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Important cellular characteristics, including selec- cells or on the extracellular matrix (2-4). As one approach to
tive adhesion, growth rate, motility, and differentia- study such interactions, we have developed “cell surface anation, are controlled, in part, by signals received at the logs,” chemically defined plastic surfaces derivatized with cell
cell surface. The molecular mechanisms for the cell surface (or extracellular matrix) molecules (5). Based on
surface control of these cell behaviors are largely un- evidence that cell surface carbohydrates are involved in cell
known. In orderto probe the role of specific extracel- recognition (2, 6-8), we demonstrated that otherwise nonalular molecules in controlling cell function, we report dhesive plastic surfaces derivatized with glycoproteins (9),
the development of synthetic surfaceswhich generally glycolipids (10, ll), andsynthetic glycosides(12-16) supsupport the long-term growth
of cells yet can be readily ported carbohydrate-specific adhesion by hepatocytes, macderivatized witha wide variety of molecules of biologrophages, lymphocytes, and neural retina cells. Whereas our
ical interest. Polyacrylamide gels containing a graprior studies characterized short-term recognition and adhedient of active ester groups were prepared and then
the esters were displaced with ligands to generate a sion, the derivatized surfaces could not be used to address
gradient of carboxylic acid, tertiary amine, or hy- more subtle long-term cell responses such as division rate,
droxyl groups. When untransformed mouse fibroblasts motility, and differentiation.
(BALB/3T3)were seeded on the various surfaces, they The use of cell surface analogs to study the long-term
attached and grew only on those derivatized with car- modification of cell behavior by extracellular signals required
boxylic acids or hydroxyl groups within narrow con- a chemically defined, derivatizable surface which was genercentration ranges. Cell growth rate, density, and
mor- ally supportive of cell adhesion and growth in the absence of
phology onpolyacrylamide gels containing theoptimal immobilized extracellular matrix molecules (17). Previous
concentration of carboxylic acid groups (-30 rmol/ml) reports of cell growth on ionically charged polyacrylamide
were comparable to those on tissue culture plastic,
beads (18) encouraged us to extend our previous technology
whereas growth on hydroxyl group-derivatized gels to generate derivatizable polyacrylamide growth surfaces. The
was less extensive. In contrast, short-term (90-min)
resulting surfaces are chemically defined, optically clear, and
adhesion tohydroxylgroup-derivatized
gels was readily covalently derivatized with a wide variety of molecules
greater than that to carboxylic acid-derivatized gels. of biological interest. Derivatizable anionically charged polyBoth short-term adhesion and long-term growth re- acrylamide surfaces supported adhesion and long-term growth
quired serum.
of fibroblasts at a rate and to an extent comparable to that
Growth-supportive polyacrylamide gels were read- on tissue culture plastic. The techniques described to generate
ily derivatized with molecules of biological interest. surfaces supportive of fibroblast growth are broadly applicable
The techniques reported here are applicable to other
to other cell types. This work has been presented as aprelimtypes of cell in culture since the nature and concentration of substratum functional groups can
be easily var- inary communication (19).
ied and tested for support
of long-term cell growth.
EXPERIMENTALPROCEDURES

Complex cellular behaviors, such as growth rate, adhesion,
mobility, and differentiation, arecontrolled, in part, by signals
received at thecell surface (1).Evidence is accumulating that
such interactions are mediated by the binding of specific cell
surface receptors to complementary molecules on apposing
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article were defrayed in part by the payment of page charges. This
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Materials-The following materials were obtained from the sources
indicated acrylamide, N,N‘-methylenebisacrylamide,TEMED,’ and
GelBond PAG from Polysciences, Inc.; ethanolamine from Eastman
Kodak Co.; y-aminobutyric acid (GABA) and N,N-diethylethylenediamine from Aldrich agarose from Bio-Rad; trypsin (three-times
crystalline, TRL 3) from Cooper Biomedical, Inc.; and powdered
tissue culture medium (430-2100) and calf serum from Gibco Laboratories. The N-succinimidyl ester of acrylamidohexanoic acid (N-6)
was synthesized as previously described (Compound I ofRef. 9).
Other materials were the highest quality available from standard
sources.
