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Albumin-cross-linked hydrogels were prepared by free radical polymerization using 1-
vinyl-2-pyrrolidinone as a monomer and functionalized albumin as a crosslinking agent. The degree of
chemical cross-linking was controlled by varying the degree of albumin functionality and the concen-
tration of albumin. With empbhasis placed on the potential use of these hydrogels for long-term oral
drug delivery, gel characterization studies examined both the swelling and the mechanical properties
in the absence and presence of pepsin. In the absence of pepsin, the equilibrium swelling ratio in
simulated gastric fluid ranged from 17 to 55, depending on the degree of albumin functionality and the
albumin concentration. Swelling was pH dependent at pH’s greater than 7. The uptake of solvent into
the dried hydrogels was determined to be Fickian. The integrity of swelling gels was dependent on the
concentration of the functionalized albumin as well as on the degree of albumin functionality. In the
presence of pepsin, a predominance of either surface or bulk degradation was observed, depending on
the functionality of the albumin used as a cross-linker. Gel integrity during pepsin degradation also

showed a marked dependence on the albumin functionality.

KEY WORDS: hydrogel; swelling ratio; albumin; pepsin; drug delivery; gel integrity.

INTRODUCTION

The relatively brief gastrointestinal transit times of di-
gestible materials have substantially hindered the develop-
ment of once-a-day oral drug delivery systems (1). The use
of bioadhesives, floating systems, and size exclusion devices
has shown little success in achieving gastrointestinal resi-
dence times near the 24-hr time range (2-9). The transit time
for digestible or nondigestible materials from mouth to
cecum varies from 3 to 12 hr, and it is thought that this
variability is due to variable gastric emptying (10,11). During
the fed state of digestion, particles with diameters between
2.0 and 13 mm are likely to be retropelled because of antro-
pyloric closure in response to peristaltic contractions; how-
ever, while in the fasting state, these particles will be emp-
tied because of the migrating motor complex (housekeeper
wave) which occurs every 2 hr (12,13). Therefore, a drug
delivery system with selective retention in the stomach fol-
lowing the migrating motor complex holds promise for
achieving 24-hr drug delivery. Such a system should undergo
large swelling to simplify swallowing and prevent duodenal
entrance, with sufficient integrity to overcome gastric con-
tractions, and biodegradability to simplify removal. Highly
swellable biodegradable hydrogels may elicit these proper-
ties. We recently prepared albumin-cross-linked hydrogels
as models (14). For oral drug delivery, it is important to
develop in vitro tests to predict hydrogel responses in an in
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vivo situation. Here, we characterize the swelling and the
mechanical and degradative properties of enzyme-digestible
albumin-cross-linked hydrogels for once-a-day drug deliv-
ery.

MATERIALS AND METHODS

Alkylation of Albumin

Human serum albumin (Sigma, Fraction V) was alkyl-
ated using glycidyl acrylate (Aldrich) as described previ-
ously (14). Alkylation of other proteins was reported by
other investigators (15,16). The extent of alkylation was
measured using a method described by Snyder and Sobocin-
ski (17). In our study, the alkylation reaction was carried out
for0.5,1,2,5, 12, 19, 26, and 49 hr prior to termination with
glycine. The purity of the functionalized albumin (FA) sam-
ples was tested using a UV spectrophotometer. Absorbance
values were measured at a wavelength of 253.5 nm to deter-
mine the presence of glycidyl acrylate. The detection limit
for this test was 3.9 pg/ml.

Synthesis of Albumin-Cross-Linked Hydrogels

1-Vinyl-2-pyrrolidinone (VP; Aldrich) was polymerized
in distilled deionized water at 40% (w/v) in the presence of
FA. The concentrations of FA used were 4.5% (w/w), 6.0%
(w/w), and 8.0% (w/w) of the monomer. Additional gels were
prepared using the above crosslinking concentrations but
with varied degrees of albumin functionality. The degree of
functionality is henceforth referred to as the degree of albu-
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min alkylation. The monomeric solution was prepared by
first solubilizing the initiator 2,2-azobis[2-methyl-propio-
nitrile] (ABMP; Eastman Kodak) in previously degassed VP
followed by the addition of FA, the cross-linking agent. The
initiator concentration in all reactions was 1.0% (w/w) of the
monomer. The solution was then transferred to a 5-ml plastic
syringe and allowed to react for 12 hr at 60°C. The polyvi-
nylpyrrolidone (PVP) hydrogels were cut into disks and
washed in distilled deionized water. The water was changed
10 times over a 3-day period. Absorbance at 266 nm was
used to determine the residual monomer content in the gel-
equilibrated water. The detection limit for this test was 1.95
pg/ml.

