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ABSTRACT

Five years of successful work in our lab have shown that graft copolymer networks of
poly(methacrylic acid-g-ethylene) [P(MAA-g-EG)], are very promising candidates for
oral drug delivery. In an acidic environment, these copolymers form interpolymer
complexes, protecting the active agent from the harsh environment of the
gastrointestinal tract. At high pH, these complexes dissociate, causing the polymer
to swell and release the drug. Films of P(MAA-g-EG) with a monomer ratio of 1:1
(MAA:EG) were prepared by free radical solution UV-polymerization, washed in
order to remove the unreacted monomer, and crushed to form microparticles with
different particle size distribution. Previous studies in our lab have focused on using
polymer disks in their swelling studies. The swelling properties of polymer disks vs.
crushed particles were investigated via equilibrium swelling experiments in this study.
Another goal in this study is to compare different PEG chain length (MW-400 and
MW-1000) and different particle size (150—212 microns, 90—150 microns and 25—
90 microns) in their loading and release behavior. After 6 hours of exposing the
polymer with the insulin solution we achieved approximately 90% of insulin loading.
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INTRODUCTION

Advances in biotechnology have led to the
successful treatment of diseases. Controlled drug
delivery systems offer the advantage of a controlled
release of the desired molecule in the target area. This
release behavior achieves the desired therapeutic effect
for an extended period of time. However, the
challenges are immense with the delivery of macro-
molecules such as peptides and proteins. To be suc-
cessful, peptide and protein formulations will have to
simultaneously address all of the issues that result in
poor bioavailability: intrinsic permeability, degradation,
rapid clearance, and chemical stability.!' !

Diabetes is an example of a disease that requires
the administration of a macromolecule, in this case,
insulin. Actual insulin therapy requires several daily
injections that are very inconvenient and painful for the
patient. That is why, in recent years, there has been so
much innovation and excitement in the search for new
therapies for diabetes that would result in improved
safety, efficacy, and patient compliance.

For the past few decades, a great deal of work has
focused on attempts to develop noninvasive methods of
insulin delivery with the oral route cflearly being the
most convenient and desired./®~® However, the oral
route confronts several barriers, such as the presence of
proteolytic enzymes in the gastrointestinal tract,
chemical instability, and poor permeability of proteins
across biological membranes.

In our laboratory, we have successfully developed
copolymer systems that have the ability to address the
barriers to the oral administration of insulin. These
systems consist of hydrogels with poly(ethylene glycol)
(PEG) grafted on poly(methacrylic acid) (PMMA),
designated as P(MAA-g-EG). These pH-sensitive
hydrogels respond to the surrounding environment by
protecting the incorporated protein from the harsh
environment of the stomach and releasing it in the
small intestine.>?~ "]

Poly(methacrylic acid) exhibits interpolymer com-
plexation with PEG as the protons of carboxylic acid
groups on PMAA form hydrogen bonds with ether
groups on the PEG chain.”®! This complexation occurs
at a low pH range when the carboxylic acids are still
protonated. At higher pH values, the polymer network
swells because of the disruption of the polymer
complexes and the ionization and electrostatic repul-
sion of the acid groups in the MAA backbone.

This copolymer system has been studied for years
and has been demonstrated to have the desired muco-
adhesive properties'®'?! and the ability to protect and
stabilize proteins and inhibit proteolytic enzymes.'*"!
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Recently, cell studies have shown that the P(MAA-g-EG)
microparticles and nanospheres have nontoxic effects
when in contact with the cell monolayer and the ability to
enhance the transport of proteins such as insulin and
calcitonin.>?! =24 Moreover, animal studies have been
carried out showing that insulin-loaded microparticles
were able to sustain a hypoglycemic effect for a sustained
period of time.'*!

In order to improve the desired therapeutic effect,
optimization of this polymer carrier is required. In this
work we investigated the effect of two PEG molecular
weights (400 and 1000), and the microparticle size
(25-90, 90—150, and 150-212 pm) on the equilibrium
swelling behavior and insulin loading and release from
P(MAA-g-EG) microparticles.

