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Top down and bottom up approaches to develop reliable
artificial cornea

Hisatoshi Kobayashi
Biomaterials Center, National Institute for Materials Science.

1-1, Namiki, Tsukuba, Ibaraki 305-0044, JAPAN
KOBAYASHI Hisatoshi@nims.£o.jp

In the past 60 years, several groups have attempted to develop reliable artificial cornea, but
still not yet developed completely satisfactory level. . In general, clinically available synthetic
devices do not support an intact epithelium, which poses a risk of microbial infection or
protrusion of the prosthesis. Previously we have found that the immobilization of Type 1
collagen on the poly(vinyl alcohol)(PVA) hydrogel disc was effective in supporting
adhesion and growth of the corneal epithelium and stroma cell in vitro. And this was very
stable and highly compatible’ in: the corneal stroma. But the durability of the produced
corneal epithelium layer on the PVA-disc in vivo has some problem. The epithelium on the
PVA hydrogel discs could not produce basement membrane in vivo. We concluded the
permeability of nutrition and some biological factors are not achieving the enough level in the
shape of hydrogel disc structure. It is thought that stroma of cornea forms a clear frame
because fibril of collagen forms standardized cancelli. The ideal structure seems to produce
the sufficient permeability as well as the transparency. Currently, we try to make the mimic
structure of the natural corneal stroma by utilizing the nanomaterials and
nanotechnology(bottom up approach) and decellularization from porcine cornea by using ultra
high pressure treatment(top down approach). In this presentation, recent outcomes from both
approaches will be presented.

Acknowledgement: (A part of) This work is supported by Research Pror'no'tioh Bureau,
Ministry of Education, Culture, Sports, Science and Technology (MEXT), and the Ministry
of Health, Labor and Welfare of Japan.
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Novel Decellularization Technique of the Cornea using Ultra-high Hydrostatic Pressure
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Introduction

Corneal transplantation is an established transplant
surgery to reverse blindness due to corneal injuries and
diseases, such as corneal dystrophy, bullous keratopathy
and corneal scarring. The success rate is high compared
to other forms of tissue transplantation, but many
complications, such as infection, immune rejection and
graft failure, still occur. Also, an absolute shortage of
donor corneas has been a major problem in many
countries. To overcome these problems, artificial
corneas have been studied as alternatives [1]. Various
biocompatible polymer materials have been investigated,
some of which were recently approved by the FDA and
clinical test data is accumulating. However, it has often
been reported that such implants fail to significantly
connect to corneal tissue and the recipient corneal cells
do not expand on or in these materials, resulting in the
extrusion of them through melting around the prosthetic
rim [2].

We investigated the possibility of decellularized
cornea as a novel artificial bio-cornea, which the cells
and antigens are removed to diminish the host immune
reaction but the biological structure is remained. In this
study, we prepared some acellular cornea using
ultra-high hydrostatic pressure (UHP) method, and then
carried out the preliminary animal study of the
decellularized cornea.

Materials and methods
Tissues.

Corneas were dissected out of oculars of freshly killed
mature pigs and washed in phosphate-buffer saline
(PBS) containing antibiotics and 3.5 % w/v dextran.
Decellularization of corneas by UHP method.

The corneas were pressurized at 10,000 atm at 10 °C
for 10 min using a high-pressure machine (Kobe Steel
Ltd.), washed by continuous shaking in an EGM-2
medium containing DNase I, antibiotics and 3.5 % w/v
dextran at 37°C for 72hours, and then subjected to
histological study (H-E staining).

Biochemistry.

Decellularized corneas were analyzed quantitatively
by biochemical assays for residual DNA and GAG.
Characterization of decellularized cornea.

Decellularized corneas were investigated
characteristics such as the transmittance, swelling ratio,
strength.

Preliminary animal implantation study.

To examine the biocompatibility of decellularized
cornea, they were implanted in rabbit corneal stroma.
The animals were sacrificed at 8 weeks after
implantation.
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Results and Discussion

By H-E staining, the complete removal of epithelial
and stromal cells was confirmed in all of the pressurized
corneas. The super-structure of collagen fibrils were
relatively maintained after the UHP decellularization.
Also, when the decellularized porcine cornea was
implanted in a rabbit cornea, vascularization and
inflammatory reaction were not observed, suggesting the
decellularized cornea obtained through the UHP method
could be useful as a corneal scaffold for tissue
regeneration. From these result, it suggested that this
method could be used as one of decellularization method
of the other tissues or organs.

-

Figure.1 H-E staining of native and decellularized cornea
by UHP treatment.

