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Ultrastructural changes of corneal stroma after decellularization

Shinya HATTORI!Y Tsuyoshi KIMURAZ Chiaki YOSHIKAWAS Seiichi FUNAMOTO? Yoshihide
HASHIMOTO? Shuji SASAKI4 Manabu MOCHIZUKI4 Kwangwoo NAMZ Toshiya FUJISATO®,
Soichiro KITAMURA?, Akio KISHIDA? Takako HONDA!, Hisatoshi KOBAYASHI! (/Biomaterials Center,
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“International Center for Materials and Nanocarchitechtonics, National Institute for Materials Science,
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Engineering, Osaka Institute of Technology, Akashi, Osaka, JAPAN)
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Key Word: artificial cornea / decellularization / ultrastructure

Abstract: To recover from the corneal blindness, corneal transplantation is needed. However, donor shortage
is the problem. Then, to fabricate artificial cornea is important. Recently, decellularized tissues are used for
tissue regenerative scaffold. We performed ultra high hydrostatical pressurization (UHP) treatment to get
decellularized cornea. After this treatment, aligned collagen structure of corneal stroma was maintained
compared with detergents decellularization method. According to our results, UHP treated decellularized
cornea can be a good scaffold for regeneration of corneal stroma.
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the collagen gels by respective cross-linkers and polymers.

How would collagen gel structure affect the physical and bioliogical properties?

Kwangwoo NAM"? Tsuyoshi KIMURA'?, and Akio KISHIDA '

(‘Division of Biofunctional Molecules, Institute of Biomaterials and Bioengineering, Tokyo Medical and Dental
University, 2-3-10 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-0062, Japan, 2JST-CREST)

TEL: 03-5280-8156 FAX: 03-5280-8029 E-mail: bloodnam.fm@tmd ac.jp
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Abstract: Collagen gel was prepared by immobilizing phospholipids polymer using various cross-linkers.
1-ethyl-3-(3-dimethylaminopropyl)-1-carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
was sued for the amide intrahelical cross-linking, 1,4-butanediol diglycidyl ether (BDDGE) was used for
carboxyl-carboxyl interhelical cross-linking, and glutaraldehyde was used for the amide-amine interhelical
cross-linking. For the polymer-collagen cross-linking, [poly(2-methacryloyloxyethyl phosphorylcholine
(MPC)-co-methacylic acid) (PMA)] was adopted. The mechanical cross-linking and the stability varied
according to the cross-linking method. The collagen gel with polymer was the most stabilized while the
physically cross-linked collagen gel was the weakest of all. The addition of PMA decreases the amount of
adsorbed protein and adhered cells. The morphology of the cells on the PMA-immobilized collagen gel’s
surface was round indicating that the cell-surface interaction is weak.
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Fig 2. Amine group contents of the collagen gels

prepared by respective methods.
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Structure evaluation of Porcine Cornea Decellularized by
Ultra High Hydrostatical Pressurization
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Introduction: The success rate of & corneal transplantation is high
compared 10 other forms of tissue transplantation, but many complications
still occur. Also, an absolute shortage of donor corneas has heen an im-
portant problem in many countrics. Artificial corneas have been studicd
as alternatives in order to overcome these problems. Aceflular cornea
scafforld seems to natural cornca same struclure without hest colls and
antigen molceules, Therefore, acellular comnea scaflold was expucied ©
infiltrate the donor cells into the scaffold and regenerate the tissues, We
made acellular cornea scaffold using ultra-high pressure (UHP) method
without detergents. Our objective of this study is to investigale the
structual difference of acelular comeas between UHP method and cur-
rent methods. Materials and Methods:Decellularization of corneas:
The corncas were pressurized at 4,000 or 10,000 atm at 10 o5 30°C’ for
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10 min using a high-pressure machine, washed by continuous shaking
in an EGM-2 medium containing DNase I (0.2 mg/ml), antibiotics and
3.5 % wiv dextran at 37°C under 5% CO2, 95% air for 72 hourss. Ultra-
structure of decellularization corneas: After decellularization, each
cornea was fixed with glutaraldehyde and osmium tetraoxide. After fix-
ation, tissues were enbedded with epoxy resin. 80nm thickness sections
were obtained. Cutting sections were observed using transmission electron
microscopy. Results and Discussion: Ultrastructual properties of decel-
Jularized corneas made by UHP method were resembled with natural
comea. Collagen bundles were observed by TEM. In addition, there were
no host cells in the UHP decellurized corea. On the other hand, micro-
structual properties of SDS decellularized corneas were far from natural
cornea. No collagen bundles were in it. The results indicated that UHP
decellurized comea might be had a potential ability for the scaffold to
regenerate cornea tissuc. The results of 6 month implantation will be
presented.
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STRUCTURAL FEATURES OF DECELLULARIZED CORNEA USING ULTRA
HIGH HYDROSTATIC PRESSURIZATION METHOD.

