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Abstract

Hydrogels of poly(methacrylic acid-g-ethylene glycol) were prepared using different reaction water contents in order to vary
the network mesh size, swelling behavior and insulin loading/release kinetics. Gels prepared with greater reaction solvent
contents swelled to a greater degree and had a larger network mesh size. All of the hydrogels were able to incorporate insulin
and protected it from release in acidic media. At higher pH (7.4), the release rates increased with reaction solvent content. Using
a closed loop animal model, all of the insulin loaded formulations produced significant insulin absorption in the upper small
intestine combined with hypoglycemic effects. In these studies, bioavailabilities ranged from 4.6% to 7.2% and were dependent

on reaction solvent content.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Hydrogels; Complexation; Oral protein delivery; Insulin

1. Introduction

Generally, peptides and proteins such as insulin
cannot be administered via the oral route because of
the degradation by the proteolytic enzymes in the
gastrointestinal tract and the extremely slow rate of
transport across the mucosal membrane. In order to
overcome these hurdles to effective oral protein de-
livery, several strategies have been employed, such as
the use of absorption enhancers [1—-3], enzyme inhib-
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itors [4,5], enteric coatings [6,7], and nanoparticle
delivery [8]. Recently, nanoparticlulate delivery sys-
tems have been studied because the incorporated
protein and peptide-drugs could be protected from
degradation in the gastrointestinal mucosa, and the
attachment of ligands such as lectin on their surface
provided for targeted delivery to specific GI segments
(for absorption) because the lectin specifically inter-
acts with the mucus layer, particularly glycoproteins
[9,10]. However, the permeation of nanoparticles
across the mucosa was still small (less than 10%),
resulting in poor bioavailibility of the drug and plasma
drug levels below the therapeutic levels [11,12]. The
use of protease inhibitors [4,5] and absorption
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enhancers [1-3] have led to improved uptake of
protein drugs, however, these agents are not specific
and could aid in the uptake of other undesirable
proteins or peptides in the GI tract.

A new class of complexation hydrogels comprised
of poly(ethylene glycol) (PEG) chains grafted on
poly(methacrylic acid) (PMAA) backbone chain,
henceforth designated as P(MAA-g-EG) have shown
promise as oral delivery vehicles for insulin [13—17].
These complexation hydrogels are suitable candidate
for the oral delivery of proteins or peptides due to the
their abilities to respond to changes in pH in the GI
tract and provide protection to the drugs from the
harsh environment of the GI tract. In this hydrogel, the
structure of network exhibits pH-responsive swelling
and changes in network pore structure due to the
reversible formation/dissociation of interpolymer
complexes [15]. At low pH, similar to the environ-
ment of the stomach, these interpolymer complexes
form due to hydrogen bonding between the carboxylic
acid protons of PMAA and the oxygen in the PEG
chains. These complexes function as temporary phys-
ical crosslinks that can entrap and protect drugs in the
network structure. In higher pH media (greater than
5.2) such as that found in the upper small intestine, the
complexes dissociate due to ionization of the pendant
acid groups and the network swells to a significantly
large degree.

In addition to the complexation behavior, these
gels are promising candidates for oral protein delivery
because they have the capability to entrap and release
insulin efficiently as well as enhance transport across
the intestinal mucosa [13,16,17]. It has previously
been reported that the insulin incorporation efficiency
into these hydrogels was greater than 90% and that the
insulin could be protected in simulated gastric fluid
(pH=1.2) and released in simulated intestinal fluid
(pH 7.4) [16]. The oral administration of insulin
loaded complexation polymer provided for significant
insulin absorption and glucose reduction in healthy
and diabetic rats [13]. Moreover, P(MAA-g-EG)
hydrogels induced a decrease in mucosal membrane
resistance in Caco-2 monolayers, without any appre-
ciable cytotoxicity [17]. This previous work clearly
demonstrated the potential of P(MAA-g-EG) carriers
for oral insulin delivery.

