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Abstract

2-miethacryloyloxyethyl phosphorylcholine (MPC)-immobilized collagen gel was developed. Using L-ethyl-3-(3-dimethyl aminopro-
pyD-l-earbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS), we cross-linked & collagen film in 2xmorpholinosthans
sulfonic acid (MES) buffer (EN gel). EN gel was prepared under both pH 4.5 and pH 9.0/in order to-observe changes in cross-linking
ability: To cross-link MPC to collagen gel, poly(MPC-co-methacrylic acid) (PMA) havifig 4 carboxyt grovp side chain was chissen, E/N
gel was added to the MES buffer having pré-NHS activated PMA to 'make MPC-mmobilized collagen gel (MiC gel). MiC gel was
prepared under both acidic and alkaling conditions to observe the changes in the cross-linking ability of PMA. X-ray photosiectron
spectroscopy showed that the PMA was cross-linked with collagen under both acidic and alkalire conditions. Differential scanning
calorimetry (DSC) results showed that the shrinkage temperature increased for the MIC gels and that the futregse would be greater for
the MiC gel prepared under alkaline conditions. The data showed that swelling would Be less when the MiC gel was prepared under
alkaline conditions. The biodegradation cauised by collagenase was suppressed for the MiC gel prepared under alkaline conditions due 16

stable inter~ and intrahelical networks.
© 2006 Elsevier Ltd. All rights reserved,
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1. Introduction

Collagen is anextracellular-matiix protein that plays an
important role in the formation of tissues and otgans and is
involved in various functional expressions of cells [1].
Collagen is non-toxic, non-antigenic, favors cell adhesion,
proliferation, and differentiation to mimic the natural cell
environment. However, favoring cell adhesion can be both
advantageous and disadvantageous, Tor iis sireng affinity
to cells: and blood is uncontrollable, which may soon lead
to blood coagulation and mineralization when applied for
use as artificial blood vessels. Furthermore, the collagen
that is prepared in a matrix form such as 4 gel for tissue
reconstriuction is mechanically insufficient [2]. Without
modification; the collagen gel cannot be applied for
bioprosthesis [3].
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To overcome the disadvantages of collagen while
maintaining its biological performance, a prosthesis-tissue
complex, or bieartificial polymeric material, was developed
by blending or mizing biomelecules and synthetic materi-
als. The chief purpose for developing such a bioartificial
polymer material is to overcome the poor biological
performante of synthetic polymers and to enhance the
mechanical characteristics of biomolscules [4}

To control cell adhesiveness and to inerease miechanical
strength simultaneously, collagen must be modified by
cross-linking or mixing with sytithetic polymers. Polymers
such as poly{vinyl alcohol), poly(aciylic gcid), poly(vitiyl
pyrrolidone), and polyethylene are used as bioartificial
polymer materials because of their favorable chemical
reactivity with collagen, absence of toxicity, and good
mechanical performance [4-8].

However, it is very important to consider biological
response in the adoption of a cross-linker or synthetic
polymer becatise of the possibilities of severe problems
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such as toxicity, inflammatory tesponse, or alteration of
protein structure, Furthermore, some synthetic polymers
that-are known to be *biccompatible’ degrade in biological
fluids, making the collagen structure unstable. Adoption of
natural ‘cross-linkers. such as glutaraldehyde [9], genipin
[10}, or transghutaminase [11], and natural polymers like
hyaluronic acid [12], heparin [13], -or chondroitin-6-sulfate
[14,15] is used as direct cross-linker or immobilizer to
overcome the problems presented by the use of synthetic
polyiiiers, but cannot fully solve the problems.

