International Journal of Pharmaceutics 372 (2009) 154-161

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect

International Journal of Pharmaceutics o

H PHARMACEUTICS
iy

Pharmaceutical Nanotechnology

The synthesis of novel pH-sensitive poly(vinyl alcohol) composite hydrogels
using a freeze/thaw process for biomedical applications

Michael J. Mc Gann'!, Clement L. Higginbotham 2, Luke M. Geever!, Michael ].D. Nugent*

Engineering Department, Athlone Institute of Technology, Dublin Rd, Athlone, Co. Westmeath, Ireland

ARTICLE INFO ABSTRACT

Article history:

Received 6 October 2008

Received in revised form 9 January 2009
Accepted 9 January 2009

Available online 20 January 2009

Keywords:

Hydrogel composite
Poly(vinyl alcohol)
Drug delivery
Aspirin

Physically cross-linked hydrogels composed of 75% poly(vinyl alcohol) PVA and 25% poly(acrylic acid)
were prepared by a freeze/thaw treatment of aqueous solutions. Between 0.5 and 1 wt% of aspirin was
incorporated into the systems. The purpose of the research was the development of a novel pH-sensitive
hydrogel composite for the delivery of aspirin to wounds. Extensive research has being conducted on
freeze/thaw poly(vinyl alcohol) hydrogels for use in active pharmaceutical ingredient (API) delivery.
However very little research has been reported on the effects of an API on the overall properties of a
freeze/thaw hydrogel. From the rheological analysis undertaken it was apparent that aspirin has a limit-
ing effect on the formation of hydrogen bonding leading to hydrogels with reduced mechanical strength.
To counteract this, a novel hydrogel system was developed encompassing a reinforcing film in the centre
of the hydrogels. Freezing profiles were obtained to gain a better knowledge of the freezing behaviour of

the hydrogels during the formation stage. Thermograms obtained from modulated differential scanning
calorimetry (MDSC) indicated that the aspirin lowered the glass transition temperatures (Tg) of the con-
stituent polymers. The pH-sensitive nature of the hydrogels was apparent from solvent uptake studies
carried out. Increasing alkaline media led to a greater degree of swelling due to increased ionisation of
PAA. The hydrogels exhibited non-Fickian release kinetics. The release rates were relatively slow with
total release achieved at between 30 and 40 h. The quantity of drug incorporated was found to influence

the release rates considerably.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogels are cross-linked hydrophilic polymer networks which
can absorb thousands of times their dry weight when submersed
in suitable media (Hoffman, 2002). They can be either physically
or chemically cross-linked and are rendered insoluble due to the
presence of these chemical, covalent, ionic or physical cross-links.
The latter can be entanglements, crystallites, or hydrogen-bonded
structures (Peppas, 1987). Currently methods that do not use chem-
ical cross-linking agents for producing hydrogels, have become
very prevalent and necessary due to toxicity of many cross-linking
agents (Hickey and Peppas, 1997; Hennink and Van Nostrum, 2002).
One method for producing physically cross-linked hydrogels is the
freeze/thaw method. This method produces stable gels that are
cross-linked by the presence of crystalline regions (Hassan and
Peppas, 2000a).
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Hydrogels have become increasingly important materials for
pharmaceutical and biomedical applications (Staudt-Bickel and
Lichtenthaler, 1994). In particular the field of API delivery is advanc-
ing rapidly (Langer, 2001). By controlling the precise level and/or
location of an API in the body, side effects are reduced, lower doses
are often possible, as are new therapies (Langer, 1998). Some envi-
ronmental variables, such as low pH and elevated temperatures,
are found in the body. For this reason, either pH-sensitive and/or
temperature-sensitive hydrogels can be used for site-specific con-
trolled API delivery (Qiu and Park, 2001).