In previous studies using complexation hydrogels,
the insulin release from the polymeric microparticles

was fairly rapid—nearly complete in 1 h swelling in
phosphate buffer solution (pH=7.4) [16]. This rapid
in vitro release would translate to a burst release in the
upper small intestine and potentially degradation of
some insulin before absorption. Here, the morphology
of the P(MAA-g-EG) networks was modified by
altering the solvent content during network formation.
Through modifications of the network morphology,
the insulin release characteristics can be tailored in
such a way that may improve oral bioavailibility of
the insulin. Specifically, in this work the effects of
solvent reaction content on network structure, in vitro
insulin loading and release kinetics and in vivo
efficacy of the delivery vehicles in a closed-loop
absorption model have been evaluated.

2. Materials and methods
2.1. Materials

Methacrylic acid (MAA) and insulin (bovine and
human) were purchased from Sigma (St. Louis, MO).
Dimethoxy propyl actetophenone (DMPA) was pur-
chased from Aldrich (Milwaukee, WI). In this study,
MAA was purified by passing it through a column
packed with DE-HIBIT 200 (Polysciences, Warring-
ton, PA) in order to remove the inhibitor. Methoxy
terminated poly(ethylene glycol) monomethacrylate
1000 (PEGMA), and tetracthylene glycol dimethacry-
late (TEGDMA) were purchased from Polysciences.

2.2. Hydrogel synthesis

Microparticles of P(MAA-g-EG) were prepared by
free-radical, solution photo-polymerization of MAA
and PEGMA [16]. The monomers were mixed in
appropriate molar ratios to yield a 1:1 ratio of
MAAV/EG units in the gel. The solutions were diluted
to 22.3% (polymer I), 44.7% (polymer II) or 67.0%
(polymer IIT) (wt./wt.) of the total monomers with a
1:1 (vol./vol.) mixture of ethanol/water. TEGDMA
was added as a crosslinking agent in the amount of
X=0.075 moles TEGDMA per MAA. DMPA was
added as initiator in the amount of 1% weight of the
monomers.

The reaction mixture was pipetted between glass
plates spaced 0.8 mm apart, creating a monomer film.
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The reaction was initiated by exposing the monomer
film to UV light (Ultracure 100, Efos, Buffalo, NY) at
1 mW/cm? at 365 nm for 30 min. The ensuing
hydrogels were removed from the glass plates and
rinsed for 1 week in DI-water (changed daily) to
remove the unreacted monomers and the sol fraction.

2.3. Hydrogel swelling

Polymer discs (diameter=14 mm) were cut from
the films and dried to a constant weight under vacuum
at 37 °C. The dry polymers were weighed in air and
heptane in order to determine the dry volume of the
disc using a buoyancy technique [15]. The dry discs
were individually placed in 20 ml phosphate-buffered
saline solutions of varying pH at 37 °C. The mass and
weights of the swollen polymer discs were recorded as
function of time for 12 h of swelling. The volume
swelling ratio, O, was determined as the volume of
swollen gel/volume of dry polymer and the weight
swelling ratio, g, was calculated at the weight of the
swollen gel/weight of the dry polymer. In order to
determine the equilibrium water content, the gels were
allowed to equilibrate in the solutions for 1 week with
the solution being changed daily. The equilibrium
water fraction in the gel was calculated as 1 —1/q.
Additionally, dynamic swelling studies were per-
formed in which the polymers were swollen in sol-
utions of set pH for a specified time period and then
transferred to a different pH solution in order to
evaluate how fast the polymers could respond to
changes in pH.

2.4. Characterization of network structure

Rubber elasticity experiments were performed us-
ing an automated materials tensile testing system
(Instron Model 4442, Park Ridge, IL) to characterize
the network structure of the hydrogels. The dry
polymer films were allowed to swell to equilibrium
in solutions of varying pH at 37 °C. Swollen poly-
mers were cut into strips to yield specimens of length,
lo, 25 mm and width, w, of 2 mm. The sample
thickness, 20, was dependent on the pH of the
swelling agent. The samples were positioned in the
grips and covered with a thin layer of high viscosity
mineral oil to prevent solvent loss. The samples were
elongated at 2 mm/min until the hydrogels reached a

maximum elongation of 10%. The stress strain be-
havior of the swollen network was observed.

