.12
116 47 0.63 26.07

4.31 60.88 4.82
2.99 64.47 374
324 68.89 3.14
6.08 67.73 5.08
3.65 68.43 3.77
4.09 68.12 4.11
4.53 70.53 5.19
4.35 68.72 4.46
2 69.88 3.04
3.85 69.56 5.14
319 7L.47 5.15
4,93 73.35 0.1

352 76.61 374
5.54 7531 38

5.16 60.52 2.94
7.15 62.34 5.25
8.21 64.29 6.19
393 65.21 398
318 66.03 272
1.21 68.42 1.28
2.69 68.08 2.65
1.58 68.86 2.14
23 69.27 239
0.97 70.04 1.32
0.82 70.33 1.1

1.34 70.28 1.58
1.54 68.85 1.64
2.67 68.75 2.07
6.59 60.42 5.2

3.67 64.58 3.57
2.17 64.91 1.71
2.63 66.07 1.77
292 67.71 2.67
33 68.03 2,76
1.99 60.68 I.15
1.57 67.93 1.15
1.68 67.9 0.98
1.04 68.76 0.53
2.44 70.49 2.44
0.36 68.7 0.18
1.23 68.1 0.82
202 69.23 1.42

growth by neuroblastoma cells ( 10), Fibronectin at the con-
centrations used in this study was adsorbed to derivatized
glass cover slips for about 1 h, at 37°C. Platt neuroblastoma
cells were then added and allowed to attach and spread for
16 h, The cells were then fixed with glutaraldehyde and the

neurites generated were quantitated by technigues described
previously, While there was poor cytoplasmic spreading and
virtually no neurites formed on hydrophobic surfaces like
Bromide and OTS, significantly greater neurite outgrowths
were observed on acid and SiOH (bare glass) substrates. In-
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TABLE 3—Continued

Min 1687 Standard deviation 1670 Standard deviation 1638 Standard deviation

Fibronectin on Nitrile

4 6.18 3.86 . 34.26 6.11 59.56 3.48
8 5.9 0.64 29.42 1.94 64.68 1.4
2 6.24 0.34 26.15 1 67.61 1.24
16 5.78 0.17 25.89 1.26 68.34 1.2
20 597 0.1 26.07 2.02 6797 212
24 5.8 0.31 26.2 1.09 68.01 1.4
28 5.48 0.53 24.82 22 69.7 2.7t
32 573 0.85 23.96 1.43 70.31 1.88
3o 549 0.2l 25.59 1.93 68.91 2.1
52 513 0.51 25.28 275 69.6 2.64
68 5 0.71 24.18 4.83 70.82 4.7l
84 54 0.3 24.28 72 70.31 2.44
100 497 1.07 25.02 39 70 2.85
116 5.52 0.27 2297 091 71.5 1.1

Fibronectin on Acid

4 8.33 0.8% 27.14 2.13 64.52 2.39
8 6.75 0.7 23.95 1.16 69,29 1.83
12 6.36 0.44 23.35 1.06 70.3 1.49
16 6.39 0.28 22,27 0.97 71.33 1.17
20 6.23 0.44 21.83 1.29 71.95 1.52
24 6.11 .44 22.11 0.72 71.78 1.12
28 6.08 0.35 22 (.68 71.91 0.9
32 5.98 0.33 21.97 2.03 72.05 225
36 5.88 0.38 21.58 1.04 71.53 1.1l
52 5.81 0.44 21.07 2.02 73.12 229
68 5.6 0.53 20.42 2.62 73.98 3.07
84 5.49 0.61 20.27 1.5 74.24 1.8
100 4,93 0.33 19.41 0.97 75.66 k1
116 4.8 0.36 18.89 1.49 76.3 1.45

Fibronectin on Thiol

4 15.74 9.04 24.93 10.46 59.34 5.15

g 8.42 2.61 26.62 542 64.95 3.7
12 7.27 0.96 25.75 2.91 66.98 2,53
16 6.68 0.84 24.76 L1 68.57 1.04
20 6.18 02 24.64 0.85 69.18 0.88
24 6.42 0.68 24.25 1.12 69.33 1.08
28 6.09 0.25 24.19 0.72 69.72 0.77
32 5.93 0.17 24.1 0.95 69.97 0.98
36 3.91 0.14 23.67 0.89 70.43 0.93
52 5.84 0.08 23,16 0.04 70.99 0.66
68 5.62 0.06 22,27 1 7211 0.95
84 5.5 0.03 21.29 1.36 73.21 1.38
100 532 04 2098 0.68 73.7 0.61
116 5.32 0.24 21.18 0.65 73.49 0.48

Note. Percent areas (average and standard deviation) for bands at 1687, 1670, and 1638 {cm™') wavenumbers as a function of time.

terestingly, neurite formation on Bromide and OTS could SUMMARY
be “rescued” if the initial fibronectin adsorption was done
in the presence of excess albumin, preserving its confor- This study shows that the effect of modification of the

mation on such hydrophobic substrates. surface chemistry on the attachment and the spreading of
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TABLE 4
Percent Areas Calculated from Curve Fitting (Average +

Standard Deviation) for Adsorbed Fibronectin after 116 Min
(Average + | Standard Deviation)

Surface 1687 cm™' 1670 cm™! 1638 cm™!
Germanium 5.1 x£226 19.58 £ 5.34 7531 £ 38
Acid 48 +0.36 18.89 + 1.49 763 +£145
Thiol 5.32 +0.24 2118 +0.65 7339 £ 48
Nitrile 5.52 +0.27 22.97 + 0.91 71, 1.1
Bromide 47 +0.63 26,07 £ 2.02 69.23 + 142
OTS 464 + 1.02 26,61 £ 2.67 68.75 +£2.07

Note, Values obtained from Table 3.

fibroblasts on surfaces can be described in terms of the con-
formational properties of fibronectin and not by the total
amount of ibronectin adsorbed. The FTIR /ATR approach
clearly demonstrated a measure of surface-dependent con-
formational changes for FN which are correlated by inde-
pendent biological measurements on cell behavior on these
surfaces, This study thus holds promise that we may be able
to directly correlate adhesive protein activity to its surface-
bound conformation.
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