Shinya Hattori?, Tsuyoshi Kimura®, Chiaki Yoshikawa", Seiichi F 2,
Yoshihide Hashimato®, Shuji Sasaki®, Toshiya Fujtsato®, Takako Honda'?, Akio
Kishida® and Hisatoshi Kobayashi'

“Biomaterials Center, Natianal institute for Materials Scence;baraki, Japan,

%japan Health Sciences Foundation,Tokye,iapan,

“institute of Biomaterlals Blaenginesring, Tokyn Medlcal and Dental UnlversingTokyo, Japan,

“International Genter for Materials Narosrchitectonics, National mstitute for Materiab Science JberakiJapan,
Tokyo Medical and Dantal University Hospitel Facuity of Maedicine, Tokyo, Japan,

‘Dep:rtm:m of Blomedikal Engineering, Osaka Institute of Technology, Csaka,Japan.

Donor shortage of corneal transplantation is big problem for the person who
has some corneal iliness. Recently, decellularized tissues are studied for tissue
regenerative scaffold. Decellularized tissues seem te have a native tissue alike
structure without host celi, gems or virus and antigen molecules. Therefore,
decellularlzed tissuesshave a possibility to be a good scaffold. In general
decelfularization was performed using chemical detergents such as sodium
dodecyl sulfate (SDS) {1] or Triten-X. However, according to detergents
decelluiarization procedure, some important biological properties might be
denatured. So, we fabricated decellularized cornea using uitra high hydrostatic
pressurization (UHP) method [2]. Our objective of this study s to compare the
structural difference between UHP and detergents decellufarization.

Porcrine corneas were washed using 100 units/mi penicillin and 0.1 mg/ml
streptomycin supplied phosphate buffered saline (PBS). Until deceliularization 1
treatment, corneas were preserved in 3.5% w/v dextran containing P8BS solution .
described above. Detergents deceliularization was performed using 1 % w/fv

solution of SDS and Triton-X. UHP method was done using a high-pressure

machine {Kobe Steel, Ltd., Kobe, Japan). Using this machine 10000 atm pressure

were applied to corneas at 10T and 30°C. After decellularization, each

specimen was fixed and embedded for histological observations. Conventional

histological observation and ultra structural analysis using electron microscopy

were done. According to our results, structurat deformation was more severe in

detergents method rather than UHP method. Our results showed that

decellularized cornea made by UHP method might be had a possibility to be a

scaffold for corneal regeneration, More details will be presented and discussed.
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EVALUATION OF DECELLULARIZED CORNEA MADE BY DLTRA HIGH
HYDROSTATIC PRESSURIZATION METHOD AS A SCAFFOLD FOR
CORNEAL STROMA

Takako Honda®?, Tsuyoshi Kimura®, Chiaki Yoshikawa®, Seiichi
Funamoto®, Yoshihide Hashimoto®, Shuji Sasaki® Toshiya Fujisato®,
Shinya Hattori*?, Akio Kishlda® and Hisatoshi Kobayashl'

8iomateriaks Center, National hstitute for Materials Science;Ibarakl, Japan, “Japan Health Science
Foundsation,Tokyo, iapan,

#Institute of Blarmaterla!s Bicenglneering, Tokyo Medice! and Dental University, Tokyo, Japan,

“Intarnational Center for Materisls Nanoarchiactonics, National Instituts for Materials Science jbaraki,Japan,
“fokyo Medical and Dental University Hospital Facufty of Medicine Tokyo,Japan,

N of Oxala Institute of Technology, Ossha Japan.

