Enzyme-digestible swelling hydrogels
as platforms for long-term oral drug
delivery: synthesis and characterization
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A method was developed for synthesizing enzyme-digestible swelling hydrogels. Albumin molecules were
modified using glycidyl acrylate to introduce vinyl groups. The functionalized albumin molecules
participated as cross-linkers in the polymerization of vinyl monomers, such as acrylic acid or acrylamide.
The extent of chemical modification of albumin was an important variable in controlling the cress-linking
ahility. The albumin in the synthesized hydrogels retained its property of enzymatic digestion by proteolytic
enzymes. The kinetics of swelling and enzymatic digestion of the hydregels were examined using various
enzyme concentrations. It was ohserved that the digestion kinetics were largely determined by the relative
concentrations of albumin and enzyme. The potential application of the enzyme-digestible swelling

hydrogels as platforms for long-term oral drug delivery is discussed.
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Of the many routes of controlled drug delivery, the oral
administration has been considered to be the most convenient
means to introduce drugs into the systemic circulation. One
drawback of using oral dosage forms, however, is that they
pass through the stomach and small intestine in a relatively
short period of time. From various studies, it was suggested
that transit time from mouth to caecum varies between 3 and
12 h" 2. Since most drugs are absorbed from the upper
portion of the small intestine, duodenum and jejunum, the
time interval from mouth to caecum is obviously too short for
long-term oral controlled drug delivery, unless a drug is to be
absorbed from the large intestine®. It is therefore desirable to
decrease the rate of transit past the upper portion of the
small intestine by retaining the dosage form in the stomach.
For this reason, a few approaches have been taken to prolong
the gastric retention time. The density and geometry of oral
dosage forms were altered* '® or muco-adhesive polymers
were used'" '? to retard gastric emptying. These approaches
have shown limited success’?,

Itis known that the stomach selectively empties solids
based on the size of various particles'* '®, For example, large
lumps of meat remain in the body of the stomach until
reduced in volume, whereas ground beef or liver paste leaves
quickly'®. Thus, one of the possibilities of retaining oral
dosage forms in the stomach is to make large size dosage
forms. Since the dosage form should be small enough for
easy swallowing, the best approach would be to design
dosage forms which can swell in the gastric environment to
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such an extent that the passage through the pyrolus is
inhibited. In fact, a similar approach has been used
successfully in animals to accomplish gastric retention’’.
The shape of drug delivery systems has been designed in
such a way that the systems either unfold wings or unroll
upon contact with gastric fluid. The application of these
systems to humans, however, requires improvement. In
humans, the dosage form has to be removed from the body
after its use without any surgical procedure. There is
therefore a need to solubilize the gastric retention devices in
addition to accomplishing retention in the stomach. Here we
describe a concept of enzyme-digestible swelling hydrogels
that can be used to achieve both gastric retention and
solubilization in the stomach.

MATERIALS AND METHODS

Alkylation of albumin

A solution of 5% human albumin (Sigma, fraction V) was
prepared using phosphate-buffered saline which was
diluted by a factor of 2 (1/2X PBS, pH 7.2). Glycidyl
acrylate (Aldrich Chemical, Milwaukee, W1, USA)} was added
directly to the albumin solution while stirring. The extent of
alkylation was a function of the amount of glycidyl acrylate
and the reaction time'® 'S, Typically, 200 ul of glycidyl
acrylate was added to 5 ml of the albumin solution while
stirring at room temperature. After 5 h, 1 ml of 20% glycine
solution was added and stirring was continued for another
30 min. This solution was then dialysed against 2 litres of
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1/2X PBS. During 24 h of dialysis, the buffer was changed
five times. After the protein was collected, the concentration
of albumin solution was determined spectrophotometrically.
Absorptivity?® used for 0.1% albumin solution at 280 nm
was 0.58. The degree of alkylation was determined by
measuring the free amine groups of albumin using 2,4,6-
trinitrobenzenesulphonic acid (Aldrich Chemical, Milwaukee,
WI, USA)?". Unmodified albumin was used as a control and
the degree of alkylation was expressed as the percentage of
the total amine groups available for the titration.

