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ABSTRACT: A new mucoadhesive polymer was prepared by template polymerization of
acrylic acid using poloxamer as a template polymer. FTIR results showed that the
interpolymer complex was formed by hydrogen bonding between the carboxyl group of
poly(acrylic acid) (PAA) and the ether group of poloxamer. The extent of hydrogen
bonding in the PAA/poloxamer interpolymer complex increased as the ratio of PAA/
poloxamer decreased. The T, of PAA/poloxamer interpolymer complexes was matched
well with the T, calculated by Gordon-Taylor’s equation than that of their blends. This
result suggests that the PAA and poloxamer in the interpolymer complexes are more
compatible than their blends. The dissolution rate of PAA/poloxamer interpolymer
complexes was much slower than that of their blends, and was dependent on the pH of
the medium and the ratio of PAA/poloxamer. The adhesive bond strength of PAA/
poloxamer interpolymer complexes to a plastic (polypropylene) plate was greater than
their blends or a commercial product, Carbopol 971P NF. © 2000 John Wiley & Sons, Inc.
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INTRODUCTION

Many different kinds of polymers have been in-
vestigated for their potential use as a platform to
deliver a drug in an efficient and a controlled
manner, i.e., a drug delivery system. One of the
many different methods used in those drug deliv-
ery systems is a transmucosal drug delivery sys-
tem. A transmucosal drug delivery (TMD) system
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is applied on a mucous membrane and delivers a
drug across the mucous membrane to achieve a
local or systemic effect for an extended period of
time. One of the major components of the system
is a mucoadhesive polymer that serves as a ma-
trix for a drug. Many researchers in polymer and
pharmaceutical chemistry have developed and
utilized various mucoadhesive polymers for TMD
systems.'~* Among various synthetic and natural
mucoadhesive polymers, poly(acrylic acid) (PAA)
has been considered as one of the best mucoadhe-
sive polymers based on its excellent mucoadhe-
sive property. Despite the excellent mucoadhesive
property of PAA, it has some drawbacks if used in
a TMD system, such as high glass transition tem-
perature (7,) and high water solubility. The high
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Scheme 1 Synthesis of the PAA/poloxamer inter-
polymer complex.

T, of PAA may pose a problem in terms of flexi-
bility at room temperature, which is required for
optimal wetting and intimate contact with mu-
cous membrane.” High water solubility of PAA
critically limits its use as a TMD system, because
it may dissolve before the desired duration for the
delivery of the drug across the membrane.®
Many studies have been done to prepare copol-
ymers or interpolymer complexes with PAA 5"
however, only a limited number of studies have
been done to use a PAA interpolymer complex as
a mucoadhesive polymer. Strong intermolecular
forces, such as hydrogen bonding, connect the
growing polymer chain and the template in the
interpolymer complex,®® and this may result in
different physico-chemical characteristics. We
have attempted to prepare PAA interpolymer
complexes with a methoxy poly(ethylene glycol)
and methoxy poly(ethylene glycol) macromer for
application as a mucoadhesive polymer.®!° The
complex formation was attributed to hydrogen
bonding between the ether group of the methoxy
poly(ethylene glycol) or methoxy poly(ethylene
glycol) macromer and the carboxyl group of PAA.
This study was conducted as a continuing effort to
prepare a new mucoadhesive polymer using
poloxamer as a template polymer. Similar hydro-
gen bonding is expected between the ether group
of poloxamer and the carboxyl group of PAA.
The objectives of this work are to decrease the
water solubility of PAA and to maintain or im-
prove mucoadhesive property of PAA for its ap-
plication in a TMD system. To decrease water
solubility of PAA, interpolymer complexes be-
tween PAA and poloxamer with various ratios
were prepared by polymerizing acrylic acid in the
presence of poloxamer as a template without a
crosslinking agent, as shown in Scheme 1. We

expected that the protons of the carboxyl groups
on PAA would form hydrogen bonding with the
ether groups on the poloxamer chain. The result-
ing interpolymer complex will be more hydropho-
bic than the constituent polymers. The hydropho-
bic methyl groups on the poloxamer chain may
further increase the hydrophobicity of the com-
plex. The PAA/poloxamer interpolymer complexes
were characterized in terms of their adhesive
bond strength, thermal property, dissolution rate,
and spectroscopic property.

