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Abstract

Novel pH-responsive complexation hydrogels containing pendent glucose (P(MAA-co-MEG)) or grafted PEG chains
(P(MAA-g-EG)) were synthesized by photopolymerization. The feasibility of these hydrogels as oral protein delivery carriers was
evaluated. The pH-responsive release behavior of insulin was analyzed from both P(MAA-co-MEG) and P(MAA-g-EG) hydro-
gels. Inacidic media (pH 2.2), insulin release from the hydrogels was very slow. However, as the pH of the medium was changed to
6.5, arapid release of insulin occurred. In both cases, the biological activity of insulin was retained. For P(MAA-co-MEG) hydro-
gels, the biological activity of insulin decreased when the pendent glucose content increased. In P(MAA-g-EG) hydrogels, when
the grafted PEG molecular weight increased, the insulin biological activity decreased. Finally, hydrogels of P(MAA-co-MEG)
prepared with an initial ratio of 1:4 MEG:MAA and P(MAA-g-EG) hydrogels containing PEG chains of molecular weights of
200 showed the greatest change in insulin release rate from acidic to basic pH solutions and the greatest protective effect for
insulin in simulated Gl tract conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ery systems. One major problem is the degradation of
proteins by proteolytic enzymes and the acidic envi-
Oral delivery of drugs, especially therapeutic pro- ronment of the stomach. Another problem is the low
teins, is the preferred route of administration because it penetration of proteins across the lining of the intes-
offers advantages over injection, which is the presently tine into the blood streani.ée and Yamamoto, 1990;
accepted route of therapeutic protein administration. Woodley, 1994.
The oral delivery route is more natural and less inva-  Among the various methods that have been devel-
sive. The protein drug can be self-administered and the oped to assist to these problenshichiri et al., 1974;
method is less expensive. However, there exist severalArrieta-Molero et al., 1982; Patel et al., 1982;
problems for the development of oral protein deliv- Couvreur and Puisieux, 1993; Rubinstein et al., 997
use of environmentally sensitive hydrogels, espe-
B cially methacrylic acid (MAA)-based complexation
* Corresponding author. it . ..
E-mail address peppas@che.utexas.edu (N.A. Peppas). and pH-sensitive hydrogels, is the most promising
1 present address: Department of Chemical Engineering, Method. In general, MAA-based hydrogels can form
Pennsylvania State University, College Station, PA, USA. polymer complexes in response to the environmental
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pH. In the acidic environment of the stomach, these nated as P(MAA-co-MEG), were prepared by free-ra-
hydrogels are in a collapsed state due to hydrogen dical photopolymerization. In addition, MAA and poly
bonding, which can protect proteins by not allowing (ethylene glycol) monomethyl ether monomethacrylate
them to diffuse out from the hydrogel. In the intestine, (PEGMA), henceforth designated as P(MAA-g-EG),
as the environmental pH increases, the complexeswere prepared also by free-radical photopolymeriza-
dissociate and the pore size of the hydrogels increasestion. MAA (Polysciences, Warrington, PA) was dis-

leading to protein Bell and Peppas, 1996; Lowman
and Peppas, 1999; Peppas et al., 1999, 2600
and Peppas, 2002a,Robinson and Peppas, 2002;
Blanchette et al., 2003 Additionally, the ionized
carboxylic acid groups of PMAA have the ability
to bind calcium ions in the extracellular medium.
Therefore, they can help to minimize the proteolytic
activity of calcium-dependent enzymes like trypsin
(Luelen et al., 1995; Madsen and Peppas, 1a8€
increase the paracellular permeability of epithelial
cell monolayers by opening of tight junctions between
two epithelial cells Bochard et al., 1996; Kriwet and
Kissel, 1996.

