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We report on the preparation of both porous and non-porous poly(vinyl alcohol) (PVA) hydrogels that can be used as carriers to release
proteins. Non-porous gels were prepared by freezing and thawing of aqueous PVA solutions, while porous gels were formed by adding porosigens
such as NaCl or ammonium carbamate into aqueous PVA solutions. Bovine serum albumin, a model protein, was loaded into non-porous prior
to freezing and thawing, and release under various conditions was performed. The number of freezing/thawing cycles affected the initial rate of
release, the amount of protein released, and the transport mechanism of BSA.
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Controlled drug or protein release from biocompatible
polymers is an increasingly important area of research in phar-
maceutical engineering. Polymer hydrogels are cross-linked
networks of hydrophilic polymers that are used as versatile
release materials. Specifically, hydrogels of poly(vinyl alcohol)
(PVA) show great potential because of the unique biomedical
properties of PVA and its ability to be prepared by benign
preparation techniques [1, 2].

We stress that the success of a release system is most
dependent on the carrier of the drug delivery system. Many
preparation techniques require the use of toxic agents such as
cross-linking agents, catalysts, and stabilizers. These chemicals
can leach out of the carriers and make them unsuitable for
biological applications. Therefore, there is a high demand for
carriers made by benign manufacturing techniques.

One such benign process is the formation of PVA hydrogels
by freezing and thawing aqueous PVA solutions. Upon freezing
and thawing, crystalline regions form in the ensuing gels [1 -6].
PVA is one of the few polymers that exhibit this phenomenon.
Its crystalline regions serve as cross-linking sites in the gel.
Thus, after freezing and thawing the gel behaves as a matrix
of chemically cross-linked polymer chains. PVA itself is a non-
toxic and non-carcinogenic material and has been approved
for use in several devices such as contact lenses and artificial
organs [7, 8].

Drug or protein molecules can be loaded into PVA gels,
but drug release can be slow due of the time required for water
diffusion into the hydrogel. Many applications require faster
release [9]. By creating channels or pores in the PVA hydrogels,
water can diffuse much more rapidly into the gel and the release
time can be greatly reduced.

The specific goals of this work were to create porous and
non-porous hydrogels and to study the protein release proper-
ties of these materials.
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. POLY(VINYL ALCOHOL) HYDROGELS
Hydrogels are polymer networks held together by physical
or chemical cross-links. Although the polymer is hydrophilic,
the cross-links make the gel insoluble in water. These networks
are stable at room temperature and swell when immersed in
water. The extent of the swelling is determined by the density
of cross-links and the intrinsic properties of the polymer [1].
Chemical cross-linking agents have been used to success-
fully form cross-links, but these materials tend to be toxic even
in small quantities. Harmful agents hinder the use of polymer
films in pharmaceutical and biomedical applications. A possible
solution to the cross-linking dilemma s the utilization of aunique
property of PVA: when an aqueous solution of PVA is exposed
to repeated cycles of freezing and thawing, crystallites form and
act as physical cross-links (see Figure 1), and the final polymer
behaves as if it were chemically cross-linked [1, 10-19].

crystallite

Figure 1 - Structure of amorpous and crystalline PVA regions after
freezing and thawing.
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The properties of PVA hydrogels are affected by the process
of freezing and thawing. Since 1975, our group [3] has been
working with PVA systems synthesized by freezing and thaw-
ing. The crystallization of PVA was first verified using turbidity
measurements of PVA solutions as they were subjected to various
freezing and thawing periods [3, 20-24]. The properties of water-
swollen PVA systems were determined by their temperature-time
histories. It was also concluded that crystallite formation was a
function of thawing time, freezing time and the polymer con-
centration of the PVA solution. During thawing the size of the
crystallites first increased and then decreased probably because
of the breakdown of crystallite structures. Higher weight percent
solutions produced larger crystallites while longer freezing time
resulted in increased crystallinity [3].