PVA is a unique material as even in atatic form, it is semi-
crystalline despite the lack of stereo regularity (Huang et al., 2006).
In aqueous solutions with a polymer concentration of more than
1%, entangled aggregates of hydrogen bonded PVA molecules are
formed. This is the consequence of the formation of crystalline
regions (Hernandez et al., 2004). Freeze/thawed gels are formed by
dissolving polymer in a suitable solvent and freezing the solution.
Upon freezing the solvent, crystals grow until they meet the facets
of other crystals. The effect of these crystals is the formation of a
porous system upon thawing (Lozinsky et al., 2003). This porous
structure allows diffusion of solutes of practically any size. PVA
hydrogels prepared using freeze/thaw techniques have great poten-
tial for biomedical applications (Stauffer and Peppas, 1992; Peppas,
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1975). This is due to a high swelling capability often coupled with
relatively good mechanical properties and good biocompatibility
(Hassan and Peppas, 2000b).

PAA is a biocompatible material that elicits little antigenic reac-
tion in vivo. Hence, PAA has widely been used in the area of the
site-specific API delivery to particular regions of the gastrointesti-
nal tract (Huang et al., 2007). Polymer networks containing PAA
can form polyelectrolyte or hydrogen bonded complexes that are
strongly dependent on the environmental pH and ionic strength
(Kim and Peppas, 2003). The pH-sensitive nature of these hydro-
gels is due to the presence of COOH within the hydrogel structure
(Mahaveer and Aminabhavi, 2004). All the pH-sensitive polymers
contain pendant acidic (e.g. carboxylic and sulfonic acids) or basic
(e.g. ammonium salts) groups that either accept or release pro-
tons in response to changes in environmental pH, for instance PAA
becomes ionised at high pH (Qiu and Park, 2001). This pH-sensitive
nature of the hydrogel makes it ideal for use in API delivery due to
localised swelling in target areas.

The main focus of this research was on creating a novel PVA/PAA
hydrogel composite with aspirin incorporated into the gel. Research
already conducted by Nugent and Higginbotham (2007) on hydro-
gel composites showed potential for use as drug delivery devices.
In continuation of this research, solvent cast films are frozen into
the centre of the hydrogel to act as reinforcing films creating a novel
reinforced hydrogel system for use in the biomedical field. Hydrogel
composites have the ability to possess numerous required proper-
ties in one system. They can be effective API delivery devices and
have the ability to adhere to body parts, such as intestinal walls,
bones, etc., for site-specific drug delivery (Wu et al., 2008). Hydrogel
composites have also great potential as biosensors and electrically
controlled artificial muscles (Brahim et al., 2002; Moschou et al.,
2006).

Aspirinis a widely used mild analgesic. Long-term use of aspirin,
which is finally metabolized to salicylic acid (SA), has been shown to
reduce the risk of cancer of the colon, breast, prostate, lung, and skin
(Pal and Banthia, 2006). Aspirin also possesses anti-coagulatory
properties which make it ideal for use in limiting scar forma-
tion. The anti-coagulatory properties help reduce swelling around
the wound which is essential in limiting scarring (Danielson and
Walter, 2005).

2. Materials and methods
2.1. Preparation of samples

Gels were prepared by dissolving (PVA) supplied by Aldrich with
an average molecular weight of 146,000-186,000 and a saponifica-
tion degree of 98-99% and poly(acrylic acid) supplied by Aldrich
with a weight average molecular weight of 3,000,000 in 40 ml of
deionised water at 80°C for 1 h under constant stirring. From pre-
vious research conducted by the authors, the optimum ratio for
viable hydrogels was found to be 75% PVA and 25% PAA. All hydro-
gels in this current research were made in this ratio. The aqueous
solutions were cast in polystyrene moulds and placed in a sonicator
to remove any bubbles that may have been present. The solutions
were then rapidly frozen using a Julabo F81-ME cryostat bath unit
which circulates thermal oil at a constant temperature of —80°C.
The frozen solutions were then thawed at ambient temperature
resulting in gelation. PVA/PAA gels were also produced without any
aspirin present for comparative research. As in previous research
undertaken by the authors, solvent cast films at a concentration of
66% PVA, 34% PAA were produced by casting an aqueous solution in
polystyrene Petri dishes. These films were used as reinforcing films
within the hydrogels. The reinforced hydrogels were prepared by
freezing half a solution in a mould. The film was then placed on this

frozen solution and the remaining solution was poured into the
mould and frozen. Samples for drug dissolution were prepared by
first dissolving the required quantity of aspirin, 0.5% or 1%, in 10 ml
of deionised for 1h at 80°C and then adding this to the PVA/PAA
solutions.

