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Preparation of poly(vinyl alcohol)/DNA hydrogels via hydrogen bonds formed
on ultra-high pressurization and controlled release of DNA from the

hydrogels for gene delivery

Abstract Poly(vinyl alcohol) (PVA) hydrogels interacting
with DNA mediated by hydrogen bonds (PVA/DNA hy-
drogel) were developed using ultra-high pressure (UHP)
technology. The goal was to create a new method of gene
delivery by controlled release of DNA. Mixed solutions of
DNA and PVA at various concentrations were pressurized
at 10000 atmospheres at 37°C for 10min. PVA/DNA hy-
drogels with good formability were produced at PVA con-
centrations of more than 5% w/v. The presence of DNA in
the obtained hydrogels was confirmed by spectroscopic
analysis and nucleic acid dye staining. DNA release from
the hydrogels was investigated using PVA/DNA hydrogel
samples of 5% and 10% w/v formed by UHP treatment or
by conventional freeze-thaw methods. The DNA release

curves from both types of samples showed a rapid phase in’

the initial 15h followed by a sustained release phase. How-
ever, there was a difference in the amount of DNA re-
leased. Less DNA was released by the pressurized hydrogels

than by the freeze-thaw hydrogels. Also, the cumulative’

amount of DNA released decreased as the PV A content in
the hydrogels increased. These results indicate that DNA
release from the hydrogels can be modulated by changing
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the preparation method and the PVA content. Further-
more, it was demonstrated that DNA release could be con-
trolled by varying the amount and duration of pressurizing
used to form the hydrogels. Intact fractions of plasmid
DNA released from the hydrogels were separated by aga-
rose gel electrophoretic analysis. These results suggest that,
using controlled release, DNA from PVA/DNA hydrogels
formed by UHP treatment can be transfected into cells.

Key words Controlled release - Ultra-high pressure - DNA -
Hydrogel - Poly(vinyl aicohol)

introduction

Safe and biocompatible synthetic materials have been de-
veloped as biomaterials.' In gene therapy. nonviral syn-
thetic gene carriers have been the focus of attention due to
their biological safety advantages over viruses.” In many
cases, cationic synthetic materials, such as cationic lipids,
liposomes,® polyethyleneimine,* polyamideamine den-
drimer,® poly-L-lysine (PLL), PLL derivatives,® and other
cationic peptides,” have been used as nonviral vectors. It is
possible to form complexes between these materials and
DNA using the electrostatic interaction between their cat-
ionic groups and the anionic groups of DNA, making the
DNA robust against nuclease degradation and enabling ef-
fective transfection into mammalian cells.®’ However, the
cytotoxicity of cationic materials was reported to be a
significant problem.'™! For safer and more efficient gene
delivery, it is necessary to develop a noncationic or less
cationic gene carrier through nonelectrostatic interaction
with DNA. Sakurai et al. reported that a triple helical com-
plex of single-strand DNA and double-strand schizophyl-
lan, which is a kind of polysaccharide (B-1,3 glucan), was
formed through hydrogen bonding.”? In addition, we previ-
ously reported ‘that nanoparticles of poly(vinyl alcohol)
(PVA) bonded to DNA via hydrogen bonds were obtained
when mixed solutions of PVA (less than 0.01% w/v) and
DNA were treated under ultra-high pressure (UHP) at
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10000 atmospheres (980 MPa) and 40°C for 10min." It is
well known that intra- and intermolecular hydrogen bond-
ing increases in these conditions." The PVA/DNA nanopar-
ticles could be internalized into mammalian cells, suggesting
that they have utility as a novel nonviral vector that uses
nonelectronic interactions.

