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Study on the physical properties of tissue-engineered blood vessels made by
chemical cross-linking and polymer-tissue cross-linking

Abstract In this study. we attempted to chemically cross-
link decellularized blood vessel tissue and to perform cross-
linking with a polvmer in order to control its stability and
functionalization. For this purpose, we cross-linked tissue
by intrahelical. interhelical. and intermolecular cross-linking
between the polymer and the collagen helix, which is a
component of the native tissue. The intrahelically cross-
linked tissue showed weaker stability against heat and deg-
radation caused by collagenase comparedtothe interhelically
cross-linked tissue. The tissue intermolecularly cross-linked
with polymer showed the highest stability against heat and
degradation caused by collagenase. The mechanical strength
test showed that the Young’s moduli were different for the
intra/interhelically and intermolecularly cross-linked tissues,
with the latter being stiffer. This is thought to be because
the cross-linked polymer functions in the same way as
elastin, whereas simple collagen cross-linking provides a
supportive matrix that holds the collagen and elastin
together.
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Introduction

Tissue engineering is an interdisciplinary field that applies
the principles of engineering and the life sciences to the
development of biological substitutes that restore. main-
tain, or improve tissue function.' Researchers involved with
tissue engineering investigate the application of various
natural and synthetic polvmeric materials to the construc-
tion of extracellular matrices for in vitro cell culture and in
vivo tissue regeneration. However, all approaches to mim-
icking native extracellular matrix reported to date require
further improvements due to the inappropriateness of the
materials used to construct the matrices and the lack of
adequate matrix proteins” Therefore, native tissues have
been proposed for use as biomaterials that can be applied
to tissue engineering.

There are two main methods for processing native tissue
in tissue engineering. The first method is tissue cross-linking,
which is one of the most common methods used in the field
of tissue engineering. A popularly used method of this type
is glutaraldehyde cross-linking.”" Tissue cross-linking may
improve the stability of the tissue and reduce collagen
immunogenicity. It is also possible to functionalize the
tissue by using specific cross-linkers or by cross-linking the
tissue with polymers with specific properties. Tissue cross-
linking is critical from the viewpoint of toxicity. Many
researchers are working on the suppression of toxicity by
using diverse types of cross-linkers,”” but they are as yet
unable to control aspects of tissue behavior such as the
degradation time or the encapsulation of the tissue in vivo.
Furthermore, the choice of polymer should also be carefully
considered. because the polymer could result in side
effects.

The second main method used in tissue engineering
is decellularization, which can be carried out in various
ways, e.g., acid or alkaline treatment, detergent treatment,
enzymatic digestion, and high pressurization® " This method
is promising when a base material that has the same struc-
ture as that of the extracellular matrix can be created.
and tailored remodeling, especially using a patient’s cells. is
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possible by this method. However, this method can also
cause certain problems. The cell debris remaining after
chemical treatment for decellularization can be toxic or
cause calcification. Furthermore. the collagen structure of
the tissue may be disrupted during chemical treatment. and
the decellularized tissue can cause problems such as throm-
bosis, calcification. and neointimal hyperplasia.'*"’

Thus far, we have studied the preparation and character-
ization of the collagen structure.™™ Using various cross-
linkers, we found that cross-linking the collagen structure
changes the physical and biological properties of collagen.
Furthermore. it is possible to functionalize collagen specifi-
cally when it is cross-linked with a specific polymer. Biologi-
cal behaviors such as cell adhesivity could be altered by
polymer immobilization on the surface of the collagen
structure.'” It is also possible to control the cross-linking
rate, which may lead to changes in the properties of the
collagen structure.

Based on our previous experience, we applied the
cross-linking of the collagen structure to tissue cross-linking
using various cross-linkers. For this study. we used decel-
lularized tissue prepared by ultrahigh pressure.”™" This
method is advantageous from the aspect that tissue free
of chemicals and cell debris can be prepared with nondis-
rupted collagen fibrils in the tissue. This made it casier for
us to evaluate the effect of cross-linking. We chose N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and
N-hydroxysuccinimide (NHS) for carboxyl-amine cross-
linking; [.4-butancdiol diglycidyl cther (BDDGE) for
carboxyl-carboxyl cross-linking: and glutaraldehyde for
amine-amine cross-linking. EDC and NHS induce intra-
helical cross-linking, and BDDGE and glutaraldehyde
cause interhelical cross-linking. In order to cross-link
the tissue with a polymer intermolecularly, we chose 2-
methacrylovloxyethyl phosphorylcholine (MPC) polymer,
which is known [or its antithrombogenic and anticalcifica-
tion properties.” = MPC polymer was cross-linked with the
tissue using EDC and NHS. With the decellularized tissue
and the cross-linked tissues, we characterized the stability
toward heat. biostability, and mechanical strength.