In our studies, insulin was used as a model protein

tilled under vacuum prior to use in order to remove an
inhibitor, while MEG (Polysciences, Warrington, PA)
and PEGMA (Polysciences, Warrington, PA) were
used as received. Tetra(ethylene glycol) dimethacry-
late (TEGDMA, Polysciences, Warrington, PA) was
used as a crosslinking agent without further purifica-
tion (Kim and Peppas, 2003

Monomers with feed compositions (molar ratio)
of 1:1, 1:2, 1:4, and 1:0 MEG:MAA for P(MAA-co-
MEG) hydrogels and of 1:1 EG:MAA for P(MAA-
g-EG) hydrogels using PEGMA with various PEG
molecular weights (200, 400, and 1000) were mixed.
In each set of the monomer mixtures, the TEGDMA
was added in the amount of 1.2 mol% of total

because itis one of the well known therapeutic proteins monomers. To initiate the reaction, 1-hydroxycyclo-
and it has become the standard treatment for diabeteshexyl phenyl ketone (otherwise known as Irga&ure
Diabetes mellitus is a disorder caused by decreased184, Ciba-Geigy, Hawthorne, NY) was used as a UV-

production of insulin or by decreased ability to use in-
sulin, leading to increase glucose levels in the blood.
Diabetes affects 20 million people in the US, approxi-
mately 10% being treated with insulibgwman et al.,

light sensitive initiator. See als®orres-Lugo et al.
(2002a,b)

The initiator was added in the amount of 0.1% by
weight of the total monomers and then these mixtures

1999. Usually, insulin is injected subcutaneously two were diluted to 60% by weight of the total monomers
to four times a day. Therefore, there has been signifi- with a 1:1 by weight mixture of ethanol and water. Fol-
cant interest in the development of oral delivery sys- lowing complete dissolution of monomers, crosslink-
tems for insulin affran et al., 1997; Lowman et al., ing agent, and initiator, nitrogen was bubbled through
1999; Torres-Lugo and Peppas, 1999, 2002; Vauthier the mixture for 15 min to remove dissolved oxygen

et al., 1999.

In this study, the feasibility of MAA-based hydro-
gels containing various functional groups as oral de-
livery carriers for proteins was evaluated by investi-
gating the pH-responsive release behavior of insulin
in the physiological pH range and protective ability of
hydrogels for insulin in simulated gastric solutions.

2. Experimental

2.1. Preparation of microparticles of
complexation hydrogels

MAA-based copolymers of MAA and 2-metha-
cryloxyethyl glucoside (MEG), henceforth desig-

that would act as an inhibitor for the reaction. The
mixture was cast between glass slides to form films.
The mixture was exposed to UV light (intensity.Q5
0.5 mW/cn¥) for 30 min in nitrogen environment. The
kinetics of such polymerization has been discussed ex-
tensively Scott and Peppas, 1999; Scott et al., 2000;
Ward and Peppas, 2000

Hydrogel films were placed in deionized water for
7 days with the water being changed every 12h in
order to remove any unreacted monomers, crosslink-
ing agent, and initiator. Then, the films were dried
in air for 1 day and placed in a vacuum oven at
25°C until their weight remained constant within
0.1wt.% over 24h. For incorporation, in vitro re-
lease, and stability studies of proteins, dried hydro-
gels were ground into particles. These particles were
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passed through sieves in the range between 150 andsimulated gastric fluid, test solution. The gastric fluid

212pm.
2.2. Insulin incorporation

A sample of 50 mg of insulin (from bovine pancreas,
28.1U/mg, Sigma, St. Louis, MO) was first dissolved
in 10 ml of 0.1N HCI and this solution was neutralized
with 10 ml of 0.1N NaOH. This insulin solution was
then diluted with 80 ml of pH 7.4 phosphate buffer so-
lution to make a 50 mg/ml of insulin stock solution.
Incorporation of insulin was accomplished by soak-
ing 140 mg of each set of the dried microparticles
of P(MAA-co-MEG) and P(MAA-g-EG) in 20 ml of
the insulin stock solution. This loading solution was
placed on a microplate rotator. At specific time inter-
vals, 0.3 ml samples were withdrawn from the solution
with a syringe orishita et al., 200R

After 6h, 20ml of 0.1N HCI was added to the
loading solution to cause collapse of the micropar-

was prepared by dissolving 2.0g of sodium chloride
and 3.2g of pepsin in 7.0ml of HCI and water to
make 1000 ml. This test solution had a pH of 1.2. Af-
ter 1 h, the microparticles were collected by filtration
and transferred to 50 ml of pH 7.0 phosphate buffer
solution. During the experiment, the temperature and
stirring speed were maintained at37 and 100 rpm,
respectively. At specific time intervals, 0.3 ml samples
were withdrawn.

