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ABSTRACT: &gamma;-Irradiation was used to prepare cylindrically shaped, enzyme-
digestible hydrogels consisting of a moderately swelling albumin-crosslinked
poly(vinyl pyrrolidone) (PVP) hydrogel core which formed a semi-interpene-
trating network (SIPN) at its outer region with a polyelectrolyte homopolymer
of acryloxyethyltrimethylammonium chloride (AETAC). In pepsin-free simu-
lated gastric fluid (SGF), the presence of a SIPN resulted in only a marginal in-
crease in swelling as compared to the pure PVP hydrogel. In distilled deionized
water, however, the swelling of the 2-phase hydrogel system was dramatically
increased.
The effects of &gamma;-irradiation on the individual constituent polymers that com-

prised the 2-phase system were studied. Vinyl pyrrolidone (VP) formed PVP
which subsequently crosslinked to form an insoluble three-dimensional net-
work after 4 h of &gamma;-irradiation. Polymers of AETAC (PAETAC) underwent chain
scission following 30 min of &gamma;-irradiation. FA became crosslinked as deter-
mined by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).
The swelling properties of albumin-crosslinked PVP and albumin-

crosslinked PAETAC hydrogels were also studied as a function of &gamma;-irradiation
time and the concentration of FA in the monomer solution. The equilibrium
swelling ratios of the prepared hydrogels in pepsin-free simulated gastric fluid
(SGF) were dependent on the &gamma;-irradiation time which affected the crosslinking
or chain scission of the polymers. Both the PVP and PAETAC hydrogels under-
went bulk degradation in pepsin-containing SGF.
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INTRODUCTION

nzyme-digestible hydrogels have been prepared for long-term oralE drug delivery in our previous studies [1-6]. Hydrogels were re-
tained in the canine stomach for up to 60 h in the fasted and fed state

[7]. The release of flavin mononucleotide (FMN) from the hydrogel and
its subsequent absorption from the gastrointestinal tract was also ex-
amined [8]. FMN levels were detected in the blood for up to 54 h despite
the fact that FMN absorption is restricted to the upper small intestine.
Our results indicate that the size and integrity of the hydrogel are two
important parameters that influence the retention of hydrogels in the
fasted and fed stomach. Based on these findings, we postulated that
long-term gastric retention of hydrogels can be achieved by utilizing a
hydrogel system that possesses high mechanical integrity and high
swelling ability. The high swelling capability of hydrogels allows us to
make hydrogels which are small enough for easy swallowing in the
dried state but swell in the stomach to a suitable size for gastric reten-
tion.

Fully interpenetrating networks (FIPNs) and semi-interpenetrating
networks (SIPNs) are often used to improve the mechanical properties
of highly swellable networks or the swelling characteristics of moder-
ately swellable networks [9-12]. The IPN approach makes it possible to
prepare a 2-phase hydrogel system or gradient-IPN [13,14] which is in-
terpenetrated at the outer region by a highly swellable polyelectrolyte
network (Figure 1). The 2-phase system could be prepared to have the
swelling and mechanical properties necessary for gastric retention.
Hydrogel networks can be prepared by free radical polymerization us-

ing y-irradiation. Networks form rapidly without the aid of a chemical
initiator or in some cases a crosslinking agent [15-171. Because of
these advantages, y-irradiation was used in the sequential preparation

Figure 1. Side (a) and top (b) view of 2-phase hydrogel system. The outer phase is a semi-
interpenetrating network (SIPN) or fully interpenetrating network (FIPN) and the inner
phase is a pure, moderately swelling network. The outer phase enhances swelling while
the inner phase maintains mechanical integrity
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of a 2-phase hydrogel system. This article describes the effects of

y-iriadiation on the individual constituents that comprise the 2-phase
system and the preparation and characterization of the 2-phase,
enzyme-digestible hydrogel system.

MATERIALS AND METHODS

Functionalization of Albumin

Functionalized albumin (FA) was used as an enzyme-digestible cross-
linking agent. FA was prepared from human serum albumin (Sigma,
Fraction V) and glycidyl acrylate (Aldrich) as described previously
[1,2]. Briefly, 200 pL of glycidyl acrylate was added to 5 mL of 5% hu-
man albumin in phosphate buffered saline solution (PBS) while stir-
ring at room temperature. After 5 h, 1 mL of 20% glycine solution was
added to stop the reaction. The solution was then dialyzed against PBS
extensively. The extent of alkylation (degree of modification) by glyci-
dyl acrylate was measured using a method described by Snyder and
Sobocinski [18]. The alkylation reaction was carried out for 5 h, 12 h,
19 h, and 49 h which produced a degree of modification of 15%, 27%,
50%, and 90%, respectively.