Materials and methods
Materials

Porcine abdominal blood vessels were purchased from a
local abattoir (Tokyo Shibaura Zoki, Tokyo, Japan). EDC;
NHS:; BDDGE; methacrvlic acid (MA); glutaraldehyde;
2.4 6-trinitrobenzene sulfonic acid (TNBS): and toluidine
blue O (TBO) were purchased from Wako (Osaka, Japan)
and were used without further purification. Collagenase
from Clostridiopeptidase histolyticum (EC 3.4.24.3) was
purchased from Sigma (St Louis, MO, USA). Calcium chlo-
ride. sodium azide, and NaHCO, were purchased from
Kanto Chemicals (Tokyo. Japan). 2-(N-Morpholino)ethane
sulfonic acid (MES) was supplied by Merck (Darmstadt,
Germany). MPC was provided by Professor Kazuhiko Ishi-
hara of the University of Tokyo.
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Preparation of cross-linked tissue
Svnthesis of polvmer

Poly[MPC-co-methacrylic acid (MA)] (PMA) was synthe-
sized according to a previously published method." In brief,
MPC and methacrylic acid were polymerized in ethanol
solution using 2.2-azobisisobutyronitrile (AIBN) as an ini-
tiator. Polymerization was carried out for 16 h at 60°C. The
solution was precipitated into diethyl ether, freeze-dried.
and stored in vacuo until further use. The molar ratio of
PMA in this study was MPC:MA =3:7 (Mn =3 x 10°).

Blood vessel decellularizarion

The decellularization process was executed as reported
elsewhere.™ " In short, a blood vessel (length: 5 cm, diame-
ter: 1.3 c¢m) was inserted into a vinyl bag filled with Phos-
phate buffered saline (PBS). Then the blood vessel was
pressurized at 10000 atm for 15 min (25°C) to dismantle the
cells. It was then washed by continuous shaking in an EBM-
2 medium containing DNase 1 (0.2 mg/ml) and antibiotics
at 37°C under 5% CO,, 95% air for 72 h to eliminate cells
debris completely and to prepare a decellularized blood
vessel. To avoid confusion, we will refer to the decellular-
ized blood vessel as D-tissue.

Cross-linking of decellularized blood vessel

To create carboxyl-amine group intrahelical cross-links.
EDC/NHS was used as the cross-linker in an ethanol/water
cosolvent (30% v/v). EDC (70 mM) and NHS (70 mM) was
added to an ethanol/water co-solvent. Then D-tissue
was added to the solution. The D-tissue was cross-linked
for 24 h at 4°C. Then the cross-linked tissue was taken out
and washed with distilled water for | day to obtain a car-
boxyl-amine group intrahelical cross-linked tissue named
E-tissue.

Carboxyl-carboxyl group interhelical cross-linking was
performed using BDDGE. For this, the method proposed
by Zeeman et al. was used.™ In brief, 4 wt% BDDGE solu-
tion was buffered with 0.05 M MES at pH 4.5. Cross-linking
of D-tissue was performed at room temperature for 5 days.
Next the sample was rinsed with water for 1 day to prepare
a BDDGE cross-linked tissue (B-tissue) using BDDGE.

Amine-amine group interhelical cross-linking was
carried out using glutaraldehyde as the cross-linker. D-
tissue was immersed in a glutaraldehyde/PBS solution and
it was cross-linked for 3 h at room temperature. After cross-
linking of the D-tissue, the sample was first rinsed with
water for 30 min and then in 4 M NaCl for 2 h. In order to
eliminate NaCl. the sample was rinsed with distilled water
for 1 day to yield a glutaraldehyde cross-linked tissue
(G-tissue).