MATERIALS

Methacrylic acid (MAA), and poly(ethylene glycol)
ether monomethacrylate (PEGMA) with a molecular
weight of 400 and 1000 were purchased from Aldrich
Chemical Company (Milwaukee, WI) and used to
synthesize P(MAA-g-EG) microparticles. Tetra(ethylene
glycol) dimethacrylate (TEGDMA) was purchased from
Polysciences, Inc. (Warrington, PA) and used as the
crosslinking agent in the amount of 0.75% mol of the
total monomers. Irgacure™ 184 was employed as the
photoinitiator and obtained from Ciba-Geigy Co. (Haw-
thorne, NY); it was incorporated in 0.1% (w/w) of the
monomer mixture. The P(MAA-g-EG) microparticles
were loaded with bovine insulin that was purchased from
Sigma Chemical Co. (St. Louis, MO).

METHODS

Preparation of
P(MAA-g-EG) Microparticles

P(MAA-g-EG) hydrogels were prepared by free
radical solution ultraviolet (UV)-polymerization of
MAA and PEGMA. The monomers were mixed in
1:1 molar ratio of methacrylic acid-ethylene glycol
units. The PEGMAs with different molecular weights
(400 and 1000) of the PEG graft chains were used in
the synthesis of these hydrogels. TEGDMA was used
as the crosslinking agent and was added in the amount
of 0.75% moles of the total amount of monomers. The
photoinitiator, Irgacure 184, was added in the amount
of 0.1% wt of the total amount of monomers. The
monomer mixture was diluted with a mixture of 50%
v/v ethanol and deionized water (Milli-Q Plus system,
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Millipore, Billerica, MA). Nitrogen was bubbled through
the well-mixed solution for 15 minutes to remove dis-
solved oxygen, which acts as a free radical scavenger.

The mixture was then carefully poured between
microscope slides (75 x50 x 1 mm) (Fisher, Pittsburgh,
PA) separated by Teflon spacers with a thickness of
0.9 mm. The microscope slides were then placed in a
nitrogen atmosphere under a UV light source of 11 mW/
cm?” at 365 nm for 30 minutes. The polymer films were
washed in deionized water for approximately 7 days in
order to remove unreacted monomers, crosslinking
agent, initiator, and sol fraction. For some of the swell-
ing studies, the films were cut into discs of approxi-
mately 1.2 cm in diameter and 0.8 mm in thickness.
Both the polymer films and discs were then dried in a
vacuum oven at 27°C for 3 days. The dry polymer films
were then crushed by using a mortar and pestle and then
sieved to the desired particle size range (25-90, 90—
150, or 150-212 pm) by using the corresponding sieves
(VWR Scientific; West Chester, PA).

Swelling Studies

Mellvaine buffer solutions*® were used for the
swelling behavior studies of microparticles as a function
of pH in order to keep the ionic strength constant at 0.1
M. The pH was varied from 3.0 to 8.0 depending on the
specific experiment. The dried discs were weighed and
placed in 50-mL flaks containing buffer solutions. In the
case of the polymer microparticles, a ratio of 0.01 mg of
polymer/mL of buffer solution was used.

When working with polymer microparticles, all
flasks were pretreated by using a silicon-containing
compound, Sigmacote, (Sigma Chemical Co., St. Louis,
MO) in order to avoid adsorption of the polymer
microparticles to the walls of the flasks. This compound
is a chlorinated organopolysiloxane in heptane and forms
a tight, microscopically thin film of silicon on glass
(water repellent). The disks and microparticles were kept
in contact with buffer solution at 37+0.5°C for a period
of 24 hours when an equilibrium swollen state was
achieved. The excess of water from the polymer disks
was carefully removed by gently placing them in a Kim
Wipe. The crushed particles were vacuum-filtered with a
0.45-um Millipore filter paper. The weight-swelling
ratio, q, was calculated by the weight ratio of the swollen
to the dry polymer sample.

