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ABSTRACT: Poly(ethylene glycols) (PEG) were immobilized onto a poly(vinyl alcohol) (PVA) hydrogel
using either acetal or urethane linkages. The hydrogel was cross-linked with glutaraldehyde using MgCl;
(water based) or toluenesulfonic acid (DMSO based) as the acid catalyst. The water-based gel was stiffer
(compression modulus of 465 kPa) than the DMSO gel (compression modulus of 48.6 + 2.4 kPa). The
terminal hydroxyl group of PEG (M, 2000 and 5000, with or without a monomethoxy end cap) was oxidized
to an aldehyde by using an acetic anhydride-DMSO mixture or modified with a diisocyanatohexane to
produce a terminal isocyanate. Optimum conversion to an aldehyde was realized at 8 h at room temperature,
independent of molecular weight. Maximum conversion to the isocyanate occurred at 6 and 10 h/90 °C for
M,, 2000 and 5000, respectively. Using the aldehyde-terminated PEG5000 in the presence of toluenesulfonic
acid, XPS analysis of the immobilized product determined that an average maximum oxyethylene content
of 71% was obtained after 4 h at 70 °C. Both molecular weight species of poly(ethylene glycol isocyanate)
were bound to PVA on the order of 74 % oxyethylene content as measured by XPS. Covalent binding of PEG
M,, 5000 via an aldehyde had no effect on the advancing contact angle whereas immobilization through a
urethane moiety resulted in a significant decrease, indicating that PEG dominated this surface in air. Since
receding contact angles indicated total wetting of both modified and unmodified PVA surfaces, it was not
possible to distinguish the presence of PEG from that of PVA on the surface of the gel in water. These
surfaces are of potential interest as a means of reducing the thrombogenicity of cardiovascular biomaterials.

Introduction

Hydrogels, a group of cross-linked polymeric materials
that have the ability to imbibe large quantities of water,
have numerous biomedical applications.! A hydrogel
prepared by cross-linking poly(vinyl alcohol) (PVA) with
glutaraldehyde has been studied extensively in our lab-
oratory for potential use in cardiovascular devices.??

Observations*® that protein adsorption and cell dep-
osition were greatly reduced on surfaces preexposed to
poly(ethylene glycol) (PEG) solutions have led to the
development of numerous techniques to prepare PEG-
rich surfaces. These include block or graft copolym-
erization”™1® and direct covalent attachment to a sur-
face.20-25 Direct attachment provides the advantage of
having pendant PEG molecules which presumably retain
most of the properties of the free counterparts in solution.
With reduced protein and cell adsorption, immobilized
PEG has the potential to improve the biocompatibility of
polymeric substrates as well as enhancing the protein
resistant properties of synthetic membranes and affinity
chromatography supports.

Here we report the immobilization of PEG onto a PVA
hydrogel to lower its thrombogenicity. To achieve this,
the hydroxyl terminus of the PEG was oxidized to an al-
dehyde or modified with a diisocyanate to produce an iso-
cyanate end group. This was followed by reaction with
the hydroxyl groups of the PVA substrate (Figure 1). The
resulting PEG-grafted PVA hydrogels were characterized
by using X-ray photoelectron spectroscopy (XPS), Fou-
rier transform infrared spectroscopy (FTIR), and water
contact angle measurements. The effect on thromboge-
nicity is discussed separately.28

Materials and Methods

PVA Hydrogels. PVA hydrogel was prepared by using either
water or dimethyl sulfoxide (DMSO) as solvents. The formu-
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Figure 1. Reaction schemes for the immobilization of PEG onto
PVA hydrogel.

lations for each solvent are given in Table I. The water-based
gels were similar to that prepared before,?” but with formaldehyde
and glycerol being omitted from the formulation. Forthe DMSO-
based gel, PVA was dissolved in the solvent with heating. After
cooling to room temperature glutaraldehyde and toluenesulfo-
nic acid (100 mg/mL of DMSOQ) were added. Entrapped air was
removed from the solution by allowing it to stand for 2-3 min.