Effect of ~y-Irradiation Dose on Monomers

Vinyl-2-pyrrolidinone (VP, Aldrich), acryloxyethyltrimethylammo-
nium chloride (AETAC, Polysciences), and FA were separately irradi-
ated to study changes in the bulk properties of each constituent as a
function of y-irradiation dose. Hydroquinone and methyl ether hydro-
quinone were removed from samples of AETAC by ion exchange chro-
matography using DE-HIBIT 100 ion exchange resins (Polysciences).
The concentration of VP, AETAC, and FA was 36% (w/v), 36% (w/v), and
3% (w/w) of the monomer, respectively. A solution of VP, AETAC, or FA
was transferred into a 1 mL disposable syringe, degassed, and then
purged with nitrogen prior to y-irradiation. Radioactive Co-60 was used
as a source of &dquo;I-irradiation at dose rate of 0.094 Mrad/h. Monomer solu-
tions were exposed to y-irradiation for periods ranging from 5 min to 4
h. The effect of y-irradiation dose on the bulk properties of all samples
was evaluated by viscometry. Viscometric analysis was carried out us-
ing either a Brookfield model LVT viscometer or a Cannon-Fenske vis-
cometer depending on the viscosity to be measured. The relative viscos-
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ity between non-irradiated and irradiated samples was calculated and
compared as a function of y-irradiation dose. Sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was also run on irra-
diated samples of FA to assess the effect of y-irradiation on molecular
weight changes of FA.

Preparation of Individual Hydrogel Networks

Albumin-crosslinked PVP and albumin-crosslinked PAETAC hydro-
gels were synthesized separately. As mentioned above, hydroquinone
and methyl ether hydroquinone were removed from AETAC samples by
ion exchange chromatography using DE-HIBIT 100 ion exchange
resins. The concentration of VP and AETAC was 36% (w/v), while the
concentration of FA ranged from 0.5% (w/w) to 8% (w/w) of the
monomer. The degree of FA modification was also varied from 15% to
90%. The monomer solution was transferred into a 1 mL disposable
syringe, degassed, and then purged with nitrogen prior to y-ir-
radiation. Monomer solutions were exposed to y-irradiation for periods
of 5 min to 4 h. Following y-irradiation, the gels were removed, cut into
discs (5 mm diameter by 3 mm length), washed over a 3-day period in
distilled deionized water, and then air dried at room temperature.

Swelling Studies

The swelling properties of albumin-crosslinked PAETAC and
albumin-crosslinked PVP hydrogels were studied as a function of the
y-irradiation dose, the concentration of FA, and the degree of albumin
modification. Dried hydrogels were weighed and then placed in pepsin-
free simulated gastric fluid (SGF) at 37 ° C [19]. At specific timed inter-
vals, the swelling gels were removed, weighed, and then returned to
their original solution. The swelling ratio (Q) was determined from the
following relationship:

where W* and W are the weights of the swollen and dried gels, respec-
tively. Dynamic swelling studies were carried out until equilibrium
was reached. The most suitable -y-irradiation dose for the preparation
of the 2-phase system was determined based on its effect on the individ-
ual polymer constituents and the swelling properties of PAETAC and
PVP hydrogels.
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Enzyme-Catalyzed Degradation Studies

The pepsin-catalyzed degradation of PVP and PAETAC hydrogels was
studied to determine whether y-irradiation prevented degradation due
to the possibility of main chain crosslinking during network formation.
Dried hydrogels were weighed and then placed in pepsin-containing
SGF at 37 ° C. The concentration of pepsin was 250 units/mL (from por-
cine stomach mucosa, 2500 units/mg, Sigma). At specific timed inter-
vals, the swelling gels were removed, weighed, and then returned to
their original solution. The swelling ratio (Q) of degrading samples was
compared to that of nondegradable control samples.

