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ABSTRACT: Our previous research showed that a sim-
ple ultra-high-pressure process made poly(vinyl alcohol)
(PVA) solution into a macrogel and nanoparticles. To
investigate the release properties of PVA hydrogels pre-
pared by the ultra-high-pressure treatment, we prepared
hydrogels containing model drugs by pressurizing a PVA
solution with Alfa-G Hesperidin or Oil Blue N as a water-
soluble or an oil-soluble model drug, respectively. In the
case of the oil-soluble drug, an oil-in-water emulsion, Oil
Blue N containing dodecane in a PVA solution, was used
by homogenization before pressurization. The average di-
ameter and the diameter distribution of oil droplets before
and after the ultra-high-pressure treatment were almost
the same. However, the PVA hydrogel prepared at 10,000

atm for 10 min exhibited the slowest release rate of model
drugs. Thus, we found that the release rates of the model
drugs from the PVA hydrogels were controlled by the
degree of crosslinking in the resulting gels, which was
determined from the operation parameters of the ultra-
high-pressure treatment, such as the pressure, time, and
concentration of the PVA solution. Therefore, an ultra-
high-pressure process is promising for drug-carrier devel-
opment because of the nonharmful simple preparation
process. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119:
2725-2729, 2011
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INTRODUCTION

A considerable number of studies have been
devoted to the study of the molecular assembly tech-
nology in the material processing field, such as in
molecular machines,' carbon nanotubes for biologi-
cal systems® and circuit wires,>* and drug carriers.”®
Molecular assembly is organized by noncovalent
bonding, such as electrostatic interaction, van der
Waals forces, and hydrogen bonding. It is important
for the formation of molecular assembles to control
these interactions by changing intensive variables.””
Therefore, we showed that pressure must also be
available to control the intermolecular forces to gen-
erate molecular assembles. We found that a poly(vi-
nyl alcohol) (PVA) solution turned into a macrogel
or nanoparticles through a simple ultra-high-pres-
sure process (10,000 atm for 10 min)."” Our results
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demonstrate that ultra-high pressure induces hydro-
gen bonding in water that is strong enough to main-
tain microassemblies, such as gels and particles. In
addition to the formation of gels and nanoparticles,
we found that the swelling ratio of the gels and the
size of nanoparticles were easily controlled by the
operative parameters in an ultra-high-pressure pro-
cess. Furthermore, the macrogel prepared by this
process indicated discriminating elasticity, which
was never seen in the conventional PVA hydrogels.
Hydrogels are used in a wide variety of applica-
tions as a soft material, including in soft contact
lenses,'! shock absorption materials,'? and drug car-
riers.'>1* So far, several articles have been written on
the drug-release behavior from PVA hydrogels pre-
pared by physical crosslinking'”'® and chemical
crosslinking.”'® In these reports, the authors have
concluded that PVA hydrogels are suitable for drug
delivery because of their excellent drug-release char-
acteristics and biocompatibility. As the ultra-high-
pressure process does not require any harmful com-
pound for crosslinking, we remarked on the hydro-
gel prepared by an ultra-high-pressure process as a
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Figure 1 Chemical structures of the model drugs: (a) Alfa-G Hesperidin and (b) Oil Blue N.

drug carrier. That is why it is important to clarify
the capability of controlled release from PVA hydro-
gels produced by an ultra-high-pressure process.

In this study, we prepared PVA hydrogels with a
water-soluble or oil-soluble drug through an ultra-
high-pressure process, and the drug-release behavior
from the gels was investigated.

EXPERIMENTAL
Materials

PVA (99.85 mol % hydrolyzed) was used without
further purification. This was kindly supplied by
Kuraray Co., Ltd. (Osaka, Japan). We used Alfa-G
Hesperidin and Oil Blue N as the water-soluble and
oil-soluble model drugs, respectively. Alfa-G Hes-
peridin was kindly supplied by Hayashibara Bio-
chemical Research Laboratory Co., Ltd. (Okayama,
Japan). Oil Blue N was purchased from Sigma-
Aldrich Japan Co. (Tokyo, Japan). The chemical
structures of Alfa-G Hesperidin and Oil Blue N are
shown in Figure 1.