Hyon et al. [4] suggested a mechanism for the formation
of crystallites in PVA gels. As the temperature of the PVA so-
lution decrease below room temperature, the intermolecular
interactions among the chains may produce crystallites. This
phenomenon is facilitated by the formation of hydrogen bonds.
As the cooling time increases, the crystallization proceeds fur-
ther. The end result is a material of high mechanical strength
prepared without chemical cross-links.

Urushizaki ez al. [5] determined that the number of freezing
and thawing cycles affected the degree of physical cross-linking.
They concluded that as the number of freezing and thawing
cyclesincreased the gels became stiffer and firmer. Stauffer and
Peppas [6] further investigated the mechanical integrity and
swelling ratio of PVA gels. An increase in freezing time, number
of freezing and thawing cycles, or PVA concentration resulted
inincreased mechanical strength and decreased swelling ratios.
Their work also determined that stable hydrogels were formed
after only one hour of freezing. The rate of equilibrium water
uptake decreased with increased number of cycles, suggesting
that the additional cycles caused substantial densification of
the gel structure. The weight-swelling ratio of the hydrogels
indicated that hydrogels underwent major structural changes
during the early freezing and thawing cycles.

Drugs, proteins, and other therapeutic substances can be
released from chemically cross-linked films. Fujisato er al. [7]
released several important compounds such as glucose, heparin
and albumin from chemically cross-linked PVA films.

Our group [8, 25-35] investigated the release of a model
protein, bovine serum albumin (BSA), from physically cross-
linked PVA systems. BSA was incorporated into the PVA
solution prior to freezing and thawing. First, the integrity of
the protein was analyzed by freezing a dilute BSA solution for
seven days. Both UV spectrometry and ELISA tests confirmed
that the protein conformation was unaffected by the freezing
and subsequent thawing. The release of BSA exhibited Fickian
diffusion (the diffusional coefficient, n, was between 0.49 and
0.56). The crystallinity had little effect on the BSA release.

Mongia et al. [11, 24] studied the mucoadhesive properties
of PVA. The best candidates for mucoadhesive applications
were samples prepared from 20 wt% aqueous PVA solutions
that were exposed to two freezing and thawing cycles. These
gels demonstrated high values of work of adhesion in contact
with mucin and high mechanical strength. Drug release from
PVA samples was also investigated. PVA disks were prepared
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by freezing and thawing of 20 wt% aqueous PVA solutions.
The gels were exposed to two, three, or four cycles of freezing
for twelve hours followed by thawing for two hours. The disks
were then soaked in theophylline or oxprenolol hydrochloride
solutions for 24 h and the drugs were incorporated prior to the
cyclical process. The drug release was monitored over time by
using a UV/Vis spectrophotometer.

The mode of drug incorporation greatly affected the release
behavior. The release of theophylline was much faster for sys-
tems prepared by immersing a hydrogel in a drug solution than
for the samples with the drug incorporated prior to freezing and
thawing.

Certain release applications require faster release than can
be achieved by hydrogels prepared by freezing and thawing of
an aqueous PVA solution. The delivery of therapeutic agents to
the stomach requires faster release. One way to achieve a faster
swelling time is to prepare highly porous hydrogels [9].

The focus of the present contribution was to synthesize
non-porous and porous PVA hydrogels for drug delivery ap-
plications and to characterize the release of model protein from
these carriers.

Il. EXPERIMENTAL PART
1. Synthesis of porous and non-porous
hydrogels

Freezing and thawing cycles were employed to synthesize
PVA gels. Aqueous solutions of 10 and 15% by weight of PVA
were subjected to two, three and four freezing and thawing
cycles at - 20 and 25°C, respectively. Each cycle consisted of
4 h of freezing and 8 h of thawing at room temperature.

PVA (Elvanol HV, E.I. DuPont de Nemours, Wilmington,
DE, United States, Mn = 64,000, polydispersity index = 2.02,
degree of hydrolysis = 99.0) and deionized water were mixed
and placed inanoven for 6 hat90°C. The resulting solution was
cooled and poured between two flat glass plates separated by
Teflon spacers and secured with clips. After the gel underwent
freezing and thawing, the polymer film was cut into thin disks,
approximately 12 mm in diameter.

