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Abstract

Hydrophilic polyacrylamide compounds having glucose (PAAm-glucose) and galactose (PAAm-galactose) as pendent groups w
synthesized from poly(acryloyl chloride) by polymer analogous reactions. The degree of glucose and galactose substitution was 53.2
41.6%, respectively. Tissue culture polystyrene (TCPS) plates coated with these polymers showed increased surface wettability. FTIR-/
spectra of coated plates showed characteristic bands at 1658, 1716 and I73uerto the carbonyl groups of polyacrylamide, PAAmM-
glucose and PAAm-galactose, respectively. Coating of polyacrylamide, PAAm-glucose and PAAm-galactose onto TCPS plates was :
confirmed by X-ray photoelectron spectroscopic (XPS) characterization. Rat hepatocytes in primary culture attached to the surfa
of PAAm-glucose and PAAm-galactose, but did not attach to those of polyacrylamide (PAAm). Only small differences were found betwe
PAAm-glucose, PAAm-galactose and PAAm in the attachment of L929 and CHO-K1 cells. Cell growth rate behavior of the latter two ce
lines on PAAm-glucose, PAAm-galactose and PAAmM was almost identicaB98 Elsevier Science Ltd. All rights reserved.
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1. Introduction hepatocytes in primary culture as well as L929 and CHO-K1
cells are presented in this communication.

Glycotechnology has been widely accepted as one of the
most important tools for a variety of biomedical applica-
tions (Kochetkov, 1984; Duncan et al., 1989). It has been 2. Materials and methods
appreciated that synthetic polymers bearing sugar residues
recognize cells through the marker molecules present on the2.1. Synthesis of polymers
cell surface (Schnaar, 1994; Weigel et al., 1979). In cultures,
such polymers also offer a good surface for cell attachment.2.1.1. Polymer analogous reaction

Much attention has been paid in recent years to synthe- Glucosamine and galactosamine hydrochloride were
sizing polymers having sugar residues for cell attachment. obtained from Wako Pure Chemical Industries Co. Ltd,
Most of the methods previously reported involved preparing Japan and were used without any further purification. The
a functional sugar monomer by introducing an olefinic poly- polymers were generated (Fig. 1) by first polymerizing dis-
merizable group (with or without spacer) and subsequenttilled acryloyl chloride to form poly(acryloyl chloride) in
polymerization of this monomer using a free radical initiator. dry 1,4-dioxane under Nat 65C for 24 h. 2,2-azobisiso-
We investigated the synthesis and characterization of poly- butyronitrile (AIBN, 1 mole% of monomer) was used as the
acrylamides having simple sugar residues such as glucosenitiator. Glucosamine and galactosamine hydrochloride in
and galactose by polymer analogous reactions. Preliminaryan alkaline medium such as bicarbonate buffer, are then
results on cell attachment to these polymer surfaces using rareacted with poly(acryloyl chloride) solution to form poly-

acrylamide, having glucose (PAAm-glucose) and galactose

* Corresponding author. (PAAm-galactose) residues, respectively. The reaction
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Fig. 1. Synthesis scheme for generating PAAm-glucose and PAAm-galactose by polymer analogous reaction.

mixtures were diluted with ethanol and poured into acetoni-
trile to precipitate the polymers. The polymers were purified

(TCPS) plates (area= 9.62 cnf) (Iwaki, Tokyo, Japan)
for 48 h at room temperature. The plates were thoroughly

by repeated dissolution and precipitation (three times) and dried under vacuum at room temperature. Crosslinking of

finally freeze-dried from aqueous solution.

adsorbed polymer was done by exposing the plates to UV
radiation (UV crosslinker CL-1000, UVP Inc., Upland,

2.1.2. Homopolymer synthesis from functionalized monomerUSA) of 1.2 X 10° pJ/cnt for 30 min. The polymer coating

Glucosamine and galactosamine hydrochloride were was confirmed by surface characterization techniques
reacted with acryloyl chloride in bicarbonate buffer (pH (FTIR-ATR, X-ray photoelectron spectroscopy (XPS) and
> 8):methanol (1:1 v/v), to form monomers (Kallin et al., contact angle measurements). FTIR-ATR measurements
1989). The structure of the monomers was confirmed by was carried out on a Jasco FT/IR-350 equipped with ATR

NMR. Polymerization oN-acryloylated monomers was car-
ried out in water at 3@ 1°C for 18 h using the (N3 ,S,0g/
TEMED initiator system. Polymers were precipitated by
pouring the reaction mixture into methanol. The polymers
were purified by repeated dissolution and precipitation
(three times) and finally freeze-dried from aqueous solution.