2.2. Freezing profile

A freezing profile was obtained using a Digitron ultra low
temperature thermometer. Temperatures were recorded at 10s
intervals until the gels were completely frozen.

2.3. Solvent uptake studies

Solvent uptake studies were carried out on hydrogels comprised
of 75% PVA, 25% PAA with 1 wt% aspirin incorporated. The gels were
submerged in pH buffer solutions of 4, 7.2 and 9 at a temperature
of 37 °C for 120 h. The samples were weighed at set intervals of 1, 2,
4, 8, 24, 48 and 72 h and the changes in weight were noted. Before
samples were weighted they were blotted to remove any excess
media from the surface. The solvent uptake was calculated using
formula (1);

W,
solventuptake = —L x 100 (1)

Wo
where Wt and Wy are weight of gel at time interval and initial weight
of gel respectively.

2.4. Modulated differential scanning calorimeter

MDSC scans were obtained from using a DSC2920 MDSC from TA
instruments. Scans were performed on pure PVA, PAA and aspirin
respectively to obtain the values for each of their thermal tran-
sitions. All samples weighed between 10 and 11 mg. As hydrated
gels did not comprise sufficient polymeric material to detect ther-
mal transitions samples were dried in an oven at 37 °C for 48 h. All
samples were encapsulated in sealed aluminium sample pans and
ramped from a temperature of 20-260°C at a rate of 3°C/min and
a modulation was +1.00°C every 60 s. The results were plotted as a
function of heat flow (W/g) against temperature (°C).

2.5. Rheometry

Rheometry tests were carried out using an AR 1000 rheometer
from TA instruments. The tests were carried out using the parallel
plate method. A Peltier plate was used as the heating element. A
40 mm steel plate was used as the top geometry. The test comprised
of a gel being heated from 20 to 60 °C at a rate of 2 °C/min while an
oscillating stress was exerted on the gel. Three different oscillating
frequencies were used in each test, 1, 5.5 and 10 Hz respectively.

2.6. Drug dissolutions studies

Drug dissolution profiles were obtained using a Sotax AT7 smart
dissolution system from Carl Stuart Ltd. The hydrogels were loaded
with 0.5 and 1 wt% of aspirin and cylindrical samples of 5 g in weight
were tested in phosphate buffer solution of pH 7.2 at 37 °C. The stir
rate was set to 50 rpm with 900 ml of dissolution media used per
vessel. Six vessels were used for each scan. Samples were automat-
ically taken at set intervals and analysed by ultraviolet (UV) light on
a PerkinElmer lambda 2 spectrometer. Six samples of hydrogel with
0.5% aspirin incorporated were analysed and the software produced
a plot of the average release from the six samples. The dissolution
curve for the hydrogel samples with 1% aspirin was also obtained
using this method.
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Fig. 1. Schematic of reinforcing film enclosed in a hydrogel.

3. Results and discussion
3.1. Visual inspection

As the PVA and PAA dissolved in the H,O, the solution became
very viscous with many bubbles present. These bubbles were elim-
inated using a sonicator. Upon addition of aspirin, the solution
changed from a transparent solution to a white, opaque solu-
tion. Visual inspection of the gels after the freeze/thaw procedure
showed that solutions without aspirin present formed translu-
cent gels whereas the solutions with aspirin present formed white,
opaque gels. This could indicate an increase in crystallinity which
would lead to an increase in strength. However upon removal from
the polystyrene moulds, the gels appeared weaker and did not hold
their integrity as well as the gels without aspirin incorporated. This
could indicate the colour change was due to the aspirin acting as a
pigment.

To counter the apparently poor mechanical structure of the
aspirin loaded gels a composite structure was formed by incorpo-
rating a film. Hydrogel composites loaded with aspirin appeared
to have much better strength in comparison to the aspirin loaded
gels without films. Fig. 1 shows a schematic of a film within the
hydrogel.