Equilibrium Swelling Studies

Synthesized hydrogels were cut in the fully swollen
state by a cylindrical die having a diameter of 1 cm. Gels
were categorized by the percentage of FA used as the cross-
linker and by the degree of albumin alkylation. The gels were
air-dried for 24 hr, followed by oven drying at 60°C for 12 hr.
Three dried gels for each percentage of FA and degree of
albumin alkylation were then weighed and later placed in the
pepsin-free simulated gastric fluid (18) for 32 hr at 37°C. The
time required for these systems to reach equilibrium was
predetermined by monitoring the change in diameter of ini-
tially dried gel discs in similar conditions. The swelling ratio
(Q) was determined from the following relationship:

Q = WHW

where W* and W are the weights of the swollen and dry gels,
respectively.

Dynamic Swelling Studies

Gels containing 8% of the FA were cut and dried as
previously mentioned. Four dried gels were weighed and
then placed in pepsin-free simulated gastric fluid. At timed
intervals, the swelling gels were removed, weighed, and re-
turned to their original solution. This procedure was carried
out for 32 hr.

pH-Dependent Swelling

To test for fluctuations in swelling which may result
from pH changes, gels containing 8 and 4.5% of the FA
having a degree of albumin alkylation of either 15 or 90%
were cut and dried. Once weighed, the gels were equilibrated
in 0.1 M buffer solutions at 37°C. The pH of buffers ranged
from 1 to 9. The equilibrium swelling ratio (Q.,) was calcu-
lated and a possible relationship between (., and pH was
examined.

Gel Integrity Studies

To examine the resiliency that the swollen hydrogels
may possess when exposed to stresses induced by gastric
contractions, a simple compression apparatus was devel-
oped using a 50-ml glass syringe (Fig. 1). Our apparatus is
similar to the one developed by the food industry for the
characterization of pectin gels (19). The strength that gels
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Fig. 1. Hydrogel compression apparatus for the measurement of
ultimate compressive strengths.

could withstand prior to disruption is called the ‘‘ultimate
compressive strength (UCS).””

To examine the relationship between the UCS and the
degree of albumin alkylation, four disks with a diameter of 5
mm and a thickness of 3 mm were cut from each gel sample
in the swollen state and equilibrated in a 0.1 M HCl solution
at 37°C. The study was carried out by removing one gel as a
test sample from a particular set of gels and placing it on the
center of the gel support in Fig. 1. The plunger plus an empty
plastic container was applied to compress the gel. The load
was applied for 15 sec and then removed. Twenty milliliters
of water was then added to the plastic container and the new
load was applied for 15 sec and removed. If gel disruption
did not occur, additional amounts of water (20 ml) were in-
crementally added to the container and applied for 15 sec.
The amount of water was increased until the test sample
ruptured. For the remaining gels of a particular set, 80% of
the maximum load obtained from the test sample experiment
was used as the starting load for compression studies. The
UCS was determined by calculating the force required to
rupture the gel per unit area of the plunger in contact with
the gel. The force exerted on the gel was the sum of the
following forces:

F (exerted) = F (plunger) + F (container) + F (water)
— F (friction)

From the above equation, the negative force which arises as
a result of the kinetic friction between the plunger and the
syringe barrel was determined by inverting the plunger-
containing syringe on one plate of a torsion balance while
allowing only the end of the plunger to be in contact with the
plate. The minimum amount of force applied to the adjoining
plate of the balance which resulted in the continual upward
movement of the plunger within the syringe barrel was ap-
proximated to be the minimum force required to overcome
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the opposing force because of the kinetic friction. The fric-
tional force was found to be less than 3% of the actual force
from the plunger alone.