To prepare a polymer-cross-linked tissuc, PMA was
added to the ethanol/water cosolvent (30% v/v) along with
EDC and NHS and was activated for 10 min. The molar
ratio of each chemical was fixed: the ratio of EDC:NHS:
collagen—carboxylic acid groups of PMA was 10:10:1. D-



Fig. 1. Schematic of the cross-
linking in the tissuc. A N-
(3-dimethylaminopropyl )-N"
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O CH, o CH,

(GH.)50-P-O-(CH ;N -CH,  FH)rO-P-O-(CH,); N'-CH,

cthylcarbodiimide (EDC) and Q (6] CH, o) o] CH,
N-hvdroxysuccinimide (NHS) ! H
cross-linked tissuc (E-tissuc): . CHJ ?O CH‘ '0"*: C’O c ]

B. glutaraldchyde cross-linked CH-C—CH~C—CHC—CHC—CH,~C— CH"LCI; — D
tissue (G-tissuc): C. 1.4 . i 1 [ I o=
butancdiol diglycidyl ether C=0 CH, C=0 C=0 CH, C=0

(BDDGE) cross-linked
tissuc (B-tissuc): D. 2-
methacryloyloxyethyl
phosphorylcholine (MPC)-
immobilized tissuc (M-tissuc)

I CH-CH, (CH)
EDC/NHS (CH.), B ! 1,4-butanediol
| | _ diglycidyl ether
A M Glutaraldehyde g”‘c”r‘-c”’ (BDDGE)
N &o C

Table 1. Nomenclature of the tissues used in this study

Tissue type Cross-linker

Cross-linked functional groups

Type of cross-linking

D-tissue None None None

E-ussue EDC/NHS Carboxyl-amine groups Intrahelical

B-tissuc BDDGE Carboxyl—carboxyl groups Interhelical

G-tissuc Glutaraldchyde Amine-amine groups Interhelical

M-tissue EDC/NHS-MPC polymer Carboxyl-amine groups Intermolecular (helix—polymer)

EDC. N-(3-dimcthylaminopropyl)-N’-cthylcarbodiimide: NHS. N-hydroxysuccinimide: BDDGE. 1.4-butanediol diglycidyl cther; MPC. 2-

methacryloyloxvethyl phosphorylcholine

tissue was added to the PMA-containing solution and was
reacted for 24 h at 4°C. Subsequently, the gel was first
washed for 1 day to prepare a salt-free PMA cross-linked
tissue (M-tissue). A schematic depiction of the cross-linking
is shown at Fig. 1 and the nomenclature and features are
listed in Table 1.

Characterization of tissues
Determination of functional groups

Determination of the unreacted carboxyl groups after the
cross-linking procedure was carried out using TBO.” A
total of 10 mg of each tissue was incubated in 30 ml of TBO
solution (pH 10) of a given concentration under stirring at
20°C for 24 h. The tissues were then removed from the solu-
tion and rinsed in NaOH solution (pH 10) for 10 min under
stirring to remove the free TBO. Next, the tissues were
immersed in 50% acetic acid to completely dissolve the
captured TBO to give a blue solution. The amount of TBO
solution was detected using a UV spectrophotometer (V-
560, Jasco, Tokyo. Japan) at 620 nm and the amount of
actual TBO was calculated using calibration data measured
from known TBO concentrations.

The concentration of the primary amine groups in the
tissue samples was determined using TNBS.™™ A total of
10 mg of cach tissue was placed in a4 wt% aqueous NaHCO,
solution. After 1 h, 0.5 wt% aqueous TNBS solution was
added and the reaction was allowed to proceed for 2 h at
40°C. Then, the samples were rinsed with saline solution.
Subsequent to freeze-drying overnight, the dry mass of the
sample was determined. The dry samples were immersed in
2 ml of 6 M aqueous HCI until they dissolved completely.
The resultant solution was subsequently diluted with dis-
tilled water (8 ml) and the absorbance was measured at
345 nm.

Shrinkage on hear treatment

Samples with a known diameter (d = 1 cm) were immersed
in water and placed in a heat oven (80°C) for 1 day or 1
week. The change in the diameter was determined to char-
actenze the shrinkage of the tissue.