Preparation of 2-Phase Hydrogel System

The 2-phase hydrogel was prepared sequentially by starting with a
dried, albumin-crosslinked PVP hydrogel. The PVP gel was prepared
in a 5 mL disposable syringe. The concentration of FA, the degree of FA
modification, and the y-irradiation time were 8% (w/w) of the monomer,
90%, and 4 h, respectively. Once polymerization was complete, the gels
were removed, cut into cylinders (12 mm diameter by 25 mm length),
washed over a 3-day period in distilled deionized water, and air dried at
room temperature. The PVP gel (9 mm diameter by 20 mm length) was
then immersed in a polyethylene scintillation vial (12 mm diameter)
that contained both AETAC and FA monomer (Figure 2). The concen-
tration of FA in the monomer solution was varied from 0.5% to 3% (w/w)
of the monomer while the penetration time into the PVP gel ranged
from 30 min to 3 h prior to y-irradiation. Samples were degassed and
purged with nitrogen. The samples were then irradiated for 30 min
under nitrogen to form a 2-phase hydrogel system. Following 7-it-
radiation, samples were washed in distilled deionized water for 5 days
to remove pure PAETAC hydrogel from the surface of the 2-phase gel
(Figure 2). After washing, the samples were air dried at room tempera-
ture. Appropriate control samples were prepared by immersing the
PVP hydrogel in solutions of either the FA (FA-control) or the AETAC
(AETAC-control) for periods of 30 min to 3 h prior to y-irradiation for 30
min under nitrogen.

Characterization of the 2-Phase Hydrogel System

The penetration of the AETAC into albumin-crosslinked PVP hydro-
gels was monitored over time to estimate the size of the glassy phase
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Figure 2. Sequential preparation of 2-phase hydrogel system. The dried PVP gel was im-
mersed in a polyethylene scintillation vial that contained both AETAC and FA monomer.
The penetration time was varied from 30 min to 3 h prior to y-irradiation. Samples were
then irradiated for 30 mm in the 2-phase hydrogel system. The 2-phase gels were washed
in distilled deiomzed water to remove pure PAETAC hydrogel from the surface.

prior to y-irradiation. Dried PVP hydrogels were immersed in a

polyethylene scintillation vial (12 mm diameter) that contained
Biuret’s reagent (64% w/v) and AETAC (36% w/v). In the presence of
protein, the absorbance maximum of Biuret’s reagent undergoes a shift
from 570 nm to 620 nm [20]. The color of the rubbery phase allowed us
to monitor the penetration of monomer into the glassy gel. Gel samples
were immersed for up to 3 h in the AETAC/Biuret’s solution. The length
and diameter of the glassy phase was measured under a microscope us-
ing a micrometer caliper (Starrett Co.). The measuring limit was 0.1
mm.

Dynamic swelling studies were carried out to determine whether the
formation of a FIPN in the outer region of the PVP gel improved its
swelling properties. Dried hydrogels were placed in pepsin-free SGF at
37 ° C. Over specific time intervals the samples were removed, weighed,
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and then returned to their original solution. The swelling ratio (Q) was
calculated as described previously. The swelling properties of the

2-phase gel were compared with the FA-control, AETAC-control, and
pure PVP hydrogels.

RESULTS

Effect of y-Irradiation Dose on Monomers

The change in the relative viscosity of the VP, AETAC, and FA solu-
tions by y-irradiation is shown in Figure 3. The formation of PVP mole-
cules by y-irradiation led to a rise in the relative viscosity of the VP
solution. After 4 h of y-irradiation of the VP solution, an insoluble net-
work or hydrogel was formed. The polymerization of AETAC was
marked by an initial rise in relative viscosity by y-irradiation up to 30
min. The relative viscosity, however, decreased as the y-irradiation
time exceeded 30 min (Figure 3). The relative viscosity increased from
1 to 33.8 over the first 30 min and then decreased to 4.8 after 4 h of y-ir-
radiation. The transient increase in the relative viscosity indicates
scission in the polymer chains formed in the early stages of &dquo;1- it-

Gamma-Irradiation Time (h) I

Figure 3. The change in the relative viscosity of AETAC (0), VP (0), and FA z) as a
function of y-irradiation time
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Figure 4. SDS-PAGE of FA as a function of y-irradiation time. Samples were irradiated
for 0 h (lane 1), 0.25 h (lane 2), 0.5 h (lane 3), 1 h (lane 4), and 2 h (lane 5).

radiation. The relative viscosity of FA was not significantly changed
over the first 2 h of y-irradiation. However, the relative viscosity in-
creased over forty-fold after 4 h of y-irradiation. The increase in relative
viscosity was believed to be due to crosslinking of FA by the vinylic
pendant groups on FA. SDS-PAGE on irradiated samples of FA con-
firmed that crosslinking took place (Figure 4). As the irradiation time
increased from 15 min to 1 h (lanes 2, 3, and 4 in Figure 4), the inten-
sity of the high molecular weight bands at the top of the gel increased
while that of the low molecular weight bands decreased. This indicates
that the macromolecular size of FA had increased due to crosslinking.
Crosslinking had become so extensive after 2 h (lane 5 in Figure 4) that
only a negligible fraction of individual FA remained.