2.5. Insulin loading

For the insulin loading, the dry polymer films were
pulverized and crushed into fine microparticles using
a coffee grinder. The particles were ground for suffi-
cient time to generate particles that could pass through
sieves with a mesh size of 43 um. All of the glassware
used for these experiments was siliconized by treat-
ment with Sigmacote® (Sigma). Insulin loading was
achieved by dissolving 10 mg of bovine insulin in 20
ml PBS (pH=7.4). The crushed microparticles (140
mg) were dispersed in this insulin solutions at 37 °C
and stirred at 300 rpm. At set intervals, 1 ml samples
were withdrawn from the solution using syringes
equipped with 0.45 pnm membrane filters. After 6 h,
10 ml of 0.IN HCI was added to the solutions to
collapse the polymers. These solutions were filtered
with cellulose acetate/cellulose nitrate filter (0.45 pm,
Fisher Science, PA). The polymers were further
washed with 100 ml of 0.1 N HCI and 100 ml of
DI-water. The insulin-loaded polymer (ILP) was dried
under vacuum at 37 °C.

HPLC was used to determine the insulin con-
centration in the samples as well as the wash
solution [16]. Briefly, a Waters Symmetry® 300
column (C18, 3001&, 5 pm, 4.6 X250 mm) was
used with a mixture of acetonitrile/water including
0.1% TFA (30:70, vol./vol.) employed as the mo-
bile phase. Samples (20 pl) were injected to Waters
2690 separations module equipped with a 996
Photodiode Array detector at a 1 ml/min flow rate.
The incorporation efficiency was determined based
on the amount of insulin present in the loading and
three wash solutions.

2.6. Insulin release from ILPs

The insulin release studies were performed using
siliconized vessels. In these experiments, 10 mg of
ILP were dispersed in 20 ml PBS (of varying pH) at
37 °C. The solutions were stirred at 300 rpm and 1 ml
aliquots were withdrawn using syringe equipped with
membrane filter at set intervals. To maintain constant
volume, 1 ml of fresh PBS warmed at 37 °C was
added after each sample was withdrawn. The insulin
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concentration in the release solutions was determined
using HPLC.

2.7. Closed-loop intestinal absorption studies

For the animal studies, human recombinant insulin
was incorporated into the polymers. Loading and
release studies were performed to confirm that the
degree of loading and release behavior were not
different from bovine insulin. In these experiments,
male Sprague—Dawley rats, weighing approximately
180 g, were fasted for 24 h prior to the administration
of the ILP. The rats were anesthetized by i.p. injection
of pentobarbital (50 mg/kg). The body temperature of
the animals was maintained near 37 °C using a
neonatal warming light.

In this study, the in situ loop method was employed
[18]. Briefly, a front middle incision was made in the
abdomen and illeal segment was isolated. A 10 cm of
the isolated segment was washed with 20 ml PBS at
37 °C and then the abdomen was clamped. The
glucose levels were allowed to stabilize for 1 h after
surgery. The formulations (containing a 25 IU/kg
dose) were suspended in 0.3 ml PBS in a syringe
and infused into a 7-cm illeal segment. In order to
ensure that all of the ILP was delivered, the syringe
was twice washed with 0.2 ml of warmed PBS and
injected into the illeal segment.

Blood samples were withdrawn from jugular vein
immediately prior to the administration of the ILP as
the =0 value, and at 5, 10, 15, 30, 60, 120, 180, and
240 min post administration of the formulations. After
taking blood samples, glucose levels were determined
using a HemoCue blood glucose analyzer (HemoCue,
Angelhelm, Sweden). The serum was collected by the
centrifugation of the blood samples at 13,000 rpm for 3
min. The serum was stored in freezer at — 20 °C until
analysis of insulin. The insulin levels were determined
by an enzyme immunoassay (Alpco Research).

To determine the pharmacological bioavailability
and absolute bioavailability of insulin, rats received
subcutaneous insulin injections and the glucose level
and insulin concentration were monitored. The area
above the curve of glucose (AAC) and the area under
the curve of insulin (AUC) were calculated for each
dosage form. The pharmacological bioavailability and
absolute bioavailability of insulin was determined as
the ratio of the AAC (pharmacological) or AUC

(absolute) for direct intestinal administration divided
by the AAC (pharmacological) or AUC (absolute) for
subcutaneous injections. The mean residence time
(MRT) was calculated by dividing the AUMC by
AUC;sutin, Where AUMC is the area under the first
moment curve for insulin for the first 3 h.

2.8. Statistical analysis

Each value was expressed as the mean + S.D. For
group comparisons, the one-way layout analysis of
variance (ANOVA) with duplication was applied.
Significant differences in the mean values were eval-
uated by the Student’s unpaired #-test. A p value of
less than 0.05 was considered to be significant.