Insulin Loading
Drug loading was accomplished by equilibrium

partitioning of insulin into the P(MAA-g-EG) micro-
particles. Insulin stock solutions with a concentration

of bovine insulin of 0.5 mg/mL were prepared. The
insulin stock solutions consisted of 10% v/v of 0.1 M
HCl, 10% v/v of 0.1 M NaOH and 80% v/v phosphate
buffer solution at pH of 7.4. The ionic strength of the
final insulin stock solution was 0.1 M. Polymer mi-
croparticles were kept in contact with the insulin stock
solution in a ratio of 7 mg of polymer/mL of insulin
stock solution. The closed vials containing the polymer
and the insulin stock solutions were agitated for 6
hours at room temperature. Then, the microparticles
were precipitated by adding 0.1 M HCI, and vacuum-
filtered with a 0.45-pm Millipore filter paper. The
loaded microparticles were dried by using a
freeze dryer.

The amount of insulin loaded in the polymer carrier
was calculated by a comparison of the amount of insulin
left in the insulin solution at time t with the amount of
insulin in the loading solution at the beginning of the
experiment. Samples were analyzed by using a reversed-
phase high performance liquid chromatography unit
(Waters Associates, Bedford, MA).

Insulin Release Studies

The insulin release studies were carried out in a
USP II dissolution apparatus (Distel model 2100B
dissolution apparatus, Inc., North Brunswick, NJ) by
using the paddle method. Dried microparticles of
P(MAA-g-EG) were placed into contact with phosphate
buffer solution at pH of 7.4 and ionic strength of 0.1 M
in a ratio of 2.8 mg of loaded polymer/mL of buffer
solution. These solutions were placed in 100-mL
dissolution cells in the dissolution apparatus. Again,
all the vials that were used in this experiment were
previously coated with Sigmacote. The samples were
maintained at 37°C. The paddles were rotated at a
velocity of 100 rpm. Samples of 0.5 mL were taken at
different time intervals and then analyzed by using
reverse-phase HPLC.

RESULTS AND DISCUSSION
Equilibrium Swelling Behavior

Successful studies in our laboratory have shown
that graft copolymer network gels of P(MAA-g-EG)
exhibit a pH-dependent swelling behavior due to the
formation of interpolymer complexes.'''*”! Our previ-
ous swelling studies were done using polymer discs of
1.2 cm in diameter and 0.8 mm in thickness. It is
generally believed that discs, microparticles, and
nanospheres of this system show the same swelling
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Table 1. Effect of the PEG tethered chains’ molecular weight
on the equilibrium weight swelling ratio, q, of PIMAA-g-EG)
microparticles and discs.

Molecular weight Equilibrium
P(MAA-g-EG) of the PEG weight swelling
system graft chain ratio, q
Microparticles 400 279+32
1000 29.7+£4.2
Discs 400 29.1+0.3
1000 30.6+0.9

Microparticles and discs were prepared with an initial
monomer ratio MAA:EG of 1:1. The microparticles size was
150-212 um. Swelling studies were carried out at 37°C in a
phosphate buffer solution at a pH 7.4 and ionic strength of
0.1 M. Each data entry represents an average of three inde-
pendent studies and the error represents one standard deviation.

behavior. Therefore, although this has not been proven,
the swelling studies in this work were carried out in
order to compare the swelling behavior of polymer
discs and microparticles. Results from Table 1 show
that there was no significant difference in the
equilibrium weight ratio of both systems. Moreover,
the molecular weight of the PEG tethered chains did
not have an effect on the equilibrium swelling ratio of
these systems.
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Figure 1. Equilibrium swelling behavior of P(MAA-g-EG)

microparticles as a function of the pH on the swelling solution.
Microparticles had tethered PEG chains with a molecular
weight of 1000, prepared with an initial monomer ratio
MAAC:EG of 1:1, and crushed and sieved to a particle size of
150-212 pm. Swelling studies were carried out at 37°C. The
ionic strength of the swelling solutions was 0.1 M. Each data
point represents an average of three independent experiments
and the error bars represent one standard deviation. (View this
art in color at www.dekker.com.)
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The swelling behavior of P(MAA-g-EG) micro-
particles (150—-212 pm and PEG 1000) as a function of
pH at I=0.1 M is shown in Fig. 1. This figure indi-
cates the transition pH where the interpolymer com-
plexes started to dissociate. This transition occurred at
a very narrow pH range. Torres-Lugo and Peppaslzg]
observed the same transition pH range when using
P(MAA-g-EG) discs (monomer ratio 1:1, PEG 1000).