Conclusion

We have successfully developed a corneal
decellularization method that uses UHP technology. The
superstructure of the acellular cornea was relatively
preserved. This decellularization method appears to be a
promising contribution with regard to corneal
replacement and tissue engineering of the cornea.
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Ultra-structure analysis of decellularization of cornea using ultra-high hydrostatical pressurization
treatment
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Introduction

In order to recover from corneal blindness, corneal
transplant surgery is needed. But, tissue transplantation
has many problems, such as infection and immune
rejection. Moreover, donor shotage of corneas has been a
major problem in many countries. So, artificial corneas
were studied by various approaches. Synthetic
biocompatible  polymers, such as polymethyl
methacrylate, poly(2-hydroxyethyl methacrylate), and
poly(vinyl alcohol) were tested for artificial cornea.
Unfortunately, implanted materials were finally
excruded. Some reports suggest that corneal tissue was
regenerated through a combination of cornea cells and
collagen scaffold [1]. But reported collagen scaffold has
low mechanical strength, so not adequate for clinical
applications. Acellular cornea scafforld seems to natural
cornea same structure without host cells and antigen
molecules. Therefore, acellular cornea scaffold was
expected to infiltrate the donor cells into the scaffold and
regenerate the tissues. Generally decelluratization were
undergone using detergents, such as Triton® X-100,
sodium dodecyl sulfate (SDS) [2] and sodium
deoxycholate. However, detergent decellurarization
need wash out process because of its cytotoxicologies
and washing process may be denatured biological
propaties. Therefore, we made acellular cornea scaffold
using ultra-high pressure (UHP) method without
detergents  [3]. Our objective of this study is to
investigate the ultrastructual difference of acellular
corneas between UHP method and detergents methods
Materials and Methods

Cornea preparation: Entire porcurine corneas were
explanted from the oculars and washed with
phosphate-buffer saline (PBS) containing penicillin (100
units/ml) and streptomycin (0.1 mg/ml). The corneas
were then stored in PBS containing antibiotics and
dextran (3.5% w/v) at 4°C until the experiments.

Decellularization of corneas by the chemical method:
1% w/v solutions of Triton X-100 and of SDS were
prepared. The cornea was immersed in one of these at
37°C for 24 hours, washed with PBS containing
penicillin (100 units/ml) and streptomycin (0.1 mg/ml)
for 24 hours. Decellularization of corneas by the
pressurization method: The corneas were pressurized
at 4,000 or 10,000 atm at 10 or 30°C for 10 min using a
high-pressure machine (Kobe Steel Ltd.), washed by
continuous shaking in an EGM-2 medium containing
DNase I (0.2 mg/ml), antibiotics and 3.5 % w/v dextran
at 37°C under 5% CO2, 95% air for 72 hours.
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Ultrastructure of decellularization corneas: After
decellularization, each cormea was fixed with
glutaraldehyde and osmium tetraoxide. After fixation,
tissues were enbedded with epoxy resin. 80nm thickness
sections were obtained. Cutting sections were observed
using transmission electron microscopy (LE0922, LEO
Electron Microscopy Ltd., Cambrige, England).

Results and Discussion

Ultrastructual properties of decellularized corneas made
by UHP method were resembled with natural cornea
(Fig.1). Collagen bundles were observed by TEM picture.
In addition, there were no host cells in the UHP
decellurized corea. On the other hand, microstructual
properties of detergents decellularized corneas were far
from natural cornea (Fig.1). No collagen bundles were in
it. The results indicated that UHP decellurized cornea
might be had a potential ability for the scaffold to
regenerate cornea tissue. More detail informations are
now collecting.

Figure.1 TEM photographs of intact and decellurized
cornea. 10000 atm UHP corneas have collagen bundles:
(a) intact cornea, (b) at 10000 atm for 10 min. (c) at
10000 atm for 30 min. (d) SDS detergents
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Introduction: The construction of an extracellular
matrix (ECM) using collagen has been performed by
many researchers worldwide. Ever since Weinberg and
Bell succeeded in preparing a blood vessel using
collagen [1], diverse approaches using collagen gel to
prepare an ECM had been executed. To use a collagen
gel as a biomaterial, prevention of thrombus formation,
and reinforcement of physical and biological properties
is required. In this study, a novel cross-linking technique
using ethanol/water co-solvent with N-(3-dimethyl-
aminopropyl)-N'-ethylcarbodiimide (EDC) and
N-hydroxysuccinimide (NHS) is introduced.
2-methacryloyloxyethyl  phosphorylcholine  (MPC)
polymer, a well-known material for its blood
compatibility [2], was immobilized on the collagen gel to
develop a mechanically reinforced and biocompatible
collagen hybrid gel [3]. With the EDC/NHS cross-linked
collagen gel and the polymer-collagen hybrid gel, the
physical and biological property was characterized so as
to apply the collagen gel as a new type of tissue
membrane .

Materials and Methods: Collagen film was fabricated
(1=0.018mm) and was cross-linked with EDC and NHS
in ethanol/water co-solvent series (0%—100%) for 24
hrs at 4°C to prepare an intrahelically cross-linked
collagen gel (EN gel). Poly(MPC-co-methacrylic acid)
(PMA) was cross-linked with collagen film using EDC
and NHS in ethanol/water co-solvent series
(0%—100%) ethanol:water=3:7 for 24 hours at 4°C to
make a MPC-immobilized collagen gel (MiC gel) [4].
X-ray photoelectron spectroscopy (XPS) and scanning
electron microscope (SEM) was used to characterize the
surface of the hybrid gel. Swelling ratio, free amine
group analysis, and mechanical test was used to
characterize the cross-linking efficiency. Biological
behavior was observed using cell adhesion test in vitro
and tissue compatibility in vivo. Collagen gel that is
intrahelically cross-linked with EDC and NHS (EN gel),
and that is inter-microfibrillar cross-linked with
glutaraldehyde (G-gel) was prepared by conventional
method [5] to compare the physical and biological
property of the collagen gel.