3. Results and discussion

Previously, it has been reported that complexation
polymers of P(IMAA-g-EG) demonstrated appropriate
release characteristics for oral insulin delivery based
on in vitro release studies [16] and that the oral
administration of this insulin loaded polymer could
significantly reduce the blood glucose levels in
healthy and diabetic rats [16,18]. However, in previ-
ous studies, the focus was on one P(MAA-g-EG)
formulation that provided for extremely rapid insulin
release in intestinal fluid. Therefore, the focus of this
work was to prepare the complexation gels with
varied network pore structure by changing of the
mixing ratio of solvent to monomer during polymer-
ization and to evaluate how the changes of pore
morphology affected the properties of the gels with
respect to swelling, insulin incorporation, in vitro
release kinetics, and hypoglycemic effect following
direct intestinal administration using a closed-loop
model. In this study, three different polymers were
prepared by changing mixing ratio of ethanol/water to
monomers (polymer I: 22.3%, polymer II: 44.4%,
polymer III: 66.3%). Polymer II is the same formula-
tion as one reported previously [13,16,18].

3.1. Hydrogel swelling
Dynamic and equilibrium swelling studies were

performed to confirm whether the new complexation
polymers exhibited similar pH-responsive swelling
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behavior as seen previously. Dynamic swelling stud-
ies were performed to see how the polymers
responded to changes in environmental pH. As seen
in Fig. 1, the polymers did not swell when swollen in
pH=1.2 or 5.0 media (representing the range of
stomach pH values in various states), however, when
they were transferred into pH=7.4 solutions after 3
h (simulating gastric emptying), the gels swelled
rapidly. The rate at which the polymers swelled in
the higher pH solution was dependent on the reaction
water content. Gels prepared with higher water con-
tents swelled faster. Furthermore, when the pH of
solution was decreased to 1.2, all of the gels collapsed
rapidly. These data implied that these polymers could
respond to changes in pH of the surrounding media in
a manner similar to what has previously been reported
[13-16].

The swelling behavior of the three formulations is
shown in Fig. 2 for longer time periods, as a function
of solution pH. As expected, none of the gels swelled
significantly in pH=1.2 or 5 solutions due to the
formation of complexes at this pH. For each system,
the equilibrium-swelling ratio was less than 1.2,
which is equivalent to water contents of approximate-
ly 15% or less. However, in the higher pH solution
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Fig. 1. Dynamic swelling behavior of polymer I (O), polymer II (O)
and polymer III (A) at 37 °C in solutions of pH=1.2 (@), pH=5.0
(), pH=7.4 (O). Each data point represents the mean + S.D.
(n=3).
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Fig. 2. Swelling behavior of complexation polymers at 37 °C. Each
data point represents the mean = S.D. (n=3).

(7.4), all of the polymers swelled rapidly during the
12-h period. The polymer prepared with the greatest
water content (polymer III) swelled to the highest
degree at 12 h and had the highest equilibrium water
content (97%). Polymer II swelled faster than polymer
I'in the 12 h and had higher equilibrium water content
than polymer I (95% for polymer II and 91% for
polymer ).

The relative high degrees of polymer swelling was
due to the fact that these complexes begin to dissoci-
ate in solutions of pH>5.0 [15]. As these physical
crosslinks dissolved, the polymer chains could expand
and incorporate water into the network due to electric
repulsion from the ionization of carboxylic groups and
an increased ionic swelling force [15]. The degree to
which the gels swelled was increased with increasing
solvent content during the synthesis procedure. De-
spite the fact that the hydrogels were prepared with
the same amount of crosslinking agent, it is likely that
the reaction solvent content had effects on the network
morphology and could have affected the network
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mesh size and hence degree of swelling at higher pH
values.