Cornea is avascular tissues so that it has very poor self-regenerative abilities.
Therefore, corneal transplantation is needed when injury or iliness had ocourred
at cornea. Howeves; many patlents are waiting for transplantation because of
donor shortage. Thus, many kinds of artificial corneas had been studied.
Unfortunately, there has not been established to regenerate the corneal stramal
portion. Recently, decellularized tissues are attempted for tissue regenerative
scaffold. Deacellularized tissues have a natlve tissues resembled structure
without host cells and antigens. So, decellularized tissues are expected to be
good scaffolds. We made deceflularized cornea using ultra high hydrostatic
pressurization (UHP} method. This method is much safe than detergents
decellularization because of no Tisk for residues of chemicals. in this study, we
evaluate the UHP treated decellularized comea induding animal implantation
test using rabbits

Porcine comea was washed using 100 units/ml penicillin and 0.1 mg/ml
streptomycin supplied phosphate buffered sallne {PBS). Until pressurization,
comeas were preserved in 3.5% w/v dextran containing PBS solution described
above. Then, Carneas were pressurized at 10000 atm for 10 minutes at 10°C and
30°C using high pressure machine (Kobe Steel Ltd, Kobe, Japan}. After
pressurization, each comea were washed by 0.2 mg/ml DNase 1, 100 unit/m}
penicillin, 0.1 mg/ml streptomycin and 3.5% dextran containing EGM-2 medium
with shaking at 37°C .under 5% CO2, 95% air atmosphere. Fabricated
decellularized cormeas were implanted in rabbit corneal stromal site making
small pocket. At 6 month after implantation, implanted carnea was still visually
clean and there were no neovascularlsation and inflammatory response. The
details of this study will be presented and discussed.
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Fabrication and Evaluation of PVA-Heparin Complex by Ultra High Pressure Method
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Decellularized cornea made by ultra high hydrostatic pressurization for

artificial cornea.
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Abstract:

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 coreal stroma. But the durability of
the produced comeal ‘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 as well as the technique of decellularization of
allograft of natural corneal. In this talk, I would like to share our previous results and
most recent result of our trials, for example, nanofibers approach and decellularization

- of porcine comea.
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Decellularization of Porcine Cornea by Ulta-high Pressurization and In Vivo Study
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Mochizuki,’ Toshiya Fujisato,* Hisatoshi Kobayashi,’
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? Biomaterials Center, National Institute for Materials Science, Tsukuba, Ibaraki, Japan
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Introduction

The corneal transplantation is useful, but an absolute
shortage of donor corneas has been an important problem
worldwide [1]. In order to overcome this problem, many
types of synthetic biocompatible polymer materials have
been investigated, however, it has often been reported that
such alternatives fail to significantly connect to corneal
tissue [2]. It is believed that these materials do not
the
chemically or biologically. Therefore, the development of

sufficiently match comea material physically,
materials more similar to a natural comnea is required.
Recently, it is reported that acellular tissue, in which the
cells and antigens are removed to diminish the host immune
reaction but the biological structure is remained, is
investigated for regenerative medicine. In many cases,
acellular tissues are prepared by chemical and biological
methods, such as detergents and enzyme. In the present
study, we investigated a physical decellularization method

of cornea using ultra-high pressurization (UHP).

Materials and Methods

Porcine cornea was explanted from the oculars. The
cornea was pressurized at 10,000 atmospheres (atm) at 30°C
for 10 min using a high-pressure machine (Kobe Steel Ltd.),
washed by with cell culture medium containing DNase I,
antibiotics at 37°C for 72 hours. The obtained corneas were
subjected to histological study (H-E staining). Also, the
transparency, thickness and mechanical strength of them
were examined. Also, the quantitative analysis of DNA
contents in the decellularized corneas was performed. As
the primary animal implant test, the acellular porcine cornea
was implanted into a rabbit cornea. After several weeks, the
rabbit was sacrificed and the rabbit cornea including
acellular porcine was subjected by H-E staining.

Results and Discussion

The UHP method consists of the cell rupture by
hydrostatical pressurization and the removal of the
disrupted cellular components during washing process with
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a cell culture medium. When a porcine cornea was
hydrostatically pressed at 10,000 atm at 30°C for 10 min,
the cornea was cloud. After washing process, the slightly
swollen cornea was obtained. For H-E staining of the
decellularized cornea, it was observed that there was no cell.
In order to confirm the removal of cell from the
the amount of DNA in the
decellularized cormmea was measured quantitatively. The
DNA The
superstructure of collagen fibrils was maintained relatively
although the distance between the collagen fibrils was
slightly larger than the non-treated comnea because the

decellularized comea,

content was significantly decreased.

decellularized cornea was swollen during the washing
process.

As a primary animal implant trial, the acellular porcine
cornea was implanted into a rabbit cornea. Although the
cloud acellular cornea was observed just after implantation,
the transparency of the acellular cornea increased gradually,
and then it was invisible to the naked eye after several
weeks.