2.4. Characterization of insulin

In this study, the concentration and stability of
insulin were analyzed by reverse-phase high perfor-
mance liquid chromatography (RP-HPLC) and bovine
insulin ELISA kit. The RP-HPLC used in this anal-
ysis consisted of a Waters 2690 separations module,
a Waters 2487 dual absorbance detector (Waters,
Milford, MA), and a column (model 218TP54,1€;

ticles. Then, the entire solution was passed through 25cm x 0.46 cm, 300 A, 5um particle size, Vydac,

filter paper (Whatman 4, 42.4 mm, particle retention Hesperia, CA). The mobile phase consisted of two
>25um, Clifton, NJ) and the particles were washed solutions; solution A was water with 0.1% (v/v) triflu-

with 100 ml of 0.1N HCI and 100 ml of deionized wa-
ter. The insulin-incorporated microparticles were then
dried under vacuum and stored &tG prior to use in
further studies.

2.3. Invitro release and stability studies of insulin

oroacetic acid (TFA) and solution B was acetonitrile
with 0.085% (v/v) TFA. The flow gradient was from
72.5 to 64.2% of solution A over 10 min and the flow
rate was 1.5ml/min. UV detection was performed at
dual wavelength of 215 and 276 nm.

A bovine insulin ELISA kit (ALPCO, Windham,

NH) was used to determine the biological activity

Release experiments were performed using a dis- of insulin. The results were obtained by reading the
solution test system (model 2100B, Distek, North optical density with microplate reader (ELx 800NB
Brunswick, NJ) and the pH of the external medium Bio-Tek Instruments, Winooski, Vermont) at 450 and
was changed from 2.2 to 6.5 to mimic the physiolog- 650 nm as a reference.
ical conditions of the Gl tract. Insulin-incorporated
microparticles prepared previously were placed in
the dissolution test system with 50ml of pH 2.2 3. Resultsand discussion
phosphate-citrate buffer solution. After 1 h, the pH of
the solution was changed to 6.5 by adding 1N NaOH. 3.1. Insulin incorporation in P(MAA-co-MEG) and
During the experiment, the temperature and stirring P(MAA-g-EG) microparticles
speed were maintained at 32 and 100 rpm, respec-

tively. At specific time intervals, 0.3 ml samples were
removed Kim and Peppas, in preskim et al., 2003.

To determine the protective ability of the hydrogel
for insulin in conditions simulating the human stom-
ach environmentOionini et al., 2002a.) insulin and
insulin-incorporated microparticles were placed in the
vessel of the dissolution test system with 50 ml of

The results of incorporation of insulin into initially
dry microparticles of P(MAA-co-MEG) and P(MAA-
g-EG) are shown irfrigs. 1 and 2respectively.

We incorporated a large amount of insulin from
the insulin stock solution in all the formulations of
P(MAA-co-MEG) that contained MAA. Nearly 90%
of the insulin was incorporated into the gels within the
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Fig. 1. Incorporation of insulin into P(MAA-co-MEG) micropar-
ticles containing different ratios of MEG:MAA at pH 7.4. Mo-
lar ratio of MEG:MAA 1:0 (O), 1:1 ©), 1:2 (), and 1:4 Q)
(averaget S.D., n = 3).
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Fig. 2. Incorporation of insulin into P(MAA-g-EG) microparticles
containing different grafted PEG chain molecular weight at pH
7.4; PEGMA200 [0), PEGMA400 (), and PEGMA1000 ¢)
(averaget SD., n = 3).

first 1h except for P(MAA-co-MEG) particles with

a 1:1 ratio of MEG:MAA. For the P(MAA-co-MEG)
with 1:1 MEG:MAA, the insulin was almost com-
pletely incorporated after 6 h. The rate of incorpora-
tion was slower when the glucose content increased
in the copolymer networks.

When insulin was incorporated at pH 7.0, due to
the electrostatic repulsion between ionized carboxylic
acid groups of PMAA, the pore size of the networks
increased to allow insulin to diffuse readily into the
networks by a concentration gradient. However, for
P(MAA-co-MEG) networks, the effective mesh size
was probably smaller than the actual mesh size due to
the presence of the pendent glucose groups. In addi-
tion, it has been showmMjyata et al., 1994; Nakamae
et al., 1994; Ichikawa and Peppas, in pjesmt the
presence of glucose decreased protein absorption in
similar gels. Therefore, it was difficult for pure PMEG
networks to absorb insulin.