To overcome these problems, we developed & biosyn-
thetic. hybrid material by cross-linking collagen with &
Z-methacryloyloxyethyl phosphorylcholine (MPC) based
copolymer using N-(3-dimethylaminopropyl -V ~ethylear-
bodiimide (EDC) and N-hydroxysuceinimide {(NHS) as
cross-linkers by activating the MPC polymer with EDC
and NHS to cross-link the microfibrils and polymer chain
using amide bond [3,16-18],

MPC 15 a blood compatible product developed in the
early 19905 {19]. Design of the MPC polymer took into
account the surface structure of the biomembrane,
Recently, phospholipid-accumulated surfaces have been
prepared by varions methods, and it has been reported that
the phosphoryicholing group plays an important role
showing excellent bloed compatibility and anti-protein
adsorptivity [20-23]. The MPC units ¢an then be intro-
duced to conventional polymers by various methods of
modification. They effectively reduce protein adsorption
and denaturation and inhibit cell adhesion even when the
polymer is exposed to whole blood in the absence of any
anticoagulants [24], By adopting the MPC polymer with
the collagen gel, it is possible to expect 4 biocompatible
collagen—polymer hybrid gel that is stable, has iis
miolecular weight conirolled, has no c¢ross-linker leaking,
and i3 mechanically tough.

In the present study, cross-linking ability between
poly(MPC-co-methacrylic acid) (PMA)} and collagen using
EDC and NHS was iovestigated by altering several
parameters, and the physical properties of PMA-immobi-
lized matrices were characterized. In this article, the terms
interchain cross-linking and immobilization are used
synonymously:

2. Experintental method
2.1. ‘Preparation of collagen-phospholipid polymer hybrid gel

2.1.1. Synthesis of PMA

PMA. was synthesized by a method that has alréady been published
[19}. In short, desired amonnt of MPC and MA was-dissolved in ethaziol in
an ampoule. Then 2,2%azoisobutyronitrile (AIBN) was added to the
ethanol solution. The argon gas was bubbled into’ the éthanol solition to
eliminate the oxvgen. The ampoule was ‘sealed and heated to 80°C for
16h. The solation. was precipitated into -diethyl ether, freeze-diied, and
kept in vacwum until use. The mole ratio of PMA. was controlled to
MPCMA =37, and the number avérage molsoular weight 3, of the
PMA was approximately 300,000, The: chemical structure. of PMA s
shown in Fig, [
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Fig. 1. Chemicalstructure of PMA.

Table 1

Terminology of collagen gels used in this study

Terminology Composition

Uesgel Uneross-linked collagen gel (immersed in alkaline
PH ¢onditions)

EN:1 EDC/NHS-cross-linked collagen gel under acidic
pH conditions

EN-2 EDC/NHS«wross-linked collagen gel underalkaling
pH conditions

MiC-11 gel PMA imimobilized to EN-1. gel under acid pH
conditions

MiC-12 gel PMA immobilized to:EN-1 gel under alkaline pH
conditions

MiC-21 gel PMA imniobilized to:EN=2 gel under acid pH
conditions

MIC-22 gel PMA immobilized to EN-2 gel under alkaline pE
conditions

2.1.2. Preparation of EDC and NHS eross-livked collagen gel (EN gel)
Cross-linked collagen gel was prepared by using 0:5wt% collagen type
1 solution (pH 3, KOKEN, Tokyo, Japdn). Conventional film. fabrication
method ‘was used for the film fabrication. The collagen solution was
dropped onto the polyethylene film and dried in rooni temperature. The
collagen film (thickness=36+2pm) was immersed dnto a 0.05m
2-morpholinosthane sulfonic -acid (MES) buffer (pH 4.5) (Sigma,
8¢, Louis, USA) containing I-ethiyl-3-(3-dimethyl aminopropyl)-1-carbo-
diimide hydrochloride (EDC) (Kanto Chemicals, Tokyo, Japan) and NHS
{Kanto Chemicals, Tokyo, Japan): Each chemical was-added at the mole
ratio of EDCNHSwollagen-carboxylic aeid groups = 5:5:1 [11,13]. The
cross-linking procedurewas-allowed to-continue for 4hat 4°C 16 produce
4 cross-linked. gel (BN-1 gel). After 4h, the reaction was Stopped by
removingthe gel from the solution. The gel was then washed with 4srof
NaHPO, aquecus solution for 2h to hydrolyze -any rémaining
O-acylisourea groups and then with distilled water for 3.days {o reraove
any salts from the gel. Sume preparation. process was repeated under
alkaline conditions (pH 9.0; adjusted with NaOH) to prepare.an EN-2-gel.