3.2. Mesh size analysis

Rubber elasticity experiments were performed to
calculate the network mesh size as a function of pH
and to verify that greater solvent fractions during
polymerization caused an increase in network mesh
size. For the design of hydrogels in biomedical
applications, it is important to control the swelling,
diffusion, and mechanical properties. These factors
are a function of network mesh size, which may be
strongly affected by solvent concentration during
polymerization. An increase in solvent concentration
will result in the dilution of monomer molecules and
free radicals in the bulk solution, which reduces the
rate of consumption of these units. Consequently, the
propagation rate decreases causing the molecular
weight between crosslinks to increase and reduces
the degree of crosslinking. Additionally, greater pri-
mary cyclization occurs with the increase of solvent
concentration. As the propagation rate decreases, the
apparent local radical concentration decreases slowly,
increase the probability of encountering the pendant
double bonds, causing more cyclization [19,20].
Therefore, greater solvent concentrations during the
polymerization process leads to increases in the mo-
lecular weight between crosslinks and hence greater
network mesh sizes.

In order to characterize the effects of solvent
content during polymerization on the structure of the
complexation networks, rubber elasticity experiments
were performed. In these experiments, the tensile
stress, 7, was calculated from the experiments as the
force per cross sectional area of the unstretched,
unswollen polymer sample. The elongation, o, was
calculated as the length at any time divided by the
initial length of the polymer sample. Based on the
theory of rubber elasticity, the tensile modulus, G, is
related to degree of swelling by the following expres-
sion [20,21]:

T —-1/3
PRyl 0

where v, ¢ is the equilibrium polymer volume fraction
in the gel (1/Qcq). From the moduli of the hydrogel,

the effective molecular weight between crosslinks,
M., could be calculated for the gels using Eq. (2) as
described previously [15,21,22]:

T 1 1 Vo 173
=RT _— . 2
o — o2 Par (Me Mn) <02,r) ( )

In the expression, p;, and v, represent the density of
the polymer and the polymer volume fraction after
crosslinking but before swelling (the relaxed state),
respectively. The term, M,, is the number average
molecular weight of the linear polymer chains of the
copolymer that would have formed without the addi-
tion of crosslinker. In previous work, this theoretical
value has been calculated as 11,550 for these gels
[15]. Using these data, the network correlation length
or mesh size, &, was calculated as a function of pH by
determining the end-to-end distance of the swollen
polymer chains between crosslinks, both covalent and
physical using the following equation [15].

- 12
é_(ZCnMe> Zvisl/3 (3)

where C, is the Flory polymer characteristic ratio
determined to be 14.6, / is the carbon—carbon double
bond length (1.54 A), and M, is the molecular weight
of the repeating units making up the polymer chains.

The effect of swelling solution pH and solvent
concentration during polymerization on the network
mesh size is shown in Fig. 3. For all samples, the
network mesh size increased dramatically in solutions
of pH greater than 5. In the solution with low pH, the
gels were complexed and mesh sizes of the networks
were similar (63 to 71 A). It is notable that for all
three gels, the mesh sizes were similar in the com-
plexed state that would indicate that the total cross-
linking, both physical and chemical, was similar in
these states. Previously, it was shown that such a mesh
size was sufficient to entrap insulin [13—16]. How-
ever, in solutions of pH greater than 5, the mesh sizes
were increased dramatically as the complexes disso-
ciated. In the higher pH solutions, gels polymerized at
higher solvent fractions had an increased mesh size,
which would indicate that the length of the chains
between crosslinks could extend further. Clearly, the
ratio of mesh size between the two states (complexed/
uncomplexed) could be controlled by the solvent
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Fig. 3. Hydrogel mesh size as a function of pH at 37 °C for polymer
I (O), polymer II (O) and polymer III (A). Each data point
represents the mean + S.D. (n=23).

concentration during polymerization and thus it was
expect that the insulin loading and release kinetics
would also be affected by the solvent concentration
during polymerization.

3.3. Insulin incorporation

Insulin was incorporated into the polymer struc-
tures by soaking crushed microparticles of the dry
polymers in concentrated insulin solutions (pH=7.4).
The uptake of insulin into gels is shown in Fig. 4.
Overall, all of the polymers had sufficient large pore
sizes to incorporate a significant amount of insulin
into the swollen networks. Insulin loading was very
rapid in polymers II and III, with greater than 95% of
the insulin in the solution partitioning into the gels
within 1 h. Loading into polymer I (prepared with the
least amount of solvent) was much slower compared
with the other gels with the incorporation amount
being only 80% at 1 h. However, after 6 h, the
incorporation efficiency reached nearly 95%. This
difference can be explained by the rates at which the
polymers swell. As seen in Fig. 2, polymer I swelled
at a much slower rate than the other polymers and had
a much smaller mesh size overall, therefore the rate of
penetration of insulin into the gels was slower.
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Fig. 4. Insulin incorporation efficiency for polymer III (O), polymer
II (O) and polymer I (A) at 37 °C in PBS of pH="7.4. Each data
point represents the mean + S.D. (n=4).