For P(MAA-g-EG) microparticles, all the formula-
tions could incorporate more than 90% of the insulin
within the first 1 h. It was assumed that the pore size
of the network was less affected by the presence of
grafted PEG chains compared to the pendent glucose
groups of P(MAA-co-MEG) networks. Therefore,
there was no significant difference in the rate of incor-
poration of insulin between gels with varying grafted
PEG molecular weights (see alk6pez and Peppas,
2003a,b.

As the pH decreased, the networks collapse and
the effective pore size of the networks decreased.
The insulin was entrapped inside the gels due to the
small pore size of the collapsed networks, producing
insulin-incorporated microparticles.

3.2. Invitro release of insulin from P(MAA-co-MEG)
and P(MAA-g-EG) microparticles

The pH-responsive release behavior of insulin from
the microparticles was studied by placing the initially
dry, insulin-incorporated particles in pH 2.2 buffer so-
lutions for 1 h followed by a change of the pH of the
medium to 6.5. The fractional release of insulin, de-
fined as the ratio of the amount released at any time,
M;, to the total amount released after 3Myo, is
shown inFigs. 3 and 4respectively.

In acidic media (pH 2.2), between 20 and 44%
of the insulin was released from all formulations ex-
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Fig. 3. Effect of the environmental pH change on the release of
insulin from the insulin-incorporated P(MAA-co-MEG) micropar-
ticles containing different ratios of MEG:MAA. Molar ratio of
MEG:MAA 1:1 (OJ), 1:2 (2), and 1:4 O) (average-S.D., n = 3).
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Fig. 4. Effect of the environmental pH change on the re-
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croparticles containing different grafted PEG chain molecular
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cept P(MAA-co-MEG) with 1:1 MEG:MAA which
released around 70% of its total load. This implies that
most of the P(MAA-co-MEG) and P(MAA-g-EG) net-
works have the desired property for oral delivery of
insulin since a significant fraction of insulin remains
in the polymer in the low-pH environment of the stom-
ach. When the pH of medium was changed to 6.5, the
particles swelled rapidly and a rapid release of insulin
occurred.

When the glucose content in the gel increased for
P(MAA-co-MEG) networks, there was an increase in
release of insulin in the acid media. The increase of
glucose content resulted in less collapsed networks at
low pH. This led to a relatively large pore size of the
networks. Thus, insulin could diffuse readily from the
gel at low pH.

For P(MAA-g-EG) networks, the released insulin
in the acid media increased with the molecular weight
of the grafted PEG in the network. At the incor-
porating pH of 7.0, the carboxylic acid groups in
the networks, as well as the insulin,l (pf 5), were
negatively charged resulting in repulsion. Thus, the
negatively charged insulin was mainly distributed in
the neutral PEG chain domains. Researchers such as
Moriyama and Yui (1996)Moriyama et al. (1999)
andAlbertsson et al. (1987®eported that that insulin
appeared to partition into the PEG phase in hydrogels
containing PEG and a negatively charged component.

When insulin-incorporated P(MAA-g-EG) mi-
croparticles were placed in acidic media, particles
with longer PEG chains, where more insulin was dis-
tributed, had more chance to contact the outer aque-
ous environment, and as a result insulin was released
by a concentration gradient at low p#gvimandan
and Peppas, 2003However, there was no significant
difference of insulin release at high pHs from systems
with different PEG molecular weights.

The P(MAA-co-MEG) with 1:4 MEG:MAA and
P(MAA-g-EG) with PEGMA200 hydrogels showed
the greatest change in insulin release rate moving from
the low-pH to high-pH solutions.

3.3. Protective effect of P(MAA-co-MEG) and
P(MAA-g-EG) network for insulin

To investigate the protective ability of the hydrogel
for insulin in the harsh environment of the stomach,
insulin and insulin-incorporated microparticles were
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treated with a simulated gastric solution that contained Table 2
endopesidase pepsin. After the treatment in gastric Biological activity of insulin remained after being treated with the

solution, the biological activity of insulin was deter-
mined with HPLC and an insulin ELISA kit.
Chromatograms of insulin dissolved in phosphate
buffer solution (pH 7.0), 0.1N HCI (pH 1.2), and gas-
tric solution (pH 1.2) are presentedfig. 5 There was
little difference between the chromatograms of insulin
in phosphate buffer solutioir{g. 59 and HCI solution
(Fig. 5b after 2 h. This implies that, for a short period
of time, the low-pH condition did not significantly af-
fect the biological activity of insulin. However, there
was no peak at around 6 min Irig. 5c that is the
HPLC chromatogram of insulin right after dissolved

simulated gastric solution (pH 1.2) from the insulin-incorporated
P(MAA-g-EG) microparticles with various grafted PEG molecular
weights