Characterization of PVP and PAETAC Hydrogels

Albumin-crosslinked PVP and PAETAC hydrogels were studied to de-
termine how the swelling properties of each hydrogel could be con-
trolled by varying the y-irradiation time, FA concentration in the
monomer solution, and the degree of albumin modification. PVP and
PAETAC hydrogels were formed after as little as 5 min of 7-irradiation.
Shown in Figure 5a is the effect of 7-irradiation time on the swelling
properties of PVP hydrogels prepared with 90%-modified FA at a con-
centration of 4% (w/w) of the monomer. As the irradiation time in-
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Figure 5a. Dynamic swelling of albumm-crosslmked PVP hydrogels in pepsin-free
simulated gastric flmd. The concentration of FA in the monomer solution was 4% (w/w)
of the monomer and the degree of albumin modification was 90%. Hydrogels were pre-
pared by 0.25 h (0), 0.5 h (0), 1 h (0), 2 h (*), and 4 h (0) of y-irradiation (n = 4)

Figure 5b. Equilibrium swelling of albumin-crosslinked PVP hydrogels in pepsin-free
simulated gastric fluid (0) and the change in relative viscosity of VP (·) as a function
of y-irradiation time (n = 4).
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creased from 15 min to 2 h, the equilibrium swelling increased from 23
to 45. The increase in swelling was due to an increased degree of
polymerization. Shown in Figure 5b are that both the relative viscosity
of the VP solution (without FA) and the equilibrium swelling ratio of
the PVP gel increased after 2 h of y-irradiation. The swelling ratio
decreased to 38 after 4 h of 7-irradiation (Figure 5b). The decrease in
swelling was due to increased crosslinking density resulting from in-
creased crosslinking of either PVP or FA as observed in Figure 3.
Shown in Figure 6a are the effects of y-irradiation time on swelling
properties of PAETAC hydrogels prepared with 90%-modified FA at a
concentration of 4% (w/w) of the monomer. As the 7-irradiation time in-
creased from 15 min to 4 h, the equilibrium swelling ratio increased
from 44 to 57. Shown in Figure 6b is that the increase in gel swelling
at irradiation times exceeding 30 min correspond to a decrease in the
relative viscosity of the homopolymer. Thus, it is likely that main chain
scission in the network resulted in increased swelling of the PAETAC
hydrogel.
Based on the viscosity and swelling data, we concluded that a 4 h y-ir-

radiation time was sufficient to prepare PVP hydrogels with the
mechanical integrity needed for the 2-phase hydrogel system.
Although the kinetics of polymerization may be altered during the for-
mation of the IPN, 30 min appears to be the optimum irradiation time
for preparing the PAETAC network since main chain scission may be
minimized.
The swelling properties of the PVP and PAETAC hydrogels were

altered by varying the concentration of FA in the monomer solution. As
the concentration of FA in the PVP hydrogel increased from 5% to 8%
(w/w) of the monomer, the equilibrium swelling ratio decreased from 29
to 19, respectively (Figure 7a). As the concentration of FA in the
PAETAC hydrogel decreased from 3% to 0.5% (w/w) of the monomer, gel
swelling increased from 45 to 123, respectively (Figure 7b). PAETAC
hydrogels were also prepared with 50%-, 27%-, and 15%-modified FA;
however, the resulting hydrogels could not be handled without break-
ing due to their low crosslinking density.