Enzyme Digestion of Functionalized Albumin

Electrophoresis samples were first prepared by reacting
pepsin in simulated gastric fluid with both regular albumin
and the FA having a degree of alkylation of 90%. The con-
centration of pepsin (Sigma, 2500 units/mg) in the reaction
mixture was 83 units/ml. The reactions were carried out for
periods of 15, 30, 60, and 120 min before termination with the
denaturant [20% glycerol, 0.2% sodium dodecyl sulfate
(SDS), 0.25 M Tris, 0.25% mercaptoethanol, pH 6.8]. The
reduction of the protein was carried out at 37°C for 48 hr.
Electrophoresis was performed according to the method of
Laemmli (20). Gel staining was achieved using Coomassie
brilliant blue R-250 (Bio-Rad).

Swelling of Dried Hydrogels in the Presence of Pepsin

To characterize the degradable properties of these sys-
tems, four dried gels from each sample were exposed to
pepsin-containing simulated gastric fluid at 37°C. During the
uptake of penetrants, the weight of swollen gels was re-
corded over time until pepsin digestion rendered them un-
suitable for continued measurements. The swelling ratio (Q)
was calculated and compared with the swelling behavior of
these gels over time in the absence of pepsin. In all gel di-
gestion studies, the pepsin concentration was held constant
at 250 units/ml. From previous work in our laboratory, pep-
sin concentrations in simulated gastric fluid exceeding 125
units/ml had little or no additional effect on the degradation
of similar albumin-cross-linked hydrogels (21).

UCS Studies During Pepsin Digestion of Dynamically
Swelling Hydrogels

Four gels from each sample containing 8% FA were cut
and dried as mentioned above. The degree of albumin alky-
lation was varied at 27, 50, and 90%. The gels were then
placed in pepsin-containing simulated gastric fluid at 37°C.
Samples were removed at specific time intervals and tested
for the UCS. The test procedure followed was discussed in
the earlier UCS experiment; however, with respect to the
initial test sample, 100-ml, instead of 20-ml, increments of
water were added. This was designed to shorten the time
required to determine the UCS.

RESULTS

Swelling Characterization Studies

By using FA as a multifunctional cross-linker, one can
produce hydrogels with a variety of swelling, degradation,
and mechanical properties. Since albumin could be alkylated
to as much as 90% and as little as 7.9% of the total available
sites, one can effectively increase the degree of chemical
crosslinking in the network while maintaining the same con-
centration of FA. The extent to which the alkylation reaction
between glycidyl acrylate and albumin could be carried out
is shown in Fig. 2. The degree of albumin alkylation was
easily varied by controlling the reaction time. Figure 3 shows
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Fig. 2. Degree of albumin alkylation as a function of reaction time.
Glycidyl acrylate (200 pl) was added to 5 ml of a 5% albumin solu-
tion while stirring at room temperature.

the equilibrium swelling ratios (Q.,) of hydrogels which were
prepared with various FA cross-linkers. As the degree of
albumin alkylation increased up to 27%, Q. decreased al-
most linearly. Small differences in Q.,, however, were ob-
served when the degree of albumin alkylation was above
27%. The plateau effect observed at high degrees of albumin
alkylation is useful in controlling the rigidity of hydrogels
while maintaining the same Q., (see below).

Since PVP is a water-soluble polymer, the albumin-
cross-linked PVP hydrogels prepared were expected to pos-
sess desirable swelling properties. The Q. , ranged from 17 to
55 depending on the concentration of FA and the degree of
albumin alkylation. The water contents for the above range
of Q. values were between 94 and 98%. From the dynamic
swelling experiments in pepsin-free simulated gastric fluid, it
was found that 60% of the equilibrium swelling could be
attained within the first 3 hr of exposure for all the hydrogels
used in our study (Fig. 4). The uptake of the first 60% of
penetrant was directly proportional to the square root of
time, with a correlation coefficient of 0.999 (Fig. 5).

Albumin, like all other proteins, possesses an isoelectric
point (pI). Consequently, a net negative or positive charge is
produced with changes in pH around the pl. Since PVP was
cross-linked with FA, it was thought that swelling fluctua-
tions might be induced as a function of pH around the pI of
albumin, which is known to be 4.8 (22). With respect to the
gastrointestinal tract, it has been reported that the antral pH
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Fig. 3. Equilibrium swelling ratio (Q.,) as a function of the degree of
albumin alkylation. The concentration of FA was 4.5% (B), 6% (¢ ),
and 8% ([-]). The absence of an error bar indicates that the standard
deviation of the data was smaller than the size of the symbol (n = 3).
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Fig. 4. Dynamic swelling of albumin-cross-linked hydrogels con-
taining 8% FA as a function of time. The degree of albumin alkyla-
tion was 7.9% (&), 11.7% (¢), 12% @), 15% (), 27% (M), 50%
(), and 90% (A). The absence of an error bar indicates that the
standard deviation of the data was smaller than the size of the sym-
bol (n = 4).