3.2. Freezing profile

Fig. 2 shows the freezing profile of a hydrogel frozen in the cryo-
stat bath and a hydrogel frozen liquid nitrogen. The linear curve
obtained from the gel frozen in the cryostat bath indicates that the
bath allows for total control over the freezing process in compari-
son to the erratic curve obtained from the freezing a gel in liquid
nitrogen. This control allows for consistent gels to be continually
produced. Hickey and Peppas (1995) reported that the freezing time
and temperature can alter the properties of freeze/thaw technique.
A cryostat bath enables the freezing temperature and conditions to
be identical every time, ensuring consistent gels are produced.

Freezing Profile
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Fig. 2. Freezing profiles of hydrogel frozen in cryostat bath and liquid nitrogen.
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Fig. 3. Table showing % swelling versus time (h) for hydrogel.

3.3. Solvent uptake studies

As these hydrogels may have applications in wound care, a pH
of 7.2, similar to the pH of blood was used. An acidic buffer solution
of pH 4 and a basic buffer solution of pH 9 were used for com-
parative purposes. Fig. 3 shows solvent uptake studies carried out
on hydrogels comprised of 75% PVA, 25% PAA with 1 wt% of aspirin
incorporated. It was apparent that the degree of swelling of the gels
in pH buffer of 7.2 was much greater than that of the gels in pH 4.
This is due ionisation of the PAA in the polymer matrix. Due to the
dissociation of carboxylic acid groups of the PAA and aspirin and
the influx of counter ions, the concentration of ions in the hydrogel
is higher than in the surrounding solution. This causes a difference
in osmotic pressure and results in a solution flux into the hydrogel
and, consequently, a swelling (Gerlach et al., 2005). This occurs to a
greater extent in pH 7.2 than pH 4, as the pH of the media is closer
to the pK, value of PAA which is reported as 4.25 (Jin and Hseih,
2005). This results in reduced ionisation of PAA and less swelling.
In the buffer solution of pH 9 the hydrogels swell to almost three
times their initial weight.

3.4. MDSC characterization

Due to the high percentage of water content in the hydrogel
samples, MDSC scans failed to detect any thermal transitions of the
polymer present in the swollen polymers. Therefore all samples
were dried at 37 °C for 48 h before testing.

Fig. 4 shows a thermogram obtained from pure aspirin in crystal
form. The large peak at 135°C represents the crystalline melting
point (T, ) of aspirin. The peak at 241 °C is due to the degradation
of the material at high temperatures. This corresponds to values
reported by Pal and Banthia (2006).

Fig. 5 shows a thermogram of pure PVA in crystal form. The sharp
peak at 219 °C represents the Ty, of the PVA. The a relaxation which
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Fig. 4. DSC curve of aspirin in crystal form.
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Fig. 5. DSC curve obtained from pure PVA in crystal form.

represents the Tg of PVA is represented by the step change at 29 °C.
This is considerably lower than the value reported in literature
(Maurer et al., 1987). This is due the presence of residual water and
its plasticizing effect on the polymer (Hirankumar et al., 2005). The
[ relaxation which represents secondary crystalline relaxation can
be seen at 137 °C. From literature these transitions are reported as
being 85 and 143 °Crespectively (Nugent and Higginbotham, 2007).

Fig. 6 shows the thermogram of pure PAA in powder form. The
« relaxation peak of the PAA is represented by the step change at
58°C. This is lower than reported values which is again due to the
plasticizing effect of residual moisture on the polymer (Park et al.,
2001; Maurer et al., 1987). PAA is an amorphous material hence no
crystalline melting peak is present.