Enzyme-Catalyzed Degradation Studies

Pepsin-catalyzed degradation was observed with both PVP and
PAETAC hydrogels. The concentrations of FA in PVP and PAETAC
hydrogels were 8% (w/w) and 0.5% (w/w) of the monomer, respectively.
Both PVP (Figure 8a) and the PAETAC (Figure 8b) hydrogels under-
went bulk degradation which was characterized by a higher degree of
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Figure 6a. Dynamic swelling of albumin-crosslinked PAETAC hydrogels in pepsm-free
simulated gastric fluid. The concentration of FA in the monomer solution was 4% (w/w)
of the monomer and the degree of albumin modification was 90%. Hydrogels were pre-
pared by 0.25 h (0), 0.5 h (0), 1 h (*), 2 h (0), and 4 h (0) of y-irradiation (n = 4)

Figure 6b. Equilibrium swelling of albumin-crosslinked PAETAC hydrogels in pepsin-
free simulated gastric flmd (EI) and the change in relative viscosity of AETAC ( ) as a
function of the y-irradiation time (n = 4)
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Figure 7a. Dynamic swelling of albumm-crosslinked PVP hydrogels in pepsm-free
simulated gastric flmd. Hydrogels were prepared by 4 h of y-irradiation. The concentra-
tion of 90%-modified FA was 5% (O), 6% (*), 7% (M), and 8% (~) (w/w) of the monomer
(n = 4).

Figure 7b. Dynamic swelling of albumin-crosslinked PAETAC hydrogels in pepsin-free
simulated gastric fluid. Hydrogels were prepared by 0.5 h of y-irradiation. The concentra-
tion of 90%-modified FA was 0.5% (A), 1% (0, 2% (#), and 3% (0) (w/w) of the monomer
(n = 4).
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Figure 8a. Dynamic swelling of albumin-crosslinked PVP hydrogels in the presence (0)
and in the absence (0) of pepsin. The activity of pepsin in simulated gastric fluid was 250
umts/mL. Hydrogels were prepared by 4 h of y-irradiation and 90%-modified FA at a con-
centration of 8% (w/w) of the monomer (n = 4).

Figure 8b. Dynamic swelling of albumin-crosslinked PAETAC hydrogels in the presence
(0) and in the absence (0) of pepsin. The activity of pepsin in simulated gastric fluid was
250 umts/mL. Hydrogels were prepared by 0.5 h of y-irradiation and 90%-modified FA at
a concentration of 0.5% (w/w) of the monomer (n = 4).
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swelling as compared to non-degrading control samples and a gradual
decline in mechanical integrity. After 96 h of incubation, the swelling
ratio of the PVP hydrogel was 27 in the presence of pepsin and 19 in the
absence of pepsin. Even after 96 h, PVP gels still maintained their
mechanical integrity, although it was considerably less than that at
earlier time points. The swelling ratio of the PAETAC hydrogel was 160
in the presence of pepsin and 123 in the absence of pepsin. The
PAETAC hydrogel underwent gel disruption in the presence of pepsin
at times exceeding 96 h. After the gel disruption point, the hydrogel
could no longer be handled due to a significant loss in mechanical in-
tegrity [1]. The slower degradation rate of PVP hydrogels as compared
to that of the PAETAC hydrogels was attributed to the higher crosslink-
ing density and also to the possible presence of main chain crosslinking
in the PVP network.

Characterization of 2-Phase Hydrogel System

Initial washing of the 2-phase hydrogel in distilled deionized water
led to the detachment of pure PAETAC hydrogel from the surface of the
2-phase hydrogel (Figure 2). In the swollen and dried states, the

2-phase hydrogel system was clear and transparent indicating a high
degree of chain entanglement within the IPN phase [9]. After pro-
longed swelling in distilled deionized water, the 2-phase hydrogel
system exhibited swelling characteristics that were similar to the pure
PAETAC hydrogel while maintaining mechanical integrity that resem-
bled the pure PVP gel. In pepsin-free SGF, however, the degree of swell-
ing was considerably lower than that in distilled deionized water.
Shown in Figure 9 is that the swelling size of the 2-phase hydrogel (C)
was approximately 1.5 times larger than the pure PVP gel (B) after
equilibration in SGF. In distilled deionized water, a two-fold increase in
the swelling size of the 2-phase gel was observed (D in Figure 9).
The dynamic swelling ratios of the 2-phase hydrogel system with the

PAETAC-control, FA-control, and the pure PVP hydrogels are compared
in Figure 10a. The swelling behavior of 2-phase hydrogels was not sig-
nificantly different from that of PAETAC-control gels. The swelling be-
havior of FA-control gels was similar to that of pure PVP hydrogels. The
data indicate that the presence of FA in the solution did not sig-
nificantly alter the swelling properties of the 2-phase hydrogel. Thus, it
appears that FA did not diffuse into the PVP gel and as a result a SIPN
was formed in the outer phase of the 2-phase hydrogel [21]. The extent
of swelling was only slightly higher when the monomer solution was
allowed to penetrate into the PVP gel for 3 h prior to my-irradiation
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Figure 9. Swelling size of the albumin-crosslinked PVP hydrogel in simulated gastric
fluid (B), the 2-phase hydrogel system in pepsin-free simulated gastric fluid (C), and the
2-phase hydrogel system in distilled deionized water (D). A dried PVP hydrogel (A) was
used for comparison.