Chromic acid etched polyethylene sheets (2 cm X 1 ¢cm X 1
mm; Warehouse Plastics, Toronto, Ontario, Canada) or tubings
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Table I
Poly(vinyl alcohol) Hydrogel Formulations
DMSO based water based

wt % mol % wt % mol %
PVAs 7.3 12.32 7.0 3.27
glutaraldehyde® 0.19 0.19 2.0 0.41
TSOH* 0.33 0.13
MgCl ¢ 5.0 05
DMSO0? 92.18 87.35
water 86.0 95.82

s MW 86 000; 99-100% hydrolyzed; Aldrich, Milwaukee, WI.
® BDH, Toronto, Ontario, Canada. ¢ TSOH = toluenesulfonic acid
(Aldrich) in DMSO at 100 mg/mL. ¢ Hexahydrate salt; Fisher
Scientific, Toronto, Ontario.

(2.69 mmi.d. X 35 cm; Intramedic, Clay Adams, NJ) were coated
with PVA hydrogel by dipping (sheets) or by filling the tubes
with gel solution and allowing them to drain. This was repeated
twice. In the case of aqueous gel solution, but not for DMSO-
based gels, both sheets and tubing were allowed to “hang-dry”
for 30 min between coats followed by overnight drying. The
chromic acid etching and glow discharge cleaning of the PE
surfaces have been described before.?’

The hydrogels, either coated on PE or cast into glass Petri
dishes, were cured at 70 °C for 1 h for the DMSO-based gel or
2h for the water-based gel. During curing the coated tubing and
sheets were hung vertically, with the sheets being placed in a
covered glass vessel to prevent rapid evaporation of solvent. The
hydrogels were then washed extensively with deionized water
and dried in vacuo.

Aldehyde-Terminated Poly(ethylene glycol). The termi-
nal hydroxy group of PEG was oxidized to an aldehyde (PEG-
CHO) following a modification of a method reported by Harris
et al.22 Monomethoxypoly(ethylene glycol) (10.0 g; MW 5000;
Aldrich) was dissolved in freshly distilled, dry, dimethyl sul-
foxide (40 mL; DMSOQ; BDH, Toronto, Ontario). Acetic anhy-
dride (20:1 mole ratio of anhydride to hydroxyl; Aldrich) was
added and the mixture stirred for agiven time. A 5.0-mL aliquot
of the reaction mixture was then withdrawn, and the polymer,
precipitated in 20 volumes of diethy! ether (ether; BDH, Tor-
onto, Ontario). The polymer was redissolved in minimum me-
thylene chloride and precipitated again in 20 volumes of ether.
This was repeated twice. The polymer was dried overnight under
vacuum over Drierite (CaSO,; BDH, Toronto, Ontario). Each
sample was analyzed by FTIR and subjected to a Schiff test for
aldehydes.?® The above procedure was repeated for PEG2000,
with the polymer being dissolved in 17 mL of DMSO.

Isocyanate-Terminated Poly(ethylene glycol). Mono-
methoxypoly(ethylene glycol) (5.0 g; MW 5000; dried in vacuo
overnight) was dissolved in 20 mL of DMSO (freshly distilled,
dry). This solution was added slowly, using a gas-tight glass
syringe (Hamilton Syringe fitted with a Teflon-coated plunger;
Chromatographic Specialities, Inc., Brockville, Ontario) and a
syringe pump (Razel Scientific Instruments, Stamford, CT), to
a solution of 2 mL of diisocyanatohexane (12.6 mmol; Aldrich)
in 10 mL of DMSO and heated to 90 °C under a continuous N,
purge. These conditions were maintained for the entire length
of the reaction. The reaction mixture was then cooled to
room temperature and the solution added to 400 mL of diethyl
ether (stored over 4-A molecular sieves). After stirring the
mixture for 30 min, it was filtered under a N; atmosphere and
the resulting precipitate was dissolved in a minimum amount of
methylene chloride. This solution was added to 300 mL of ether,
stirred for 30 min, and filtered again under a N; atmosphere.
The precipitation procedure was repeated again. The polymer
was stored desiccated at —15 °C and always used within 48 h of
being synthesized.