Following 6 h of loading, HCl was added to the
solutions to collapse the polymer and entrap the
insulin in the complexed networks. The effects of
the collapse of insulin loading are shown in Fig. 5.
The treatment of HCI induced the reduction of insulin
incorporation efficiency into polymer compared with

100-

75—

50—

Insulin loading efficiency (%)

Polymer IlI Polymer Il Polymer |

Fig. 5. Insulin loading efficiency for the complexation polymers
before (O) and after (W) HCI treatment (n=4).
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that prior to HCI in the loading solution (polymer III:
97.3 £0.5% to 93.0 £ 1.0%, polymer II: 98.0 £ 0.3%
to 90.0 £0.7%, polymer I: 93.7£0.3% to
73.9 £ 0.7%). Clearly the most significant reduction
was seen in polymer I. The possible reason for the
reduction of insulin loading efficiency after treatment
of HCI may be due to the elimination of water from
polymer. As shown in Fig. 1, the polymers used in this
study immediately collapsed in response to a decrease
in the pH of the surrounding medium to acidic
conditions. However, as polymer I was the slowest
swelling polymer it is possible that the gel had not
completely equilibrated and the rapid convection of
water upon network collapse could have caused the
insulin to be squeezed from the polymer.

3.4. In vitro insulin release

After the ILPs were dried, the particles were
dispersed in sufficient quantities of solution to ensure
that sink conditions were maintained throughout the
experiments. At set points following dispersion in
solution, the solutions were assayed for insulin using
HPLC. A plot of the fractional insulin release, denoted
as the amount released at a given time divided by the
theoretical maximum amount released, is shown in
Fig. 6. It should be noted that these curves only
represent the release behavior of insulin from the ILPs
in PBS of pH=7.4 because no insulin was released
from any of the samples placed in pH=1.2 or 5.0
solutions. This finding is significant as insulin degra-
dation in the stomach is one of the main barriers for
the development of effective oral delivery vehicles for
insulin. All of the formulations tested can provide the
desired protective effect by no allowing insulin to be
released in the stomach where it is readily destroyed
by digestive enzymes. In the PBS solutions of
pH=7.4, the release of insulin from all of the samples
was quite rapid. It is significant to note that insulin
release profiles match up well with the dynamic
swelling off the polymers as the rate of release was
fastest with polymer III and slowest for polymer I.

In prior studies, the composition of the P(MAA-g-
EG) gels with respect to MAA/EG ratio was varied in
order to attempt to control the release behavior of
insulin and found that samples that did not contain 1:1
(mole) of MAA/EG would release significant amounts
of insulin in acidic media [14,16]. However, here a set

100

% Released of insulin (M /M,,)

0 30 60 90 12
Time (min)

Fig. 6. Insulin release behavior from polymer III (O), polymer II
(O) and polymer I (A) at 37 °C in PBS of pH=7.4. Each data
represents the mean + S.D. (n=4).

of gels has been synthesized that provides the desired
protective effect in acidic media and that also allow
for tailoring of the release profile in media of pH
similar to the intestines. To further evaluate the
efficacy of these materials, in vivo experiment were
performed to determine if the ILPs could provide
varied absorption profiles.

3.5. Pharmacological effect following intestinal
administration of ILP

In this study, an in situ closed-loop method was
employed to investigate the pharmacological efficacy
of ILP following direct administration of the ILP to
intestinal segments of rats. Previously, it was found
that the ILP with particle sizes of less than 43 pm
showed the greatest hypoglycemic effect as compared
with larger size ILP particles [18], therefore, all of
loaded polymers were sieved through a 43 um mesh
prior to administration.