Fig. 7 shows thermograms obtained from hydrogels comprised
of PVA/PAA in the ratio of 75:25. One hydrogel has 1% aspirin incor-
porated. The Ty, of both hydrogels is 204°C. This is a decrease
of 14°C in comparison to that of pure PVA seen in Fig. 5. This
decrease in melt temperature is possibly due to morphological
changes within the polymer matrix. These may involve changes in
the size of the crystallites and the degree of crystallinity (Devine et
al., 2006). The hydrogel without aspirin incorporated exhibits a Tg
of 103 °C. This is a significant increase from that of pure PVA in Fig. 5.
This increase is possibly due to hydrogen bonding between the O-H
group of the PVA and the carboxylic acid group of the PAA. These
hydrogen bonds act as physical cross-links and induces an increase
in the molecular chain stiffness of PVA in the crystalline regions.
The hydrogel with aspirin incorporated exhibits a Tg at 75°C rep-
resented by the step change in the curve shown in Fig. 8. This is
a significant increase from that obtained from pure PVA as can be
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Fig. 6. DSC curve obtained from pure PAA in powder form.
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Fig. 7. DSC thermogram of a PVA/PAA hydrogel in the ratio of 75:25 with 1 wt%
aspirin incorporated.

seen in Fig. 5. Again this is due to hydrogen bonding between the
PVA and PAA. However there is a distinct decrease of the T of this
hydrogel from that observed in the thermogram of the PVA/PAA
hydrogel without aspirin incorporated as seen in Fig. 9. This is pos-
sibly due to the carboxylic acid group of the aspirin interacting with
the carboxylic acid group of the PAA which results in a decrease in
hydrogen bonds being formed between the PVA and PAA (Hassan
et al., 2000).

3.5. Rheology analysis

Fig. 8 shows the storage modulus (G') and loss modulus (G'")
as a function of temperature obtained from a swollen hydrogel
composed of PVA/PAA in the ratio of 75:25. Focusing on the stor-
age modulus, the gel has reasonable strength ranging from 260
to 350Pa over the range of frequencies with the curve marked 1
being 1 Hz, the curve marked 2 being 5.5 Hz and the curve marked
3 being 10 Hz. A decrease in strength is observed between 35 and
45°C. This decrease is possibly due to the uncoiling of crystalline
regions within the polymer matrix (Huang et al., 2006). This hap-
pens at such low temperatures due to the high quantity of water
and its platicising effect on the polymer. At 55°C a much sharper
decrease in strength is observed. This decrease is due to breaking of
the hydrogen bonds acting as physical cross-links. This was deter-
mined by initially creating a hydrogel of 100% PVA. The result was
a gel with extremely poor viability.

However with the addition of PAA a much more viable gel was
produced. This indicates that crystalline regions in the PVA act as
physical cross-links but only to a small degree. This phenomenon
has already being reported by Sinclair and Peppas (1984). The pre-
dominant factor in the gelation of these hydrogels is hydrogen
bonds acting as physical cross-links. These hydrogen bonds are
formed between the carboxylic acid groups of the PAA and the O-H
group of PVA.

Fig. 9 shows the storage and loss modulus for a swollen hydrogel
with the same composition as Fig. 11 but with 0.5% aspirin incor-
porated. The strength of this gel is observed as being between 100
and 145 Pa over the three frequencies. This is a sharp decrease in
comparison to the gel without aspirin. This decrease is most likely
due to the aspirin preventing hydrogen bonds forming between
the PVA and PAA due to interactions between the carboxylic acid
groups of the PAA and aspirin. This corroborates the findings from
the MDSC scans which also indicated that the addition of aspirin
led to a decrease in the degree of hydrogen bonding. The curves on
this graph follow the same trend as the curves in Fig. 8. There is a
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Fig. 8. Curve of storage {G’ (Pa)} and loss {G” (Pa)} versus temperature for a PVA/PAA gel.
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Fig. 9. Curve of storage {G’ (Pa)} and loss {G” (Pa)} versus temperature for a PVA/PAA gel with 0.5 wt% of aspirin incorporated.

visible decrease in the strength of the gel between 30 and 40 °C. The
strength of the gel then remains constant until 47 °C at which point
the strength of the gel sharply decreases. As stated already the small
decrease in strength at 30°C is due to the uncoiling of crystalline
regions acting as physical cross-links (Huang et al., 2006). The sharp
decrease in 47 °C is due to the breaking for hydrogen bonds acting
as physical cross-links.