This procedure was repeated for 2000 MW PEG except as
follows: R-PEG2000 (5.0 g; R = OH or OCH,) was dissolved in
10 mL of DMSO. At the end of the reaction the mixture was
added to 200 mL of ether and the mixture stirred for 30 min. At
this point the polymer did not separate out of solution as a solid
but as a viscous liquid. This was allowed to settle, and the excess
ether was decanted. A small amount of methylene chloride was
added to the remaining solution. Ether (200 mL) was then added
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to this solution while stirring, and the resulting precipitate was
treated in the same manner as that for MW 5000.

Immobilization of PEG. Dry PVA hydrogel films (10
fragments each ~1.0 cm X 0.5 cm X 1 mm; approximate weight
400 mg) were added to a solution of PEG-CHO (2 g) and tol-
uenesulfonic acid (50 mg) in DMSO (10 mL; freshly distilled).
The reaction mixture was heated at a given temperature. Ata
prescribed time a sample of gel (two fragments) was then removed,
washed extensively with deionized water, and dried in vacuo.
Similarly, dry PVA hydrogel films were added to a solution of
R-PEG-NCO (2.0¢; either MW 2000 or 5000, R = NCO or OCHjy)
dissolved in 10 mL of DMSO, and the reaction was carried out
at a given temperature under a continuous N; purge.

Toimmobilize the modified PEG onto PVA-coated PE, sheets
were suspended in or tubing was filled with the PEG solution.
The solution of PEG was incubated in the tubing (PEG-CHO)
or circulated through PVA-coated PE tubing (PEG-NCO) using
a roller pump fitted with Viton tubing (Cole-Parmer, Chicago,
IL). The reaction temperature was maintained by placing the
tubing in an oven (Lab-line Instruments, Inc., Melrose Park, IL).

Chemical Analysis. Infrared spectroscopic examination of
all compounds was performed by using a Nicolet 60sx FTIR
spectrometer (Nicolet Analytical Instruments, Madison, WI) at
a spectral resolution of 4 cm™. The instrument was supplied
with dedicated software, and this was used for all spectral
manipulations.

The transmission mode was used to analyze all modified PEG
prior to immobilization onto PVA hydrogel. The polymer was
dissolved to the desired concentration (125 mg/mL for PEG-
NCO and 50 mg/mL for PEG-CHO) in chloroform. The modified
PEG-PVA hydrogel (or coated PE) was analyzed in the ATR
(attenuated total reflectance) mode. Two samples (1.0 X 0.5
cm), cut from the dried gel fragments or coated PE, were placed
in contact with the KRS-5 crystal (45° bevel; Harrick Scientific
Corp., Ossining, NY) provided with the ATR cell.

XPS analysis was performed on both the hydrogel films and
the hydrogel-coated PE surfaces to quantify the extent of chemical
modification of PVA under various reaction conditions. The
analyses were performed on a Surface Science Instruments (SSI)
X-probe ESCA instrument (NESAC-BIO Center, University of
Washington). This instrument, with its dedicated software,
provided the capability of probing the outermost 50-100 A of
each sample over an elliptical area ranging from 150 to 1000 um.
Photoemission was stimulated by using an aluminum K,; 2 mono-
chromatized X-ray source, and the energy of the emitted electrons
was measured by using a hemispherical energy analyzer at pass
energies ranging from 25 to 150 eV. An electron flood gun set
at approximately 5 eV was used to minimize surface charging of
thesample. To offset shiftsin binding energies that occur during
the analysis, the binding energy scale was referenced by setting
the CH, in the C 1sspectrum to 285.0eV. Both elemental survey
scans (0-1000 eV) and high-resolution scans at the C and O
binding energy regions (285 and 539 eV, respectively) were
performed.

Physical Characterization. Dynamic contact angles were
measured by a Wilhelmy balance (courtesy of Dr. A. W. Neu-
mann, Department of Mechanical Engineering, University of Tor-
onto) at a temperature of 25 °C and relative humidity of ~45%.
The sample, preswollen in water, was immersed into and
withdrawn again from the bath at a rate of 1-1.5 mm/min. The
force (g) and the depth of immersion (h, mm) were recorded at
20-s intervals. The advancing and receding contact angles were
then derived from the force versus immersion curves in the
standard fashion.