Media-Dulbecco’s modified Eagle’s medium (DMEM) was prepared from commercially obtained powder supplemented with 3.7 g/
liter sodium bicarbonate. When cells were grown on polyacrylamide
surfaces, penicillin (100 units/ml) and streptomycin (100 pg/ml) were
added to the medium. Phosphate-buffered saline (PBS) consisted of
KC1 (2.68 mM), KH&’O, (1.47 mM), NaCl (137 mM), NaH,P0,.H20
The abbreviations used are: TEMED, N,N,N’,N’-tetramethylethylenediamine; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; GABA, 4-aminobutyric acid; N-6, N-[6-[(2,5-dioxo-lpyrrolidinyl)oxy]-6-oxohexyl]-2-propenamide;DMEM, Dulbecco’s
modified Eagle’s medium; PBS, phosphate-buffered saline.
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(8.06 mM), and glucose (5.55 mM) adjusted to pH 7.3 and sterilefiltered (0.2-pm filter). Lysis buffer consisted of 0.1 M potassium
phosphate buffer (pH 7.0) with 0.5% (v/v) Triton X-100.
Celk"BALBI3T3 cells (American Type Culture Collection CCL
163) were maintained in DMEM supplemented with 10%calf serum
at 36.5 "C in a humidified atmosphere of 90% air, 10% COz. Cells
were collected every 4k5 days (at 80%confluence) using 0.01% trypsin
in PBS andreseeded,'at 5-10% of their original density.
Polyacrylamide Growth Surfaces-Growth surfaces were prepared
by copolymerizing acrylamide, bisacrylamide, and the active ester
acrylate (N-6), washing the resulting gel, and displacing theNsuccinimidyl ester with the desired functional group-containing ligand (carboxylic acid, tertiary amine, or hydroxyl groups; see Fig. 1).
This resulted in the desired concentration of ligand covalently bound
to the polyacrylamide matrix via uncharged, stable amide bonds. A
typical polymerization mixture contained 2 g of acrylamide and 0.18
g of bisacrylamide in 4 ml of water, to which were added 2 ml of 0.25
M HEPES acid and 15 pl of TEMED. After adjusting the pH to 6.0
with molar HCI (higher pH values caused increased N-6 hydrolysis,
whereas lower pH values inhibited polymerization), up to 60 pmol/
ml N-6 were added, and the solution adjusted to 10 ml with water
and deaerated under vacuum. Polymerization was initiated by the
addition of 40 p l of 7% aqueous ammonium persulfate, the mixture
was poured between glass plates with a spacer of 0.6 mm, and
polymerization was allowed to proceed for 20 min a t ambient temperature. In some experiments, thinner (0.1-mm) gels were cast on a
commercial treated polyester backing (GelBond PAG) using the
manufacturer's instructions. After polymerization, all gels were
washed twice in cold distilled water (15 min each), and small pieces
were removed for colorimetric determination of N-6 incorporation
after alkaline hydrolysis (20). Typically, 80% of the N-6 added became
immobilized in the washed gels. The remainder of each gel sheet was
immediately transferred to an aqueous solution of 50 mM HEPES
containing the ligand appropriate for production of the desired functional group and adjusted to pH 8.5. Carboxylic acid groups were
generated by incubation (for 14-18 h) in either buffer alone (to
hydrolyze the active ester to thecorresponding carboxylic acid) or in
the same buffer containing 50 mM GABA. Tertiary amine (DEAE)
groups were generated by treating the gels with the same buffer
containing 50 mM diethylethylenediamine, whereas hydroxyl surfaces
were generated using buffer containing 50 mM ethanolamine hydrochloride.
The efficiency of active ester displacement with amines under the
conditions described abovewas determined using radiolabeled ligands. Activated gels (containing either 15 or 60 pmol/ml succinimidyl ester) were treated with [3H]GABAor [3H]ethanolamine(50 mM
in 50 mM HEPES buffer (pH 8.5)). After 16 h, N-hydroxysuccinimidyl
ester release and ligand incorporation (after thorough washing) were
determined. Succinimidyl ester release was complete (103 & 4%),and
displacement by ligand was essentially quantitative (98 +. 3% for
GABA and 100 & 7% for ethanolamine).
After the displacement reaction, gels werewashed twice in distilled
water (30 min each) and cut to sizes appropriate for tissue culture
(unsupported gelswere cut with a circular cookie cutter (3.0-cm
diameter), whereas gels on GelBond were cut with a razor blade into
2.5-cm squares. GelBond-supported gels and unsupported hydroxyl
gels were cut immediately after the last distilled water wash and
stored in 0.15 M NaCl supplemented with 15-30% isopropyl alcohol
to inhibit bacterial growth. Unsupported carboxylic acid- and DEAEderivatized gels swelled extensively when placed in distilled water,
presumably due to charge repulsion. Therefore, thesegels were equilibrated with DMEM, cut to size, and rewashed with water before
storage in the above solution. Gels were stable for at least 1 year (as
assayed by support of cell growth) under these conditions.