Recently, controlled release of DNA was also investi-
gated as a possible method of enhancing transfection
efficiency using various biomaterials such as poly (lactide-
co-glycolide) (PLGA),'* hyaluronic acid,” atelocollagen,”
and gelatin."" Shea et al. reported that the sustained de-
livery of DNA from PLGA led to effective transfection of
a large number of cells in vitro and in vivo.'* However, it
was difficult to regulate the release of DNA owing to the
lack of interaction forces, such as covalent, electrostatic,
and hydrogen bonding, with which DNA molecules are
loaded into PLGA with polymer molecules. Tabata et al.
reported enhancement and prolongation of gene expression
using a cationized gelatin hydrogel interacting with DNA
electrostatically.’® The controlled release of DNA de-
pended on hydrogel degradation, but the cationized gelatin
hydrogel was crosslinked by glutaraldehyde, which has gen-
erally cytotoxic properties, to obtain different degrees of
cationization.

In the present study, we report the preparation of a novel

PV A hydrogel with DNA crosslinked physically by hydro-
gen bonds using UHP technology and its application to the
controlled release of DNA. The goal is to develop an effec-

tive, low-cytotoxic and gene-releasable biomaterial. PVA/

DNA hydrogels were obtained for various pressurization
conditions, temperatures, and processing times. DNA re-
lease from the hydrogels was investigated in vitro. PVA
is widely used for biomedical applications because of its
biocompatibility and neutrally charged nature.™ It is also
known that PVA hydrogel is formed by physical crosslink-
ing with hydrogen bonds when PV A solution is frozen and
thawed several times, which is called the freeze-thaw
method.” o

‘Materials and methods
Materials

In our experiments, we used PV A samples with an average
molccular weight of 74800 and a degree of saponification
of 99.8%, as supplied by Kuraray (Osaka. Japan). We also
used salmon sperm DNA purchased from Wako (Osaka,
Japan), plasmid DNA encoding enhanced green fluores-
cence protein under a cytomegalovirus promoter (pEGFP-
N1, BD Science, Palo Alto, CA, USA), and nucleic acid
staining dye solution (Mupid Blue) obtained from Advance
(Tokyo, Japan).

Preparation of PVA/DNA hydrogels by UHP

Aqueous PVA solutions of 6%, 8%, 10%, 14%, and 20%
w/v were prepared by autoclaving three times for 30min at

105

121°C. Salmon sperm DNA was dissolved in a Tris-EDTA
buffer (TE, pH = 7.8) at a concentration of 16.3mg/ml. The
DNA solution was mixed with PV A solutions of 10%, 14%,
and 20% w/v at a ratio of 1:1. The 0.7-ml samples were
transferred in silicon tubes (9 x 25mm) with both ends
capped by silicon plugs. The tubes were pressurized under
various UHP conditions, using different pressures, temper-
atures, and durations, in a high-pressure machine (Kobe
Steel, Kobe, Japan).

Confirmation of the presence of DNA in the PVA/DNA
hydrogels

The presence of DNA in the PVA/DNA hydrogels pro-
duced by UHP treatment was confirmed by nucleic acid dye
staining and UV-visible spectroscopy. For the former meth-
od, the PVA/DNA hydrogels were immersed in nucleic acid
dye solution for 1 min and then transferred to 70% ethanol.
After 1min, they were immersed in ion-exchanged water
for 1min. For the latter method, after the PVA/DNA
hydrogels were melted at 90°C for 10min, their DNA con-
centration was measured by a spectrophotometer (V-560,
JASC, Tokyo, Japan).

DNA release from hydrogels

The PVA/DNA hydrogels prepared by UHP were im-
mersed in 5ml of phosphate-buffered saline (PBS) for 144 h
at 37°C. At 0.25,05,2,3,15,27,48, 111, and 144 h, 20pl of
the samples in the outer part of the PBS solution was col-
lected and the DNA concentration was measured spectro-
photometrically at 260nm (Gene Quant Pro S, Amersham,
Tokyo, Japan).