The compression modulus and cross-link density of the fully
hydrated hydrogels were determined by using the method of
Cluff et al.% Swollen gel disks (10.0 mm X 1.0 mm) were placed,
submerged in water, beneath the plunger of a micrometer gauge
(Testing Machines, Inc., Amityville, NY). Weights in the range
of 50775 g were applied, and each corresponding displacement
was recorded. The dry dimensions of each disk were obtained
after drying them at 70 °C for 24 h. The compression modulus
was derived from the linear portion of the stress—strain curve as
before.

For water uptake, gel films, equilibrated in deionized water
overnight, were sandwiched between two double layers of Kim-
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Figure 2. Effect of the glutaraldehyde content on the com-
pression modulus (upper) and corresponding cross-link density
(lower) of DMSO-based PVA hydrogel (n = 3-5; £SD).

wipe tissue (Kimberly Clark Ltd., Toronto, Ontario) draped over
Teflon slabs, for 30 s. The gel films were then weighed, freeze
dried, and weighed again. The water content was expressed as
a percentage of the weight of the swollen gel.

Results

DMSO-Based Hydrogel. The compression modulus
was determined from the slope of the linear portion of the
compression stress—strain curve. Figure 2shows the effect
of glutaraldehyde concentration on the compression
modulus and cross-link density of DMSO-based gels. The
compression modulus varied linearly with glutaraldehyde
concentration in the range studied. Thisimplied that the
cross-links in the DMSO-hased gel were primarily chemical
in nature, with little or no contribution from physical cross-
links such as those that could be attributed to PVA crys-
tallites. This was confirmed by the water content of the
gel, which decreased linearly with glutaraldehyde con-
centration (Figure 3).

The DMSO-based formulation used for the preparation
of PVA-coated PE surfaces, contained 0.19 wt % glut-
araldehyde and 7wt % PVA. Thisproduced a gel network
with a mean compression modulus of 48.6 + 2.4 kPa and
a corresponding cross-link density of 9.26 = 0.6 gemol /m3,
This translated into a molecular weight between cross-
links (M) of approximately 100 000. The water content
of the hydrogel was approximately 90%. The hydrogel
formulation of 7 wt % PVA and 2 wt % glutaraldehyde
used in the water-based system produced a gel network
with a compression modulus of 465 kPa and a cross-link
density of 91 g-mol/m? its water content was approxi-
mately 70%.

Modified PEG. The terminal hydroxyl group of PEG
was oxidized to an aldehyde so as to immobilize the PEG
molecule to PVA, via a cyclic acetal functionality. The
extent of reaction with time was followed by FTIR, by
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Figure 3. Effect of the glutaraldehyde concentration on the
water content (based on wet weight) of a DMSO-based hydrogel.
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Figure 4. Reaction profiles for the synthesis of aldehyde-
terminated monomethoxypoly(ethylene glycol) molecular weight
2000 (MPEG2000) and 5000 (MPEG5000). Reaction was carried
out at room temperature with a 20:1 mole ratio of acetic anhydride
to hydroxyl end group. Net absorbance was obtained by
subtracting base-line absorbance from total absorbance at 1737
cm™l, Symbols in the figures are for individual experiments.