Preparation of the cylindrical PVA hydrogels

PVA (10 or 20% w/v) aqueous solutions were pre-
pared with an autoclave. A PVA aqueous solution
mixed with a 10% w/v Alfa-G Hesperidin aqueous
solution was treated under ultra-high pressure. The
ultra-high-pressure apparatus was Dr. CHEF, which
was made by Kobe Steel, Ltd. (Osaka, Japan). The
treatment conditions were as follows: the ultra-high-
pressure treatment condition was 6000-10,000 atm,
the treatment time was 1-60 min, and the treatment
temperature was kept at 313 K, at which no ice crys-
tals were formed.'® After the treatment, the prepared
gels were cut into the desired shape. A representa-
tive photograph of a prepared gel is shown in Figure
2(a). The shape of gel was cylindrical. The length
was 10 mm, and the diameter was 5 mm.

A dodecane solution dissolving 0.1% w/v Oil
Blue N was mixed with a 10% w/v PVA aqueous
solution. The solution was homogenized for 10 min
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at 6000 rpm to prepare oil-in-water (o/w) emulsions
with a homogenizer. After that, the emulsion solu-
tion was treated under ultra-high pressure. The
ultra-high-pressure treatments were carried out at
6000-10,000 atm for 1-60 min at 313 K. A typical
prepared gel is shown in Figure 2(b). The diameter
of the dodecane droplets was measured under a
microscope before and after ultra-high-pressure
treatment.

Evaluation of the model drug-release behavior
from the gels

The release behavior of the water-soluble model
drug from the PVA hydrogel was evaluated in ultra-
pure water. The hydrogel in the vial with ultrapure
water was placed in a thermostated water bath at
303 K. The solution was shaken at 100 rpm to keep
the concentration constant. Samples were withdrawn

Figure 2 Photograph of the PVA gel prepared by ultra-
high-pressure treatment (10,000 atm for 10 min at 313 K):
(a) PVA gel with 5% w/v Alfa-G Hesperidin, the water-
soluble model drug, with a PVA concentration of 10% w/
v and (b) PVA gel with 0.1% w/v Oil Blue N, the oil-solu-
ble model drug, with a PVA concentration of 10% w/v.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3 Release behavior of Alfa-G Hesperidin from the
PVA hydrogels. A 5% w/v PVA solution with a 5% w/v
Alfa-G Hesperidin solution was treated under the follow-
ing conditions: (@) 10,000 atm for 10 min, (l) 9000 atm for
10 min, (A) 8000 atm for 10 min, and (V) 8000 atm for
20 min. A 10% w/v PVA solution with a 5% w/v Alfa-G
Hesperidin solution was treated under the following
conditions: (O) 10,000 atm for 10 min, ((J) 9000 atm for
10 min, (A) 8000 atm for 10 min, and (V) 8000 atm for
20 min.

at predetermined intervals to measure the amount of
released Alfa-G Hesperidin. The concentration of
Alfa-G Hesperidin in the samples was determined
by measurement of the absorption at a wavelength
of 282.5 nm with an ultraviolet-visible spectropho-
tometer (U-2000A, Hitachi, Ltd., Tokyo, Japan).

The release behavior of the oil-soluble model drug
from the PVA hydrogel was evaluated in an ethanol
solution.”® The hydrogel in a vial with the ethanol
solution was placed in a thermostated water bath at
303 K. The solution was shaken at 100 rpm to keep
the concentration constant. The released Oil Blue N
was determined by measurement of the concentra-
tion of Oil Blue N in the collected samples at prede-
termined intervals at 642.5 nm with the ultraviolet—
visible spectrophotometer.

The release data were shown with a Higuchi plot,
with the cumulative amount of released drug versus
the square root of the duration time (h%%).2! It was
available with the estimation of an initial drug release
rate because the release data in the early stages were
proportional to the root of the duration time.

RESULTS AND DISCUSSION

Release behavior of Alfa-G Hesperidin
from the gels

The PVA hydrogels, as shown in Figure 2(a), were
obtained in the case that the PVA aqueous solution

2727

dissolving Alfa-G Hesperidin was treated under
ultra-high pressure. The prepared PVA hydrogels
were uniformly yellowish, which color was based on
Alfa-G Hesperidin, so Alfa-G Hesperidin was homo-
geneously distributed in hydrogels. The PVA hydro-
gels with Alfa-G Hesperidin prepared in this study
were as elastic and flexible as the gel without any
solutes.