Gels were washed and equilibrated in sterile DMEM just prior to
addition of cells. After equilibration, gels supported on GelBond were
placed directly into 35-mm culture dishes, where they remained flat
and rested on the bottom of the dish when mediumwas added.
Unsupported gels required anchoring in the dishes to keep them flat.
After equilibration in sterile medium, the circular gels were mounted
in 35-mm culture dishes containing asmall amount of melted agarose.
This was accomplished (sterilely) by placing the gels first on plexiglass discs (0.5 X 3.0 cm) having a small hole drilled through the
center in which a 10-ml plastic sterile syringe was inserted. A small
volume of warm (60 "C) 2% agarose (Bio-Rad) dissolved in DMEM
was placed in the center of a 35-mm culture dish, and the plexiglass
disc with the gel on top was quickly inverted and pressed firmly onto
the bottom of the dish. After the agarose hardened (10 s), air was

forced through the syringe, expelling the plexiglass disc and leaving
the polyacrylamide gel firmly attached to the culture dish. All gels
were then covered with sterile DMEM prior to addition of cells.
Gradient Gels-Gels having gradients of functional groups (carboxylic acids, tertiary amines, and hydroxyl groups) were prepared using
a modification of the above protocol. A polymerization solution with
a high concentration of N-6 (50-60 pmol/ml) was prepared as described above, except that 10% (w/v) sucrose was added to increase
the density. A polymerization solution without N-6 or sucrose was
also prepared. Each solution was added to one side of a commercial
polyacrylamide gel gradient maker (1.7 ml/side), 3 p1 of 7% ammonium persulfate was added to each side, and thegradient was poured
between glass plates separated by a 0.6-mm spacer. When gradients
were polymerized on GelBond supports, 15% glycerol wassubstituted
for sucrose. Polymerization was complete within 30 min, resulting in
a gel with a uniform concentration of acrylamide and bisacrylamide,
but a gradient of N-6. Gels were washed twice with cold distilled
water (15 min each), a strip was removed along the length of the
gradient for analysis of succinimidyl ester concentration (as
described
above), and the rest
of the gel wastreated with the appropriate ligand
to generate the desired functionality (Fig. 1).For cell growth experiments, GelBond-supported gradients were cut to anappropriate size
and placed in the bottom of 150-mmdiameter culture dishes, whereas
unsupported gels were anchored in culture dishes using agarose.
Fibroblast Growth on Derivatized PolyacrylamideGels-Fibroblasts
were collected from maintenance flasks by trypsinization (using 0.1
mg/ml trypsin inPBS), washed by centrifugation in DMEM, counted
using a hemocytometer, and diluted to 50,000 cells/ml in medium
containing calf serum and antibiotics. The medium was removed
from
above derivatized gels in 35-mm dishes and replaced with 0.5 ml of
fresh sterile medium, and 1.0 ml of cell suspension was added (on the
larger gradient gels, volumes were increased proportionally). Dishes
were gently agitated to ensure even distribution of the cells and then
placed in the incubator. Control tissue culture plates (withoutderivatized gels) were seeded in an identical manner for comparison. The
medium was removedand replaced with fresh medium on the 3rd and
6th day of culture, and cells were harvested for analysis on the days
indicated in the figures.
Cell growth on gradient gelswas analyzed by microscopy and
densitometry. After the indicated time in culture, medium was removed, the gels were rinsed in PBS, andcells were fixed by addition
n
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FIG. 1. Scheme for introduction of functional groups on
derivatizable polyacrylamide surfaces. The active ester acrylate
monomer, N-6, was copolymerizedwith acrylamide and bisacrylamide
between glass plates to generate activated gel surfaces. Displacement
of the N-succinimidyl group by hydrolysis or GABA resulted in
anionically charged surfaces, displacement with ethanolamine generated hydroxyl group-derivatized surfaces, and displacement with
diethylethylenediamine resulted in cationic surfaces. Gels containing
the different functional groups at various densities were tested for
support of long-term fibroblast growth.