monitoring the change in absorbance of the carbonyl
stretch at 1737 cm™.. Figure 4 shows that the oxidation
proceeded through a maximum at 8 h and then decreased.
These results were confirmed by the Schiff test for al-
dehydes that showed a maximum color change for the 8-h
sample. PEG of both molecular weight 5000 and 2000
gave similar reaction time profiles, indicating that the
reaction was independent of molecular weight in the range
studied. Harris et al.?8 also observed a similar trend for
PEG of molecular weight 3400. They also reported that
increases in the reaction temperature over room temper-
ature or acetic anhydride concentration over a 1:1 mole
ratio with hydroxyl groups did not result in an increase
in the aldehyde concentration. However, initial experi-
ments following their methods resulted in a lower con-
version to aldehydes, reflected by a lower absorbance value
at 1737 em-1, than was achieved using a 20:1 mole ratio of
acetic anhydride. Albright and Goldman?! reported that
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Figure5. Reaction profiles for poly(ethylene glycol isocyanate)
synthesis (single experiment). Reaction was carried out at 90°C
with a PEG solution concentration of 0.5 g/mL in DMSO for
MW 2000 (a) or with 0.25g/mL for MW 5000 with a monomethoxy
end group (b).

a 20:1 mole ratio excess of acetic anhydride was required
to oxidize primary alcohols to aldehydes.

Similarly, the modification of PEG with diisocyanato-
hexane was followed by measuring the change in absor-
bance of the isocyanate (N=C==0) moiety at 2275 cm™!
with time; it was determined that maximum conversion
occurred at 6 h for MW 2000 (Figure 5a) and 10 h for MW
5000 (Figure 5b). The reaction was carried out only at 90
°C with an excess of isocyanate, following the suggestions
of Santerre and Brash.3? To ensure that there was always
a large excess of isocyanate, the PEG solution was added
dropwise to the diisocyanate solution. In preliminary
experiments it was observed that rapid addition of the
PEG solution resulted in an increase in the cross-linking
of PEG. This was suggested by the increase in viscosity
of the reaction solution as well as the increase in the ab-
sorbance value of the urethane carbonyl stretch (1688 cm™1)
over that for isocyanate.

Immobilization of PEG onto PVA Hydrogel. The
determination of the reaction profile for PEG immobili-
zation onto PVA film via a cyclic acetal (MPEG-CHO-
PVA) was carried out with MPEG5000-CHO only. It was
assumed that MPEG2000~CHO would have a similar
profile. Although the IR spectrum of MPEG-CHO-PVA
had no distinguishing absorbance band when compared
with that of PVA, closer examination of both spectra
revealed an enhanced absorbance for the ether group
(~1100 cm™1), with a corresponding reduction in that for
the hydroxyl (~3300 cm™!) for MPEG-CHO-PVA. Thus
the change in the ratio of ether absorbance to hydroxyl
absorbance (Aco/Aon) with reaction time was followed to
determine the extent of the reaction. The results, shown
inFigure 6a, indicate that the amount of PEG immobilized
on the PVA increased over the 8-h period investigated.
Thissuggested that a reaction time greater than 8 h would
be required for complete coverage.

Subsequent examination of these modified gel films by
XPSrevealed that maximum immobilization was attained
after 4 hat 70 °C (Figure 6b). As XPS was a more reliable
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Figure 7. XPS high-resolution spectrum of the luminal surface
of (a) PVA-PE tubing and (b) monomethoxy-PEG5000CHO-
PVA-PE tubing (4 h/70 °C). The peak area ratio of CC(H) to
CO was 52:48 (a, top) and 17:83 (b, bottom).

technique for quantification than ATR-FTIR, these
reaction conditions were used to bind MPEG5000-CHO
to the hydrogel-coated surfaces. The results indicated an
oxyethylene content of 71 * 8% (six samples). High-
resolution C 1s spectra for PVA and MPEG5000~-CHO-
modified PVA are shown in parts a and b of Figure 7,
respectively. Gaussian—Lorentzian (80% Gaussian) sta-
tistics were used to peak-fit the high-resolution spectra,
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Table I1
XPS Depth Profile of MPEG5000-CHO-PVA-Coated* PE
% Cls
takeoff angle, deg  285.0eV  286.6eV % oxyethylene®
15 34 66 48
35 29 71 59
90 23 77 70

s Reaction conditions: 4 h at 70 °C. ® % oxyethylene = [% C 1s
(286.6 eV) — % C 1s (285.0 eV)]/ % C 1s (286.6 eV).