Stability of plasmid DNA released from hydrogels

Plasmid DNA (pDNA) was used instead of salmon sperm
DNA and the mixed solutions of pDNA (100pg/ml) and
PVA (5% or 10% w/v) were treated by UHP under the
conditions described above. The obtained PVA/pDNA
hydrogels were immersed in PBS for 12 and 48 h, and then
the samples in the outer part of the solution were collected
and analyzed by agarose gel electrophoresis at 100V for
45 min.

Results and discussion

Aqueous solutions of PVA at concentrations ranging from
3% to 10% w/v were hydrostatically pressurized at 10000 atm
at 37°C for 10min. With a PVA solution of 3% w/v, the
clear solution was transformed into a turbid and viscous
solution by pressurization (Fig. 1A). An aggregation of
PVA particles with an average diameter of 1um was ob-
served in the PV A solution on scanning electron microsco-
py (SEM, data not shown). For PVA concentrations of
more than 4% w/v, hydrogels were produced on pressuriza-
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Fig. 1. Photographs of poly(vinyl alcohol) (PVA) hydrogels (A-D)
and PVA/DNA (E,F) hydrogels at concentrations of A 3% wiv, B 4%
wiv. GE 5% wiv, and DWF 10% wiv obtained by ultra-high pressure
lreatment

tion (Fig. IB-D). The PVA hydrogel of 4% w/v was fragile
(Fig. I1B). but increasing the PVA concentration enhanced
hydrogel formability, and hard hydrogels were obtained at
a PVA concentration of 10% w/v (Fig. 1D). These results
indicate that pressurization induced physical cross-linking
of PVA molecules and that the degree of cross-linking in-
creased as the PVA concentration increased. To investigate
whether the PVA molecules were physically cross-linked by
hydrogen bonding, a PVA solution of 5% w/v with urca
(3.3M), which was used as a hydrogen bond inhibitor, was
treated under the above pressurizing conditions. The solu-
tion remained translucent (data not shown), indicating that
the PVA hvdrogel obtained by pressurization was mediated
by hydrogen bonding.

The gelation of mixed solutions of DNA and PVA (5%
and 10% w/v) was achicved by pressurization in the condi-
tions described above (Fig. 1E.F). To confirm the presence
of DNA in the hydrogels obtained, they were heat treated
at 90°C for 10min and then the DNA concentration of the
solutions obtained was measured spectrophotometrically at
260nm. Roughly cqual amounts of DNA were contained in
cach hydrogel (Fig. 2A). Also, when the hydrogels were
immersed in nucleic acid dye solution, which interacts elec-
trostatically with the phosphate groups of DNA, the PVA
hydrogel with DNA was stained, whereas the PVA hydro-
gel without DNA was not (Fig. 2B). These results indicate
that a PVA hydrogel that sustains DNA (PVA/DNA hy-
drogel) was formed on pressurization. On the other hand.,

e

8

Amount of DNA (mg)

5 Z 10

PV A concentration (w/v%)

(B)

Sw/v%

10w/v%

PVA/DNA
hydrogel

PVA
hydrogel

Fig. 2A.B. Presence of DNA in PVA/DNA hydrogels. A Amount of
DNA in solution obtained by melting PVA/DNA hydrogels prepared
using ultra-high pressure processing. B Photographs of PVA hydrogels
and PVA/DNA hvdrogels stained with nucleic acid dye

when urea was introduced, PYA/DNA hydrogel was not
obtained on pressure treatment. This result suggests that
hydrogen bonding between PVA and DNA took place in
the pressurized PVA/DNA hvdrogel.