can reach levels as high as pH 7 during phase III activity in
humans (23). From Fig. 6, a marked increase in Q was ob-
served at pH >7. It was suggested that enolization of PVP at
the carbonyl may produce a net negative charge; however,
this was reported at pH >12 (24) and is believed to be min-
imal, if not completely absent, in our studies. Thus, our data
suggest that the increase in Q) may be attributed to the net
negative charge on the albumin cross-linker which estab-
lishes an osmotic pressure gradient to promote additional
swelling. The magnitude of this increase appears to be re-
lated to the degree of chemical cross-linking, which is pro-
portional to the degree of albumin alkylation and concentra-
tion of FA. The increased values for Q are, however, only
partially reversible when gels preequilibrated in a pH 9
buffer were later equilibrated in a pH 4 buffer. This obser-
vation suggests that conformational changes with the FA can
occur as a function of pH but with only partial reversibility.
No substantial increase in swelling was observed at pH
<4.8. To explain accurately the pH-dependent swelling be-
havior, further studies are required.

Gel Integrity Studies

From the UCS studies it was found that the number of
chemical cross-links coupled with polymeric chain mobility
can account for the individual gel responses to compression.
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Fig. 5. Penetrant uptake as a function of the square root of time for
albumin-cross-linked hydrogels containing 8% FA with a degree of
albumin alkylation of 15%. Experimental (&]) and theoretical ().
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Fig. 6. Equilibrium swelling ratio of albumin-cross-linked hydrogels
as a function of pH. [, 4.5% FA [degree of albumin alkylation
(DAA), 15%]; ¢,4.5% FA (DAA, 90%); 0, 8% FA (DAA, 15%); ¢,
8% FA (DAA, 90%). The absence of an error bar indicates that the
standard deviation of the data was smaller than the size of the sym-
bol (n = 4).

Figure 7 shows the relationship between the UCS and the
degree of albumin alkylation. The maximum UCS at a given
albumin concentration arises at intermediate values of albu-
min alkylation. This illustrates that gels having polymeric
chains, which are more restricted because of increased
chemical cross-links, will tend to disrupt more readily in
response to a compression load than those with more mobile
chains. It appears that an optimum number of chemical
cross-links must be present in order to elicit ideal gel com-
pressibility. The optimized local chain mobility and re-
stricted gross mobility are general properties common to
elastomers (25). As the concentration of FA increased, the
maximum UCS occurred with gels that had lower degrees of
albumin alkylation (Fig. 8). For gels containing 8% FA, the
maximum UCS occurred at a degree of albumin alkylation of
27%, whereas the maximum UCS for gels containing 6% FA
occurred at a degree of albumin alkylation of 50%. This re-
sult tends to support further the concept of an ideal degree of
chemical crosslinking.

Enzyme Digestion Studies

The alkylation of albumin by glycidyl acrylate provided
a means to control the digestibility of albumin-cross-linked
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Fig. 7. Ultimate compressive strength as a function of the degree of
albumin alkylation. The concentration of FA was 4.5% (Q), 6% (¢),
and 8% ([J). The absence of an error bar indicates that the standard
deviation of the data was smaller than the size of the symbol (n = 4).
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Fig. 8. Degree of albumin alkylation at the maximum UCS as a
function of FA concentration.

hydrogels by pepsin. The varied resistance to enzymatic
degradation was related to the degree of albumin alkylation.

It was observed from gel electrophoresis studies that
fragment sizes of the FA samples over specific digestion
times were larger than those of the control albumin samples
(Fig. 9). The larger fragments associated with FA may indi-
cate that a smaller number of available sites exist on FA for
cleavage by pepsin. Consequently, alkylation of albumin is
believed to retard degradation of albumin by pepsin. From
Fig. 9, one will also observe diffused protein bands for the
FA samples. The diffused band is usually due to the forma-
tion of multimers (26). Thus, the diffused band in Fig. 9 is
believed to be due to the formation of intermolecular cross-
links resulting from the reactable moieties of the FA. It is not
yet clear, however, how and when the cross-linking had oc-
curred among the functionalized albumin molecules.