2.2. Prepararation of polymer coated plates

Aqueous solutions of these polymers (1.0 ml, 1% w/v)
were contacted with 35 mm tissue culture polystyrene

cell ATRMax® (Pike Technologies Inc., USA). The spectra
were recorded at an angle of°4%sing a trapezoidal shaped
ZnSe ATR crystal and liquid nitrogen cooled MCT detector.
Fifty scans were taken for each spectrum at a resolution of
4 cm™. XPS spectra were measured on an ESCAlab 220i
(Fisons Instruments) with monochromatized Al/K-ray
radiation at an energy of 100 eV for survey spectra, 10
and 20 eV to resolve the C 1s and O 1s spectra, respectively.
Water contact angle measurements were made using a
FACE contact angle goniometer (Kyowa Scientific
Instruments, Japan). Polyacrylamide (PAAmM) was used as
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Fig. 2. FTIR spectra (KBr pellet) of PAAm-glucose and PAAm-galactose.

control. GPC analyses were made using a Viscotek systemPercolf® solution (density 1.07 g/ml) and centrifuged for
with an RI detector. Pullulan samples were used as stan-10 min at 50X g. More than 90% of the isolated cells
dards. The solvent was water containing 50 mM LiCl and were viable as measured by trypan blue dye exclusion
the column temperature was° @) test. The resulting parenchymal cells were suspended in

Williams E medium containing 50 ng/ml EGF (R&D sys-
2.3. Preparation of hepatocytes and cell attachment test  tem, Minneapolis, USA), 0.AM insulin (Wako) and uM

dexamethasone (Sigma, St Louis, MO, USA). Isolated cells

Hepatocytes were prepared from male Sprague-Dawleywere inoculated at a concentration of %410° cells/plate

rats (150-200¢g) by a collagenase perfusion method with 2 ml of serum-free culture medium and incubated for
(Seglen, 1976). The liver cells suspended in Hanks balanced24 h in an incubator as mentioned above. In this study, type |
salt solution (HBSS) were filtered through a & nylon collagen-coated dishes (lwaki) were used as controls. Cell
mesh. The cell pellet was collected by centrifugation for attachment was evaluated by taking the photographs of cells
2 min at 50X g. Cells were further purified by repeating on a Olympus IMT-2 phase contrast microscope equipped
the centrifugation. The cell pellets were suspended in with a camera.
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2.4, Culture of cell lines and cell growth test onto TCPS plates. The polymer coating was found to be
quite stable under surface characterization and cell culture

Mouse fibroblast L929 and CHO-K1 cell lines were experimental conditions. The water contact angle decreased
obtained from RGB cell bank, RIKEN, Japan. The culture substantially after coating. TCPS plates had a contact angle
medium was minimum essential medium (MEM) supple- of 71.8. TCPS plate coated with polyacrylamide had a con-
mented with 10 mM non-essential amino acid solution tact angle of 24.3 The contact angle of TCPS plates coated
(MEM NAA) and 10% fetal bovine serum (FBS). For cell with PAAm-glucose and PAAm-galactose was below.20
growth study, inocula (2 ml) of & 10" and 10 cells/ml of FTIR-ATR spectra of bare TCPS plate and TCPS plates
L929 and CHO-K1 cells, respectively, were seeded onto coated with polyacrylamide, PAAm-glucose and PAAm-
TCPS plates coated with polymers and cultured as mono-galactose are presented in Fig. 3. The coated TCPS plates
layers in a humidified incubator at 37 under 5% CQin showed bands at 1658, 1716 and 1734 traused by the
air. The medium was changed once every 2 days. For cellcarbonyl group present in polyacrylamide, PAAm-glucose
counting, culture medium was decanted off and culture and PAAm-galactose, respectively. PAAm and PAAmM-
plates were treated with 0.25% trypsin in 0.02% ethylene- galactose coated TCPS plates showed additional broad
diamine tetraacetic acid (EDTA). The plates were incubated bands at 3332 and 3306 cihdue to N—H and OH stretch-
at 37C for 3—5 min. Trypsin—EDTA action was quenched ing vibrations. In contrast, the TCPS plate coated with
by adding several milliliters of culture medium. The PAAm-glucose showed a very weak and broad hump in
detached cells were suspended in culture medium andthe same region though the transmission spectra (Fig. 2)
counted using a hemocytometer. shows the presence of strong —OH (3369 &nstretching