Fig. 10 shows the storage and loss modulus for a swollen gel of
the same composition as above but with 1% aspirin incorporated
into the matrix. The strength of this gel is approximately 60-75 Pa
across the frequencies, again showing a further decrease in the
strength with the addition of aspirin.

The results obtained show that the addition of aspirin into the
polymer network inhibits hydrogen bonding between the PVA and
PAA. It is also apparent that the strength of the gels is proportional
to the amount of aspirin incorporated.

Fig. 11 shows the storage and loss modulus obtained for a hydro-
gel composite with 1 wt% of aspirin incorporated and also a novel
reinforcing film incorporated in the centre of the gel. The film
is a solvent cast film of PVA and PAA in the ratio of 66:34. The
strength of the gel ranges from 175 to 260 Pa across the frequencies.
This is a considerable increase from that of the gel in Fig. 10. The
film effectively accomplishes its objective and acts as a reinforcing
film leading to a more viable gel with much improved mechani-

100.0 == PVA 75% PAA 25 % APl 1%wt THLZ 100.0
== PVA 75% PAA 25 % API 5.5%wt 1HLz
9000 oo PVA 75% PAA 25 % AP 10%wt 1HIz 1 9000
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Fig. 10. Curve of storage {G' (Pa)} and loss {G" (Pa)} versus temperature for a PVA/PAA gel with 1 wt% of aspirin incorporated.
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Fig. 11. Curve of storage {G' (Pa)} and loss {G"’ (Pa)} versus temperature for a PVA/PAA gel with 1 wt% of aspirin incorporated and a reinforcing film in the centre of the gel.

cal properties. However at 45 °C the hydrogen bonds break and the
composite reverts back to a viscous solution.

The decrease in the strength of the gels can be possibly explained
by the formation of carboxylic acid dimers between the PAA and
aspirin. These dimers form readily at elevated temperatures and
are essentially hydrogen bonding between the PAA and the aspirin.
A diagram of this reaction can be seen in Fig. 12. As the aspirin
is bonded to the reactive groups of the PAA chains, little hydro-
gen bonding can occur between the PVA and PAA. This would also
explain why an increase of aspirin incorporated into the gels leads
to a decrease in the mechanical strength of the gel. A higher quan-
tity of aspirin in the hydrogel would lead to a greater the degree
of bonding between the aspirin and the carboxylic acid groups of
the PAA. This leaves less reactive groups of PAA to bond with the
PVA. Consequently the degree of hydrogen bonding between the
PVA and PAA would be further diminished. This would also explain
the changes in the Tg values observed in Fig. 7.

3.6. Drug dissolution studies

Fig. 13 shows the results obtained from drug dissolution studies
carried out on PVA/PAA hydrogels with 0.5% and 1% aspirin incor-
porated. The media used for these analyses was buffer solution with
pH 7.2.

The drug release mechanisms in swellable hydrogels have been
widely reported (Mahaveer and Aminabhavi, 2004; Qiu and Park,
2001). Before swelling occurs the drug molecules are entrapped
within the polymer matrix. As the hydrogel swells, the molecular
weight between cross-links increases. This essentially means that
the mesh size becomes larger. With a greater mesh size, the drug
molecules are free to diffuse out of the gel.

AN

-0 o-
o OH i Heat ?':“‘ ?'L*‘
o F
PAA o OH L

ASPIRIN

Fig. 12. Diagram of interaction between PAA and aspirin.

The gels in this research are partially swollen initially. Research
conducted by Nugent and Higginbotham (2007) showed that the
API molecules are free to diffuse out of these hydrogels without the
occurrence of swelling. The driving mechanism for molecule trans-
port in this previous research was diffusion. However as there is
a different API used in this research the properties of the hydro-
gels have been altered. The hydrogels characterised in this research
exhibit significant degrees of swelling in media of pH 7.2.

