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Quantitative evaluation of dynamic state of cultured myotube contraction
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Abstract
Tissue engineered heart valves based on acellular tissue have been studied to have more
durability and bio-functionality with growth potential and less immunogenicity.
Whereas they have still several problems to be solved such as complete cell removal and
transfer of unknown animal related infectious diseases. In this paper, our novel tissue
processing for decellularization using ultrahigh pressure for the safe tissue
transplantation was reported. Porcine cardiac tissues were isolated and treated by a cold
isostatic pressing for a disruption of donor cells. The cell debris was then washed out by
washing solution at 4°C. The tissues treated were completely cell free when they were
applied to 980 MPa for 10 min. There was no porcine endogeneous retrovirus detected.
_There were no significant changes in biomechanical properties of the breaking strength
and elastic modulus. The acellular grafis of pulmonary valve were transplanted to
allogeneic miniature pigs. The explanted grafts showed remarkable cell infiltration and
endothelialization. This processing may provide more durable and safe scaffold for the
regenerative tissue transplantation.

Keywords: tissue engineering, tissue transplantation, acellular, scaffold

1. Introduction

The implantable cardiovascular medical devices have been clinically used for more than
30 years as substitution for the patient's deficient tissues. The artificial heart valve is one of the
most clinically used medical devices applied to about 300,000 patients per year worldwide.
There are two kinds of artificial heart valves currently used. A xenograft heart valve is made of
the chemically crosslinked porcine valve or bovine pericardium to reduce antigenicity of the
xenogeneic tissue. A mechanical heart valve is made of pyrolytic carbon or titanium. The
former has good biocompatibility, hemodynamics, and resistant to infections compared with
the latter. However, the durability of the xenograft valve is relatively short especially in
pediatric patients for about 5-10 years by the calcification of the gltaraldehyde-fixed animal
tissue. Recent establishment of the human tissue bank has made it easy to use allogeneic tissues
for the transplantation that are superior to the current artificial devices. However, since they are
donated from the cadavers, the supply is very limited and some donated tissues may not be
applicable due to infection. In addition to the above issues, all the devices and tissues lack the
growth potential and they may be replaced repeatedly through the patients' growth process..

All of the current medical devices remain as foreign bodies even after the implantation. If
a device accepts host cell impregnation and is replaced by the host tissue after the implantation,
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it may acquire perfect biocompatibility and growth ability. An ideal candidate for such a
regenerative scaffold is a decellularized allogeneic or xenogeneic tissue since it does not
require tissue fixation for removal of antigenicity. Detergents and/or enzymes such as Triton®
X-100, sodium dodecyl sulphate, deoxycholate, trypsine, DNase, and RNase have been
commonly used for the cell removal media from the tissue [1-4]. However, the
decellularization depends on their permeation in the tissue and may not be achieved completely
in large or hard tissues. And furthermore, since the detergents are generally cytotoxic and it
takes time for their removal, it may lead denature of biological properties and contamination in
the process. Recent BSE (Bovine Spongiform Encephalopathy) and vCJD (variant
Creutzfeldt-Jakob disease) issues have been affecting to the tissue transplantation from the
point of view of safety. In this paper, a cold isostatic pressing (CIP) was applied for removal of
the cells and inactivation of viruses in the cardiovascular tissues to have scaffold for the safe
regenerative tissue transplantation.

2. Material and methods

The porcine heart valves were isolated from 4 month-old Clawn miniature pigs (Japan
Farm Co. Ltd, Kagoshima, Japan) weighing about 10 kg under the sterile condition. The
harvested tissues were packed immediately in sterile bags filled with phosphate buffered saline
(PBS) and treated by ultrahigh pressure of 980 MPa for 10 min using a CIP apparatus (Dr. Chef,
Kobe Steel Ltd, Kobe, Japan) for cell demolition (Fig. 1). The range of temperature in the
process is about 5 to 30°C. They were then rinsed by PBS for 2 weeks under gentle stirring at
4°C for removal of the residues of the broken cells. They were subjected to the histological
observation by the light and electron microscopy, DNA and phospholipids assay, detection of
porcine endogeneous retrovirus (PERV) by the PCR, and biomechanical study by the tensile
strength measurement.