Figure 10a. Dynamic swelling of 2-phase hydrogels in pepsin-free simulated gastric
fluid. The 2-phase hydrogels were prepared by immersing the PVP gel in a solution con-
taining FA and AETAC (11). Pure PVP hydrogels ( ) and PVP hydrogels immersed for 3
h in solutions of either AETAC (M) or FA (A) were used as controls (n = 4).
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Figure lOb. Dynamic swelling of 2-phase hydrogels in pepsin-free simulated gastric
fluid 2-Phase hydrogels were prepared by immersing the PVP gel in a solution of AETAC
for 1.5 h (I I) and 3 h (0). PVP hydrogels (~ ) were used as a control (n = 4)

(Figure 10b). The small differences in swelling were attributed to the
limited extent of AETAC penetration into the PVP gel prior to irradia-
tion (Figure 11). Illustrated in Figure 11 is the size of the glassy phase
of the gel decreased only from 20 mm x 9 mm to 17.5 mm x 7.8 mm
after 3 h of penetration. It should be noted, however, that the effect of
penetration time on gel swelling was more pronounced in distilled
deionized water than in pepsin-free SGF.

DISCUSSION

The objective of this work was to utilize y-irradiation in the prepara-
tion of a 2-phase hydrogel system. For this reason, our initial experi-
ments were focused on how y-irradiation influenced the properties of
the individual constituents that would comprise the 2-phase system. It
was observed that y-irradiation of VP for 4 h resulted in crosslinking
the PVP chains. The formation of a three-dimensional network follow-

ing y-irradiation is consistent with previous literature on PVP [15,22].
Solutions of AETAC, however, formed PAETAC molecules that under-
went scission in the main chain during y-irradiation. Main chain scis-
sion was probably due to the cationic charge on the side chain of the
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monomer which may have hindered the formation of crosslinks or end-
links by charge repulsion. The influence of charge on main chain scis-
sion on crosslinking has also been observed with poly(acrylic acid) [22].
It has been shown that partially neutralized poly(acrylic acid) under-
goes main chain scission following y-irradiation whereas fully pro-
tonated polyacrylic acid becomes crosslinked during y-irradiation.
y-Irradiation times influenced the swelling properties of the PVP and

PAETAC hydrogels. Although the kinetics of homopolymerization is
different from that in the presence of a crosslinking agent [23], the
change in swelling as a function of irradiation time correlated well
with the change in viscosity of the respective homopolymers. As a
result, the decrease in the swelling ratio of PVP hydrogels prepared
with 4 h of y-irradiation was consistent with the main chain crosslink-
ing observed with PVP homopolymers. Even though main chain cross-
linking was likely, it did not prevent pepsin-catalyzed degradation of
the hydrogel. Conversely, the increase in swelling associated with the
PAETAC hydrogels was consistent with main chain scission of the
PAETAC homopolymer after only 30 min of y-irradiation. Based on the

Figure 11. Penetration of AETAC into PVP hydrogels. PVP hydrogels were immersed in
Bmret’s reagent contaming 36% (w/v) AETAC for up to 3 h. The length (EI) and diameter
(0) of the glassy phase, and the thickness of the rubbery phase ( 0 ) were measured at 0 5
h, 1 5 h, and 3 h (n = 3).
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data, we concluded that in order to effectively prepare the 2-phase
hydrogel system, 4 h and 30 min would be necessary to form the PVP
hydrogel and the IPN, respectively. Furthermore, the swelling proper-
ties of PVP and PAETAC hydrogels were readily controlled by varying
the concentration of FA in the monomer solution. In short, y-ir-
radiation was very effective in the preparation of albumin-crosslinked
PVP and PAETAC hydrogels.
Although our initial objective was to synthesize a FIPN as the outer