vibrations in PAAm-glucose as well as in PAAm-galactose.

This may be caused by the difference in adsorption behavior
3. Results and discussion of these polymers on TCPS plates. XPS survey spectra

(Fig. 4) of TCPS plates coated with polycrylamide,

It has been reported previously that 2g@zobisisobutyr- PAAm-glucose and PAAm-galactose showed N 1s peaks
onitile initiated acryloyl chloride polymerization in 1,4- at 399.68, 399.52 and 399.69 eV, respectively. An addi-
dioxane vyields soluble linear poly(acryloyl chloride) tional peak due to Na was also noted in these samples.
(Schulz et al., 1960). However, there have been very few The presence of Na in PAAm-glucose and PAAm-galactose
reports on the utilization of poly(acryloyl chloride) in is probably due to the sodium carbonate/bicarbonate buffer
polymer analogous reactions (Strohriegl, 1993). Two poly- system used as the reaction medium for the glucosamine or
acrylamide derivatives bearing glucose and galactose sugagalactosamine substitution reaction. The bare TCPS plate
moieties were synthesized from poly(acryloyl chloride) and shows two peaks. One is due to C 1s at 284.96 eV and the
amino sugars such as glucosamine and galactosaminether due to O 1s at 533.18 eV. The latter peak in commer-
hydrochloride. The two sugars are isomers of each other.cial TCPS plates is probably due to the oxygen containing
These polyacrylamide-sugar derivatives are hydrophilic and additives as it is known that tissue culture polystyrene is not
miscible with water in all proportions. The transmission FT- a pure polystyrene (Steele et al., 1993). The C 1s peak in
IR spectra of PAAm-glucose and PAAm-galactose in KBr PAAm-glucose and PAAm-galactose (Fig. 5) showed
pellets (Fig. 2) shows 1732 and 1653 ¢ bands, shoulder peaks towards higher binding energy with main
characteristic of acid (or ester) and amide carbonyl groups, peaks at 285.02 and 284.99 eV, respectively. The presence
respectively. It should be noted that there are some inherentof acid and/or ester carbonyl species contributes to this
shortcomings associated with polymer analogous reactions.shoulder formation (Briggs, 1982). This is also reflected in
The most important one is structural units formed by side O 1s peaks of PAAm-glucose and PAAm-galactose (Fig. 6)
reactions and complete substitution of reactive carbonyl which are wide and slightly deformed. XPS data were also
chloride groups in the prepolymer. In the present case, aused to obtain a rough estimation of glycoside content
substitution reaction between amino sugars (glucosaminein PAAm-glucose and PAAm-galactose. Homopolymers
and galactosamine hydrochloride) and reactive carbonyl of PAAm-glucose and PAAm-galactose synthesized from
chloride groups is carried out in bicarbonate buffer (pH pure monomers were coated onto TCPS plates under iden-
8.0) and methanol (1:1 v/v) solvent. It has been reported tical conditions. The N atom percentage was selected for
previously thatN-acryloylation of glucosamine proceeds calculating glycoside content since there is only one type of
best above pH 8 in bicarbonate:methanol (1:1 v/v) solvent N (coming from the initial glucosamine or galactosamine
(Kallin et al., 1989). Other factors, such as solubility of sugar) present in PAAm-glucose or PAAm-galactose
glucosamine or galactosamine hydrochloride in organic sol- synthesized either from monomer or from the poly(acryloyl
vents, also restrict the choice of the solvents. As a result achloride) method. The N atom percentage is listed in Table
bicarbonate—methanol reaction medium, side reactionsl. Theoretical N atom percentages for homopolymers based
leading to the formation of acid and/or ester groups cannot on their repeat unit, are in fairly good agreement with the
be avoided. An aqueous 1% (w/v) solution was used to coat XPS data. The N atom percentages for homopolymers were
the TCPS plates. The polymer layer was adsorbed stronglytaken as 100% glycoside content as they were synthesized
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Fig. 3. FTIR-ATR spectra of tissue culture PS (TCPS) plate, TCPS coated Fig. 4. XPS spectra of tissue culture PS (TCPS) plate and TCPS coated with