2.1.3. Preparation.of MPC-imnobilized collagen gel { MiC gel)
Preparation of the MiC gel was done by ising the EN-1 and EN-2 gels.
PMA was added with EDC and NHS to the-MES buffer (pH 4:5'and pH
9.0} and: wad pre-activated for 10min before immersion of the EN-1 or
EN-2 gel. The immobilization. of PMA 't the collagen was allowed 'to
continug for 4k at 4°C. The gel wias then washed with 4w of NayHPO,
agueous solutionfor 2h and then with distilled water for | day'to remove
any salis from the gel fo prepare a salt-free MIiC gel: MIC-11 :gel (PMA
immobilized under acidic conditions using the EN«I gel), MiC-12 gel
(PM A immobilized underalkaline conditions using the EN-1 gel), MiC-21
gel {PMA immobilized under acidic corditions using the EN-2 gel), aid
MiC-22 gel (PMA imunobilized under-alkaline conditions using the EN-2
gcl). The terminology of the samples is listed in Table: 1. PMA cross-
linking with the collagen is shown in Fig. 2. Collagen film was immersed
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Fig..2. Sehematic picture of immobilization of MPC polymer with collagen.

1tto the MES buffer pH 9.0 for 1 day to obtain a noncross-linked collagen
gel (Ue-gel) and was used ag-a reference.

2.2, Churacrerization

2.8.1. Surface wnalysis

Surface analysis was exceuted nsing Xeray photoelectron spectrascopy
(KPS, AXIS-HSI, Shintadzn/KRATOS, Kyoto, Japan) and scanping
electron microscopy (SEM, SM-200, Topcon, Tokve, Japan). The
samples, which had been cut into small pieces, were lyophilized overnight.
The chemical compaosition:of the surfaces of the gel was determined by the
take-off angle of the photoelectrons fixed at 90°. The morphologies of the
gels werg observed with SEM after gold coating with an ion codater (IB-3,
EikoCo.; Ibaraki, Japan). The razor blade-cut surfaces of the respective
gels were observed.

2.2.2. Shrinkage tempergiure

The shrinkage temperatures of the gels ‘were determined using
differential scanuing calorimetry (D8C. DSC6000, Seiko, Chiba, Japan)
i the range 0-150°C at a ‘scaniing rate 5°C/iin. ThE sdmples were
incubated with:small amounts of phosphate buffer solution for Ik at toom
temperature before being measured [9). Instead of an enipty container, 4
container of PBS was used for feference,

2.2.3, Mechanical properties

Thestress-straincurves of the respective collagen gels were determined
by uniaxial measurements using & udiversal testing machine (Orientec
STA-1150, Tokyo, Japan). The sizesof the samples used for measurement
weredom x 1 em. Each sample was strained at the rate of 10mm/min. The
ebtained datd were fitted to the stress-straid curves of the samplés and the
slongational modulus at 1% and 8% was calculated.
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2.2:4. Swelltng rest

A swelling test of each sample was executed by cutting the lvophilized
gels into small pleces and putting them iato pH-controlled aqueous
solutions at 37 °C. The pH of the aqueous solution was controlled to 2.1 or
T4. The gels were gently shiaken for 24h and then removed for weighing,
The swelling ratio-was calculated in orderto define the éxict amount of
swelling cansed by water absorption. The equation used for the swelling
ratio was

Wi — W

Swelling ratio, S(%) = T %100

where Wy, Is hydrated weight and Wy 15 dried ‘weight of the gel.

2.2.5. Enzymatic degradation test

Degradation tests of the gel satiples were executed tising collagenase
from Clostridiopeptidase histoluticum (BC 34.24.3, Sigina, St. Louis,
USA) with collagenase activity of 300units/mg: In this experiment;
304 2mg of collagen gels were immersed: into 2mL of 0.1y Tris-HC!
buffer (pH 7.4) with 5 x 1073w of éaléivm chlorids {Kanto Chemieal;
Tokyo, Japan) and 8 % 10" %y of sodinm azide (Kanto Chemicals, Tokyo,
Japan) and was shaken for 1h at 37°C. Then, 2mL of collagenase Tris-
HCL buffer solution with a concentration of 1.32mg/mL wasadded to the
solution containing the gél to determine ‘the tofal -concentration of
collagenase at 100units/mlL. The container way returned to the shaking
water bath. The yemaining weights of the tamples were meisured for 724,