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of 2% glutaraldehyde in PBS for 30 min a t room temperature. After
rinsing with PBS, cells were stained for 30 min with a methylene
bluebasic fuchsin stain (0.26mg/ml methylene blue, 0.26 mg/ml
basic fuchsin, and 25% (v/v) ethanol in 0.2 M phosphate buffer (pH
7.4)) and thendestained (-16 h) in PBS. Cell growth was determined
(as a function of position on the gradient) by microscopy and by
densitometric scanning (using a Kontesfiber optic scanner).
Cell attachment and growth on uniform concentration-derivatized
gelswere measured by washing the plates with buffer, lysing the
adherent cells, and measuring released lactate dehydrogenase activity
(see below). When cells weregrown on agarose-anchored (unsupported) gels, medium was removed, and the cell layer was washed
twice by addition and removal of 1 ml of PBS. One ml of lysis buffer
was added and triturated, and thecell lysate was transferred to glass
test tubes and stored frozen until lactate dehydrogenase was assayed
(up to 10 days; enzyme activity was stable under these conditions).
GelBond-supported gels were removed from culture dishes with forceps, dipped twice in PBS, placed in a fresh culture dish, and 1.0 ml
of lysis buffer was added. After trituration, the resulting cell lysate
was transferred to a glass test tube and stored frozen prior to lactate
dehydrogenase analysis.
Cell number was determined by comparing the resulting lactate
dehydrogenase activity in cell lysates with that of a standard containing known cell number (14).The validity of this method for measuring
3T3 cell growth was determined as follows. One ml of lysis buffer was
added to freshly dissociated cells (washed by centrifugation in PBS),
cells grown on tissue culture plastic, or cells grown on carboxylic
acid-derivatized polyacrylamide gels (29.5 pmol/ml of gel). After
trituration, a portion of the lysate was transferred to a hemocytometer, and the number of nuclei (readily distinguishable by phase
microscopy (21)) was counted. Lactate dehydrogenase activity was
determined ona second aliquot of lysate. Lactate dehydrogenase
activity of freshly dissociated cells was 0.39 units/106 cells, that of
cells grown on tissue culture plastic was 0.40 units/106 cells, and that
of cells grown on derivatized polyacrylamide was 0.39units/106 cells.
The uniform ratio of lactate dehydrogenase activity to cell number
(regardless of growth copdition) allowed useof the enzyme as aneasy
biochemical method to quantitatecell growth.
Short-term Cell Adhesion-Fibroblast adhesion to GABA- or ethanolamine-derivatized gelswas determined using a centrifugation
assay described previously (12). Activated polyacrylamide gels (containing 30 or 52 pmol/ml N-6) were polymerized as thinlayers under
deaerated water in the bottom of 96-well plates. The resulting gels
were derivatized with GABA (30 pmol/ml) or ethanolamine(52 pmol/
ml) as described above. The plates were washed extensively with 0.9%
NaCl and stored in the same solution containing 5% isopropyl alcohol.
Prior to adhesion experiments, the plates were equilibrated in
HEPES-buffered DMEM (22). As indicated, some gels were preincubated for 60 min with HEPES-buffered DMEM containing 10%
(v/v) calf serum and thenwashed for 10 min with serum-free medium.
Adhesion was initiated by removing the wash medium and replacing
with 150 pl of the same medium (with or without 10% calf serum)
containing -25,000 freshly dissociated fihroblasts. After 30-90 min
at 37 "C, the wells were immersed in medium, sealed, inverted, and
centrifuged at 1,000 X g to remove nonadherent cells. The inverted
plates were quick-frozen with dry ice, gels (with adherent cells) were
removed and added to 1 ml of lysis buffer, and lactate dehydrogenase
activity was measured to determine cell number (see above). Background cell adhesion (to unactivated, underivatized polyacrylamide
gels) was determined concomitantly.
RESULTS
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FIG. 2. Fibroblast growth on carboxylic acid-derivatized
gradient gel. A gel containing agradient of N-6 was polymerized as
described in the text. After removal of a strip of the gel for analysis
of activation density (dashed line), the N-succinimidyl esters were
displaced with GABA, resulting in a gradient of carboxylic acid
groups. After washing and equilibration in medium, the gelwas
anchored to the bottom of a 150-mm Petri dish using agarose, and
BALB/3T3 cells were added. After 4 days in culture (the growth
pattern was essentially unchanged after 8 days on similar gradients),
the gel was fixed with glutaraldehyde, cells were stained with methylene bluebasic fuchsin, andthe gelwas subjected to scanning
densitometry to detect cell growth (solid line). The distribution shown
is representative of that seen using three separate gradients.