Fig. 1 Packed porcine heart valves for CIP treatment.

The acellualr tissues were transplanted orthotopically into nine allogeneic miniature pigs.
The pulmonary valves were transplanted at right ventricular outflow tract through a median
sternotomy with extracorporeal circulation without blood oxygenation [5]. The postoperative
anticoagulation or anti-platelet therapy was not instigated. They were explanted 4, 12, and 24
weeks (n=3) after the transplantation and examined histologically and immunohistologically.
All animals were carefully reared in compliance with the Guide for the Care and Use of
Laboratory Animals published by the National Institute of Health (NTH publication No.85-23,
revised in 1985).



163

3. Results and discussion

The tissues were completely cell free when they were treated by the CIP for 10 min
followed by washing for 2 weeks from the H-E staining (Fig. 2). The amount of DNA and
phospholipids were lower than 1 pg/ml and 0.5 mg/wet g, respectively and those were less than
10% in the native tissue (Fig. 3).

Fig. 2 Cross sections of (A) native and
(B) treated tissues (H-E staining).

DNA Phospholipids

3.5ug/ml
8.5mg/ wet g

FO5moMweta g 3 Residual amounts of DNA and phospholipids in
Native cIP Native cIp native and treated tissues.

The collagen and elastin fibers were well maintained in the acellular tissue and there were no
significant changes in biomechanical properties of the breaking strength and elastic modulus.
We have already found that this process could be successfully applied to cartilage tissues for
decellularization (not shown). More effectively, it has been reported that the most of viruses
including HIV are inactivated by the CIP only of more than 600 MPa without washing [6]. This
means the treatment is able to sterilize the tissue in addition to the decellularization. The Clawn
miniature pig was chosen as a donor animal since its size adapts human tissues well and its
genome has been well studied in order to develop a human gene induced transgenic animal for
the organ transplantation. There was no PERV detected in PCR assay from the tissue treated
(Fig. 4).

Marker ___Native

Fig. 4 PCR products of PERV (arrow) in native and treated tissues.
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The animals survived after the transplaptation in the all cases. The explanted grafts
showed no macroscopical abnormality and no dilatation and aneurysmal changes including
their anastomosis. The inner surface was completely covered with endothelial cells and the
inside was infiltrated by cells from both sides of endothelium and outer tissue after 12 weeks. It
was dominant in the latter. Almost of the tissue including cusps were filled by the cells at 24
weeks, mainly by smooth muscle cells (Fig. 5). There was no inflammation and calcification
observed in the tissue.

A B

Fig. 5 Cross sections of (A) anti-vWF
(endothelial cells) and (B) anti-aSMA
(smooth muscle cells) immunostained
3 treated tissues 24 weeks after the
transplantation.

Recently, some groups have reported excellent clinical results of acellular pulmpnary heart
valve transplantation [7-9]. We are planning a clinical application of the acellular grafts made
by this process in the near future.

4. Conclusion

Porcine cells and PERV were removed completely by the CIP treatment without using any
detergents. The acellular grafts showed remarkable ability in repopulation after the
transplantation. This CIP treatment may have more secure acellular graft for the regenerative
tissue transplantation.
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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% wi/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-
cver, there was a difference in the amount of DNA re-
leased. Less DNA wasreleased by the pressurized hydrogels
than by the freeze—thaw hydrogels. Also, the cumulative
amount of DNA released decreased as the PVA 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
uscd 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 alcohol)

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, calionic synthelic 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 electrostalic 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 dcvelop a noncationic or less
cationic gene carrier through nonelectroslatic 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



10000 atmospheres (980MPa) 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
PVA hydrogel with DNA crosslinked physicaily 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 scveral times, which is called the freeze—thaw
method.®