Results and discussion: In ethanol/water co-solvent, the
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Figure 1. The zeta potential and the diameter change
of the PMA according to the ethanol concentration.
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triple helix of the collagen did not denature. We found
out that the triple helix, indicating that the collagen gel
would retain its original property after the cross-linking.
ON the other hand, the polymer changed according to the
ethanol concentration. The electronegativity of the
polymer would shift toward neutral state as the ethanol
concentration increases. This is because the carboxylate
anoions would turn into carboxyl group, which is neutral.
It is known that the ethanol would prevent the hydrolysis
of EDC, but since the reactivity of the EDC is higher
with carboxylate anion, it is very important to obtain the
balance between the hydrolysis of EDC and the
protonation of carboxylate anions.

Comparing the reacted amine group contents
between EN gel and MiC gel, the cross-linking rate was
slightly higher for EN gel. The highest cross-linking rate
was shown when ethanol 30% co-solvent was used for
EN gel and MiC gel. The strain-stress curve result
showed that the viscoelastic behavior, or J-curve,
appeared for the physically stabilized gel (Uc gel) and
the EN gel, while the MiC gel showed brittle plastic
behavior. This implies that the polymer-microfibril
cross-linking is not a surface immobilization. The
highest reacted amine group was recorded for G-gel.
This is because the inter-microfibrillar cross-link could
be achieved.

We chose EN gel and MiC gel which was prepared in
ethanol 30% co-solvent to observe the bioloigical
property of the collagen gels. The adhesion of the cell
had decreased by the polymer cross-linking. Simple
intrahelical cross-linking can also provide the decrease
in the cell adhesion, but it did not suppress the
proliferation of the cell. In the case of MiC gel, both cell
adhesion and proliferation was suppressed. In vivo test,
the chronic inflammatory reaction and capsulation for
Uc gel and glutaraldehyde cross-linked collagen gel had
occurred, but no significant inflammatory reaction for
EN gel and MiC gel. In the short term and the long term,
the capsule layer around EN gel and MiC gel shows the
formation of the fibroblast and new collagen fibrils. This
implies that the gel possesses inert property against the
living tissue, prohibiting acute and chronic inflammatory
reaction.

Conclusions: The high rate of MPC polymer was
cross-linked with collagen microfibrils to make a
collagen/polymer hybrid gel. It was stable in the harsh
environment. The mechanical strength increased by the
cross-linked network. Possession of MPC polymer on
the surface suppressed the adhesion of the cell in vitro
and inflammatory reaction in vivo. Using this technique,
it is possible to prepare an tissue membrane which is
stable and anti-inflammatory.
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Introduction

One of key factors affecting the effective application of
tissue engineering is the development of scaffolds, which
provide the physical support for adhesion and expansion
of cells that can regenerate the lost of diseased tissue.
Recently, several scaffolds consisting of synthetic
materials have been mainly studied [1-5]. However, it is
difficult to actualize the same shape and structure as the
biological tissue. As another approach for preparing
resemble natural scaffold, there are decellularized tissues
in which the cells and antigen molecules are removed to
reduce the host immune response. The dcellularized
tissue should be considered to have the same structure
and composition as the natural tissue and the regeneration
within the scaffold is expected to be modulated by newly
cells. In the present study, we have demonstrated the
preparation of decellularized bone wusing UHP
technology[6] for tissue engineered bone.

Material and Method

The porcine costa was cut cylindrically (®6 x 5 mm).
The femur was shaped cubically (4 x 4 x 4 mm). They
were washed in PBS containing 5% (v/v)
penicillin/streptomycin. They were transferred to sterile
plastic package filled with PBS and then pressed
hydrostatically at 10,000 atm, and 25 “C for 10 min using
high pressure machine (Kobe steel Co. Ltd., Kobe, Japan)
to disrupt the cells in them. The decellularization and
alternation of micro-structure in bone during UHP
processing were investigated by histological study and
SEM observation. The adhesion and expansion of cells
reseeded on the acellularized bone culture was examined
in vitro. Also, the biocompatibility test of the
dcellularized bone was carried out in vivo.

Result and discussion

The HE staining of dcellularized costa and femur
prepared by UHP treatment showed cell free completely.
Rat mesenchymal stem cells were reseeded on the
decellularized bone in vitro. After cultivation for 3 days,
SEM observation revealed that the reseeded cells were
adhered on the surface of the decellularized bone in the
outside and the inside of bone. In order to examine the
biocompatibility of them, the dcellularized bone was
implanted in rats. The animals were sacrificed at 6
months after implantation. Isolated tissue was examined
by histological staining. Red blood cell and collagen
fibers were observed in implanted bone tissue. But
inflammatory cells were not observed in implanted bone
tissue.