with polyacrylamide, PAAm-glucose and PAAm-galactose.
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Fig. 7. Rat hepatocytes at 24 h of primary culture on the surfaces of: (1) polyacrylamide; (2) PAAm-glucose; (3) PAAm-galactose; and (4) type | collag
(phase contrastx 100).

from pure monomers. From this the glycoside content of Hepatocytes rarely attached onto polyacrylamide surfaces
PAAmM-glucose and PAAm-galactose synthesized from and formed non-spheroidal aggregates. In this condition,
poly(acryloyl chloride) was estimated. This data showed albumin levels were highly maintained for more than
53.2 and 41.6% of glucose and galactose in PAAm-glucose 2 weeks in culture (Tokiwa et al., 1996). Amide groups in
and PAAm-galactose, respectively, synthesized from poly(- polyacrylamide may be responsible for poor cell attachment
acryloyl chloride) by polymer analogous reaction. The and the formation of non-spheroidal aggregates. In contrast,
FTIR-ATR, XPS and contact angle measurements indicate hepatocytes attached well to the surfaces of PAAm-glucose
a firm coating of polyacrylamide, PAAm-glucose and and PAAm-galactose, though attachment efficiencies to
PAAm-galactose on TCPS plates. these polymer surfaces were low as compared with those
Phase contrast microscope photographs of hepatocytesn type | collagen coated plates.
cultured on the surface of PAAm-glucose and PAAm-galac- L929 and CHO-K1 cell growth curves are presented in
tose in a serum-free medium are presented in Fig. 7.Figs. 8 and 9, respectively. A small but clear difference

Table 1
XPS (ESCA) and GPC data of PAAm-glucose, PAAm-galactose, homopolymers PAAm-glucose and PAAm-galactose
Sample code N atom % Theoretical Sugar content (%) Mol. wt (from GPC)

(from ESCA) N atom (%) (from ESCA)

My, My PDI My/Mp)

PAAm-glucose 3.2 — 53.2 35 64500 46000 1.40
PAAm-galactose 2.5 — 41.6 8.5 118000 69100 1.71
Homopolymer 5.8 6.01 100 567000 211000 2.69
PAAm-glucose
Homopolymer 55 6.01 100 18100 12200 1.48

PAAmM-galactose

#Calculated from polymer repeat unit.
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107~ —T ™ ' attachment along with sugar residues in the polymer. Effec-

: tive cell attachment in the present case may be attributed to
the cumulative effect of sugar and other chemical species
present in the polymer. The results presented here also

10°F demonstrate that the polymer analogous reactions offer an

E easy way to synthesize the functional polymers for cell
= culture studies.
T o5k .
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E with PAAmM. A small but noticeable difference was found
I among PAAm-glucose, PAAm-galactose and PAAm in the
0 Fre 00 e 200 attachment of L929 and CHO-K1 cells. Cell growth rate
behaviors of the latter two cell lines were almost identical
on PAAm-glucose, PAAm-galactose and PAAm.

1000
Culture Time, Hours

Fig. 8. Growth of L929 cells on the sades of polyacrylamide, PAAmM-glu-
cose and PAAm-galactose. Bars indicate the me&D of three experiments.
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