Materials and methods
Matcrials

In our experiments, we used PV A samples with an average
molecular 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 cytomcegalovirus promoter (pEGFDP-
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

Aqucous PVA solutions of 6%, 8%, 10%, 14%, and 20%
w/v were prepared by autoclaving three times for 30min at
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121°C. Salmon sperm DNA was dissolved in a TrissEDTA
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 Sml of phosphate-buffered saline (PBS) for 144h
at 37°C. At 0.25,0.5, 2, 3, 15, 27, 48, 111, and 144h, 20ul 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 rclcased from hydrogcls

Plasmid DNA (pDNA) was used instead of salmon sperm
DNA and the mixed solutions of pDNA (100ug/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 48h, 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% to10% 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% wi/v, hydrogels were produced on pressuriza-
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Fig. 1. Pholographs of poly(vinyl alcohol) (PVA) hydrogels (A-D)
and PVA/DNA (E,F) hydrogels at concentrations of A 3% wiv, B 4%
wiv, C,E 5% wlv, and D,F 10% w/v obtained by ultra-high pressure
treatment

tion (Fig. 1B-D). The PVA hydrogel of 4% w/v was fragile
(Fig. 1B), 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
ol PVA molecules and thal the degree of cross-linking in-
creased as the PV A concentration increased. To investigate
whether the PVA molecules were physically cross-linked by
hydrogen bonding, a PVA solution of 5% w/v with urea
(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 PV A hydrogel obtained by pressurization was mediated
by hydrogen bonding.

The -gelation of mixed solutions of DNA and PVA (5%
and 10% w/v) was achieved 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 wecre contained in
each 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,

(A)

-+ [«
T T

[\
T

Amount of DNA (mg)

0 5 7 10
PVA concentration (w/v%)

(B)

Swiv%

10w/v%

PVA
hydrogel

PVA/DNA
hydrogel

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

when urea was introduced, PVA/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 hydrogel.

DNA release from the PVA/DNA hydrogel formed by
pressurization at 10000atm 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-
lcase profiles from the PVA/DNA hydrogcls at PVA con-
cenlrations 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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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 {rom 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 samc PVA concentrations, DNA was
more eflectively released from the freeze—thaw hydrogels
than from the pressurized hydrogels. Fibrous structures
with large spaces (larger than 1 pm) 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 300pum 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 conditions
used to form hydrogels on DNA release, PVA/DNA hydro-
gels of 5% wi/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. Sccond, the DNA releasc curves of the PVA/
DNA hydrogel produced on pressurization at 10000 atm
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 10000atm and 37°C for 10min (Fig.
3C). These results indicate that DNA release from pressur-
ized hydrogels is 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
PVA/DNA hydrogcls pressurized under conditions of more
than 10000atm 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 salmon 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 5ml PBS. After 12
and 48h of immersion, the outer part ol 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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Fig. 4. Agarose gel electrophoresis of plasmid DNA (pDNA) released
from PVA/pDNA hydrogels with PVA concentrations of 5% and 10%
wlv produced by pressurization at 10000atm and 37°C for 10min after
immersion in phosphate-buffered saline for 12 and 48h

from the PVA/DNA hydrogels was stable. Two bands of
linear and circular plasmid DNA were observed with 5%
w/v PVA/DNA hydrogel, while circular plasmid DNA was
released from the 10% w/v PVA/DNA hydrogel, indicating
that the linear form of plasmid DNA tends to interact more
strongly with PV A than the circular plasmid DNA.

Conclusions

Novel PVA/DNA hydrogels crosslinked physically by hy-
drogen bonds were developed using UHP technology. DNA
released from the hydrogels was controlled by varying the
PV A concentration and pressurization conditions. such as
the level and duration of pressure used to form the hydro-
gels. The demonstrated stability of the DNA released from
" the hydrogels suggests that PVA/DNA hydrogels have po-
tential as a candidate for gene delivery.
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