EXPERIMENTAL

Materials

Poloxamer 407 was provided by BASF (Ludwig-
shafen, Germany). PAA (M,: 450,000) was pur-
chased from Aldrich Chemical Co. (Milwaukee,
WI). Azobisisobutyronitrile (AIBN) and acrylic
acid were purchased from Junsei Chemical Co.
(Tokyo, Japan), and used after removing the in-
hibitor. All other chemicals were of reagent grade,
and were used without further purification.

Template Polymerization

As shown in Scheme 1, the PAA/poloxamer inter-
polymer complex was synthesized by template po-
lymerization of acrylic acid in the presence of
poloxamer. To prepare the PAA/poloxamer inter-
polymer complexes, acrylic acid and poloxamer
were dissolved in ethanol, and the solution was
purged with nitrogen gas for 15-20 min to remove
oxygen. The polymerization was carried out with
AIBN as an initiator at 80°C for 15 h.

IR Spectroscopy Study

Infrared absorption spectra of PAA/poloxamer in-
terpolymer complexes were studied by an FTIR
spectrophotometer (Magna-IR 550, Nicolet).

Thermal Analysis

Glass transition temperatures (7s) of PAA/polox-
amer interpolymer complexes and their blends
were measured by a differential scanning calo-
rimeter (DSC-2010, TA Instrument) at a scan
rate of 10°C/min.

Measurement of Dissolution Rate

Dissolution rates of the PAA/poloxamer interpoly-
mer complexes and their blends were measured



as a function of time at 37°C in phosphate buffer
solutions at various pHs. The specimens in disc
form were solvent cast with a thickness of 0.4 mm
and diameter of 8 mm. The disc was placed in 10
mL of phosphate buffer solutions at pH 2.0, pH
4.0, or pH 7.4, and it was shaken at 60 cycles/min.
At predetermined time intervals the disc was
taken out and dried at 120°C in a vacuum oven for
24 h to measure the weight. The dissolution de-
gree was calculated by [(W, — W)/W,) X 100,
where W, and W, are dried weight of samples
after the test and before the test, respectively.

Measurement of Adhesive Bond Strength

A motor-driven tension meter (AGS-5000D, Shi-
madzu) was used to measure the adhesive bond
strength of the PAA/poloxamer interpolymer com-
plexes and their blends to a plastic (polypro-
pylene) plate. The specimens were cut as discs,
with area of 1.32 cm?, and the discs wetted with
water and placed on the surface of a plastic plate.
Contact continued with the plate under a force of
1.2 N/cm? for 3 min before the measurement. The
peak force required to detach the disc from the
plastic plate was measured.

RESULTS AND DISCUSSION

The PAA/poloxamer interpolymer complexes
were prepared by the template polymerization of
acrylic acid in the presence of poloxamer using
various monomer mol ratios of PAA to poloxamer
(1/1, 4/1, 8/1, and 16/1). The monomer mol ratio
was calculated by dividing the number of mono-
mers in PAA by those in poloxamer. We have
shown in the previous study that hydrogen bond-
ing was formed in a PAA/methoxy poly(ethylene
glycol) interpolymer complex. To test if we can
observe the same phenomena in the PAA/polox-
amer interpolymer complex, FTIR was used to
observe a shift of the carbonyl stretching band of
PAA resulting from hydrogen bonding. Figure 1
shows the effect of monomer mol ratios of PAA to
poloxamer used to prepare interpolymer com-
plexes on the carbonyl stretching band of PAA.
The PAA itself shows the band at 1712 cm ™' due
to the intramolecular hydrogen bonding between
carboxyl groups of PAA. However, some of the
intramolecular hydrogen bondings break, once
PAA and poloxamer form interpolymer complex,
because new hydrogen bonds will be formed be-
tween the carboxyl groups of PAA and the ether
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Figure 1 Effect of monomer mol ratio of the PAA/
poloxamer interpolymer complexes on the carbonyl ab-
sorption band of PAA.