Porous hydrogels were synthesized by the incorporation of
two different salts into a PVA solution. Sodium chloride and
ammonium carbamate were incorporated in a 1:4 and 1:1 ratio
of saltto PVA. Ammonium carbamate decomposes at 40°C so it
was added to the PVA solution after it had cooled. After the salt
was incorporated into the PVA solution, the mixture underwent
freezing and thawing. After the gels have been synthesized, the
gels were heated to 40°C to cause the ammonium carbamate
to decompose. The gels were then dried in the hood.

Sodium chloride was mixed with the dry PVA prior to
the addition of water. The procedure outlined above for the
synthesis of hydrogels was followed. After the gels have been
synthesized, the gels were subjected to several washings over
36 h to remove the sodium chloride. The films were cut into
thin disks and dried.

2. Protein loading into nhon-porous
and porous gels

Bovine serum albumin (Fraction V Powder, Sigma Chemi-
cal Company, St. Louis, MO, United States) was incorporated

28/07/04, 15:52



]

Mechanistic analysis of protein delivery from porous poly(vinyl alcohol) systems

N.A. Peppas, R.E.P. Simmons

into the hydrogels. After the PVA was dissolved in water, the
solution was cooled for 2 h atroom temperature. A concentrated
drug solution (7.6% by weight of BSA) was mixed with the
PVA and water. BSA was also incorporated by imbibition. A
concentrated drug solution was prepared (5% drug in deionized
water). The dried disks were saturated with drug by placing
two disks in 20 ml of the BSA solution. The gels remained in
the drug solution for approximately 24 h.

3. Protein release studies of non-porous
and porous hydrogels

BSA release studies from PVA gels were conducted under
USP I conditions but at 80 rpm and 37 + 0.2°C. Each gel was
immersed in 500 ml of deionized water. Three milliliters of
release medium was removed at hours 1, 3, 6, 9, 12, 24 and
48, and 50 fresh milliliters replaced the older release medium.
The BSA solutions were analyzed using a UV/Vis spectrometer
(Perkin-Elmer Corporation, Norwalk, CT, United States) at
279 nm.

lll. RESULTS AND DISCUSSION
1. Synthesis of non-porous and porous gels

Non-porous gels were synthesized by freezing and thawing
10 and 15 wt% aqueous PVA solutions. Care was taken when
casting solutions to avoid incorporating bubbles into the sample.
Both solutions produced stable gels after two cycles. The gels
were transparent and flexible.

Diffusion of water is slow in non-porous gels because water
must diffuse through the glassy matrix of the gels; however,
a dried gel with an open pore structure allows for much faster
diffusion and swells much faster due to capillary wetting.

Porous hydrogels could be prepared in a variety of ways
including the addition of porosigens. Porosigens, such as su-
crose, sodium chloride and PEG were incorporated into the
polymer solution prior to preparation, and their extraction from
the polymer network created a porous network. The size of the
porosigen determined the pore size.

Park ez al. [9] prepared porous hydrogels by the gas blow-
ing or foaming technique. Vinyl monomers were polymerized
in the presence of gas bubbles created by the reaction of acid
and NaHCO, to create a porous materiel. The reaction between
of acid and NaHCO, also served as a control point for the
rate of gelation and foam formation. When the samples were
dehydrated with ethanol and then dried overnight at 60°C, the
dried samples reached equilibrium swelling after only a few
minutes.

Our group [12] has synthesized porous materials of PVA us-
ing the porosigen technique. Sodium chloride was incorporated
into a PVA solution prior to freezing and thawing. Gels that
were dried immediately after freezing and thawing exhibited
a dual-sorption affect during swelling. Subjecting gels to a
10-day period of washing with deionized water effectively
removed all of the NaCl and PVA that did not participate in
the crystallization process [36, 38-45]. Here, porous gels were
synthesized by addition of porosigens. Ammonium carbamate
was incorporated as a solid. The salt was slowly added to a
15 wt% aqueous PVA solution under stirring. The particles were
well dispersed and dissolved throughout the polymer solution.
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Gels were also synthesized by mixing dry PVA with NaCl prior
to adding water and heating. The ratio of PVA to salt was 1:4. A
10 wt% solution was prepared and stable, slightly cloudy gels
formed after two, three and four freezing and thawing cycles.