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FIG. 3. Fibroblast growth on hydroxyl group-derivatized
gradient gel. A gel containing agradient of N-6 was polymerized as
described in the text. After removal of a strip of the gel for analysis
of activation density (dashed line), the N-succinimidyl esters were
displaced with ethanolamine, resulting ina gradient of hydroxyl
groups. After washing and equilibration in medium, the gelwas
anchored to the bottom of a 150-mm Petri dish using agarose, and
BALB/3T3 cells were added. After 4 days in culture, the gel was fixed
with glutaraldehyde, cells were stained with methylene bluebasic
fuchsin, and thegel was subjected to scanning densitometry to detect
cell growth (solid line).

density forgrowth on carboxylic acid-derivatized gels was 27A general method t o generate derivatizable growth surfaces 30 pmol/ml (Fig. 2), whereas that for growth on hydroxyl
was devised, and its successful application to 3T3 fibroblasts group-derivatized gels was 55-60 pmol/ml (Fig. 3).
was demonstrated. To determine the optimal type and density Gels of uniform functional group density (near that deterof functional groups for cell growth, fibroblasts were placed mined to be optimal on gradients) were cast, and fibroblast
on gradientgels containing up to
60 pmol/ml carboxylic acids, growth on these surfaces was quantitated and compared to
tertiary amines (DEAE groups), or hydroxyl groups (as well growth on tissue culture plastic
(Figs. 4 and 5). Cells remained
as on underivatizedpolyacrylamide gels). Whereas gels deriv- firmly attached on polyacrylamidegrowthsurfaces
during
atized with DEAE groups (at any density tested) and unde- multiple washes, requiring trypsin treatment (or lysis) for
rivatized polyacrylamide gels did not support fibroblast adhe- removal (data not shown). After just 24 h, the lactate dehysion (data not shown), both anionic (carboxylic acid-deriva- drogenase activity (cell number) on carboxylicacid-derivatized)and hydroxyl group-derivatized gels supported cell tized gels hadincreased >40% above the input value, an
adhesion and long-term growth at distinct optimal derivati- increase equivalent to that found on tissue culture plastic.
zation densities (Figs. 2 and 3). The optimal derivatization
Long-term growth on carboxylic acid-derivatized surfaceswas
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FIG. 4. Kinetics of cell growth on carboxylic acid-derivaFIG. 5. Kinetics of cell growth on hydroxyl group-derivaN- tized polyacrylamide gels. Gels containing various densitiesof Ntized polyacrylamide gels. Gels containing various densities of
6 were prepared, and the active esters were hydrolyzed to generate 6 were prepared, and the active esters were displaced with ethanolcarboxylic acid groups. After washing and equilibration in medium,
amine to generate hydroxyl groups. After washing and equilibration
the gels (12 gels/density tested) were anchored in the bottom of 35- in medium, the gels (12 gels/density tested) were anchored in the
mm Petri dishes, and 3T3 fibroblasts (5600 cells/cm*)
were added. A bottom of 35-mm Petri dishes, and 3T3 fibroblasts(5600 cells/cm2)
portion of the cell suspension (with known cell number) was retainedwere added.A portion of the cell suspension (with known cell number)
for determination of lactate dehydrogenase activity. After culture for was retained for determination of lactatedehydrogenaseactivity.
the indicated times, pairs of plates were removed and washed with After culture for the indicated times, triplicate plateswere removed
PBS, andthe cells were lysed indetergent-containing buffer. Lactate and washed with PBS, andthe cells were lysed in detergent-containdehydrogenase activitywas determined on each lysate and compared ing buffer. Lactate dehydrogenase activity was determined on each
to that in the original cell suspensionto determine the cell densityat lysate and compared to that in the original cell suspension to deterthe time of collection. Cells plated on tissue culture plastic dishes
(0) mine the cell density at the time of collection. Cells platedon tissue
were treated in an identical manner for comparison. The carboxylic culture plastic dishes (0)were treated in an identical manner for
acid group densities (pmol/ml)on the polyacrylamide gels were: 23.9 comparison. The hydroxyl group densities (pmol/ml)on the polyac(O),29.5 (I),
34.1 (O), 39.7 (A),and 45.4 (A). The data presented rylamidegelswere:44.3 (A),52.1 (W), 55.2 (O), 55.9 (O),and 59.2
55.9 pmol/
represent the meanofduplicategrowthsurfacescollected
at each (A). The data obtained utilizing tissue culture plastic and
time. The individual measurements, on average, varied
less than 10% ml gels were obtained in a separate experiment from those obtained
using the other hydroxyl group-derivatized gels. The data presented
from the reported mean.