Synthesis of albumin-cross-linked hydrogels

Water-soluble acrylic monomers, such as acrylamide
(Bio-Rad) and acrylic acid (Aldrich Chemical, Milwaukee, WI,
USA), were polymerized in the presence of functionalized
albumin as a cross-linker. Monomer concentrations used
were 15% (w/v) for acrylamide and 30% (v/v) for acrylic acid,
respectively. These monomer concentrations were chosen
on the basis of the rigidity and swelling ability of the
synthesized gels. The concentration of albumin was varied
from 0.5 to 3% (w/w) of the monomer. The concentration of
ammonium persulphate was 1% (w/w) of the monomer.
The mixture of monomer, cross-linker (functionalized
albumin) and initiator was poured into the space between
two glass plates using a syringe and a needle. The thickness
of a spacer (Mylar film, Polysciences) was 0.6 mm. The
mixture was then polymerized at 60°C for 1 h.
Polyacrylamide (PAM) gels were washed in de-ionized
distilled water while poly(acrylic acid) (PAA) gels were
washed in diluted HCI solution (pH 2) for at least 2d,
changing the washing solutions several times. The washed
hydrogels were transferred into either PBS or simulated
gastric fluid without pepsin and equilibrated at room
temperature. The hydrogels in a sheet form were cut into
discs using a cutting mold. The diameter of the disc was
1.3 cm and the thickness was varied from 1.5 to 3 mm
depending on the type of hydrogel and washing solution.
Some of the hydrogels were washed with only de-ionized
distilled water, cut into discs, and air dried at the room
temperature for several days. These discs were used for
subsequent experiments, unless specified otherwise.

Swelling and enzymatic digestion of dried hydrogels

A dried hydrogel disc was placed into 5 ml of either PBS with
trypsin or simulated gastric fluid with pepsin and allowed to
swell at 37°C. Enzyme solutions were made immediately
before use. The swelling ratio Q was determined from the
relation:

Q=w*/w

where w* and w are the weights of wet and dry samples,
respectively. The swelling of a dried hydrogel disc in the
absence of enzymes was used as a control. The concen-
trations of pepsin (Sigma, 2850 units/mg protein) and
trypsin (Sigma, 10 200 BAEE units/mg protein) ranged
from 0.04 to 1.0 mg/ml. At timed intervals, each disc was
carefully picked up using a forceps, excess water was blotted
off and the weight measured using a polystyrene weighing
dish. As enzymatic digestion proceeded, the gel structure
became so loose that the gel behaved like a liquid. At this
point (gel disruption point), the gel could not be picked up by
the forceps, although not completely dissolved. After this
point, the weight measurement was discontinued, but we
continued visual examination of the gel boundary until the
gel was completely dissolved.

436  Biomaterials 1988, Vol 9 September

Enzyme digestion of preswollen hydrogels

The hydrogels were equilibrated in PBS or simulated gastric
fluid without pepsin at 37°C. These preswollen hydrogels
were transferred into buffer solutions which contained
either pepsin or trypsin. The change in the swelling ratio was
measured at various enzyme concentrations as previously
described.

RESULTS

Synthesis of albumin-cross-linked hydrogels

In free radical polymerization, polymers are produced if
monomers have functionality > 2. If the functionality of a
monomer is > 4, it serves as a cross-linker and a network is
formed. The functionality can be derived from opening a
double bond. Thus, protein molecules which have more than
two alkenyl groups can be used, at least in theory, as cross-
linkers in the polymerization of water-solubie vinyl
monomers'®, We observed that vinyl groups on albumin
molecules indeed participated in the polymerization of
acrylamide or acrylic acid and resulted in cross-linked
hydrogels.

The extent of albumin modification had a direct
influence on the cross-linking ability and the digestion by
enzymes. Figure 1 shows the degree of modification of
amine groups of albumin by glycidyl acrylate. When < 10%
of the total amine groups of albumin were modified, albumin
molecules could not function as cross-linking agents. If the
degree of modification was > 20%, albumin molecules lost
the ability to be digested by enzymes, particularly trypsin.
This is understandable, since the protease activity of trypsin
is highly specific toward lysine and arginine?> 2%, Therefore,
about 15% of the total amine groups of albumin was
modified for subsequent experiments.