phase of the 2-phase gel system, it was likely that a SIPN was formed.
The lack of FA penetration into the PVP hydrogel may be attributed to
the size of the FA ( ~ 66,500 Daltons) and the mesh-size restrictions im-
posed by the highly crosslinked PVP network. Over the 3 h penetration
period, only the AETAC was capable of moving inside the PVP gel. The
result was a 2-phase hydrogel consisting of a pure PVP hydrogel as the
inner phase and a SIPN as the outer phase. It may be possible, however,
to prepare a FIPN as the outer phase if the penetration time was pro-
longed to allow enough time for the slow diffusion of FA into the PVP
gel.
In pepsin-free SGF, the 2-phase hydrogel system exhibited slightly

greater swelling as compared to the pure PVP gel. Enhanced swelling
associated with the formation of a 2-phase system was best illustrated
in Figure 9 where a dramatic increase in swelling upon exposure to dis-
tilled deionized water is shown. The marginal increase in swelling in
SGF as compared to the pure PVP gel was attributed to the limited
degree of AETAC penetration prior to SIPN formation (Figure 11), and
the hydrophilicity and cationic nature of the resulting PAETAC chains.
The swelling pressure (x) is described as the osmotic-pressure
difference between a hydrogel and its external solution. For perma-
nently charged networks is dependent on the polymer/solvent in-
teraction (7r mlJ, the elastic properties of the network (7r,,,,), and the
difference in ion concentrations between the hydrogel and its surround-
ing solution (7rlOn) [24-26]. Since these contributions are additive, in-
creasing the difference in ion concentration between a polyelectrolyte
gel and its surrounding solution will increase gel swelling while
decreasing the difference will lower swelling. Thus, it was not surpris-
ing that the 2-phase hydrogel achieved a significantly greater degree of
swelling in distilled deionized water than in pepsin-free SGF. In future
experiments, the swelling properties of the 2-phase hydrogel will be im-
proved by either increasing the monomer solution penetration time to
increase the ionic character of the SIPN or by using a more hydrophilic
polyelectrolyte to enhance polymer/solvent interaction.
In summary, y-irradiation was successfully used to prepare a 2-phase,
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enzyme-degradable hydrogel system that may, with additional modifi-
cations, be used as a gastric retention device for long-term oral drug
delivery.

ACKNOWLEDGEMENTS

The authors wish to acknowledge the excellent technical assistance
of Sureeporn Piyatamrong. This study was supported in part by the ICI
Pharmaceuticals Group.

REFERENCES

1. Park, K. 1988. "Enzyme-Digestible Swelling Hydrogels as Platforms for
Long-Term Oral Drug Delivery: Synthesis and Characterization,"
Biomaterials, 9:435-441.

2. Shalaby, W. S. W and K. Park. 1990. "Biochemical and Mechanical Charac-
terization of Enzyme-Digestible Hydrogels;’ Pharm. Res., 7(8):816-823.

3. Shalaby, W. S. W., W. E. Blevins and K Park. 1991. "Enzyme-Degradable
Hydrogels: Properties Associated with Albumin-Crosslinked Polyvinylpyr-
rolidone Hydrogels," Water-Soluble Polymers, Synthesis, Solution Proper-
ties, and Application, ACS Symposium Series No. 467, S. W. Shalaby, C. L.
McCormick and G. B. Butler, eds., American Chemical Society, pp.
484-492.

4. Shalaby, W. S W., G. E. Peck and K. Park. 1991. "Release of Dextromethor-
phan Hydrobromide from Freeze-Dried Enzyme-Degradable Hydrogels," J.
Controlled Release, 16:355-364.

5. Shalaby, W. S. W., M. Chen and K. Park. 1992. "A Mechanistic Assessment
of Enzyme-Induced Degradation of Albumin-Crosslinked Hydrogels," J.
Bioact. Compatible Polym., 7(3):257-274.

6. Shalaby, W. S. W., W. E. Blevins and K. Park. 1992. "The Use of Ultrasound
Imaging and Fluoroscopic Imaging to Study Gastric Retention of Enzyme-
Digestible Hydrogels," Biomaterials, 13(5):289-296.

7. Shalaby, W. S. W., W. E. Blevins and K. Park. 1991. "Gastric Retention of
Enzyme-Digestible Hydrogels in the Canine Stomach under Fasted and
Fed Conditions: A Preliminary Analysis Using New Analytical Tech-
niques," Polymeric Drugs and Drug Delivery Systems, ACS Symposium
Series No. 469, R. Dunn and R. M. Ottenbrite, eds., American Chemical
Society, pp. 237-248.