represent the mean of triplicate growth surfaces collected at each
also comparable to that on tissue culture
plastic. Cells reached time. The standard error, on average, varied less than 17% from the
the same cell density on gels containing 24-45 pmol/ml car- reported mean.
boxylic acid-derivatized polyacrylamide gels as they did on
tissue culture plastic. The growth rate depended on the den- term growth (Figs. 4 and 5), adhesion to ethanolamine-derivsity of carboxylic acid groups(Fig. 4);the optimalgrowth rate atized gels was much more rapid than that toGABA-derivaoccurred at a carboxylic acid density (29.5 pmol/ml) corre- tized gels (Fig. 7). In the absenceof serum, neitherderivatized
sponding to the optimal concentration determined
visually on surface supported adhesion above background levels (to ungradient gels (compare withFig. 2). Thegrowth rate (doubling derivatized polyacrylamide gels). Preincubation of the surtime of 25 h) ongels derivatized at theoptimal concentration faces with serum-containing medium (followed by washing
of carboxylic acid groups was nearly equal to that on tissue with serum-free medium) resulted in surfaces supportive of
culture plastic(doubling time of 18 h). Cells grown on carbox- subsequent adhesion in the absence
of serum.
ylic acid-derivatized surfaces could be collected by trypsiniGelBond PAG polyester support for polyacrylamide gels
zationandsubcultured
repeatedly (datanotshown).The
aided in handlingof derivatized gels used for cell culture. The
morphology of cells grown on carboxylic acid-derivatized gels necessity for using melted agarose to anchor gels to tissue
was nearly indistinguishable from those grown on tissue cul- culture plates was avoided, and the rigidity of the supported
ture plastic (Fig. 6). Cells attached and spread, many having gels allowed easier transfer during preparation and
collection.
the asymmetric attachment site and
ruffling membranes char- Carboxylicacid-derivatizedsurfaces
cast on GelBond supacteristic of fibroblasts in culture. Athigh densities, thecells ported cell growth in a manner similar to unsupported gels.
assumed a cobblestone appearance; although on carboxylic
the
Incubation of the GelBond-castgels in 30% isopropyl alcohol
acid-derivatized gels, the characteristic smooth borders be- solution was necessary to eliminate microbial contamination
tweencells appearedlater,andthe
cell density wasless
introduced when this nonsterile supportfilm was used.
uniform than that on tissue culture
plastic.
Carboxylicacid-derivatized gels are amenable to further
Cells plated on hydroxyl group-derivatized polyacrylamide
covalent derivatization withligands of biological interest. As
surfaces attached and
grew, but after 7 days had reachedonly
an extensionof our previous studies on carbohydrate-directed
a third the density as cells grown on carboxylic acid-derivacell adhesion (5), we copolymerized glycosides with acrylyl
tized gels or tissue culture plastic (Fig. 5). When grown on
the optimalhydroxyl group concentration(55 pmol/ml), cells groups in their aglycons with N-6, acrylamide, and bisacrylwere less flattened than on the other growth-supportive sur- amide. Subsequent hydrolysis of the active esters generated
carboxylic acids at a density supportive of fibroblast growth.
faces.
To determine the relationship of short-term cell adhesion In addition, up to 45 pmol/ml immobilized glucoside, galacto long-term growth and the role of serum in such adhesion, toside, mannoside, or N-acetylglucosaminide were incorpofibroblasts were incubated for up to90 min ongels derivatized rated. The efficiency of glycoside incorporation into the gel
with the optimalgrowth concentrations of GABA or ethanol- was not affected by the presence of N-6 (data not shown).
amine. In contrast to their relative ability to support long- The resulting surfaces had the characteristics desired con-
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FIG. 6. G r o w t h of BALB/3T3 fibroblasts on carboxyl group-derivatized polyacrylamide gels. Gels
were polymerized and derivatized with carboxylic acid groups, and cells were plated as described in the legend to
Fig. 4. After 1 day ( I u - ~ u ) , 2 days (Ib-36), 4 days (IC-3c), or 8 days (Id-3d) in culture, plates were photographed
using an Olympus IMT phase-contrast microscope fitted with a n Olympus OM-2 camera at a magnification of X
33 (into the film). The length of each panel corresponds to 680 ym. la-ld are cells grown on tissue culture dishes
for comparison; 2a-2d are cells grown on polyacrylamide gels derivatized with carboxylic acids at a density of 29.5
pmollml; and 3a-3d are those grown on gels derivatized a t a density of 39.7 pmol/ml.