Swelling hehaviour of dried hydrogels in the presence
of enzymes

Albumin cross-linked hydrogels swell in buffer solutions to
such an extent that the swelling ratio can reach up to several
hundred depending on the type and concentration of
monomers and cross-linking density. In the absence of
enzymes, dried gels swelled in buffer solutions to reach
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Figure 1 Degree of amine group modification by glycidyl acrylate as a
function of time. To 5 mi of 5% albumin solution, 200 W of glycidy! acrylate
was added while stirring at room temperature. Free amine groups of albumin
were titrated by 2.4,6-trinitrobenzenesulphonic acid.
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Figure 2 Side (A) and top (B) views of albumin-cross-linked polyacrylamide gels in various states. (a) Extra-strength Tylenol® tablet as a size indicator; (b) dried
polyacrylamide gel; (c) polyacrylamide gel swollen in the simulated gastric juice without pepsin at 37°C; (d) polyacrylamide gel swollen in the simulated gastric
Juice with pepsin (570 units/mi) at 37°C for 24 h. The concentration of acrylamide was 15% (w/w/ and that of albumin was 1% (w./w) of the monomer.

equilibrium states. In the presence of enzymes, however,
gels swelled faster and to larger extents than in the absence
of enzymes. The presence of enzymes resulted in the
disruption of the gel structure and eventual complete
dissolution of the gels. Figure 2 shows albumin-cross-linked
PAM gels swollen respectively in the absence and presence
of pepsin. For this particular demonstration, gels were
synthesized in such a dimension that the size of dried gels
was comparable to that of a Tylenol® tablet (a in Figure 2).
The digestion of the gel by pepsin is obvious (d in Figure 2).
The concentrations of albumin and enzyme in the subsequent
experiments were chosen to achieve the digestion of the
hydrogels in a reasonably short period of time. In this way,
complications arising from the slow inactivation of enzymes
could be avoided.

The swelling kinetics of albumin cross-linked PAM
gels in the presence of pepsin are shown in Figure 3. The
occurrence of the transient maximum swelling is due to the
incomplete enzymatic digestion of albumin molecules. As
the albumin molecules are digested, the cross-linking
density is reduced and more swelling occurs. As the
enzymatic digestion proceeds further, the gel structure
becomes so loose that the gels cannot maintain their shape
and behave like a viscous liquid. The transient maximum
swelling and the gel disruption occurred faster as the pepsin
concentration was increased. Since the separation of the
loosely cross-linked gels from the solution was not easy after
the gel disruption point, the weight of the sample was not
measured further. In solution, however, the gel boundary

was clearly observed and the complete dissolution of the
gels could be visually identified. 1t was clear from observation
that the enzymatic digestion occurred homogeneously
throughout the gel. Thus, the diffusion of enzymes into the
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Figure 3  Swelling behaviour of albumin-cross-linked polyacrylamide gels
in the absence and in the presence of pepsin at 37°C. The concentration of
acrylamide was 15% (w/v) and that of albumin was 1% (w/w) of the
monomer. The concentrations of pepsin were: 0 (A), 140 (O}, 570 (®), and
2850 ( A) units/ml. Dotted lines indicate the transition to the disrupted gel
state. (n = 4).
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PAM gels does not appear to be rate-limiting in the digestion
process. The swelling behaviour of PAM gels in the absence
of enzymes was independent of the pH of the swelling
solution. The enzymatic digestion behaviour of PAM gels by
trypsin in PBS was similar to that by pepsin.

The swelling profiles of dried PAA gels in the absence
and in the presence of enzymes were different from those
of PAM gels. The swelling of PAA gels was strongly
pH-dependent due to the presence of carboxyl groups as
shown in Figure 4. The swelling behaviour of dried PAA gels
in the presence of trypsin (pH 7.2} was different from that in
the presence of pepsin (pH 1.2). The presence of trypsin did
not show any appreciable increase in the swelling ratio
compared to the control gels until 4 h of incubation. The
mode of PAA digestion by trypsin, according to the visual
observation, was unique compared to others. The PAA gels
were dissolved by trypsin from the surface of the gel disc,
while the core of the gel remained relatively intact. This
surface digestion rather than the bulk digestion may be
responsible for the small difference in the swelling of PAA
gels in the presence or absence of trypsin. The iso-electric
pH of trypsin®* is known to be 10.5. This peculiar digestion
behaviour is probably due to the binding of trypsin, which is
positively charged at pH 7.4, to highly anionic carboxyl
residues of the PAA gels. Electrostatic interaction may inhibit
trypsin molecules from entering into the gel, especially when
the gel is not fully swollen.