Insulin Loading Behavior

Loading of insulin was accomplished by equilib-
rium partitioning of insulin into the P(MAA-g-EG)
microparticles. The amount of insulin loaded into the
polymer microparticles was determined by calculating
the partitioning efficiency of insulin:

G —C
Partitioning Efficiency : Tf

i

()

where, C;=the initial insulin concentration before the 6
hours of stirring and Cg=the final insulin concentration
in the solution. This final concentration was determined
for three different steps in the loading procedure: after
the 6 hours of stirring when the microparticles were
still in their swollen state, after collapsing the micro-
particles, and after filtering the microparticles.

Results from Table 2 show partitioning efficiencies
as high as 99% after the microparticles were in contact
with the insulin stock solution for 6 hours. In this
stage, the microparticles were still in their swollen
state. However, once the microparticles were collapsed,

Table 2. Calculations of the amount of insulin loaded into
P(MAA-g-EG) microparticles at different stages in the
loading procedure.

Step in the insulin
loading procedure

pH of the
loading solution

Insulin partitioning
efficiency (%)

Before complexation 6.7x£0.5 98.4+0.8
of the microparticles

After complexation 3.0£0.6 38.9+£2.8
of the microparticles

After filtration of 2.7+0.2 32.7+10.9

the microparticles

Microparticles had tethered PEG chains with a molecular
weight of 1000, prepared with an initial monomer ratio
MAAEG of 1:1, and crushed and sieved to a particle size of
150-212 pm. Each result represents an average of six
independent experiments, and the error bars represent one
standard deviation.
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Table 3. Effect of the PEG tethered chains’ molecular
weight on the amount of insulin loaded into P(IMAA-g-
EG) microparticles.

Molecular weight
of PEG tethered chains

Insulin partitioning
efficiency (%)

400 38.2+27.8
1000 32.7+10.9

Microparticles were prepared with an initial monomer
ratio MAA:EG of 1:1 and crushed and sieved to a
particle size of 150-212 um. Each result represents an
average of six independent experiments, and the error
bars represent one standard deviation.

the partitioning efficiencies dropped to around 40%.
There was also no significant difference in determining
the partitioning efficiency after collapsing the micro-
particles and after filtering the microparticles. There-
fore, all the calculations were based on the calculation
of the insulin partitioning efficiencies after the
filtration of the microparticles.

There could be several explanations for the de-
crease in partitioning efficiencies. One explanation is a
possible ‘‘burst effect’” or rapid release of the insulin
that was accumulated on the surface of the polymer
network.””?~*! Another possibility is that the sudden
change in pH in the loading solution and, consequently,
significant change in polymer configuration, led to
the rapid diffusion of insulin from the polymer net-
work.[32 40! However, additional studies should be done
in order to make conclusions about this aspect.

Neither the molecular weight of the PEG tethered
chains nor the microparticle size had a statistical effect
on the amount of insulin that was loaded into the
P(MAA-g-EG) microparticles (Tables 3 and 4). Each

Table 4. Effect of varying particle sizes on the amount
of insulin loaded on P(MAA-g-EG) microparticles.

Dry microparticle Insulin partitioning

size (um) efficiency (%)
25-90 85.7x16.1
90-150 73.7+£37.0
150-212 63.9+32.3

Microparticles had tethered PEG chains with a molec-
ular weight of 1000 and were prepared with an initial
monomer ratio MAA:EG of 1:1. Each result represents
an average of six independent experiments, and the error
bars represent one standard deviation.
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Figure 2. Effect of the PEG tethered chains’ molecular
weight on the insulin released behavior from P(MAA-g-EG)
microparticles. Microparticles were prepared with an initial
monomer ratio MAA:EG of 1:1 and a PEG molecular weight
of (@) 400 and (m) 1000; then they were crushed and sieved to
a particle size of 150-212 pm. Released studies were carried
out at 37°C in a phosphate buffer solution of pH 7.4 and ionic
strength of 0.1 M.

data entry represents an average of six independent
studies within one standard deviation.