This study described the successful decellularization of
bone using ultra high pressure technology. HE staining
and SEM observation confirmed the complete removal of
cells in bone treated by UHP processing. The significant
adhesion and expansion of cells reseeded on the acellular
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bone was also confirmed without the cytotoxicity. It is
expected to utilize the decellularized bone as culture
matrices because the detergents, which are generally
cytotoxic remaining in tissue scaffold, were not used at all
in this procedure. The inhibition of immune reaction was
exhibited for the decellularized bone by UHP treatment.
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Figure 1. HE stainings of native and decellularized costa
bone and bone marrow by UHP treatment

Conclusion

We have successfully developed a bone decellularization
method that uses UHP technology. Histological
observation confirmed the complete removal of cells in
bone treated by UHP processing. Also Red blood cell and
collagen fibers were observed in implanted bone tissue.
But inflammatory cells were not observed in implanted
bone tissue. These results suggest the utility of
dcellularized bone for tissue regeneration
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Introduction; Constructing an engineered tissue for cell
culture has been a major interest in bioscaffold field.
Bioscaffold shows toxicity, and shrinkage when
culturing the cell, and it is mechanically weak.
Furthermore, calcification is also reported [1]. Recently,
we found out that the cross-linking of collagen
microfibrils  using  N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) coupling reaction technique may alter the
physical and biological property [2]. The cross-linking is
significant when ethanol/water co-solvent is used as a
coupling reaction solvent instead of aqueous solution. In
this study, we report on physical and biological affect of
cross-linking of decelluarized tissue, which was obtained
from ultra high pressure method, to prepare a bioscaffold
[3]. Furthermore, we cross-linked an anticoagulant
polymer [2-methacryloyloxyethyl phosphorylcholine
(MPC) polymer], which is known for its good
hemocompatibility {4] with the decelluarized tissue, to
obtain a polymer-cross-linked bioscaffold.

Methods: Decellularized blood vessel tissue was
obtained by ultra high-pressure method [3]. EDC and
NHS were added into the ethanol/water co-solvent
(ethanol concentration 10, 30, 50%, and 70%) with the
decellularized tissue. Then the cross-linking was
continued for 24 hours at 4°C. The cross-linked tissue
was cleansed for 24 hours in water and ethanol,
respectively to obtain a cross-linked bioscaffod (E-scaf).
The amount of cross-linked portion of each tissue was
estimated by measuring the reacted amount of amine
group and the carboxyl groups.

The decellularized tissue was cross-linked with MPC
polymer [poly(MPC-co-methacrylic acid), PMA] at the
ethanol 30% aqueous solution. MPC was pre-activated
with EDC in 30% of ethanol aqueous solution and was
cross-linked with decellularized tissue to obtain a
polymer-cross-linked bioscaffold (P-scaf). With these
bioscaffold, we investigated the structure and
cross-linking structure of the bioscaffold. Furthermore,
physical property and biological property of the
bioscaffolds were characterized.

Results/Discussion: The cross-linking of the
decellularized tissue showed that there is mild increase in
the cross-linking rate when ethanol concentration
increases. For the E-scaf, the highest cross-linking rate
was shown when the ethanol concentration was 30%.
The further increase in the ethanol concentration (>40%)
showed gradual decrease in the cross-linking rate. This is
because the carboxyl group of aspartic and glutamic acid
residues is less reactive in high ethanol concentration.
After cross-linking, there still remains high amount of
unreacted amine groups and carboxyl groups in the tissue.
The further increases in the amide bond can be achieved
when the tissue is re-cross-linked with EDC and NHS [2].
The mechanical strength showed that high or low
cross-linking rate does not alter tissue’s viscoelasticity
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significantly. However, when the blood vessel tissue is
pulled longitudinally, the elongational modulus
increased approximately 1.5~2 times of that of original
blood vessel tissue. For P-scaf, it showed that the amine
groups that took part in the cross-linking procedure was
lower that that of E-scaf. However, its mechanical
strength was increased, reaching 3.5 times higher
elongational modulus compared to that of original tissue.
This indicates that the network between the collagen and
the polymer is very strong, but does not plasticize the
tissue.

The cross-linking prohibited the tissue from
shrinking in high temperature. When the tissue was
inserted into the oven (80°C), the sudden shrinkage
breaks out. In the case of E-scaf and P-scaf, no shrinkage
had occurred. Morphology of the tissue observed with
SEM showed that after cross-linking, the pores of the
tissue are becoming smaller and forms much ordered
layered-structure.

The strong network prohibits the degradability
caused by the collagenase. The strong network is
protecting the bioscaffold from degradation. After 2
weeks in the collagenase aqueous solutions, original
tissue lost its original shape, while E-scaf and P-scaf
maintained its shape.

We evaluated the toxicity of the tissue before and
after cross-linking. It showed that the cross-linking of
tissue does not induce any toxicity. This was same for the
one that was cross-linked with PMA. The existence of
methacrylic acid moiety was thought to cause toxicity,
but it did not. This implies that it is safe to use the tissue
that is cross-linked with PMA.