nable to covalent derivatization with carbohydrates, proteins,
glycoproteins, or other ligands which mayact as extracellular
signal molecules. Our results address the role of substratum
chemical functional groups in support of i n vitro cell growth
DISCUSSION
and demonstrate a general approach for the development of
Signals received by cells a t their external surface control growth-supportive derivatizable surfaces.
short-term cell behaviors such as recognition and selective
Untransformed fibroblasts were chosen for these studies
adhesion (2, 6, 23-25) as well as long-term behaviors such as sincetheyareanchorage-dependent
for cell survival (like
growth rate (3,4,26-28), motility (29,30), and differentiationmany untransformed cells (32)) yet arewell-acclimated to i n
(1, 31). Further study of the molecular basis of extracellular vitro growth. In addition, recent studies have implicated excontrol of long-term cell behavior will be aided by chemically tracellular carbohydrates in the control of fibroblast growth
well-defined in vitro cell growth surfaces which are also ame- rate (26). Fibroblasts have been successfully grown on a wide
trolled covalent immobilization of ligands of biological interest ona substratum generally supportive of fibroblast growth.
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FIG. 7. Short-term fibroblast adhesion to GABA- and ethanolamine-derivatized gels. Gelsderivatizedwith
30 pmol/ml
GABA or 52 pmol/ml ethanolaminewere cast in microtiter
wells (12),
washed, and preincubated as described in the text. Adhesion incubations were initiated by adding freshly dissociated fibroblasts (25,000
cells in 150 p1 of medium with or without serum; see below). After
incubation for the indicated times at 37 “C, the wells were sealed,
inverted,centrifuged(1,000 X g, 10 min), and then quick-frozen.
Adherentcellswererecoveredbyremoving
the wellbottom and
treated with 1 mlof lysis buffer, and lactate dehydrogenase activity
was determined as a measure of cellnumber (14). Adhesionwas
measured in the complete absence of serum (-/-), in medium supplemented with 10% calf serum after preincubation of wells in the
same medium (+/+), or in serum-free medium after preincubation
with serum-containing medium (+/-) as described in the text. Specificadhesionisreported;backgroundadhesion
(to underivatized
polyacrylamide gels) of 44-49%for experiments whereserum was
used and 22-26% for serum-free experimentswas substracted. Data
are the mean & S.E. of triplicate determinations. G, GABA-derivatized gels; E , ethanolamine-derivatizedgels.
variety of surfaces including glass, “tissueculture” grade
plastic(33),acid-treatedpolystyrene(34),and
ionically
charged polyacrylamide beads (18). Since we had developed
derivatizablepolyacrylamide surfacestostudythe
role of
carbohydrates in short-term
cell recognition and adhesion (5),
we focused efforts on development of derivatizable polyacrylamide surfaceswhich would also be generally supportive of in
vitro cell growth. Whereas several methods have been published for the covalent derivatization of polyacrylamide gels
with ligands for affinity chromatography (35) and cell recognition studies (5, 12, 17), even short-term cell attachment to
these surfaces is not generally supported and requires derivatization with specific biomolecules. On the other hand, surfaces generally supportive of cell growth (such as glass and
tissue culture plastic) have been difficult to derivatize in a
chemically well-characterized manner which leavesthem generally supportive of cell attachment and growth (34, 36, 37).
T o bridge the gap in thesetechnologies, we developed surfaces
which, by themselves, would support long-term in vitro cell
growth yet would retain the abilityfor covalent derivatization
with a wide variety of biomolecules.