Enzymatic degradation rest
Degradation tests of the samples were carried out using

collagenase (activity: 300 units/mg). First, 50-mg tissue
samples were lyophilized for 1 day or 1 week and the lyophi-
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lized tissue was placed in water for 3 days to enable it to
rehydrate. Next, the tissue was immersed in 2 ml of 0.1 M
Tris-HCI buffer (pH 7.4) with 5 x 107" M of calcium chloride
and 8 x 10" M of sodium azide and shaken for 3 h at 37°C.
Then, 2 ml of collagenase Tris-HCl buffer solution was
added to the solution containing the tissue. The total con-
centration of the collagenase was 100 units/ml. The con-
tainer was returned to the shaking water bath. After 1 day,
the samples were taken out and washed with sufficient
water before lyophilization. After lyophilization, the
samples were weighed to calculate the change in the weight
of the tissue:

Weight change (%) = 100 x (BDDW - ADDW)/BDDW
(1)

Here, BDDW indicates the dry weight before degradation
and ADDW indicates that after degradation. The same pro-
cedure was repeated for samples that underwent the colla-
genase reaction for 1 week. The collagenase solution was
changed every day to maintain its activity.

Mechanical properties

The stress—strain curves of the respective tissues were deter-
mined by uniaxial measurements using a universal testing
machine (Yamaden Rheoner 11 Tokyo. Japan). A decellu-
larized vessel with an average thickness of 3 mm was chosen.
The samples were prepared by cutting them to a size of 40
% 10 mm both parallel (longitudinal) and perpendicular (cir-
cumferential) to the direction of blood flow. The samples
were clamped to the holder of the testing machine to set
them to the desired length (distance between jigs: 15—
20 mm). Each sample was strained at a rate of 10 mm/min
at 20 N/m’. The data vbtained were fitted to the stress—
strain curves of the samples, and the Young's moduli for
the low stress-low strain (clastin phase) and high stress-
high strain ranges (collagen phase) were calculated."!

Statistical analysis

All experiments were repeated at least five times and the
values were expressed as mean + standard deviation. Statis-
tical analysis was performed using a one-way analysis of
variance using Origin 6.0 (Microcal Software, Northamp-
ton, MA, USA) with the significance level set at P < (0.05.

Results and discussion

After cross-linking, the color of the tissues remained
unchanged in all cases except for the G-tissue, which turned
yellow after the reaction. The density of unreacted carboxyl
groups and the concentration of unrcacted amine groups
after the cross-linking varied as shown in Fig. 2. For E-tissue
and M-tissue, both unreacted carboxyl and amine groups
decreased. This is because of the consumption of the free
carboxyl group and amine groups to form an amide bond
in the fibrous proteins in the cross-linking process. G-tissue
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Fig. 2. COOH dcnsity (a) and NH; concentration (b) for the various
tissucs. D-tisswe. decellularized tissuce

showed a low level of amine groups only and B-tissue
showed a low level of carboxyl groups only. As mentioned
in the Materials and methods section. glutaraldehyde and
BDDGE consume only amine groups and carboxyl groups,
respectively. We are not vet sure whether cross-linking
occurred for both collagen and elastin. This is discussed in
a subsequent section.

Detformation of tissues by external stimuli

The stability of the tissues was characterized by heating
them in water. As shown in Fig. 3, D-tissue showed a
decrease in volume after 1 day of heating. However. there
was no significant decrease in diameter for the cross-linked
tissue samples. After 1 week of continuous heating, the
cross-linked tissues showed a significant decrease in diam-
cter in all cases except for M-tissuc. which showed a less
than 10% decrease in diameter. The shrinkage tempera-
ture, T, is considered to be the temperature at which the
intramolecular bonds rupture. causing fusion of the ori-



Fig. 3. Photograph of the tissuc

samples, initially with a diamcter
of 1 em, after heating at 804C in

watcr for | day or T week

D-Tissue E-Tissue
[T

E-Tissue

Table 2. Changes in diameter and weight of sample tissues after treat-
ment with heat and collagenase (n1 = 5)

Weight change in
collagenase solution

Diameter change
on heat treatment

Tissue type

(%) (%)"

24 h 1 week 24 h 1 week
D-uissue >6() >00) n.a =)
F-tissuc =10 >40) 45 80
B-tissuc >S5 >30 39 [
G-lissuc >5 >30) 23 47
M-tissuce 0 <10 20 41

n.a.. not applicable
‘Measured with digital vernicr calipers
"Sce Eq. 1

ented peptide chains” and leading to denaturization of the
triple helix. Cross-linking of the collagen molecules increases
7., preventing tissue shrinkage on heating. During heating.
the collagen molecules are cross-linked and the intermo-
lecular cross-linkers are not affected, but the breakdown of
the triple helix itself cannot be prevented.” This caused E-
tissue to shrink the most among the cross-linked tissues
because FE-tissue is cross-linked only intrahelically. The
shrinkage volume may change because the intermolecular
cross-linkers functions as spacers. This is thought to be duc
to polymer—collagen intermolecular cross-linking resulting
in an increase in the stability of the structure, which leads
to an increase in the shrinkage temperature to greater than
80°C."