© PEG2000NCO-PVA

? T
[&]

MeO-PEGSC0ONCO-PVA

1000 2000 3000 4000
Wavenumbers
Figure 8. Infrared spectra of PEG2000NCO-PVA (top),

monomethoxy-PEG5000NCO-PVA (center), and PVA hydro-
gel (bottom). Immobilization of PEG2000 was performed at 70
°C for 4 h and MeO-PEGS5000 at 90 °C for 12 h.

and the respective peak areas were determined. Theerror
associated with the curve-fitting techniques resulted in
an overall error of about 1% in the oxyethylene content
calculation. The percent oxyethylene on the surface was
determined from the difference between the total CO peak
area and the CC peak area since the CC peak area,
contributed entirely by PVA, is equal to its contribution
to the CO peak area. A depth profile study was also
performed on the luminal surface on one of the tube
samples, to determine the extent of PEG immobilization
into the bulk. Results for this sample showed that the
oxyethylene content increased from about 50 % at a takeoff
angle of 15° (~10-A depth) to 70% at 90° (~50 A) (Table
IT). The low-resolution spectra of all of the surfaces
revealed that silicon contamination was less than 2% . This
may account for the small increases in the C/Q ratio over
the theoretical value of 2:1 that were observed.

Typical infrared spectra for PEG immobilized by the
isocyanate group are shown in Figure 8. The reaction was
followed by determination of the change in the ratio of the
absorbance at ~1100 cm™! (ether group) to that at ~3300
cm™! (hydroxyl group) with reaction time, at 70 and 90 °C
(Figure 9). For R-PEG2000 negligible absorbance of the
hydroxyl moiety remained in 4 h at a temperature of 70
°C. Similar results were obtained for MPEG5000 in 12
h at 90 °C.
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Figure 9. Reaction profile for immobilization of poly(ethylene
glycol isocyanate) onto PVA hydrogel. PVA (30 mg/mL) was
heated in a DMSO solution of PEG (0.5 g/mL for MW 2000 (top)
or 0.25 g/mL for MW 5000 (bottom)).

Table III
XPS Analysis of MPEG,-NCO-PVA-PE

reaction reaction % oxyethylene
surface temp, °C time, h (£SD; n = 39)
x = 2000 70 4 745
80 4 66 = 10
90 6 49+ 4
x = 5000 70 8 693
80 8 73%£1
90 12 13£2

@ Three different samples (from different batches).

Results of XPS analysis of the lumen of PVA-coated
PE tubes, on which the immobilization reaction was carried
out under a variety of conditions, are given in Table III.
Maximum coverage of PEG (74% oxyethylene) was
attained for MW 2000 at 4 h/70 °C. Similarly, a surface
oxyethylene content of 73% was obtained for MW 5000
at8hat80°C. Significantly lower surface concentrations
of PEG were obtained under more severe reaction con-
ditions, i.e., at a temperature of 90 °C and reaction times
longer than 4 h.

Contact Angle Studies. The dynamic advancing and
receding angles for the PVA-PE and PEG-PVA-PE
surfaces were derived from the hysteresis curves, examples
of which are shown in Figure 10. The advancing and
receding angles were calculated from the forces at zero
depth of immersion, and the results are summarized in
Table IV. PVA surfaces gave an advancing angle of 54.2°
(£2.9°) and 56.5° (£0.4°) for water-based and DMSO-
based systems, respectively. These values are in close
agreement with the value of 54° reported by Pritchard3?
for poly(vinyl alcohol) homopolymer. The receding angle
for both hydrogel surfaces was zero, indicating complete
wetting of the surfaces by water. These results indicate
that there were no differences in the surfaces derived from
either solvent system.



6070 Llanos and Sefton

4 Water
0.3 1
4 MPEGS000CHO-PVA
B 021
8 ]
(<] 4
] \
0.1 4
1
0 r
2 0 2 4 6
Depth (mm)
0.2 -
5 |
§ 4
uo- -
0.1 H
] |
4] T d
-2 0 2 4

Depth (mm)

Figure 10. Typical contact angle hysteresis curves for water-
based (top) and DMSO-based (bottom) gels.