2. Drug release studies of non-porous PVA
systems

BSA was incorporated into PVA solutions prior to freezing
and thawing. The ratio of PVA to BSA was 1:10. After two,
three, and four freezing and thawing cycles, stable hydrogels
were formed and good gelation was observed.

BSA release from non-porous hydrogel samples produced
from freezing and thawing of 15 wt% aqueous PVA solutions.
Typical release curves (see Figure 2) showed that the number
of freezing/thawing cycles affected the BSA release behavior.
After 48 h, 92% of the BSA was released from the 2-cycle
gel, 78% was released from the 3-cycle gel and only 71% was
released from the 4-cycle gel. More freezing and thawing lead
to a denser polymer network which caused a reduction in the
protein released as observed before in preliminary data by
Stewart et al. [40].
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Figure 2 - BSA released from non-porous PVA hydrogels as a function
of time. Gels were prepared from a 15 wt% solution and exposed to two
(0), three (3), and four (A) freezing and thawing cycles.

The mechanical strength, ability to absorb large quantities
of water, and biocompatibility of PVA gels made them excel-
lent materials for release systems. PVA gels released bioactive
compounds through a diffusional mechanism. Diffusion of a
drug or protein out of a hydrogel could be characterized as:

M/M, = ke Eq. 1

where M, is the amount released at any time, M_ is the total
amount of drug released, t is time, and k and n are constants
[13]. For Fickian diffusion from planar systems n=0.5, for non-
Fickian diffusion n > 0.5, and for Case II diffusion n = 1.

In these studies, BSA release reached constant levels from
3 to 12 h. After two days, 2 + 0.2 mg was released from the 2-
cycle, 3-cycle, and 4-cycle gels. The amount of drug released
was analyzed by Equation 2. Therefore, anintercept represented
by the term a was added to the right hand side of Equation 1
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to give:
M/M, = a +kt" Eq.2

where a is the amount of drug released as soon as the release
study begins. The value of n was calculated as 0.80, 0.90 and
0.94, respectively, for release from gels prepared after 2, 3 or
4 cycles. Thus, the transport mechanism was non-Fickian dif-
fusion leading to zero order-release behavior as the number of
freezing/thawing cycles increased.

The BSA released from the gel was analyzed with UV spec-
troscopy to study possible conformational changes. Therefore,
the preparation of the gels and conditions of the release study
did not affect the structure of the protein incorporated.

3. Drug release studies of porous PVA systems

Porous gels synthesized in the presence of NaCl were im-
mersed in a 5% BSA solution for 24 h in order to incorporate
the protein into the gels. A series of control gels underwent
the same procedure. The BSA release rate was affected by the
freezing and thawing cycles (see Figure 3). However, after 6 h
the release rates for all three gels were the same. The porous
gels showed a significantly faster rate of BSA release with
respect to the non-porous ones. The preparation of the porous
gels using sodium chloride did not affect the structure of the
protein incorporated.
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Figure 3 - BSA release rate from porous PVA hydrogels as a function
of time. Gels were prepared from a 15 wt% solution and exposed to two
(0), three (7), and four (A) freezing and thawing cycles.

Both porous and non-porous PVA hydrogels were synthe-
sized by freezing and thawing aqueous PVA solutions. Porous
gels were prepared by incorporating a salt into a PVA solution
and then extracting it from the polymer network. Both am-
monium carbamate and NaCl acted as porosigens but did not
prevent the formation of crystalline regions in the PVA during
the freezing/thawing process.

Non-porous systems were loaded with BSA by incorporating
the protein into a solution prior to freezing and thawing. The
number of freezing-thawing cycles affected the initial rate of
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release and the amount of protein released. BSA release was
non-Fickian with a tendency towards zero-order release as the
number of cycles increased.
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