groups of poloxamer, as shown in Scheme 1.
Therefore, once the interpolymer complex is
formed, the carbonyl absorption band of PAA is
expected to be shifted to a higher wave number.!!
As can be seen in Figure 1, the extent of the shift
is minimal up to the monomer mol ratio of 4/1,
and becomes significant at the ratio of 1/1. A large
portion of carboxyl groups of PAA still form in-
tramolecular hydrogen bonding up to the mono-
mer mol ratio of 4/1, because more carboxyl
groups of PAA are available than ether groups of
poloxamer. At the monomer mol ratio of 1/1, every
carboxyl group of PAA has an ether group of
poloxamer available to form hydrogen bonding,
and their interaction becomes significant, result-
ing in a large shift in carbonyl absorption band of
PAA. The results suggest that PAA and polox-
amer formed a complex through hydrogen bond-
ing by template polymerization of acrylic acid in
the presence of poloxamer.

Figure 2 shows the effect of the monomer mol
ratio of the PAA/poloxamer on the T, of the PAA/
poloxamer interpolymer complexes and their
blends. The T, of the PAA/poloxamer interpoly-
mer complexes decreased with a decrease in the
monomer mol ratio of the PAA/poloxamer. Gor-
don-Taylor’s equation provides a relationship be-
tween T, and the composition of a random copol-

g
ymer or a compatible polymer blend as follows.'?

T,=WT, + W,T,,

where T, and T, represent the T, of the two
corresponding components, and W, and W, refer
to the weight fraction of the two corresponding
components, respectively.
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Figure 2 Effect of monomer mol ratio of the PAA/
poloxamer interpolymer complexes and their blends on
the glass transition temperature (T,).

Gordon-Taylor’s equation was used to compare
calculated data with the T, of complexes and
blends. The T,s of PAA/poloxamer interpolymer
complexes matched well with the T,s calculated
by Gordon-Taylor’s equation, while those of their
blends showed some deviation from the calculated
value as shown in Figure 2. These results suggest
PAA and poloxamer in the interpolymer com-
plexes were more compatible with each other
than those in blends.

Figure 3 compares the dissolution degree of
PAA/poloxamer interpolymer complexes and
their blends with various monomer mol ratios
after 4 h in phosphate buffer solutions at pH 2.0,
pH 4.0, and pH 7.4. The dissolution degree of
PAA/poloxamer interpolymer complexes was
lower than that of their corresponding blends at
all monomer mol ratios and at all pHs tested. This
may due to stronger interaction between PAA and
poloxamer in the interpolymer complex resulting
from better compatibility of two components than
in their blends. At pH 2.0 and pH 4.0, the disso-
lution degree of the PAA/poloxamer blend with
the monomer mol ratio of 1/1 was similar to that
of the PAA/poloxamer interpolymer complex with
the same monomer mol ratio. A similar result was
obtained from the measurement of T,. The T, of
the PAA/poloxamer blend with the monomer mol
ratio of 1/1 was similar to the 7, of the interpoly-
mer complex with the same monomer mol ratio,
as shown in Figure 2. The results suggest that the
PAA/poloxamer blend with the monomer mol ra-
tio of 1/1 may form hydrogen bonding more effi-
ciently than the blends with other monomer mol
ratios.