The tissue was inserted into the rate subcutaneously
and was collected after 2 and 8 weeks. The decelluarized
tissue was highly calcified, but the calcification was
reduced for E-scaf. The P-scaf showed the lowest
calcification, and the calcified location was located deep
inside the tissue. This indicates that the polymer
cross-linking had occurred not with only collagen, but
also elastin, and the elastin is not damaged using the

cross-linking process . Furthermore, there was almost no

inflammatory reaction after implantation, indicating that
the both E-scaf and P-scaf was compatible with the
living tissue.

Conclusions: By controlling the cross-linking rate, we
could obtain a bioscaffold that has stronger mechanical
strength with safe biological property. Although some
calcification was observed, it was very mimic, indicating
that this bioscaffold is compatible with the living tissue.
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Introduction: The decellularized tissues have been
researched for utilization as a regenerative bio-scaffold.
Generally, decellularization was executed by chemical
and biological processes using detergents and enzymes.
However, problems, such as ECM denaturation and the
cell cytotoxicity caused by the residual reagents, have
been reported. We have been developing a novel
physical decellularization method using ultra high
pressure (UHP) technology. This technique involves the
hydrostatic ultra high pressuirization, which disrupts the
cells inside and outside of the tissue. The cell debris can
be eliminated by the simple washing process, producing
a clean decellularized tissue. We already reported the
excellent recellularization of the decellularized valve
after the allotransplantaion. [1]
In this study, we investigated the affect of the UHP
method to the conformation, and the structure of the
collagen, and the mechanical property of the
decellularized vessel.
Materials and Methods: At first, we examined the
UHP treatment protocols among the selected candidates
(the starting temperature; 5, 10, 15, 20, 25, 30 °C, and
the pressurizing rate; 666, 1000, 2000, 5000 MPa/min.).
We ascertained the temperature change during the
treatments and the freezing points at each pressure so as
to optimize the UHP protocol. Secondly, we compared
our the UHP method with other researchers’ methods
[2]-[4] about the efficacy of decellularization and the
influence on the biological tissues. The treated tissue
sections were assessed following hematoxylin and eosin
staining and TEM microscopy. The residual DNA was
quantified within the tissues. The mechanical properties
of the treated tissues were measured about the ultimate
tensile strength, the failure strain, the elastic modulus of
elastin, and the elastic modulus of collagen. Thirdly, the
influence of temperature on ECM was investigated by
the circular dichroism spectrum of collagens which
were treated by the UHP method, and the incubations at
the several temperature (5, 30, 37, 50 °C)
Results/Discussion: We evaluated the UHP method
(the starting temperature; 30 °C, the pressurizing rate;
666 MPa/min.) as the optimized method for processing
decellularized tissues. Hematoxylin and eosin staining
of the UHP treated tissue sections demonstrated that no
cell fragments were remained within the tissue. DNA
assay test demonstrated that the UHP method could
eliminate the residual DNA within the treated tissues
under the detection limit. The elastic modulus of elastin
was decreased, but other properties were well
maintained. The CD spectrum of collagen treated by
UHP was almost consistent with the spectrum of
non-treated collagen.

We previously reported that the UHP method
could certainly decellularized all of the cells and
residual DNA from the arterial tissues. In this study, the

optimization of UHP treatment could well soften the
influence on the biological and biochemical properties
of biological tissues by the temperature. Before
optimization, the spaces between collagen fibrils in the
center of tissues opened more significantly. The bundles
and the triple-helical structure of collagen were often
broken. After optimization, the influence was softened
and the structure of collagen fibrils was well maintained.
The triple-helical structure of collagen was also well
sustained. The optimized UHP method also improved to
keep the mechanical properties. The elastic modulus of
elastin was a little weakened, but it is enough
appropriate for the cardiovascular alternative.
Conclusion: This study has successfully developed the
porcine arterial scaffold not to influence any biological
property, which is decellularized using UHP. We
showed that the optimized UHP method was able to not
only decellularized completely from the elastic tissues
such as aorta, but also maintain the structure and
biological property of tissues. Future work will apply
the assessment for recellularization on the UHP treated
scaffold.
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Fig. Hematoxylin and eosin staining paraffin-embedded
sections of arterial scaffolds. (a)non-treated (b)optimized
UHP treated.
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Introduction

In the past 60 years, several groups have attempted to
develop reliable artificial cornea, but still not yet
developed completely satisfactory level. . In general,
clinically available synthetic devices do not support an
intact epithelium, which poses a risk of microbial
infection or protrusion of the prosthesis. Previously we
have found that the immobilization of Type I collagen on
the poly(vinyl alcohol)(PVA) hydrogel disc was
effective in supporting adhesion and growth of the
corneal epithelium and stroma cell in vitro. And this was
very stable and highly compatible in the corneal stroma.
But the durability of the produced corneal epithelium
layer on the PVA-disc in vivo has some problem [1-2].
The epithelium on the PVA hydrogel discs could not
produce basement membrane in vivo. We concluded the
permeability of nutrition and some biological factors are
not achieving the enough level in the shape of hydrogel
disc structure. It is thought that stroma of cornea forms a
clear frame because fibril of collagen forms standardized
cancelli. The ideal structure seems to produce the
sufficient permeability as well as the transparency.
Currently, we try to make the mimic structure of the
natural corneal stroma by utilizing the nanomaterials and
nanotechnology. In this paper, we prepared the one
direction oriented PVA nanofibers by using the electro
spinning method and modified the surface to give an
surface affinity towards corneal stroma cells and
checked the cell-nanofiber interactions.