Digestion of preswollen hydrogels with enzymes

Enzymatic digestion was also examined using gels which
were preswollen to equilibrium states in the absence of
enzymes. Figure 5 describes further changes of the swelling
of PAA gels in the presence of trypsin. When the concen-
tration of functionalized albumin was high (3% and 5% of
the monomer), gels swelled further to reach transient
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Figure 4 Swelling behaviour of albumin-cross-linked poly(acrylic acid)
gels in the absence (A and ®) and in the presence of pepsin (&) or trypsin (O)
at 37°C. The concentrations of acrylic acid was 30% (v/v) and that of albumin
was 3% {w/w/ of the monomer. The concentrations of pepsin and trypsin
were 570 units/ml and 510 BAEE units/mi, respectively. (n = 4).
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Figure 5 Changes in the swelling ratio of alburnin-cross-linked poly(acrylic
acid) gels in the presence of trypsin (51 BAEE units/ml} at 37°C. The
albumin concentrations used for cross-linking were 1% (A ), 3% (O} and 5%
(@) of the monomer by weight. The gels were preswollen in PBS before
enzymatic digestion. {n = 5).

maxima before they were collapsed by enzymes. At a low
cross-linker concentration (1% of the monomer), no transient
increase in gel size was observed and the gels began to
reduce the swelling ratio immediately after enzymes were
added. The PAA gels at three different cross-linker concen-
trations were digested at various trypsin concentrations. As
the trypsin concentration increased, the transient maximum
swelling occurred faster with a lower degree of swelling. The
gel disruption point also occurred much earlier. When the
cross-linker concentration was low (1% of the monomer),
the dissolution rate increased. Examples are shown in
Figure 6.

The digestion behaviour of the preswollen PAA gels by
pepsin was similar to that by trypsin. Figure 7 describes the
digestion of PAA gels by pepsin. At lower pepsin concen-
trations (140-570 units/ml), the digestion rate was slow
and the gels at high cross-linker concentration (3% and 5%
of monomers) showed continuous increase up to 10 h. After
24 h these gels became completely soluble. When the
concentration of pepsin was increased to 2300 units/ml, all
PAA gels were disrupted in less than 5 h.

The swelling and digestion profiles of PAM gels were
similar to those of PAA gels, except the swelling of the PAM
gels was not dependent on pH {Figure 8). The general trend
is that the digestion occurs faster and the transient
maximum swelling is observed as the enzyme concentration
is increased. Although pepsin and trypsin hydrolyse peptide
links involving different amino acids®? 2%, poth enzymes
were able to digest modified albumin molecules used as
cross-linkers.

General enzyme-digestion behaviour of hydregels

Upon analysing the enzymatic digestion data of various
hydrogels at different cross-linking densities and different
enzyme concentrations, a general trend of the change in



120

100

80

60

SWELLING RATIO

40

20+ 8

TIME (HOUR)

Figure 6 Changes in the swelling ratio of albumin-cross-linked poly(acrylic
acid) gels in the presence of various trypsin concentrations. The trypsin
concentrations were 51 (Aand A'), 102 (Band B'), 510 (C and C') and 2040
(D) BAEE unijts/ml. The albumin concentrations used for cross-linking were
1% (A’, B and C') and 5% {A B, C and D) of the monomer by weight. The gels
were preswollen in PBS before enzymatic digestion. Data points are
averages of five measurements.
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Figure 7 Changes in the swelling ratio of albumin-cross-linked poly(acrylic
acid) gels at 37°C in the presence of pepsin at the concentration of 140
units/mi (O, () and 2280 units/mi (®, A ). The gels were cross-linked with
1% (&, A)and 5% (®, O} of albumin and preswolien in the simulated gastric
fluid without pepsin. (n = 4J.

swelling ratio was observed as shown in Figure 8. When the
digestion of albumin by enzymes was slow, the gels
continued to swel more (A and B in Figure 9). This happened
when the concentration of enzyme was very low or the cross-
linking density was very high as seen in Figures 7 and 8.
When the rate of enzymatic digestion and the rate of gel
swelling is comparable, the transient maximum swelling
(C-F in Figure 9) occurs as shown in Figures 3 and 5-8. As
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the digestion occurred faster, the transient maximum
occurred earlier and the extent of swelling was reduced.
When the digestion rate was much faster than the swelling
rate, gels started releasing polymer chains due to enzymatic
digestion and no transient maximum was observed (G-l in
Figure 9} as shown in Figure 6. The change in swelling ratios
after enzyme addition was dependent on the type of
monomer used, the concentration of albumin and the
concentration of enzymes. Thus, hydrogels of any property
can be made according to a special need.
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Figure 8 Changes in the swelling ratio of albumin-cross-linked poly-
acrylamide gels at 37°C in the presence of various pepsin concentrations.
The pepsin concentrations were 2280 (A and A}, 570 (B and B'), and 114
{C and C'} units/mi. The albumin concentrations used for cross-linking were
1% (A, B and Cj and 5% (&', B' and C'} of the monomer by weight. The gels
were preswollen in the simulated gastric fluid without pepsin before
enzymatic digestion. {n = 4},
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Figure 8 General trend in the enzyme-induced changes of the swelling
ratio of albumin-cross-linked hydrogels. Changes in the swelling ratio of a
particular hydrogel are determined by the relative concentrations of albumin
and enzyme.
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DISCUSSION