Figure 3 shows the release behavior of Alfa-G
Hesperidin from the PVA hydrogels. We found that
Alfa-G Hesperidin, the water-soluble model drug,
was completely released from the 5% w/v PVA gel
within about 3 h. However, the complete release of
Alfa-G Hesperidin from the 10% w/v PVA gel took
about 12 h. This delay in the release behavior of the
water-soluble compound was caused by the dense
polymer network in the 10% w/v PVA gel.

The release rate was estimated from the initial
slopes in Figure 3 and is shown in Figure 4. The
release rates from the hydrogels treated at higher
pressure (9000-10,000 atm) were lower than that
from the hydrogel treated under 8000 atm because
the treatment at a higher pressure enhanced cross-
linking in the polymer network and induced a more
elastic and stronger hydrogel. However, the treat-
ment time in the ultra-high-pressure process at 8000
atm hardly affected the release rates of Alfa-G Hes-
peridin. Generally, release behaviors are affected by
the crosslinking density in the gels, which is derived
from the swelling ratio of the gels. In our previous
study, we found that the swelling ratio of PVA
hydrogels prepared by ultrahigh pressurization
decreased with increasing pressure and was constant
when a fixed pressure (>6000 atm) was applied for
more than 10 min."” Because these drug-release
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Figure 4 Release rate constants of Alfa-G Hesperidin
from the PVA hydrogels derived from the initial slopes of
the release curve of Alfa-G Hesperidin from the PVA
hydrogels. The compositions of the gels were as follow:
(white bar) 5% w/v PVA and 5% w/v Alfa-G Hesperidin
and (black bar) 10% w/v PVA and 5% w/v Alfa-G
Hesperidin.
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Figure 5 Photographs of o/w emulsion droplets: (a) in so-
lution (before pressurization) and (b) in PVA hydrogel (after
pressurization). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

behaviors indeed corresponded to the crosslinking
state in the gels, the treatment pressure played a
most important role in the operation parameters of
the ultra-high-pressure treatment to control the
release rate from the gel. The effect of PVA concen-
tration on the release properties was found to be sig-
nificant; the release rates from the 10% w/v PVA
gels were approximately half of those from the 5%
w/v PVA gels. From the results shown in Figures 3
and 4, the effects of the treatment pressure and treat-
ment time on the release rate of Alfa-G Hesperidin
were smaller than those of the PVA concentration.

Release behavior of Oil Blue N from the gels

The PVA hydrogel with dodecane droplets was
obtained by ultra-high-pressure treatment [Fig. 2(b)].
Figure 5 shows the o/w emulsion droplets dissolv-
ing Oil Blue N in solution and that in the PVA
hydrogel prepared by ultra-high-pressure treatment.
Figure 6 shows the diameters and the coefficients of
variation (CVs) of dodecane droplets before and af-
ter the ultra-high-pressure treatment. Dodecane
droplets were stably dispersed in the media. Accord-
ing to Figure 6, the average diameter and the diame-
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Figure 6 Diameter distributions of dodecane droplets
before and after the ultra-high-pressure treatment.

ter distribution before and after the ultra-high-pres-
sure treatment were almost the same. Under ultra-
high pressure, the volumes of the oil and water
phases seemed to be decreased, and the density and
the concentration of the solution were enhanced.
Such a condition may have involved the droplet
instability through the interfacial tension change. In
fact, however, we observed no droplet coalescence in
the gels. This result suggests that a homogeneously
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Figure 7 Release behavior of Oil Blue N from 10% w/v
PVA hydrogels in ethanol. The pressurized conditions
were (O) 10,000 atm for 10 min, ((J) 9000 atm for 10 min,
(A) 8000 atm for 10 min, ((J) 8000 atm for 20 min, and
(<) 8000 atm for 60 min.
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Figure 8 Effect of ethanol concentration on the release
rates. All of the hydrogels were prepared by pressuriza-
tion (treatment conditions: 10,000 atm for 10 min). The
ethanol concentrations were as follows. (O) 100, (&) 75,
() 50, (O) 25, and () 0 wt %.

hydrophobic drug-dispersed hydrogel was prepared
by an ultra-high-pressure process when a stable o/w
emulsion was obtained in the PVA solution.