It was also observed that the dissolution rate of
the PAA/poloxamer complex was slower than that
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Figure 3 Comparison of the dissolution degree be-
tween PAA/poloxamer interpolymer complexes and
their blends after 4 h in phosphate buffer solutions at
pH 2.0 (a), pH 4.0 (b), and pH 7.4 (c).

of the PAA/PEG macromer complex reported pre-
viously. It has been reported in the literature that
hydrophobic interaction contributed to the forma-
tion of the interpolymer complex.'® In an inter-



macromolecular complex system, the resulting
complex becomes more hydrophobic in nature due
to the shielding of hydrophilic groups, such as the
carboxyl group of PAA and the ether group of
poloxamer. The hydrophobicity of the complex can
further be increased by the presence of a nonpolar
side group such as the methyl group of poloxamer.
Therefore, shielding of hydrophilic groups and hy-
drophobic interaction within the complex contrib-
ute to the slower dissolution rate of the PAA/
poloxamer interpolymer complex than their blend
or the PAA/PEG macromer interpolymer complex
reported previously.'°

Figure 4 shows the effect of the pH of the
medium on the dissolution rate of PAA/poloxamer
interpolymer complexes with the monomer mol
ratios of 1/1, 4/1, 8/1, and 16/1. The dissolution
rate increased as the ratio of PAA in the inter-
polymer complex increased due to the hydrophi-
licity of PAA. As the pH of the medium increased,
the dissolution rate increased. When the pH was
lower than the pKa of PAA (4.75), the majority of
the carboxyl groups of PAA were nonionized and
the hydrogen bonding could be maintained, lead-
ing to a slower dissolution rate.

Table I shows the adhesive bond strength of
the PAA/poloxamer interpolymer complexes and
their blends to a plastic (polypropylene) plate
against monomer mol ratios. The adhesive bond
strength was measured by measuring the force
required to break the contact between the PAA/
poloxamer interpolymer complex and plastic
plate. The results show that the adhesive bond
strength of PAA/poloxamer interpolymer com-
plexes was increased as the fraction of PAA in the
complex increased. The adhesive bond strength of
the complex was greater than their corresponding
blends at all ratios and Carbopol 971P NF, a
well-known commercial mucoadhesive polymer,
which is PAA crosslinked with allylpentaerythri-
tol.

CONCLUSIONS

The PAA/poloxamer interpolymer complex pre-
pared by template polymerization of acrylic acid
in the presence of poloxamer showed strong ad-
hesive bond strength and a limited water solubil-
ity, which are essential requirements for develop-
ing a transmucosal drug delivery system. The
interpolymer complexes were formed through hy-
drogen bonding, and was confirmed by FTIR. The
carbonyl band of PAA in the interpolymer com-
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Figure 4 Effect of the pH of the medium and mono-
mer mol ratio of PAA/poloxamer on the dissolution

degree of PAA/poloxamer interpolymer complexes at
pH 2.0 (a), pH 4.0 (b), and pH 7.4 (¢).

plexes was shifted to a higher wave number due
to hydrogen bonding between PAA and polox-
amer. The T, in PAA/poloxamer interpolymer
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Table I The Effect of Monomer Mol Ratio on
Adhesive Bond Strength of PAA/Poloxamer
Interpolymer Complexes and Their Blends to
Plastic (Polypropylene) Plate

Adhesive Bond Strength (Kgf)

PAA/
Poloxamer
Monomer mol Interpolymer  PAA/Poloxamer
Ratio of Complexes Blends
PAA/Poloxamer (Av. = SD) (Av. = SD)
1/1 1.63 = 0.19 0.36 = 0.02
4/1 1.98 = 0.09 1.52 = 0.17
8/1 2.19 = 0.25 1.86 = 0.08
16/1 2.58 = 0.35 2.05 = 0.13
Carbopol 971P NF 1.27 + 0.04

n = 10.

complexes was decreased with a decrease in
monomer mol ratio of PAA/poloxamer. PAA and
poloxamer in the interpolymer complexes were
more compatible with each other than those in
the blends. The dissolution rate of PAA/polox-
amer interpolymer complexes was slower than
that of PAA/poloxamer blends due to hydrogen
bonding and hydrophobic interaction, and depen-
dent on the pH, monomer mol ratio of PAA/polox-
amer. The adhesive bond strength of the inter-
polymer complexes was greater than that of their
blends and commercial Carbopol 971P NF. It was
concluded that the PAA/poloxamer interpolymer
complex was a better mucoadhesive polymer to be
used for the transmucosal drug delivery system

than PAA/PEG or PAA/PEG macromer interpoly-
mer complexs.
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