With respect to the degradable properties of the albu-
min-cross-linked hydrogels, we considered those gels con-
taining various concentrations of FA with degrees of albu-
min alkylation ranging from 7.9 to 15%. In the presence of
pepsin, the swelling profiles were dependent on the degree of
albumin alkylation (Fig. 10A). For gels having a FA concen-
tration of 8% and a degree of albumin alkylation of 15%, the

Fig. 9. Gel electrophoresis of control albumin (A) and functional-
ized albumin (B). Column 1 represents the pepsin-free samples. Col-
umns 2-5 represent enzymatic digestion of either control albumin or
FA at specified times prior to termination with denaturant. Albumin
was digested by pepsin (83 units/ml) for 15 min (column 2), 30 min
(column 3), 60 min (column 4), and 120 min (column 5).
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Fig. 10. (A) Dynamic swelling as a function of time in the presence
of pepsin for gels containing 8% FA. The degree of albumin alkyla-
tion was 7.9% (J), 11.7% (#), 12% ([3), and 15% (). (B) Dynamic
swelling as a function of time in the presence of pepsin. The degree
of albumin alkylation was 15% and the concentration of FA was
4.5% FA (00), 6% (#), and 8% ((J). The absence of an error bar
indicates that the standard deviation of the data was smaller than the
size of the symbol (n = 4).

maximum swelling ratio (Q,,,.,) occurred at 3 hr, while gels
containing a FA concentration of 8% and a degree of albumin
alkylation of 7.9% showed Q.. after 2 hr. The Q,, ., oc-
curred at later times as the degree of albumin alkylation was
increased. As the concentration of FA was reduced, Q...
occurred at earlier times (Fig. 10B). For gels having a 15%
degree of albumin alkylation, Q.. for an 8% FA concentra-
tion occurred at 3 hr. When the FA concentration was re-
duced to 6 and 4.5%, Q. Occurred at 2 and 1.5 hr, respec-
tively. By comparing these findings with the dynamic swell-
ing of identical systems in pepsin-free simulated gastric fluid
(Fig. 11), a sharp contrast in swelling profiles can be ob-
served. At times exceeding 1 hr, the swelling ratio for gels
swelling in the presence of pepsin becomes substantially
lower than for gels swelling in the pepsin-free solution. This
behavior is thought to be due to a predominance of the sur-
face degradation over the bulk degradation. Since the swell-
ing ratios of the degrading samples even in the early time
period did not exceed those of the pepsin-free samples, min-
imum bulk degradation is supported. The existence of Q, .,
may, in this case, represent the point at which the rate of gel
swelling is equivalent to the rate of polymer loss at the gel
surface. At times following the Q, .., the rate of gel swelling
will decrease while the rate of surface degradation remains
relatively constant. The net effect observed was a reduction
in Q to as low as 2, whereafter the gel was too small to be
analyzed accurately. Furthermore, since the terminal slopes
following Q... in Fig. 10A are close to linear, the net deg-
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Fig. 11. Dynamic swelling of albumin-cross-linked hydrogels con-
taining 8% FA as a function of time. The degree of albumin alkyla-
tion was 7.9% (), 12% (©), and 15% (A) in the presence of pepsin
and 7.9% (M), 12% (#), and 15% (A) in the absence of pepsin. The
absence of an error bar indicates that the standard deviation of the
data was smaller than the size of the symbol (n = 4).

radation process appears to be relatively constant thus par-
tially supporting the arguments above.