The stability against collagenase activity was observed
and is shown in Table 2. The collagenase solution started
to degrade the tissue, and a significant amount of D-tissue
degraded within 24 h. However, the cross-linked tissues
showed slower degradation behavior compared to that of
D-tissue. The in vitro degradation by collagenase provides
important hints on in vivo degradation. Biodegradation of

M-Tissue

After 1 week at 80°C

the tissues is caused by collagenase cleavage of the collagen
triple helix.” This is a common process in the living body.
and it is caused by fibroblasts in the midst of a chronic
inflammatory response. Table 2 shows that the degradation
of the cross-linked tissues would most likely be slower than
that of decellularized tissue in vivo. It is thought that the
cross-linking of the triple helix holds the helices together,
thereby suppressing degradation.” The slowest degrada-
tion was observed for M-tissue. This is because the MPC
polymer that surrounds the collagen suppresses the action
of the collagenase.” Detailed study using in vivo tests will
be discussed in a later article.

Mechanical strength of cross-linked tissues

The effect on the mechanical strength of cross-linking the
tissues was examined by using a strain test (Fig. 4). Sauren
et al..* Korossis," and Schoen and Levy™ divide the strain—
stress curve into three separate phases: the clastin phasc.
which shows low stress: the collagen phase, which shows
high stress; and the transition phase, which is intermediate
between the elastin and collagen phases. During the elastin
phase. the tissue offers little resistance to e¢longation since
force transmission and load bearing are provided mainly by
the elastin fibers. During this phase, the collagen layer in
the fibrosa unfolds and collagen makes a minimal contri-
bution to force transmission. In the transition phase. the
collagen fibers align and uncoil gradually. increasingly con-
tributing to force transmission. In the collagen phase, all the
collagen fibers align and uncoil and the load is entirely
borne by them. The slope of the stress-strain curve for this
phase is steep and almost constant, reflecting the material
properties of the collagen fibers.""" Based on this fact, we
analyzed the strain-stress curves by interpreting the ¢lastin
and collagen phases.

The mechanical strength results are shown in Fig. 4.
Murakoshi et al. showed that the mechanical strength of
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decellularized blood vessels did not differ from that of the
original blood vessels."” This means that the change in the
mechanical strength on cross-linking would be purely due
to the cross-linking. Both circumferential (Fig. 4a) and lon-
gitudinal (Fig. 4b) straining showed a clear division of the
elastin and collagen phases, implyving that viscoelasticity
could be maintained after cross-linking. The Young's

a 20,
1A-Tissue -~
D-Teape
1.5 4
a E-Tasus
o
= 104 G-Tissue
§
- B-Tissue
]
0.5+

00

0 50 100
Strain (%)
b 08-
G-Tissue " 3

06+
= M-Trsul
o
< 044
w
g
(7]

024

00+ . .
0 50 100
Strain (%)

Fig. 4. Stress-strain curves of the tissues strained circumferentially (a)
and longitudinally (b) before and after cross-linking,

modulus of the circumferentially strained tissue was higher
than that of the longitudinally strained tissue. probably
because the elastin and collagen were oriented along the
circumferential direction.™" The difference between
regular tissue and cross-linked tissue was clear when the
tissues were strained longitudinally, where it was evident
that the division between the elastin and collagen phases
disappears. To characterize the mechanical strength of the
tissues, we calculated the Young's moduli in the elastin and
collagen phases, and show the results in Table 3 and 4.

Table 3 shows the numerical values of the Young's
modulus when the tissue was strained circumferentially. In
this direction, there was a significant difference between
the clastin and collagen phases in intrahelically and inter-
helically cross-linked tissue and D-tissue. In the case of
M-tissue, the Young's modulus in the collagen phase was
almost double that of D-tissue. When the ratio of the
Young's modulus in the collagen phase to that in the clastin
phase was compared, an increase in the Young's modulus
was observed for M-tissue. while there was no significant
change observed for E-tissue, B-tissue, or G-tissue. It is
thought that the polymer matrix provided extra strength to
the tissue because PMA was randomly cross-linked with
collagen intermolecularly. In the case of intrahelical and
interhelical cross-links, the cross-linked points could not
support the fiber mechanically. Furthermore, no significant
change in the elastin phase was obscrved. This may imply
that cross-linking between the clastin and the polymer did
not occur, because the polymer could not penetrate the
clastin layer located deep in the tissue. Thus. it can be said
that the polymer cross-linked with the D-tissue functions as
the main matrix of the tissue. but the cross-linkers can only
function as a supportive matrix.