8. Shalaby, W. S. W., W. E. Blevins and K. Park. 1992. "In Vitro and In Vivo
Studies of Enzyme-Digestible Hydrogels for Oral Drug Delivery," J Con-
trolled Release, 19:131-144.

9. Lipatov, Y. S. 1987. "Some Physico-Chemical Problems of Formation and

 at Purdue University on April 23, 2016jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/


22

Regulation of Properties of Interpenetrating Polymer Networks," J. Polym.
Mater., 4:173-184.

10. Chatterji, P. R. 1990. "Interpenetrating Hydrogel Networks. I. The

Gelatin-Polyacrylamide System," J Appl. Polym. Sci., 40:401-410.

11. Kaur, H. and P. R. Chatterji. 1990. "Interpenetrating Hydrogel Networks.
2. Swelling and Mechanical Properties of the Gelatin-Polyacrylamide In-
terpenetrating Networks," Macromolecules, 23:4868-4871.

12. Corkhill, P. H. and B. J. Tighe. 1990. "Synthetic Hydrogels: 7. High EWC
Semi-Interpenetrating Polymer Networks Based on Cellulose Esters and
N-Containing Hydrophilic Monomers;’ Polymer, 31:1526-1537.

13. Dror, M., M. Z. Elsabee and G. C. Berry. 1981. "Gradient Interpenetrating
Polymer Networks. 1. Poly(ether urethane) and Polyacrylamide IPN," J.
Appl. Polym. Sci., 26:1741-1757.

14. Elsabee, M. Z., M. Dror and G. C. Berry. 1983. "Gradient Interpenetrating
Polymer Networks. II. Polyacrylamide Gradients in Poly(ether urethane),"
J Appl. Polym. Sci., 28:2151-2166.

15. Ikada, Y. and T. Mita. 1977. "Preparation of Hydrogels by Radiation Tech-
niques," Radiat. Phys. Chem., 9:633-645.

16. Hoffman, A. S. 1977. "Applications of Radiation Processing in Biomedical
Engineering-A Review of the Preparation and Properties of Novel

Biomaterials," Radiat. Phys. Chem., 9:207-219.

17. Wilson, J. E. 1974. Radiation Chemistry of Monomers, Polymers, and Plas-
tics. New York: Marcel Dekker, Inc., pp. 369-430.

18. Snyder, S. L. and P. Z. Sobocinski. 1975. "An Improved 2,4,6-
Trinitrobenzenesulfonic Acid Method for the Determination of Amines,"
Anal. Biochem., 64:284-288.

19. 1985. United States Pharmacopeia/National Formulary. USP XXI/NF XVI,
U.S.P. Convention Inc., p. 1424.

20. Doumas, B., D. Bayse, R. Carter, T. Peters and R. Schaffer. 1981. "A Candi-
date Reference Method for Determination of Total Protein in Serum I. De-

velopment and Validation;’ Clin. Chem., 27(10):1642-1650.

21. Hourston, D. J. and Y. Zia. 1983. "Semi- and Fully Interpenetrating
Polymer Networks Based on Polyurethane-Polyacrylate Systems. I.

Polyurethane Networks," J Appl. Polym. Sci., 28:2139-2149.

22. Alexander, P. and A. Charlesby. 1957. "Effects of X-Rays and &gamma;-Rays on Syn-
thetic Polymers in Aqueous Solutions," J. Polym. Sci., 23:355-375.

23. Peppas, N. A. and A. G. Mikos. 1986. "Preparation Methods and Structure
of Hydrogels," Hydrogels in Medicine and Pharmacy Vol. 1, N. A. Peppas,
ed., Boca Raton, FL: CRC Press, Inc., pp. 1-25.

24. Hooper, H. H., J. P. Baker, H. W. Blanch and J. M. Prausnitz. 1990. "Swell-

 at Purdue University on April 23, 2016jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/


23

ing Equilibria for Positively Ionized Polyacrylamide Hydrogels;’ Macro-
molecules, 23:1096-1104.

25. Ilavsky. M. 1981. "Effect of Electrostatic Interactions on Phase Transition
in the Swollen Polymeric Network;’ Polymer, 22:1687-1691.

26. Tanaka, T. 1985. "Gels," in Encycl. Polym. Sci. Eng., 2nd Ed., Vol. 7. New
York: John Wiley & Sons, pp. 514-531.

 at Purdue University on April 23, 2016jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/