In the case of albumin-cross-linked gels having a degree
of albumin alkylation ranging from 27 to 90%, the effects of
bulk degradation predominate in the early stages of swelling.
In the presence of pepsin (Fig. 12A), Q... Was observed
much later relative to samples studied with less than 27% of
albumin alkylation. The time to reach Q,,,, decreased with
decreasing concentrations of FA (Fig. 12B), while the time
toreach Q,,., increased with an increasing degree of albumin
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Fig. 12. (A) Dynamic swelling as a function of time in the presence
of pepsin for gels containing 8% FA. The degree of albumin alkyla-
tion was 27% (), 50% (¢), and 90% (B). (B) Dynamic swelling as
a function of time in the presence of pepsin. The degree of albumin
alkylation was 90% and the concentration of FA was 4.5% FA (QQ),
6% (#), and 8% (). The absence of an error bar indicates that the
standard deviation of the data was smaller than the size of the sym-
bol (n = 4).
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alkylation. The Q,,,,, for gels having an 8% FA concentration
and a 90% degree of albumin alkylation occurred at 68 hr,
whereas the Q.. for a degree of albumin alkylation of 50%
occurred at 52 hr, and that for 27% at 44 hr. When the con-
centration of FA with a 90% degree of albumin alkylation
was reduced to 6%, the Q.. occurred at 57 hr, and that for
4.5% at 49 hr (Fig. 12B). By comparing these results with the
dynamic swelling profiles of identical gels in pepsin-free sim-
ulated gastric fluid (Fig. 13), it becomes apparent that bulk
degradation is the primary mechanism of degradation. At
times exceeding 8 hr, the swelling ratio for gels swelling in
the presence of pepsin is distinctly greater than for those
swelling under pepsin-free conditions. Swelling, in these
cases, may be attributed to the net result of penetrant diffu-
sion, bulk degradation, and surface degradation, with a
greater emphasis placed on the bulk degradation prior to
Omax- Following the occurrence of Q,,,, gels that contained
6 to 8% of FA tended to show decreases in Q until gel dis-
ruption occurred. Gel disruption was prolonged as the de-
gree of albumin alkylation increased as well as with in-
creases in the FA concentration. The important point here is
that the predominance of either surface or bulk degradation
can be controlled by the degree of albumin alkylation.
Based on the above enzyme digestion studies, the ulti-
mate compressive strength of a selected group of gels was
studied as a function of exposure time to pepsin in simulated
gastric fluid (Fig. 14). Maximum gastric pressure in the
fasted and fed state following a solid or a liquid meal was
found by Houghton et al. to range from 80 to 100 mm Hg in
humans (23,27). From this study, the magnitude of phasic
contractions was approximated to range between 10,600 and
13,250 N/m?. This range is henceforth referred to as the
““critical compressive strength range.”’ The dotted lines in
Fig. 14 show how the critical compressive strength range
relates to the magnitude of the UCS from our studies. The
purpose of this experiment was to determine if gels could
withstand compression loads greater than or within the crit-
ical compressive strength range for extended periods of
time. For this experiment, gels contained 8% of FA, while
the degree of albumin alkylation ranged from 27 to 90%. Gels
having a degree of albumin alkylation of 27 and 50% re-
mained at or above the critical compressive strength range
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Fig. 13. Dynamic swelling of albumin-cross-linked hydrogels con-
taining 8% FA as a function of time. The degree of albumin alkyla-
tion was 27% (0), 50% (<), and 90% (A) in the presence of pepsin
and 27% (W), 50% (4), and 90% (A) in the absence of pepsin. The
absence of an error bar indicates that the standard deviation of the
data was smaller than the size of the symbol (n = 4).
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Fig. 14. Ultimate compressive strength as a function of time in the
presence of pepsin for hydrogels containing 8% FA. The degree of
albumin alkylation was 27% (), 50% (#), and 90% (). The ab-
sence of an error bar indicates that the standard deviation of the data
was smaller than the size of the symbol (n = 4).

for 8 and 9 hr, respectively, following exposure to pepsin.
Gels having a degree of albumin alkylation of 90% remained
at or above the critical compressive strength range for 23 hr.
This prolonged integrity in the presence of pepsin may be
due to very slow digestion by pepsin. The fluctuations in
UCS (Fig. 14) may be explained in part by the concept of the
ideal degree of chemical cross-linking as discussed above.

DISCUSSION

For the successful application of the enzyme-digestible
swelling hydrogels for oral drug delivery with improved gas-
tric retention, hydrogels must possess rapid swelling, struc-
tural rigidity, and optimum drug release properties. The fo-
cus of this work was to examine both the swelling and the
structural aspects of the hydrogels. The swelling character-
ization studies showed that swelling was pH dependent at
the basic pH range and could be controlled by the degree of
albumin alkylation. From a dynamic standpoint, gels could
swell to within 60% of their equilibrium swollen mass within
3 hr; moreover, in the presence of pepsin, gels which under-
went net bulk degradation displayed more favorable swelling
kinetics. Since very little is known about pepsin concentra-
tions in the stomach during the fasted and fed states (28), the
use of pepsin as a swelling enhancer may or may not be a
practical approach. It, therefore, becomes apparent that the
swelling kinetics of these systems need to be improved. In
our laboratory, we are presently experimenting with albu-
min-cross-linked polyelectrolyte hydrogels to improve swell-
ing properties.