When the tissues were strained longitudinally. a signifi-
cant increase in Young’s modulus in the elastin and collagen
phases was observed for all cross-linked tissues (Table 4).
In this case, elastin and collagen fibers were stretched in the
direction perpendicular to that for circumferential testing.
The cross-linkers supported the engagement between fibers,
increasing the mechanical strength and providing resistance
against scparation between fibers. However, the Young's
modulus values were still less than those shown in Table 3
except for M-tissue in the elastin phase. This implies that
the cross-linkers do not provide adeguate support against
segregation if the fibers are strained. In other words, the

Table 3. Mcchanical strength of the tissues strained circumfcrentially (n = 5)

Tissuc tvpe Elastin phasc
vpe p

Young's modulus Increment against

Collagen phase Young's modulus in
collagen phase/

clastin phasc

Young's modulus Increment against

(MPa) D-tissue (MPa) D-tissu¢
D-tissuc 1.15+0.13 327+ 040 28
E-tissuc 1.10 £ 0.42+* 0.9 381 £0.83 1.2 35
B-tlissuc 0.94 £ 0.31% 0.8 3564 0.53 1.1 8
G-tissue 1.27 £:0.33%% 1.1 428 +£0.52 1.3 34
M-tissue 1.10 £ 0.29* 1.0 6.11 £0.73 1.9 5.6

#P > (.05 versus D-tissuc
**P < 0,05 versus D-tissuc
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Table 4. Mcchanical strength of the tissues strained longitudinally (n = 5)

Tissue type Elastin phase

Collagen phase Young's modulus in

Young's modulus Increment against

collagen phase/

Young's modulus Increment against clastin phase

(MPa) D-tissuc (MPa) D-uissuc

D-tissue 021 £0.14 0.85 £0.10 - 4.0
E-tissuc 053 £0.11** 25 1.60 £ 0.21 1.9 3.0
B-tissuc 0.61 £0.11** 29 1.16 £0.17 1.4 1.9
G-lissue 1.21 £ (0.28%* 58 1.90 £ 0.18 22 1.6
M -tissuc 1.58 £ (.24** 7.5 2421024 29 1.5
¥ P < (105 versus D-tissuc

main matrix of the structure is made up of the collagen and
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the elastin fibers. while the cross-linked sites or polymer
form a matrix supporting the molecules. This would lead to
the stiffening of the tissue. and this can be clearly scen when
the Young's modulus ratio of the collagen phase to the
elastin phase is compared. It can be seen that the increase
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than that in the collagen phase. leading to a decrease in the
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Table 4. This is not because the cross-linkers are cross-
linked with elastin, as mentioned in the paragraph above,
but rather, because the cross-linkers actually function in a
similar way to elastin. holding the collagen fibers together
during straining. This caused the cross-linked tissues to be
stiffer than decellularized tissues.

Conclusions

Through this study. we attempted to investigate how a
cross-linker affects the physical and mechanical propertics
of tissue. Cross-linking of a tissue should induce dimen-
sional stability against heat and collagenase. Cross-linked
polymer functions in the same way as elastin. while simple
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holds the collagen and elastin together. It is noteworthy that
stability and mechanical properties are discussed in this
study. Further, the conditions used in the study for investi-
gating the mechanical strength may change according to the
concentration of the cross-linker.

We believe that by cross-linking the tissue with MPC
polymer, it is possible to provide the tissue with antithrom-
bogenic and anticalcification properties: thrombosis and
calcification have been problems in the clinical application
of engineered tissues. The antithrombogenic and anticalci-
fication properties of these tissues when used in vivo will be
reported in a future study.