Conclusions

We have successfully developed the acellular porcine
cornea by ultra-high pressurization as an artificial cornea.
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Structural analysis of decellularized cornea prepared by ultra—high hydrostatic pressurization method.
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Development of artificial corneal stroma using polymer fibers.
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Novel Scaffold for Artificial Cornea Prepared by Decellularization of Cornea Using
Ultra—high Hydrostatical Pressurization Treatment
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485 cornea: stroma and keratocytes, 738 transplantation

Purpose: To evaluate the biocompatibility of corneal stroma prepared by decellularization of
cornea using ultra—high hydrostatical pressurization (UHP) treatment.

Methods: Porcine corneal stroma was decellularized by the ultra—high hydrostatical pressure
method. Hematoxylin-eosin (H-E) staining was performed to confirm the removal of the
corneal cells. Then a 6-mm-diameter decellularized porcine corneal stromal disc was
implanted into rabbit corneal pocket with a 2-mm-diameter window. Six months later, the
rabbit eye was enucleated to examine the inflammation and the progress of the rabbit
epithelium over the porcine corneal stromal disc.

Results: Complete removal of cells was confirmed by histopathological examination in
UHP-decellularized corneal stroma. Only little inflammation was observed when
UHP-decellularized porcine cormeal stroma was implanted into rabbit comeal pocket.
Surprisingly, it was covered with rabbit corneal epithelium.

Conclusions: UHP-decellularized corneal stroma has extremely high biocompatibility and is a
possible candidate of comeal scaffold for artificial cornea.
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Construction of a Collagen Matrix Designed for Regeneration of Physical and Biological
Property of Native ECM
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Introduction

Application of collagen matrix for the
regenerative medicine starts from regenerating
the physical and biological properties of native
extracellular matrix (ECM). However, the
regeneration ol properties of ECM has not been
succeeded yet. Structurally, the collagen
matrices such as collagen gel or sponge, which
is often used in the regenerative medicine, is
different from that of native ECM. This makes it

difficult to regenerate the physical and
biological properties of native ECM. In this
study, we report on preparation and

characterization of the collagen matrix which
possesses the similar structure to that ol native
ECM using fibrillogenesis technique (Gross and
Kirk, 1958).
Materials and Method

Bovine collagen type I aqueous solution
(KOKEN, Japan) was used to prepare a collagen
matrix. The collagen aqueous solution was
inserted into a dialysis cassette and was put into
the NaCl 0.9w(% aqueous solution (o execute
fibrillogensis of collagen. After 24 hrs, the
dialysis cassette was taken out from the aqueous
solution and the collagen matrix was obtained
(wet collagen matrix). This collagen matrix was
air-dried for 48 hrs (o obtain a dried collagen
matrix (dry collagen matrix). The dry collagen
matrix was put into water before executing
characterization. The physical and biological
characterization of the collagen matrices was
executed in order to confirm a collagen matrix
structure which resembles that of native ECM.
Results and Discussion

The collagen aqueous solution would
precipitate in NaCl 0.9wt% aqueous solution
due to the fibrillogenesis. The SEM image of the
wet collagen matrices showed that the matrix is
consisted of microfibrils entangled with each
other. The microfibrils possesses fibril band
with thickness of approximately 67nm, which
implies that regulated D-periodicity was
obtained. This result is important in the aspect
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that unregulated D-periodicity may cause the
cardiovascular-related diseases (Starborg et al,
2008). In the case of dry collagen matrix, the
microlayers, which is thought to be formed by
the slow evaporation was shown. The regulated
D-periodicity was observed, implying that the
air drying process did not affect the
microstructure of the collagen matrix. This
macrolayer of the dry collagen matrix was
similar to that of native ECM (Figure. l)

-

plh

Figure 1. (From right) SEM images of a dry
collagen matrix, a native ECM, and a collagen gel.

The mechanical strength of the dry
collagen matrix showed that toughness can be
achieved. The chemically cross-linked collagen
shows rigid and brittle elongational modulus. In
the case of dry collagen matrix, the elongation
modulus increased approximately 9 times
compared to that with collagen gel. Since the
cross-linker was not used, the strain % was
extended approximately 2 times from that of
cross-linked collagen gel. The collagen matrices
were degraded by collagenase, implying that the
toughness is not due to the cross-linking, but it
is the specific character of microfibrils. We will
be reporting on biological properties of collagen
matrix in vitro and in vivo.
Conclusion

The construction of a collagen matrix
which possesses the structural resemblance (o
the native ECM was successful. The physical
property of the collagen matrix was much
tougher than that of collagen gel, due to the
formation of the microfibrils.
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