The glucose response and insulin absorption pro-
files following the intestinal administration of ILPs to
rats at a dose of 25 IU/kg is shown in Fig. 7. In this
study, the control sample is the polymer without
insulin as numerous prior studies with insulin solu-
tions as a control have shown that no hypoglycemic
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Fig. 7. Serum glucose and insulin levels following the intestinal
administration of polymer III (M), polymer II (@) and polymer I
(A) to rats at a dose of 25 TU/kg. Open symbols represent the
unloaded polymers as the control. Each data represents the
mean + S.D. (n=06).

effects or insulin absorption was observed following
intestinal administration of insulin solutions [18].
Clearly, in all of the ILP formulations administered,
a hypoglycemic effect concurrent with insulin absorp-
tion through the illeal mucosa was observed. In these

samples, insulin was released from the complexation
gels and absorbed through the intestinal mucosa. No
effects were observed using the control samples
(polymer alone). Using the test conditions, no hypo-
glycemic effect or insulin absorption would be ob-
served if insulin solutions were applied alone [18].
The phamacokinetic parameters, based on the data
of Fig. 7, are shown in Table 1. Notably, ILP II, which
had already used for oral insulin delivery in our
previous study, produced almost the same value of
pharmacological availability and bioavailability of
insulin as that in previous studies [18]. With respect
to the comparison of hypoglycemia effect and insulin
absorption, ILP IT and III had similar pharmacological
effects, particularly with respect to the calculated
pharmacokinetic parameters including 7. and Cipax.
This is consistent with the in vitro release profiles,
which were similar for ILP II and III. However, it is
significant to note that ILP I, which exhibited the
slowest in vitro release profile, T;,.x Was increased by
5 min. This results from the slower rate of insulin
release and absorption as observed in Figs. 6 and 7.
Furthermore, the pharmacological bioavailability and
bioavailability were greatest for ILP 1. This is due to
the fact that ILP I was the slowest releasing polymer.
For all of the ILP samples tested, the pharmaceu-
tical bioavailability and bioavailability ranged from
4.6 to 7.4. In comparison, when insulin solutions were
administered in intestinal mucosa in rats, the pharma-
cological bioavailability and absolute bioavailability
was significantly less than 1% [18]. This is significant
because it is evidence that complexation polymers are
effective carriers for delivery of insulin in the upper
small intestine as they provide for protection of
insulin from the harsh environment of the GI tract

Table 1
Pharmacokinetic parameters following intestinal administration of
ILP at a dose of 25 IU/kg in rats
Conax (WU/MD) T MRT (h™ 1)
(min)
ILPIII 173.2+£33.7 10

ILPII 2253 +45.7 10
ILPT 209.6+923 15

PA® (%) F° (%)

0.677£0.029 46+14 46+0.9
0.667+0.070 52+1.0 58+0.9
0.799 £0.153 74+2.1 62427

Each data represents the mean + S.D. (n=4).

? Pharmacological bioavailability=(AAC; p/DOSEp)/
(AACgsc/DOSEgc) x 100.

® Bioavailability=(AUCj; p/DOSE;; p)/(AUCs/DOSEgc) X 100.
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but also aid in the absorption of the drug in the upper
small intestine. These data agree with previous work
where it has been established that P(MAA-g-EG)
hydrogels are promising carriers for oral insulin
delivery since the insulin due to (1) the pH/complex-
ation responsive release behavior that provides for
protection of the drug in the stomach and rapid release
of the drug in the upper small intestine and (2) the
absorption enhancing effect of the polymer [13,
16,18].

4. Conclusions

In this study, the effects of solvent content during
polymerization on the behavior and structure of pH
responsive, complexation hydrogels has been evalu-
ated. Gels prepared with greater amounts of solvent
swelled to a greater degree and had a larger network
mesh size. However, all of the polymers prepared had
the necessary network structure to efficiently incor-
porate insulin (greater than 90%) into their pores. In
the in vitro release studies, no insulin was released
from any of the gels in the acidic media (simulating
stomach conditions) but rapid release occurred in the
higher pH solution (pH =7.4), indicating the potential
for drug release in the upper small intestine. The
release rates in the higher pH solutions increased with
increasing solvent fraction during polymerization. In
the closed loop animal model, all of the materials
provided for significant hypoglycemic effect and
insulin absorption in the upper small intestine. The
pharmacological effect was found to be dependent on
the solvent reaction content. Gels prepared with the
least amount of solvent provided for the greatest
sustained release and bioavailability. It has been
demonstrated that the efficacy of the complexation
polymers for insulin delivery can be controlled by
varying the network structure during the polymeriza-
tion step.
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