Insulin Release Studies

Loaded P(MAA-g-EG) microparticles with a
MAA:EG monomer ratio of 1:1 were used for the release
studies. We studied the effect of the molecular weight of
the PEG chains on the release of insulin (Fig. 2). The
curves obtained show a controlled release of insulin. The
insulin release behavior was described by the ratio My/
M., where M, is defined as the total mass of insulin
released from the microparticles at time t and M, is
defined as the total maximum amount of insulin that was

Table 5. Effect of the PEG tethered chains’ molecular weight
on the maximum amount of insulin released from P(MAA-g-
EG) microparticles during the release experiments.

Molecular weight of PEG Insulin released (%)

400 41.2+4.6
1000 39.7+11.4

Microparticles were prepared with an initial monomer ratio
MAA:EG of 1:1, then crushed and sieved to a particle size of
150—212 um. Released studies were carried out at 37°C in a
phosphate buffer solution of pH 7.4 and ionic strength of 0.1 M.
Each result represents an average of three independent experi-
ments, and the error bars represent one standard deviation.
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released during the duration of the release experiment.
These results show that there was no difference in the
insulin release behavior between the microparticles
containing PEG chains of molecular weight of 400 and
those containing a molecular weight of 1000. The
maximum amount of insulin was released within the
first 60 to 80 minutes. Rapid but controlled release of
insulin is desired for drug delivery applications because
the drug will then rapidly reach the blood stream and
have the desired therapeutic effect.[! ~4¢!

The results from Table 5 show the maximum
percentage of insulin that was released from the polymer
microparticles. Each datum point represents the average
of three independent studies and the error represents one
standard deviation. Both P(IMAA-g-EG) microparticles
containing PEG chains with molecular weight of 400
and 1000 released around 40% of the insulin that was
initially trapped in the polymer network. There was no
significant difference in the percentage of insulin re-
leased from both microparticle systems.

The effect of the P(IMAA-g-EG) microparticle size
on the insulin release behavior was also studied. These
microparticles also contained a MAA:EG monomer
ratio of 1:1. Figure 3 shows that there was no differ-
ence in the insulin release behavior of three differ-
ent sizes (25-90 pm, 90-150 pm, and 150-212 pum)
of the polymer microparticles. The maximum amount
of insulin was released within the first 60 and
80 minutes of the experiment (Table 6). The results
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Figure 3. Effect of varying particle sizes on the amount of
insulin released from P(MAA-g-EG) microparticles. Micro-
particles had tethered PEG chains with a molecular weight of
1000 and were prepared with an initial monomer ratio MAA:EG
of 1:1. Released studies were carried out at 37°C in a phosphate
buffer solution of pH 7.4 and ionic strength of 0.1 M.
Microparticles with a size of 150-212 pm and (@) 25-90 pm,
(m) 90—150 um, and (A) 25-90 um were used in this study.
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Table 6. Effect of varying particle sizes on the
maximum amount of insulin released from P(MAA-g-
EG) microparticles during the release studies.

Dry microparticle

size (um) Insulin released (%)
25-90 56.61+15.1
90-150 50.57+1.01
150-212 39.70+11.42

Microparticles had tethered PEG chains with a molec-
ular weight of 1000 and were prepared with an initial
monomer ratio MAA:EG of 1:1. Release studies were
carried out at 37°C in a phosphate buffer solution at a
pH of 7.4 and ionic strength of 0.1 M.

show that there were no statistical differences in the
amount of insulin released from the studied P(IMAA-g-
EG) microparticles.

CONCLUSIONS

Both P(MAA-g-EG) discs and microparticles
showed the same equilibrium weight swelling behavior.
Neither the molecular weight of the PEG chains
tethered to the polymer miroparticles nor the micro-
particle size had a significant effect on their equilib-
rium weight swelling behavior. All microparticle
systems studied showed the desired pH-dependent
behavior for drug delivery systems.

Neither the difference in molecular weight of the
PEG tethered chains nor the microparticle size caused a
significant effect on either the insulin loading or
release behavior. All microparticle systems studied
were found to have promising results in terms of their
release profiles.
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