Materials and Methods

PVA powder(Mw. 77,000, 99.9% saponification,
purchased from Wako Pure Chemical Industries, LTD)
was dissolved in water. Electrospinning:
Electrospinning are performed based on previous
reported condition by LL.Wu et al [3] with some
modification. Applied potential is 25kV, the PVA
solution was adjusted at Swt % and its flow rate was
controlled at 10mL/hour by syringe pump (Model ‘11’
Plus, Harvard apparatus Inc. Massachusetts U.S.).

The distance between nozzle and collector was 25cm.
Aligned PVA nanofibers were produced between the
specially prepared two-separated collectors. This
material is dried overnight in a vacuum at room
temperature. After drying, materials were used for
further experiments. Surface modification: the PVA
nanofibers were used to the modification reaction.
Isocyanate groups were first introduced onto the surface
by the reaction between the surface OH groups of the
PVA and the isocyanate group of hexamethylene
diisocyantate(HMDI). 10wt% HMDI/toluene with
0.07vol% di-n-butyl-tin dilauarate was prepared under
the nitrogen purged condition and the prepared
substrates were added in the solution and gently stirred
for 40 minutes at room temperature.

After the reaction, the activated PVA was rinsed with

acetone to remove the residual HMDI. All the process
was done under the nitrogen gas blow condition. The
surface activated PVA immersed in the type I collagen
solution (0.5mg/ml) to immobilize the collagen on the
surface of the PVA. Scanning electron microscopy:
Scanning electron micrographs were obtained with
scanning electron microscopy (JSM-5600LV, JEOL,
Tokyo Japan). Cell culture: To evaluate the
nanofibers-cells interaction and the cell behavior,
primary rabbit corneal stroma cells was used. Cells are
seeded to materials at a density of 4.77x10* cells/cm’
(SEM observations) . To prepare the samples, cells are
fixed by 4% glutaraldehyde solution and lyophilization
with z-butanol. Cell morphology and nanofibers
alignment were evaluated microscopically.

Results and Discussion

Average diameter of the PVA fiber is about 700nm at dry
condition and about 1000nm at wet condition. The
property was kept after the collagen modification
process. The collagen immobilized PVA nanofibers can
support primary rabbit corneal stroma cells adhesion.
The PVA nanofibers we prepared have enough tenacity
to support corneal stroma cells, and the cells aligned to
the same direction of the nanofibers substrate as shown
in Fig.1. The aligned cells were also proliferated well on
the surface of nanofibers keeping the cell alignment.

In this stage, we were able to control the stroma cell
alignment, but still not confirmed the collagen synthesis
of the aligned cells. In the future study, long term cell
culture will be performed in the medium containing 5%
ascorbic acid to enhance the collagen synthesis of the
stroma cells and check the produced collagen alignment.
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(b) Stroma cell adhesion

(a) SEM Image of

aligned PVA on the aligned(arrow
nanofibers direction) modified
PV A nanofibers.

Fig.1 SEM and Light microscopic observation of (a) the

Aligned modified PVA nanofibers and (b) corneal

stroma cell adhesion; 2days after seeding on the

nanofibers.
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ShENR 0T &b, PMA La7—F U OB RPIERIT 0% THIEE L HND,

aS—H U NV DEESFEICISNWTaFF T —EER BT, ZORE. {LEHEE
IZE AR EME S FERRSNIL, Uc-# Ui 24 R LIARICSE2 DRL b 00, {LEMIZEES I
aF—F U B O REE TR U, BT, MIC 5 vE MAC S ADBES ., 255 —BBIkT
T 7 BRIRGSETHRRRLR D 0Tz, 23X, HFRIBEN =T 75— LB A N~Vys
A EBICERIZEDZLDTHY, WS N T~ 72208 Th, S FRIEE B LT
VN2 ARRBIC L a5 — S ARSI SFONDEE XD,

Uc- v, NIZ A~V o2 ARERSEE (EN FV) NV ~Yo 7 A ERE (G-’?Jlf) (R Y: 7
B DT E BT R, Ue-Y VB RIEDEEZT T LR LE, (LFHEBOB S,
B RE S R U, ZhE, NTAANY 2 ZORBIZIDDRETHEEEIDND, T,
G-J e EN FNOBBRSER TR NI~ I A RERN I~ v 7 AN
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HREERE LR T LR DA 0T, MIC Ve MAC A DFE . AN TRY~—E0FEEk, BRI HH
PEEEENE SR LD X, DS N LR A ME BN L - 2 EASBA DAz o7z, MIC 41 MdC
N OBBRYHHEIZIZRIC Th-o7.

