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Fig.1 Schematic drawing of experimental system.
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Fig.2 Phase-contrast images of C2C12 cells at 2
hours (a) and at 10 days (b). Bar=100 pm
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Fig.3 Results of image analysis of C2C12 contrac-
tion with electrical pulse at 10 days. (a) Mean value
of glay scale, (b) Frequency spectrum.
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G-079 CONTROL OF SKELETAL MUSCLE CELL CONTRACTION BY

ELECTRICAL PULSE

Dept. Biomedical Eng. Osaka Institute of Tech., Osaka, Japan,
2 Dept. Electrical and Electronic systems Eng. Osaka Institute of Tech., Osaka, Japan, ¥ Dept. regen-
erative Medecine and Tissue Eng. National Cardiovascular Center, Suita, Japan

K. Yamasaki®, H. Hayashit, S, Uto?, T. Ehashi®, . Hashimoto?, H. Tsutsui®, 5. Mochizuki®’, K.
Kondo!, M. Yoshiura!’ , T Fujisato?

Background: Contractility of the tissue-engineered muscle with electrical signal has been required
for the development of bio-actuator and muscle tissuie regeneration. Although some investigators
have already reported about the contraction of myotubes with electrical pulse, the strategy to im-
prove their contractility has not been established. In this study, we discussed about the effect of
variety of pulse stimulation on the contraction of skeletal muscle cells.

Method: The C2C12 cells were seeded on various treated substrates and cultured in the Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum. When the C2C12 cells
reached conflusnce, the medium was changed to the DMEM containing 2% horse serum to allow
them to differentiate to the C2C12 myotubes, Electrical stimulation was performed to the C2C12
myotubes and their contraction was observed under the phase contrast microscope at 37°C. The
varfations were made on amplitude, pulse duration, and frequency of voltage of 0 V-30 V, 0 msec-100
msec, and 0.05 Hz-10 Hz, respectively.

Result: The C2C12 myotubes contracted on collagen coated substrate at voltage up to 10 Vat pulse
duration up to 3 msec, and at frequency between 0.03 Hz to 4 Hz. The number of contracting tubes
increased as frequency.decreased. The motion of C2C12 myotube contraction depended especially on
the pulse duration and frequency.

Conclution: It s indicated that parameters of pulse duration and frequency of electrical sumulation
are important for the control of myotube contraction.

ATHSRBE2HF 200748 S-37



P08 EMRESCRREEEAVAGFAROIRTEE

Oy f&—. $\ EZ. £F X BX KL BE &R
KR IERFRFRIEFFAMEFETFER

[(BHY) &45IENNEEBRIKREVT 7 F21— 5 Thh, BE. COLI) LFEEETHT I/ Fa—5 L
HELRVI Lo, BRGENAFT 7 F2I— L LTHETAIEFELORD, T THEHFRETE. BR
HBEN S D . BRONBALBRNES 2 BRI L2 ARRass. C2CI28BORF v 74—V FE LT3
RFHERL, NAF T/ Faz—5E LTOBEYEEL:. [HE] BB L TESCREEZHELTIK
AR % Tris-Buffer CERL LTI A Y —EhIZBEL. KBRAPOIFAF 5B RELL, MITTTVI—
MLEBIZY > THBERSTHLY VIEEORBBRELTV., RERAXY 71—V FEEHRLL, BORLA
X7+ — FiZ, C2C128M% 1.0 X 106 cells/ml DT 100, 11BE L 72, 1 BFEBERIC 10%FBS. HiL®
% % & {r High-glucose DMEM % H12 C 5 HEE#E L7z, 5 B%IC 10%FBS % TRHS ~NEERLTAF ¥ 7 4 —
M RICERE L7 C2C12 MIOBE 3 RE S ¢, £EIHBIEREP BRIV ALHMNL, BSEFOBMEE
(A THEEMETEETL L L b, HERE 317> THEOKRTF*BE L1, (BFR] AHERE10 Vpp. Ak
3% 1 Hz. 7OV A8 20 msec D750V AEEIZFAE L CEEHFPE0SE L. BEEE 10Hz T A EBENFED
Fr  HELBOER . BIEA %y 7+— b FOREICSESLTB) . BEAYARICEBAL TV 27,
TRLDIERL. AF YT 4 - FERCEBEIEET A7) T, ERSGIIEREL. SOIIBETAC At
bl 8%, AX v 74—V FRBIEHEBASEAZL T, BRNENI 4T/ Faz—2BETHE
YHRTEEE B EEL LN, [BR] EOBEFHERASIREFORAF Y 7+ VN LTHERTHL I LN
iR (A



230 ERHEMEORESEOE N

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 grafts 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 clinicaily 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).
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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).

A B

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

DNA Phospholipids
—
3.5ug/mi
8.5mg/ wet g
lugim <0 5mps
: (S0.5mgiwet g Fig. 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 ClP

Fig. 4 PCR products of PERV (arrow) in native and treated tissues.
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The animals survived after the transplantation 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 celis at 24
weeks, mainly by smooth muscle cells (Fig. 5). There was no inflammation and calcification
observed in the tissue.

A — ! T 3 " B

- Fig. 5 Cross sections of (A) anti-vWF

4 (endothelial cells) and (B) anti-aSMA
(smooth muscle cells) immunostained
freated tissues 24 weeks after the
transplantation.

7ok

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 honds 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 morc 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-
cver, there was a difference in the amount of DNA re-
leased. Less DNA was released by the pressurized hydrogels
than by the {reeze—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
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 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, 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



10000 atmospheres (980MPa) and 40°C for 10min.* It is
well known that intra- and intermolecular hydrogen bond-
ing increasesin 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 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
1s 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 PVA solution is frozen and
thawed scvcral times, which is called the frecze—thaw
method.?

Materials and methods
Malterials

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-
cenee 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

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 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 144h
at 37°C. At 0.25,0.5,2,3,15,27,48. 111, and 144h. 20l 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 hydrogels

Plasmid DNA (pDNA) was used instead .of salmon sperm
DNA and the mixed solutions of pDNA (100pg/ml) and
PVA (5% or 10% wi/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% wivwere hydrostatically pressurized at 10000 atm
at 37°C for 10min. With a PVA solution of 3% wi/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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