Acknowledgments This work was supported in part by Grants-in-aid
for Research on Health Sciences Focusing on Drug Innovation from
the Japan Health Sciences Foundation. This work was partly supported
by Rescarch on the Human Genome. Tissue Engincering, of Health
and Labour Science Rescarch Grant from Ministry of Health, Labour
and Welfare of Japan, This work was also partly supported by a Grant-
in-aid from the Core Research for Evolutional Science and Technology
(CREST) of the Japan Science and Technology Agency (JST). We
would also likc to thank Professor Kazuhiko Ishihara of The University
of Tokyo for his kind assistance and advice on the preparation and
analysis of the MPC polymer.

1. Viola J. Lal B. Grad O. The emergence of tissue cngincering as a
research field. NSF/Abt report. Available at http://www.nsf.gov/
pubs/2004/nsf0450/emergence.htm

. Liang H-C. Chang Y, Hsu C-K. Lecc M-H, Sung H-W. Effccts of
crosslinking degree of an acellular biological tissue on its tissue
rcgeneration pattern. Biomaterials 2004:25:3541-3552

. Talman EA. Boughner DR. Glutaraldehyde fixation alters the
internal shear properties of porcine aortic heart valve tissuc. Ann
Thorac Surg 1995:60:5369-373

. Chachra D. Gratzer PF, Percira CA, Lee MJ. Effcct of applicd
uniaxial stress on rate and mechanical effects of cross-linking in
tissue-derived biomaterials. Biomaterials 1996:17:1865-1875

. Olde Damink LHH. Dijkstra PJ. van Luyn MJA. van Wachem PB.
Nicuwenhuis P. Feijen J. Glutaraldehyde as a crosslinking agent
for collagen-based biomaterials. J Mater Sci Mater Med 1995:6:
460472

. Khor E. Mecthods for the treatment of collagenous tissucs for bio-
prostheses. Biomaterials 1997;18:95-105

. Sung HW. Chang WH. Ma CY, Lee MH. Crosslinking of biological
tissue using genipin and/or carbodiimide. J Biomed Mater Res
2003:64A:427-438

. Park $-N, Park J-C, Kim HO, Song MJ, Suh H. Characterization
of porous collagen/hyaluronic aad scaffold modified by 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide cross-linking. Biomaterials
2002:23:1205-1212

. Goissis G, Suzigan S, Parrcira DR. Maniglia JV, Braile DM, Ray-

mundo S. Preparation and characterization of collagen—clastin

matrices from blood vessels intended as small diamcter vascular
grafts. Artif Organs 2000:24:217-223

Malone 1. Brendel K. Duhamel RC, Reinert RL. Detergent-

extracted small-diameter vascular prostheses. J Vasc Surg 1984:1:

181-191

. Tamura N, Terai H. Iwakura A, Yamamoto Y. Matsumoto K.
Ucda H. Inouc M. Nakamura T. Shimizu Y. Komeda M. An “acel-
lular” vascular prosthesis may provide a scaffold for the host tissue
regencration. Int J Artif Organs 1999:22:419

. Tecbken OE, Bader A. Steinhoff G, Haverich A. Tissue engineer-
ing of vascular grafts: human cell seeding of decellularised porcine
matrix. Eur J Vasc Endovasc Surg 2000:19:381-386

. Booth C. Korossis SA. Wilcox HE. Kearncy JN. Watterson KG,
Ingham E. Fisher J. Tissue engincering of cardiac valve prosthesces
I: development and histological characterization of an accllular
porcine scaffold. J Heart Valve Dis 2002:11:457-462

. Iwai S, Torikai K. Coppin CM. Sawa Y. Minimally immunogenic
decellularized porcine valve provides in situ recellularization as a
stentless bioprosthetic valve. J Artif Organs 2007:10:29-35

. Fujisato T. Minatoya K. Yamazaki S. Mcng Y. Niwaya K.
Kishida A, Nakatani T. Kitamura S. Preparation and recellulaniza-
tion of tissuc-cngincered bioscaffold for heart valve replacement.
In: Mon H. Matsuda H (eds) Cardiovascular regencration thera-
pies using lissue engineering approaches. Tokyo: Springer. 2005:
83-94

. Murakoshi A. Kimura T. Funamoto S, Fujisato T. Nakatani T.
Kitamura S. Kishida A. Effect of the pressunizing process on decel-
lularized aortic tissue using ultrahigh hydrostatic pressurization.
Tissue Eng 2007:13:1680 (Meccting Abstract: 136)

10.