2.2,6. Statistical analysis

All experiments were repeated at least three timies atd the values are
exprassed as mean standard deviation. Tn.several figures, the érror bars
are not visible because they are included in the plot. Statistical anzlyses
were performed using student’s:z.test. The level of significance was setas
F£0.05.
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3. Results and discussion
3.1, Basic characteristios of collagen gels

The reaction between EDC and the carboxyl groups are
shown elsewhere: the mechanism i well known [25,26].
According to Nakajima and Tkada [26], proton and fonized
carboxyl groups are required for the reaction with EDC.
The excess amount of EDC against the carboxyl groups
should be used up, and no reaction oceurred when the
molar ratio of EDC to the carboxyl groups was below 0.5,
Using EDC for cross-linking might cause hydvolysis, which
makes the carboxyl groups return to the original carboxyl
groups, A

The use of NHS is to ‘prohibit the hydrolysis of the
carboxyl groups. NHS would lead to formation of NHS-
ester, which prevents the side reaction of the O-acylisourea
groups [25,26]. This is because the reactive species relative
to the neucleophilic attack of the free amine group of
collagen are the NHS-activated carboxyl groups rather
than the O-acylisourea groups,

Fig. 3 shows the XPS result of Ussgel, EN-2 gel, MiC-21
gel, and MEC-12. All gels showed XPS signals attiibuted 1o
carbon in CHs or ~CHy-, ~COC-, C(=0), and
nitrogen in ~CONH~ was observed al 285, 286.6, 288.5,
and 400.8¢V, respectively. The phosphoras peak and one
gitrogen peak in ~NT(CH,); were observed at 134 and
403.2¢VY, respectively, indicating that PMA was a properdy
cross-linked collagen [21,24].

SEM images of the outer surfaces and razer blade-eut
surfaces (vertical cross-section) of the respective collagen
gelsare shown in Fig. 4. The razor blade-cut surfaces of the
Ue-gel and the EN-1 and EN-2 gels are porous. For MiC,
the non-porous layer is shown to be deposited on the
porous laver. Non-porosity can be seen for-the pure PMA
film prepared using sanie method (image not shown). This
mmplies that PMA covers the collagen gel instead of being
blended, making it a heterogeneous phase. However, the
outer surface of the gel is entirely one phase showing snio

Cly Ols
“QHJZ': “QBS

defects, indicating that PMA is idmobilized on the
collagen surface and is distributed homogeneously, This
is because the high molecular weight of the PMA causes the
polymer to be located primarily on the surface of the
collagen gel. When the PMA and collagen are premixed
and gelled, the razor blade-cut surface shows that the
porous and ‘monsporous structures coexist (picture not
shown). In the case of MIC-11 and MiC-12, the non-
porous outer layer is very thin and the pore size is bigger,
indicating that:a sizeable amouvnt of swelling had vecurred.

3.2. Newwork strictureé of collagen gels

Shrinkage temperature T is considered as the rupture of
the inter-chain bonds bringing the fusion of the oriented
peptide chains [27], which is responsible for the shrinkage,
and the cross-linking will result in the stabilization of the
triple helix structure and an increase in the shrinkage
temperature [28]. Table 2 lists 7, of the respective collagen
gels. The result indicates that 7, would incresse when thg
gels are cross-linked. Because PMA is immobilized, 7 of
the gels would shuft to 2 higher temperature, eventually
reaching approximately 85°C, which i§ about a 30°C
increase from that of uncross-linked collagen gel. The EN-1
gel and the MIC-11 and MiC-12 gels showed that 7., is Tower
than the EN-2 gel and the MIC-21 and MiC-22 gels. This
implies that formation of inter- and intrahelical cross-links,
which prevent the fusion of the peptide chains, Is very
imiportant for stabilization of the network. The immobiliza-
tion of PMA miade the extra cross-link, that is, the bond
between the PMA chain and collagen microfibril by the
amide bond, eventually increasing T further. Comparing 7,
of MiC-11 and MiC-12, we can see that the numeric value is
almost the same. The same phenomencon can be seen for
MIC-21 and MIC22, implying that the immobilization of
PMA would be affected by the pH of the MES buffér. Under
pH 4.5, the carboxyl groups of PMA would be protonated,
leading 1o the formation of COO-NHS, because the pK, of
PMA is known to be 2.7 [29]
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Fig. 3, XP5-¢hart of Uc-gel, E/N-21 gel, MIC-22 gel, and MiC-21 gel. The takeoff atngle of photoslectron was 90°.
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Fig. 4. Outer surface morphology (upper) and razor blade ent morphology (below) of respestive galst (4 Ue-gel, (b) E/N-1 gal, (¢} B/N=2 gel, (d) MiC-11