Immobilization of MPEG5000-CHO to the DMSO-
based PVA surface under optimum reaction conditions
did not result in any change in either the advancing or
receding angles. However, a similar degree of PEG
immobilization onto water-based PVA surfaces resulted
in a decrease in the advancing angle to 29.0° (£1.2°).
Similarly, immobilization of MPEG5000 via a urethane
moiety resulted in a lower advancing angle (34.3° £+ 2.1°)
with no effect on the receding angle.

Discussion

Solvent Choice. DMSO was selected as an alternative
solvent to water for preparing the gel because of the need
to maintain anhydrous conditions during the subsequent
immobilization of the PEG-CHO. DMSO proved to be
abetter solvent than water, as PVA dissolved more readily
in it. The cross-linking reaction, in the presence of tol-
uenesulfonic acid catalyst, in DMSO proved to be more
facile than that in the water-based system, which uses
magnesium chloride as the catalyst. Another advantage
encountered in using DMSO-based PVA solution was in
the coating of PE surfaces. Coating of the surfaces with
this PVA formulation proved to be less time consuming
than with the aqueous system, as no drying stages were
required. Drying periods were critical when coating PE
with water-based PV A solution, since the water needed to
be removed prior to curing in this case.

Hydrogels produced by using DMSO had lower com-
pression moduli than their water-based counterparts even
if both had the same water content. This difference was
attributed to the presence of crystallites of PVA in the
water-based hydrogel network. The drying periods that
were employed in the water-based process are favorable
to the formation of crystallites,3 while the DMSO gels
remain fully solvated throughout their preparation, thereby
minimizing the formation of crystallites.

Immobilization of PEG. Two methods were used to
covalently attach PEG onto PVA hydrogel surfaces. The
first approach involved the oxidation of the terminal hy-
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droxyl groups to an aldehyde followed by reaction with
the hydroxyl groups of PVA to form a cyclic acetal (Figure
11). Under optimum reaction conditions an oxyethylene
content of 71 8% was obtained with this method.
Theoretically if all the hydroxyl groups that were not
involved in forming cross-links in the gel matrix react with
aldehyde-terminated MPEG5000, an oxyethylene content
of greater than 97% would be obtained. Experimentally
this is difficult to achieve because of steric limitations.
For the formation of a cyclic acetal link the close proximity
of two hydroxyl groups is required (Figure 10). However,
the reaction is likely to occur at random intervals along
the PVA molecule, resulting in isolated hydroxyl groups
that are unable to be involved in cyclic acetal formation.
Limited mixing between the PEG and the PVA (see below)
may also play a role.

Oneside reaction that is important in immobilizing PEG
through an acetal is the cleavage of the ether bond of the
PEG backbone by the acid catalyst. This canresult in the
formation of low molecular weight PEG species having an
aldehyde end group that can in turn react to form a cyclic
acetal. This latter scenario would give rise to immobilized
PEG with a wide distribution of molecular weights. This
may be important as the biological activity of covalently
bound PEG may be a function of its molecular weight.!8

Asthe theoretical oxyethylene content (i.e., greater than
97 atomic % ) was not realized using the aldehyde method,
the alternative isocyanate route was devised. This involved
modification of the hydroxyl moiety of PEG to produce
the more reactive isocyanate terminus. Immobilization
of the poly(ethylene glycol isocyanate), however, resulted
in a hydrogel with an oxyethylene content similar to that
produced by the first method, still lower than expected.
Unlike immobilization via a cyclic acetal, covalently linking
PEG-NCO to PVA is not limited by the location of the
hydroxyl group on the PVA chain but rather by the
probability of interaction between this functional group
and the terminal isocyanate moiety of the PEG molecule.
This is controlled in part by the degree of mixing between
PEGand PVA. Since the degree of mixing between these
two polymer species presumably increases with decreasing
molecular weight, then the lower molecular weight PEG
(i.e., My 2000) is more likely to be immobilized onto the
hydrogel in greater amounts. However, XPS results show
that the ether content of the PEG-modified hydrogel was
the same for both molecular weight species. Perhaps this
reflects similarities in the extent of reaction within the
low molecular weight tail of the two PEGs. If the extent
of the reaction is controlled by the limited mixing between
the two polymers, then the immobilization of higher mo-
lecular weight PEGs would be precluded.