Grafted Biological activity of insulin

PEG MW remained after being treated with
simulated gastric solution (%)

200 75.3+ 11.8

400 63.6+ 8.2

1000 49.5+ 9.2

The microparticles were transferred to pH 7.0 buffer solution to
release the incorporated insulin after being placed in the gastric
fluid for 1 h (averaget S.D., n = 3).

in simulated gastric solution. These results indicated the microparticles to the surrounding medium under

that all insulin was degraded immediately after insulin
was in contact with gastric fluid and the main cause
of degradation was the proteolytic enzyme, pepsin.
After being treated with gastric fluid, both P(MAA-
co-MEG) and P(MAA-g-EG) hydrogels demonstrated
a protective effect on insulinS{pahigil et al., 200p
The biological activity remained after the treat-
ment with gastric fluid of P(MAA-co-MEG) and
P(MAA-g-EG) particles Tables 1 and R The biolog-
ical activity is defined as the ratio of the amount of na-
tive insulin released in pH 7.0 buffer solutions for 2h
after 1 h treatment with the gastric fluid to the amount
of native insulin released in the pH 7.0 buffer solu-
tions for 3h. Studies with P(MAA-co-MEG) hydro-

these conditions.

The P(MAA-co-MEG) formulation with 1:4 MEG:
MAA and the P(MAA-g-EG) formulation with
PEGMA200 showed the greatest protective effect for
insulin in the simulated stomach conditions.

4, Conclusions

In all the formulations of P(MAA-co-MEG) and
P(MAA-g-EG) networks, we could incorporate nearly
90% of insulin from the insulin stock solution after
6 h. However, insulin was not incorporated into pure
PMEG networks. For P(MAA-co-MEG) microparti-

gel showed that when the glucose content increased,cles, the rate of incorporation was slower when the
degradation of insulin increased. P(MAA-g-EG) sys- glucose content increased in the copolymer networks.
tems when the grafted PEG molecular weight in- For P(MAA-g-EG) microparticles, there was no sig-
creased, the biological activity decreased, because asificant difference in the rate of incorporated insulin
previously discussed, some insulin was released from between the grafted PEG molecular weights.

The pH-responsive release behavior of insulin
was observed from both P(MAA-co-MEG) and
P(MAA-g-EG) microparticles. For the initial treat-
ment in acidic media (pH 2.2), between 20 and 44%
of the insulin was released from all the formulations
except P(MAA-co-MEG) with 1:1 MEG:MAA which
released over 70%. Then, as the pH of the medium
was changed into high (pH 6.5), the particles swelled
immediately and a rapid release of insulin occurred.

Table 1

Biological activity of insulin remained after being treated with the
simulated gastric solution (pH 1.2) from the insulin-incorporated
P(MAA-co-MEG) microparticles with various molar ratios of MEG
and MAA

MEG:MAA
(molar ratio)

Biological activity of insulin
remained after being treated with
simulated gastric solution (%)

1:1 153+ 7.5
1:2 49.4+ 13.3 After treatment with a simulated gastric solution,
1:4 69.4+ 9.6 both P(MAA-co-EG) and P(MAA-g-EG) hydrogels

The microparticles were transferred to pH 7.0 buffer solution to demonstrated the desired protective effect of insulin.
release the incorporated insulin after being placed in the gastric P(MAA-co-MEG) hydrogels showed when the pen-
fluid for 1h (average: SD., n = 3). dent glucose content increased degradation of insulin
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increased and P(MAA-g-EG) demonstrated when the
grafted PEG molecular weight increased the biologi-
cal activity decreased.

P(MAA-co-MEG) with 1:4 MEG:MAA and
P(MAA-g-EG) with PEGMA200 hydrogels showed

the greatest change in insulin release rate as the pH

changed from low to high values and created the
greatest protective effect for insulin in the simulated
stomach condition.
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