120



54

24,

. Ishihara K. Nomura H. Mihara

. McFetridge PS. Daniel JW. Bodamyali T, Horrocks, Chaudhuri

JB. Preparation of porcine carotid arteries for vascular tissuc
engincering applications. J Biomed Mater Res 2004:70A:224-
234

. Nam K. Kimura T, Kishida A. Preparation and characterization of

cross-linked collagen-phospholipid polymer hybnd gels. Biomate-
rals 2007:28:1-8

. Nam K. Kimura T. Kishida A. Physical and biological propertics

of collagen-phospholipid  polymer  hybrid gels  Biomatcrials
2007:28:3153-3162

. Nam K. Kimura T, Kishida A. Controlling coupling reaction of

EDC and NHS for preparation of collagen gels using cthanol/water
co-solvents. Macromol Biosci 2008:8:32-37

T. Kurita K. Iwasaki Y.
Nakabavashi N. Why do phospholipid polymers reduce protein
adsorption? ] Biomed Mater Res 1998:39:323- 330

. Ishihara K. Ishikawa E, Iwasaki Y, Nakabayashi N. Inhibition of

fibroblast ccll adhcsion on substrate by coating with 2-methacry-
loyloxyethyl phosphoryicholine polvmers. | Biomater Sci Polymer
Edn 1999:10:1047-1061

. lwasaki Y. Nakabayashi N, Ishihara K. In vitro and ex vivo blood

compatibility study of 2-mcthacryloyloxyethyl phosphorylcholine
(MPC) copolymer-coated hemodialysis hollow fibers. 1 Artif
Organs 2003:6:260-266

Takayuki K, Nojiri C. Kijima T. Horiuchi K. Mori T. Tanaka T,
Asada T. Ishihara K. Akutsu T. Nonthrombogenic cvaluation of
ventricular assist devices coated with 2-methacryloyloxycthyl
phosphoryvicholine (MPC) copolymer. Jpn J Artif Organs 1999;
28:196-199 (in Japancsc)

. Kihara S. Yamazaki K. Litwak KN, Litwak P. Kamcneva MV,

Ushivama H. Tokuno T. Borzclleca DC. Umezu M. Tomioka ).
Tagusari O, Akimoto T. Koyanagi H. Kurosawa H. Kormos RL.
Griffith BP. In vivo cvaluation of a MPC polymer-coated continu-

121

30.

3

ous flow left ventricular assist system. Artf Organs 2003:27:188
192

26. Zeeman R, Dijkstra PJ, van Wachem PB. van Luyn MJ. Hendriks

M. Cahalan PT. Feijen J. Successive epoxy and carbodiimide cross-
linking of dermal sheep collagen. Biomatenals 1999:20:921-931

. Ma Z. Kotaki M. Ramaknshna S. Surface modificd nonwoven

polvsulphone (PSU) fiber mesh by electrospinning: a novel affinity
membrane. J Membr Sci 2006:272:179-187

. Bubnis WA_ Ofner CM 111 The determination of g-amino groups

in soluble and poorly soluble proteinaccous matcerials by a spec-
trophotometric method using trinitrobenzenesulfonic acid. Anal
Biochem 1992:207:129-133

. Everaerts F. Torrianni M. van Luyn M. van Wachem P, Feijen I

Hendriks M. Reduced calcification of bioprostheses. cross-linked
via an improved carbodiimide-based method. Biomaterials 2005:25:
5523-5530

Saurcn AAHI van Hout MC. van Steenhoven AA. Veldpaus FE.
Janssen ID. The mechanical properties of porcine aortic valve
tissucs. J Biomech 1983:16:327-337

Korossis SA. Biomechanics and hydrodynamics of deccllularised
aortic valves for tissue engineering. Ph.D. Thesis, The University
of Leeds. Chap 4. 2002

. Flory PI. Garrett RR. Phase transitions in collagen and gelatin

systems, J Am Chem Soc 1958:80:4836-4845

. Xu F. Lu TI Seffen KA. Biothcrmomechanies of skin tissucs,

J Mcch Phys Solids 2008:56:1852-1884

. Schoen FI Levy RJ Tissue heart valves: current challenges and

futurc rescarch perspectives. J Biomed Mater Res  1999:47:
439465

. Korossis SA. Booth C. Wilcox HE. Kearncy IN. Watterson KG.

Ingham E. Fisher J. Tissue engineering of cardiac valve prostheses
I1: biomechanical characterization of decellularized porcine aortic
heart valves. J Heart Valve Dis 2002:11:463-471