RETD PMA OREOHEIMINZ /OB ORFELEFEBRERBD Lic, Tt Kiln
TO MPC BZ R0 EORFE LBROBESZIH L bTHD, MiC & MdC 7 VOXREITHE
¥ - IR OHEIL S Tholo, it PMA RESBIAEEERARHIEERLT
B0, MPCHY~—DBIEE NS I BR T30 TH5, ) BIYBHEERER. BE 2
AR T, Uc-H AvE GHADOEDBEICIIRERISICEdwI/nTr— LEMBEROAE
AAERH b, —F  EN 4V, MiC /v, MdC # VORI RIER G RONT, SR
faL$ficieaS—F ARBOE R A FERS I, Zhid, £EBEHLELTIOF L OBEL TV
RNZERRLTEY, iz, ThbD S NV EDORBREEERREFET DO T, MEOHEE
LA NOTHREZE LS, BiE 8 BMEHE T, BESNhia7—r iz
IE SRR, (B TREE L THR > TV e(Figure 1), ZOFF, MiC 7'v& MdC S VO ED DS
— 5 AR 2 BB L ARL S LEL AR5 TRY, Ue vk G-F NVOBESIER IS T
BIENRG T,

B e T,
B R R |

@

F: fibroblast, C: new collagen layer, FBGC: foreign body giant cell, M: macrophage

Figure 1. H-E and RM-4 stained collagen gels after 8 weeks of subcutaneous implantation

in rats. (a) Uc-gel, (b) EN gel, (c) MiC gel, and (d) G-gel. The images on the right side are

H-E stained gels and those on the left side are RM-4 stained gels.
[#] =5— 4V VMEZERRBCIVRENEREIL 275 T — I L& E BTN
[ETF UL, T, 35—/ VB EIC I AR OE L ERR L, 27—/ VB S
PROERE LSS B 525 B b3, PMA ORI, SNV ORE 2t
PRIBITHEMEND LI, HIBRLOFFWREERAEL ., MEDEEEZHSHREHFRTD.
HEENICBHELEB S, v /a7 7 —VERREORER GBS, BASEEREICIASIL
EZRERLI,
[#8E] AFEO—EIT, TOMFITIMSIITEREAR FEATIREIEE. CREST(71082665)7D
MBhEZ T TIThhi:, ’
[Z#%3#K] 1) K. Nam, T. Kimura, and A. Kishida, Biomaterials, 2007, 28, 3153-3162. 2) K.
Nam, T. Kimura, and A. Kishida, £ 36 BIEFE LS F > 74,2007, 36, 79-80. 3) K. Nam,
T. Kimura, and A. Kishida, Macromo!. Biosci., 2008, 8, 32-36. 4) ]. Watanabe and K. Ishihara,
Biomacromolecules, 2005, 6, 1797-1802.
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TOXHRBEOKRKNEREL LT, B FHEERAVWEATIAROBRR LUBLE
EREFIC L 2ABEFERBRHIN TS, BiFE, #3RL0, RIAFALRAFZZ ) L—
F PMMA), BV E FaFxiyFL A&7 Y 1L—}p (PHEMA), FJ) =17 a—-ib
PVAY 2 EHRRABRTWB A, £EHEBE ATHEOEZURE N LMK L £4FE
Bl OBRH2 Ly TIA TV ADTR—BILIVBETEIAI=AINA VAT, EFHT
DABELBMEIZLIAANTIRAEORERREIR TS, —F., ABRFBALEILBWTIL, n
vitro CRABIABOBERSE Sh, EFAR— M X 2ABE ERBAEBBRKRSA SN
TEY., HRATENOT7 Fu—Fic L 3BLEREFROFHRENRIhS>2b 5, L
LAaRb, TRbMBORBERIABERRL LU, aF—FriAl7 47004
M EBAWLRTEY., 2hHEEARIZHERESHA OBELRE BRI LM
Thhd, AR, 275U RESEFRIIBRICEINTS Z LRIV ERERERL
TWHEBTHY . AEEERE LTREROHEGIEESERIND, T2C, £FiI2EL
Uicihte Ll A T A BB AR R 2 B L, BRR{CAR. £6R LML RE
Lictt, BT3B <Ny 23T, AR TR, ix OFECLOBMREA RO ER
LIRELH BB L TOREM I W TRE L,

[£5] . .

BRET ZIRROBEBRIZH>TH—TIATA 7 TCHHBL, AEZERLE, T8
3.5 % wiv Dextran #&tr PBS (DEX/PBS) T Liz, REEMEAIC L 2 AEOBMARA
it 1% wiv TritonX-100 B X R RFVAREET U o 4 (SDS)MKEZREM L, AR
FEHEL, 37TCIET 24 BHOEBAB 21T o7, &Y T. DEX/PBS L L3iREHEE
48 BT o 1, BEEAEZ X 5H 5. BHESHFMEREE, Dr. CHEF (304 = BUEHET
Z v, 10°CE 7213 30°CIZ T 10,000 [IEDBRIEAMNAE (UHP) % 10 & MfT - %,
B BHIZ 8.6 % wiv Dextran. 0.2 mg/ml DNase 1 & {r¥eis# (DEX/EBMIZ & B3 iRE
Ty 12 BTV, MIRBELRE Lz, B 0FETE LR A REERIC
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AEBFEARRAF ¥ 74—/ FOBZ L KA
HERAREMT - HEEKIRE 2 - UMEBAM - [RLABT ¢ OBARS 13, JARH— 13,
tere KTy e, LA FREEH 3, EEEMEH ¢ AREI 13, IREE s, BERRFR?