The existence of two mechanisms of degradation which
can be effectively controlled as a function of the degree of
albumin alkylation is a unique phenomenon. We have seen
that as the degree of albumin alkylation increases, albumin-
cross-linked hydrogels become more impervious to surface
degradation, the results of which are attributed largely to the
slower digestion of albumin by pepsin as discussed above
with the gel electrophoresis data. Since the degradability of
the gel is dependent on the degree of albumin alkylation, a
second factor must exist which controls the predominating
mechanism of degradation. When a dried gel swells in the
presence of pepsin, it is conceivable that two penetration
fronts exist. The first is the pepsin-free front, and the second
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the pepsin-containing front or the degrading front. The factor
which determines the predominant mechanism of degrada-
tion is the FA’s response to the degrading front. For gels
which are cross-linked with rapidly digestable FA, that is,
albumin with a low degree of alkylation, penetration by the
degrading front will be limited to the gel surface, since the
digestion of the FA and subsequent loss of polymer chains at
the surface occur very efficiently. Thus, the actual size of
the gel is reduced in a short period of time, while the bulk
degradation appears to have a minimal effect. The net result
will therefore be surface degradation. As the degree of albu-
min alkylation increases, FA is digested more slowly. As a
result, the efficiency of the degrading front in digesting the
FA is also reduced. Since the gel is now more impervious to
degradation, the degrading front can penetrate into the gel,
even though there may be some loss of polymer chains at the
surface. With the net result being the penetration of the de-
grading front, bulk degradation becomes the predominant
mechanism of degradation. With respect to gastric retention,
it appears that the use of enzyme-digestible hydrogels that
undergo a net surface degradation will be less than suitable
because of their reduction in size over a short period of time;
however, those gels that degrade by a net bulk degradation
mechanism show promise.

In our understanding of gel integrity and how it may be
studied in relation to the gastric environment, we had chosen
compression as the single most important form of stress to
mimic peristaltic contractions in the stomach. It may be ar-
gued, however, that the antral mixing and grinding process
of solid foods in the fed state provides more of a shear than
a compression stress. Nonetheless, for systems containing
as much as 98% penetrant, compression was a more feasible
and realistic method of analysis. From the literature, we had
calculated a critical compressive strength range which was
used to illustrate how in vitro compressive strengths may
relate to actual in vivo stresses. Even though such extrapo-
lation of the data may be premature without data from ani-
mal experiments, our technique can be used until a more
accurate technique is found. Since phasic contractions in the
stomach occur repeatedly, it is conceivable that our systems
may lose integrity as a result of multiple contractions; fur-
thermore, in the presence of other digestible material, gel
integrity may also be reduced. With these possibilities in
mind, future studies on gel integrity will focus on animal
studies to establish a correlation between in vitro and in vivo
tests.

The presence of pepsin will lead to drastic changes in
the swelling behavior of gels. With respect to drug release,
enzymatic degradation will be of significant importance. En-
zymatic digestion will lead to gel swelling with the presence
of either net bulk degradation or surface degradation. Al-
tered drug release rates are likely to be observed because of
changes in diffusion path length. Consequently, controlling
the degradation kinetics becomes an important parameter to
consider when developing biodegradable networks for oral
drug delivery. This approach may be used as an effective
tool to control the release of hydrophobic drugs or possibly
hydrophilic drugs. For dissolved hydrophilic drugs, substan-
tial release occurs before significant degradation. Thus, our
future work will focus on controlling the rate of enzymatic
degradation for the release of hydrophobic drugs or dis-
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persed hydrophilic drugs. For once-a-day drug delivery sys-
tems, hydrogels may have to stay in the stomach for only 16
to 20 hr. This, however, can be determined only from animal
experiments. Animal experiments can provide important in-
formation regarding degradation kinetics, pepsin concentra-
tions, and contractile forces in the stomach. It is promising
that albumin-cross-linked gels can be manipulated to un-
dergo either net bulk or surface degradation while maintain-
ing relatively good integrity for up to 24 hr.

In summary, the preliminary data collected in this study
suggest that albumin-cross-linked hydrogels may, with addi-
tional modifications and tests, be used as a successful plat-
form for once-a-day oral drug delivery.
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