Diffusion coefficients were calculated based on fitting the first
60% of the release to the equation (Peppas and Scott, 1992):

M

Moo
where M;/My is the fractional release, k is the kinetic constant and
nis the diffusion exponent. When log M;/My is plotted against log t,
the value of the diffusion exponent n was obtained. The diffusion
exponent (n) for the samples loaded with 0.5% and 1% aspirin was
found to be 0.65 and 0.71 respectively. Peppas has reported that
for cylindrical devices a diffusion exponent less that 0.45 indicates
diffusion-controlled transport. A diffusion exponent of between
0.45 and 1 indicates non-Fickian or anomalous transport and a value
above 1indicates Case I transport (Ritger and Peppas, 1987). There-
fore the driving mechanism in the API release of these hydrogels
is non-Fickian transport. This was expected as Case IT transport
only occurs when a hydrogel swells from a dry glassy phase to a
wet rubbery phase upon contact with media (Ritger and Peppas,
1987). The gels in this research are partially swollen upon synthesis
and therefore API molecules are free to diffuse out without fur-
ther swelling. However in the basic media of pH 7.2 the gels swell
to a greater extent allowing more ease for solute diffusion. There-
fore drug release occurs due to a combination of macromolecular
relaxations due to swelling and Fickian diffusion.
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Fig. 13. Drug dissolution studies carried out on a PVA/PAA hydrogel with 0.5% and
1% aspirin incorporated.
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Fig. 14. Comparison between drug release and swelling ratio for hydrogel with 1%
aspirin incorporated in pH 7.2 media.

Langer and Kost (2001) proposed that the release from swellable
hydrogels is mediated by a moving front mechanism. This moving
front is the swelling of the hydrogel from its outer surface to its
centre. The API molecules are assumed to be somewhat free to dif-
fuse out of the partially swollen hydrogel in its initial state. From
the solvent uptake studies carried out in this research, it is evi-
dent that the gels swell further in basic pH media. As the swelling
front passes a given API molecule, the latter finds itself in a more
swollen polymer phase, through which it may diffuse to the outer
solution with greater ease (Peppas et al., 1999). Assuming the API
molecules diffuse much faster than the polymer swells, drug release
should follow almost precisely the swelling front (Siegel and Kost,
1990). For true swelling-controlled release systems, the diffusional
exponent, n, is 1 (Lowman and Peppas, 1999).

Comparing the swelling results for a hydrogel with 1% aspirin
incorporated in media of pH 7.2 with drug release results of the
same gel and media it is evident that the release follows the same
trend as swelling (Fig. 14). Samples loaded with 1 wt% of aspirin
were found to have 100% release after 40 h. There is an initial burst
release after which the release slowed. As the swelling reaches equi-
librium the release rate slows. This indicates that the swelling of the
hydrogel has a significant effect on the transport of the aspirin from
the gel to the surrounding media.

The quicker release for the gel with 0.5% aspirin incorporated is
simply due to the fact that there is less API to be released and so it
takes less time. 100% release is achieved after 25 h.

4. Conclusion

In this work we have evaluated the potential for novel poly(vinyl
alcohol)-poly(acrylic acid) freeze thaw composite hydrogels for use
as a wound dressing with the capability of delivering aspirin to the
wound. The research showed that the incorporation of APIs, in this
case aspirin, can have a significant effect on the overall mechan-
ical properties of freeze/thaw PVA/PAA hydrogels. The effect of
incorporating aspirin within the hydrogel led to a decrease in the
mechanical properties of the overall structure. To compensate for
this loss in mechanical strength, a novel hydrogel-film compos-
ite was produced. The film acted as a reinforcing film within the
hydrogel.

From DSC analysis carried out it was evident that aspirin had a
plasticizing effect effectively lowering the T of the PVA within the

gels by more than 25 °C. From solvent uptake studies carried out it
was observed that less swelling occurred in media of pH 4 than in
pH 9. This is due to the pH-sensitive nature of the hydrogel caused
by the addition of PAA and aspirin which contain reactive groups.
Anomalous or non-Fickian transport was the predominant release
mechanism for these hydrogels. The novel composites produced in
this study have particular potential in wound care, specifically scar
limitation.
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