(B3] 04, ARBEENOM EIZ XD ZORIERIZ 0% EEB2 503, EE/E FF—FRERKE
REBETHD, 20L& RHEBEOERMBRE L LT, Al&ESTFHEERAVWEATABKORIES &
UBAERENC L 2ARFBEBRTI SN TS, FiFE TIXRY AFALAEZ 7Y L—| (PMMA), ®
Ve RaxyzFrigzs ) L—k (PHEMA), R =7 a— (PVA)Z ¥ OBRTEERE
WRFMERAWERLBRINT D, LBLENL, AFEEEE ATHEOBEEME, BRoI A+
Y FBLUMRE L OB 2 PS54 T U ABR—H LTV RWEDITE LD AN =ZHNVA P LR E
L& oT, MDY vy BoBBERERESA L, BEH TORERMBRIIL D2 ANTAROBESRE
ENTWND, BETIIAE ERERBIZEARTZESFICHT HEEE LT, ARER Y — FBESAR
SRE OSBRI P T, BIFLEEZID TWE, UL, AREEHRORKREIZSOCTE
RERBT, ARDK 90%% DD ABELETOFTEICEL T, REEREN TV, KPFET
X, REEEREEBEELAEEE AWM b AEORR L BEAAIIRE L TOREEZHRE L
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[ER] AT ¥ ORI, LAREERER L7, RimiEiEH & U Cid, TritonX-100, SDS #z w7z,
Fa D IWNBRRIZABELZEE L, 24 FEEBQLEL 2, VT, DEX/PBS 12 & 5IREH%E % 48
BT o7, —F. GRS HFIEERE @) F R Z v, 10CE 7213 30°CIZ T 10,000 KUEDO#
BERMZ 10 53R4TV, MlaZE L2, $VT, 3.5% Dextran, 0.2mg/mlDNasel % & 1eBEiES
#(DEX/EBM)IZ & 2 IRELEMEZ 1T 5 2 & THRIEENMIZ ZRE U, R EZERFHIBE, BF
DNA., 17 GAG OFRIZ L VFHE L7z, EFBRBERRIC LV ABROBMMEELRIC OV TRF L
o, BHRE, BFEE, HNEBEREICL Y EETME2To72, ARABERE AV BMERICLY
Rt b AR DOFTRME, RIFESUGIT OV TR LT,

Preparation and characterization of decellularized corneal scaffold

Yoshihide HASHIMOTO,13 Seiichi FUNAMOTO,1? Syuji SASAKI,2 Manabu MOCHIZUKI,?2
Shinya HATTORI,3 Toshiya FUJISATO,4 Tsuyoshi KIMURA,!.3 Hisatoshi KOBAYASHI,3 and Akio
KISHIDA! (nstitute of Biomaterials and Bioengineering, Tokyo Medical and Dental University,
2-3-10 Kanda-Surugadai, Chiyoda-ku Tokyo 101-0062, JAPAN, 2Department of Ophthalmology,
Tokyo Medical and Dental University, 3Biomaterials Center, National Institute for Materials
Science, ¢Graduate school of Engineering, Osaka Institute of Technology)

Tel: +81-3-5280-8028, Fax:+81-3-5280-8028, E-mail:kishida.fm@tmd.ac.jp

Key Word: ultra-high pressure/ decellularization

Abstract: We investigated the decellularization of porcine cornea by two methods; detergent
method and ultra-high pressure (UHP) method. The incomplete removal of cells was confirmed in
detergent method. On the other hand, For H-E staining of the cornea decellularized with the UHP
method, the complete removal of corneal cells and maintenance of the superstructure of collagen
fibrils were confirmed. These results indicate that the decellularized cornea by UHP method would
be useful as corneal scaffold for regeneration.
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LTz, — ., BEELAEIC X 5 B Mia b AR T,
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NRENT, F 72, TritonX-100, SDS 35 L U 30C
/UHP 2 & % WM b AR Tl ARLBIZH A,
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F) non—
treatment cornea, (B), (G) the cornea decellularized
with Triton X-100, (C), (H) the cornea decellularized
with SDS, (D), (I) the cornea decellularized by UHP at
30C and (E), (J) the cornea decellularized by UHP at
10C.
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Fig. 2 Quantification analysis of (A) residual
DNA contents, (B) residual GAG contents in
the corneas treated under various conditions.
(*p<0.05, **p<0.005, ***p<0.001).

Fig. 3 Photographs and H:-E étaining of the
non-treated (upper) and decellularized (lower)

corneas implanted in rabbit eye after

immediately (A), (D) and eight weeks (B, C, E, F).
Scale bar 2mm (A, B, D, E), 50pm (C, F).
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