There has been a continuing interest in the development of
enzyme-digestible hydrogels for a variety of reasons. Heller
has made lysozyme-degradable chitin hydrogels for controlled
drug release®® 2%, Partially-de-acetylated chitin, which is a
substrate for lysozyme?’, was cross-linked with glutaral-
dehyde. Thus, the backbone of the chitin hydrogels was
degraded by enzymes. In contrast to the backbone degra-
dation, hydrogels of which cross-linkers are degraded by
enzymes have been synthesized by Kopecek and his
associates. They have prepared hydrogels of N-(2-hydroxy-
propyl)methacrylamide cross-linked with oligopeptides
which are cleavable by specific enzymes such as trypsin or
chymotrypsinza'ao. The rate of enzymatic cleavage was
dependent on the length of the oligopeptide sequence as
well as the cross-linker density. The oligopeptide chains
require specific enzymes to be cleaved and the short chain
length results in the steric hindrance for enzyme activity®'.
Degradation of the gels was characterized by the time
required for complete dissolution of the gels and the change
in molecular weight of dissolved polymers. in addition to
these parameters, the swelling ratio is useful to monitor the
dynamic changes in the gel structure by enzymes as shown
in our study.

There are a few advantages in using proteins as cross-
linkers. Since the size of proteins used as cross-linkers
(e.g. albumin) is larger than that of enzymes, the diffusion of
enzymes inside the gels, at least around the substrate, is
expected to be less inhibited than gels cross-linked with
short oligopeptides. The transient swelling of the enzyme-
treated gels is thought to be due to the incomplete cleavage
of most albumin molecules and/or the complete cleavage of
a certain number of albumin molecules whilst others remain
intact. It is possible that the partial cleavage of an albumin
molecule results in the increase of the length of the cross-
linker and subsequently more swelling. It is also possible
that the complete cleavage of a portion of cross-linkers
results in the lowering of the cross-linking density and
subsequent further swelling. Distinction between these two
effects may be useful in designing other enzyme-digestible
hydrogels.

The protein cross-linkers can be cleaved by a variety of
proteolytic enzymes, whilst oligopeptide cross-linkers require
a specific enzyme. This non-specific enzymatic digestion
ensures the complete digestion of the swelling hydrogels in
the gastro-intestinal (Gl) tract, if they are to be used as
platforms for oral controlled drug delivery. Thus, the
hydrogels will be completely dissolved in the Gl tract and
eliminate any possibility of Gl tract blockage by undissolved
gels. The resistance of a given protein molecule to proteolytic
digestion can be varied by controlling the extent of chemical
modification. Thus, the time for digestion of the hydrogels
can be prolonged as necessary.

The diffusion rate of enzymes into the swelling
hydrogels and fully swollen hydrogels may be reduced due
to a number of factors, including the obstruction effect,
hydrodynamic drag and the specific enzyme-polymer inter-
actions*2. The first two effects are expected to be minimal in
our hydrogels which are cross-linked by albumin molecules,
since the size of an albumin molecule is larger than that of the
diffusing enzymes. The only significant effect might be the
specific enzyme-polymer interactions, such as trypsin-
poly(acrylic acid) interactions at neutral pH. Those inter-
actions may selectively retain some enzymes, while allowing
rapid passage for others. Obviously, further study is
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necessary to understand enzyme diffusion in gels better.

Many proteins other than albumin can be used as
cross-linking agents. A variety of enzyme-digestible
hydrogels can be made using different proteins and
monomers. This versatility will satisfy specific requirements.
Successful application of the hydrogels to the oral dosage
forms requires more knowledge on the /n vivo enzyme
concentration and distribution. Little information is available
in the literature on the concentrations of various enzymes in
the Gl tract. Currently our research is focussed on the
characterization of proteolytic enzymes in the Gl tract of
animals.
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