Using the methods described above, we introduced various
chemical functional groups (carboxylic acids, tertiary amines,
and hydroxyl groups) onto polyacrylamide gels via an active
ester acrylate monomer, N-6. Unlike other techniques which
immobilize ligands via cationically charged secondary amines
(17) or imidocarbonates (38), active ester immobilization results in an uncharged stable amide bond between the ligand
and the substrate (14, 39), allowing more control over the
ionic character of the surface generated. Although a small
amount of extraneous anionic charge in the
gel may be intro-

duced by spontaneous hydrolysis of the active ester (14, 20),
direct measurement of the efficiency of displacement with
radiolabeled ligands revealed near quantitative exchange of
the active ester for the desired
ligand. The active ester acrylate
(N-6) can also be used to immobilize desired biomolecules
under very mild conditions (9).
The technique described above allowed the rapid determination of the optimal type and concentration
of the chemical
functional groups required for cell growth. This was accomplished by seeding cellson continuous gradientsof functional
groups reportedto be supportive of cell adhesionand/or
growth(carboxylicacids,
tertiaryamines,and
hydroxyl
groups) (18, 32, 34). Murine fibroblasts used in these studies
(BALB/3T3) grew only on gels derivatized with carboxylic
acid groups or hydroxyl groups within narrow concentration
ranges (readily determined on gradient gels). Neither attachment nor growth was detected on underivatized or DEAEderivatized surfaces. Growth of cells on carboxyl group-derivatized gels (at charge densities near 30 pmol/ml) resulted in
cell attachment, growth, and morphology similar to that on
tissueculture plastic. Whereas hydroxylgroup-derivatized
gels also supported cell growth, the rate and extent
were
considerably lower. The reported techniquesmay be generally
applicable: gradient gels should allow rapid determination of
the polyacrylamide derivatization (type and density) optimal
for growth of other cell types.
Anionic charge groups and hydroxyl groups have been implicated as the
chemical species responsiblefor cell growth on
tissue culture-type polystyrene (for discussion, see Refs. 32
and 34). However, disagreement exists over the relative roles
of these functional groups. Curtis et al. (34), measuring shorttermadhesion,demonstratedthatsubstratum
hydroxyl
groups were highly supportive of baby hamster kidney and
leukocyte cell adhesion, whereas substratum carboxylic acid
groups were less adhesive. Our results (Fig. 7) support these
findings for short-term adhesion.However, long-term growth
did not correlate directly with short-term adhesion (compare
Fig. 7 with Figs. 4 and 5). In spite of their lower ability to
support short-term adhesion,carboxylic acid-derivatized surfaces supported more vigorous long-term growth. In our studies, the presenceof serum or adsorbed serum componentswas
necessary foradhesion above background levels. This suggests
that the role of carboxylic acid groups and hydroxyl groups
may be to support adsorption of serum attachment factors
(32), a finding which differs from that of Curtis et al. (34).
This difference may be due to the different underlying substrata used (polyacrylamide uersus polystyrene) or to thecell
lines used (3T3 uersus baby hamster kidney). In any case, our
data demonstrate that both
carboxylic acid- and hydroxyl
group-derivatized gels support short-term adhesion andlongterm growth, although not to the same extent.
Several studies report evidence that growth control is mediated,inpart, by cell-cell contact (3, 4,26-28, 40). The
synthetic surfaces reportedhere allow covalent attachment of
molecules of biological interest toa chemically defined surface
generally supportive of cell growth and should aid in the study
of the molecular basis of the long-term control
of cell behavior.
Three techniques are applicable to this end. 1)Acrylic monomers which contain the desired molecule (e.g. acrylamidohexyl glycosides (41)) and N-6 canbe readily copolymerized.
Subsequently, the active ester can
be converted to the desired
functional group (e.g. carboxylic acids)forsupport of cell
growth as described in the text. 2) Amine-containing ligands
(including proteins and glycoproteins) can be added to N-6activated gels, resulting in their immobilization (9). Subsequent displacementof remaining active esters with the desired

for
Derivatizable
Surfac:es
16.
functionalgroup-containingligand
(e.g. GABA,ethanolamine, or diethylethylenediamine) would result inthe desired
17.
growth-supportive substratum. 3) An acrylic monomer consupport of cell growth 18.
taining the proper functional group for
(e.g.acrylamidohexanoic acid for
3T3 cells) c a n be synthesized
and copolymerized with N-6. Subsequent displacement of the 19.
active ester with an amino group-containing ligand would
20.
result in the desired derivatized growth surface. Using these
flexible derivatization schemes,we hope to gain further infor-21.
mation about the roleof cell surface recognition in long-term
22.
control of cell behaviors.
23.
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