The release behavior of Oil Blue N is shown in
Figure 7. The release behavior was almost the same
over a wide range of treatment pressure and treat-
ment time. The release rate from this PVA hydrogel
was about 75 h™%°, which was slightly higher than
that from the hydrogels. This difference in the
release rate between the water-soluble and oil-solu-
ble model drugs may suggest the diffusion resist-
ance of a drug in PVA matrix. That is, Alfa-G Hes-
peridin was incorporated into the PVA hydrogel
matrix by hydrogen bonding, which was formed
between the hydroxyl groups of Alfa-G Hesperidin
and those of PVA. Therefore, the release rate of the
oil-soluble model drug from the PVA hydrogels was
slightly higher than that of the water-soluble model
drug.

In addition, the effects of ethanol concentration on
the release rate of the model drug are shown in Fig-
ure 8. As shown in this figure, the release rate of Oil
Blue N from the PVA hydrogel increased with
increasing ethanol concentration in the solution. In
the case when water (0 wt % ethanol) was used as
the medium, no release of Oil Blue N was observed.
According to the results shown in Figures 7 and 8§,
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the diffusion of ethanol into the hydrogel was a pre-
dominant step for the release of the oil-soluble drug.

CONCLUSIONS

As the PVA solutions dissolving the water-soluble
model drug or dispersing the oil-soluble model drug
were treated under the ultra-high pressure, hydro-
gels were obtained. The release rate of each model
drug from the PVA hydrogel was controlled by the
operation parameters of the ultra-high-pressure
treatment, such as the pressure, time, and concentra-
tion of the PVA solution. The average diameter and
diameter distribution of dodecane droplets before
and after the ultra-high-pressure treatment were
almost the same. Thus, we expect this technique to
be useful as a preparation technique for innocuous
sustained-release materials.

The authors thank Kuraray Co., Ltd., for supplying the PVA
and Hayashibara Biochemical Research Laboratory Co., Ltd.,
for supplying the Alfa-G Hesperidin.

References

1. Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, ]. F. Angew
Chem Int Ed 2000, 39, 3348.
2. Bong, D. T,; Clark, T. D.; Granja, J. R.; Ghadiri, M. R. Angew
Chem Int Ed 2001, 40, 988.
3. Cui, Y.; Lieber, C. M. Science 2001, 291, 851.
4. Joachim, C.; Gimzewski, J. K.; Aviram, A. Nature 2000, 408, 541.
5. Nishiyama, N.; Kataoka, K. Pharmacol Ther 2006, 112, 630.
6. Yokoyama, M.; Miyauchi, M.; Yamada, N.; Okano, T.; Sakurai,
Y.; Kataoka, K.; Inoue, S. Cancer Res 1990, 50, 1693.
7. Barth, J. V.; Weckesser, J.; Lin, N.; Dmitriev, A.; Kern, K. Appl
Phys A 2003, 76, 645.
8. Lehn, J. M. Proc Natl Acad Sci USA 2002, 99, 4763.
9. Zemb, T.; Blume, A. Curr Opin Colloid Interface Sci 2003, 8, 1.
10. Mutsuo, S.; Yamamoto, K.; Furuzono, T.; Kimura, T.; Ono, T.;
Kishida, A. ] Polym Sci Part B: Polym Phys 2008, 46, 743.
11. Hyon, S. H.; Cha, W. I; Ikada, Y.; Kita, M.; Ogura, Y.; Honda,
Y. ] Biomater Sci Polym Ed 1994, 5, 397.
12. Kobayashi, M.; Toguchida, J.; Oka, M. Biomaterials 2003, 24,
639.
13. Mumper, R. J.; Duguid, J. G.; Anwer, K.; Barron, M. K.; Nitta,
H.; Rolland, A. P. Pharm Res 1996, 13, 701.
14. Li, J. K; Wang, N.; Wu, X. S. ] Controlled Release 1998, 56,
117.
15. Takamura, A.; Ishii, F.; Hidaka, H. J Controlled Release 1992,
20, 21.
16. Horiike, S.; Matsuzawa, S. ] Appl Polym Sci 1995, 58, 1335.
17. Ruiz, J.; Mantecon, A.; Cadiz, V. ] Appl Polym Sci 2002, 85,
1644.
18. Ibrahim, S. M. ] Appl Polym Sci 2003, 89, 349.
19. Chou, I. M.; Blank, J. G.; Goncharov, A. F.; Mao, H. K.; Hem-
ley, R. J. Science 1998, 281, 809.
20. Westrin, B. A. Biotechnol Tech 1994, 4, 409.
21. Higuchi, T. ] Pharm Sci 1961, 50, 874.

Journal of Applied Polymer Science DOI 10.1002/app