Ether- or Hydroxyl-Rich Surface. XPS provided
quantitative information about the PEG-modified PVA
hydrogel surface in a high-vacuum environment and not
in an aqueous environment such as blood. This is
significant as PEG and PVA may behave differently when
placed in water. Contact angle studies were, therefore,
performed to ascertain whether PEG or PVA dominated
the surface of the hydrogel under aqueous conditions.

PVA hydrogels prepared from DMSO or water had
similar contact angles despite possible differences in
crystallinity, suggesting that crystalline regions contrib-
uted little to the interfacial free energy. Comparison of
both the advancing and receding angles of the PVA hy-
drogel showed that the surface was “hydrophobic” when
interfaced with air. In an aqueous environment the
pendant hydroxyl groups reorient toward the water,
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Table IV
Water Contact Angles

surface advancing angle (£SDr)
PVAs 542+ 29
PVA? 56.5+ 0.4
MPEG5000ALD-PVAs4 29.0£ 1.2
MPEG5000ALD-PVA®bd 534+19
MPEGS5000NCO-PVAbe 343+21

¢ Water-based PVA. ® DMSO-based PVA.<n = 3-5 samples.
¢PEG immobilization reaction conditions: 4 h at 70 °C. ¢ PEG
immobilization reaction conditions: 8 h at 80 °C,
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Figure 11. Reaction mechanism for cyclic acetal formation
between aldehyde-terminated PEG and PVA.

accounting for the extremely low receding angle. In the
PEG molecule the hydrophilic oxygen group is part of the
polymer backbone, and therefore PEG presumably cannot
exhibit quite the same behavior as PVA. Once immobilized
in sufficient concentration to the PVA hydrogel network,
the advancing angle of the resulting surface is reduced.
This is probably because the PEG ether groups are more
abundant at the surface than the CH, groups of the PVA.
In an aqueous environment the PVA and PEG-PVA
surfaces exhibit total wetting. Since both PEG and PVA
freely hydrogen bond with water and would display a low
interfacial free energy in water, the hydrated hydrogel
surface may be dominated by a mixture of both species.
The distribution of the two cannot be deduced from the
available data. This complicates the interpretation of the
effect of immobilized PEG on thrombogenicity.26
Prudence must be exercised when interpreting the
contact angle results. Close examination of the hysteresis
curves revealed that the advancing slope and the receding
slope for all the surfaces were not parallel. This indicated
that the surfaces were not undergoing true thermodynamic
hysteresis but rather kinetic, time-dependent hysteresis,
indicative of some type of physical change with time. An-
drade et al.% pointed out that, with a hydrogel of very
high water content and low modulus, there is the possibility
of the surface being deformed by the forces acting on it
atthe three-phase boundary. This resultsin a deformation
ripple moving along the liquid front as the sample is
immersed. A different deformation ripple exists with the
receding liquid front. The extent of the surface defor-
mation is inversely proportional to the compression
modulus of the hydrogel network. It was observed that
the difference in the slopes was greatest on the DMSO-
based surfaces and less on the stiffer water-based surfaces.

Conclusions

PEG was immobilized onto PVA hydrogel to a maximum
oxyethylene content in the range of 70~75%, independent
of whether PEG was covalently linked via a cyclic acetal
or a urethane moiety. This suggested that the immobi-
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lization reaction was limited by the degree of mixing of
PVA and PEG and not by the reactivity of the end groups
of PEG. This may be significant as fewer PEG molecules
would be covalently bound to the surface as its molecular
weight increased, adversely affecting the biological prop-
erties of the surface.

PVA hydrogels, prepared by using water or DMSO as
solvents, possessed different mechanical properties. Fully
hydrated gels prepared from DMSO had a lower com-
pression modulus than those prepared from water although
both materials possessed similar water contents. This
difference in mechanical integrity was probably due to
differences in the higher degree of crystallinity in the water-
based PVA hydrogel.
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