DNA release from the PVA/DNA hydrogel formed by
pressurization at [0000atm at 37°C for 10min was investi-
gated. PVA/DNA hydrogels produced by the freeze—thaw
method, a common method of forming PVA hydrogels,”
were used as control samples. Figure 3A shows DNA re-
lease profiles from the PVA/DNA hvdrogels at PVA con-
centrations of 5% and 10% w/v obtained by pressurization
and the freeze-thaw method. Each release curve of DNA
from a hydrogel consisted of a rapid phase in the initial 15h
followed by a sustained release phase. However, the amount
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Fig. 3A~C. DNA release test
from PVA/DNA hydrogels

»)

107

C

8

produced by pressurization
under various conditions or by
the freeze~thaw method. A

-
»

Release profiles of DNA from
hydrogels at PVA
concentrations of 5% w/v

(O. @) and 10% w/v (. W)
PV A concentration. Open and
solid symbols indicate DNA
from hydrogels obtained by
pressurization (at 10000 atm and
37°C, 10min) and the freeze~ 0
thaw method, respectively. B

Release profiles of DNA from

hydrogels of 3% w/v obtained
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of DNA released was dependent on PVA content and on
which procedure was used to prepare the hydrogels. The

- DNA release from the 10% w/v PVA/DNA hydrogels was
lower than that from the 5% w/v PVA/DNA hydrogels,
irrespective of the preparation methods. This is consistent
with the fact that the 5% w/v samples were more easily
stained by nucleic acid dye than the 10% w/v samples. We
suppose that the increased crosslinking in the hydrogel
caused by the increase in the PVA content contributed to
the reduction of DNA released from the hydrogel. On the
other hand, at the same PVA concentrations, DNA was
more effectively released from the freeze-thaw hydrogels
than from the pressurized hydrogels. Fibrous structures
with large spaces (larger than 1 um) were observed on SEM
in the hydrogels made from 5% w/v PVA obtained by the
freeze—thaw method, while many porous structures with
diameters of 300um were observed in the pressurized hy-
drogels (data not shown). We believe that this difference in
internal structure between sample types affected the inter-
action of PVA and DNA, resulting in the larger release of
DNA from the freeze-thaw hydrogels.

To investigate the influence of the pressure c¢onditions
used to form hydrogels on DNA release, PVA/DNA hydro-
gels of 5% w/v were prepared by different levels of pres-
surization at different temperatures and for different
durations. First, with pressure processing periods varying
from 5 to 20min at 10000atm and 37°C, similar DNA re-
lease profiles were exhibited for the hydrogels obtained at
pressurizing times of 10 and 20 min, but the amount of DNA
released by hydrogel samples pressurized for Smin (Fig.

3B) was less than that released by samples with longer pres-’

surizing times. Second, the DNA release curves of the PVA/
DNA hydrogel produced on pressurization at 10000atm
and 10°C for 10min were the same as those for hydrogels
produced on pressurization at 10000atm and 37°C for
10min. However, less DNA was released by hydrogels pro-
duced at pressures of 8000atm and 37°C for 10min than by
hydrogels produced at 10000 atm and 37°C for 10min (Fig.
3C). These results indicate that DNA release from pressur-
ized hydrogels i§ dependent on the level and duration of
pressure used in the hydrogel formation process. We previ-
ously reported that PVA gelation was promoted by increas-
ing the pressure and by prolonging the pressurization time,
by which close hydrogen bonds between PVA molecules
are formed.” It seems that DNA was easily released from
PV A/DNA hydrogels pressurized under conditions of more
than 10000 atm for longer than 10min because the hydro-
gen bonding interaction between PVA and DNA was more
unstable than that between PVA molecules under more
intense pressure conditions.

It is important for DNA to be released from hydrogels
without structural change or degradation.>” Plasmid DNA
(pDNA), which is generally used as the DNA delivered by
a nonviral vector, was used instead of saimon sperm DNA.
PVA/pDNA hydrogels at PVA concentrations of 5% and
10% w/v were obtained by pressurization at 10000atm at
37°C for 10min and then immersed in Sml PBS. After 12
and 48h of immersion, the outer part of the solution was
collected and analyzed by agarose gel electrophoresis at
100V for 30min to investigate the stability of released
pDNA from the hydrogels (Fig. 4). No degradation of DNA .
was observed, indicating that the plasmid DNA released
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