gel, (6] MiC:12 gel, () MiC-22 gel, and {g) MiC-21 gel.

Table 2

Shnnkage temperatutes of collagen and collagen gels
Sample 70y
Uneross-Hnked 56:448.1
EN-1 674409
EN-2 76.5:4£2.9
MiC-11 74.1:43.9
MiC-12 75,1420
MiC-21 84.842.0
Mi€-22 84.1+39

Fig. 5 shows the strain-stress curve of the Uc-gel, EN=2
gel, MiC-22, and MiC-21 gels. It ¢an be seen that all
collagen gels are J-shaped. This shape indicates that, after
the cross-linking and immobilization processes, the col-
lagen maititaing ity sofl tissue viscoeldstic bekavior, which
is soft and tough [30]. Table 3 shows the results of the
clongational strain modutus of the respective gels at 1%
and 8% of strain. Cross-linking with EDC/NHS increased
the elongational strain modulus approximately five times
and immobilization of PMA increased the elongational
strain roodulus about 12.5 times that of the uncross-linked
collagen gel. The crosslinking process and fmmobilization
of PMA miade the collagen gel much tougher. This strongly
stuggests that the PMA must be immobilized onto the
surface of the collagen gel in order to maintain its
biomolecular property and stronger méchanical property
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Fig. 5. Stress-steain curve of tespective collagen pals.

simultaneously. The EN-1 gel, MiC-21, and MiC-11 gels
were too fragile to mcasure the straln modulus.

Fig. 6 shows the swelling of the respective gels under pH
24 and pH 7.4. For uncross-linked gels, the gel dissolved
undér pH 2.4, while it swelled approximately 1400% under
pH 7.4. When collagen gels absorb water, the triple
helix structure is known to furn into a randomy coil
conformation because the collagen peptide chains increase
the accesaibility to hydration. In the neutral and alksline



Table 3

Mechanical strength of the collagen gels
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Sample Strain modulus at Strain modulus at
1% {MPa) 8% (MPa)

Uneross-linked 04401 0.640:1

EN:2 gel 21401 28402

MiC-21 56411 &7+16

MHC-21 51408 80410

Mechanieal strength of EN-1, MIC-11 and MIC-12 was fict measured die
1o fringe nature of ‘the samples.
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Fig. 6. Swelling ratio of respective collagen gels under pH 2.1 (hatched
bar} and uander pH 7.4 (empty bar) aguecus sohutions. Each vahie
represents themean 28D = 5).

conditions; ¢ollagen film would be stabilized by forining an
enfanglement of fibeils formed by hydrophobic and
elecirostatic bonds [31-33]. Since the pK, of collagen
type Iis known to be approximately 5.5[34.35], & stable gel
without any cross-linker can be formed under neutral and
alksline conditions.

The EN-1 and EN-2 gels showed a high swelling ratio
under pH 2.1, but had different swelling ratios under
neuiral pH conditions. The EN-1 gels showed a swelling
ratio of about 870% under pH 2.4 and 730% under pH 7.4,
while the EN-2 gels showed 800% under pH 2.4 .and 320%
undér pH 7.4, The swelling ratio was relatively higher for
the EN-1 gel than the EN-2 gel because the network
density was much higher for the EN-2 gel. The EN-2 gel,
for which cross-linking was executed under alkaline
conditions, is thought to possess a4 denser cross-linking
network. As mentioned earlier, EDC and NHS are known
to bring inter- and intrabelical cross-links, holding the
a-helices together tightly: 36,37}

Immobilization of PMA on the collagen gels brought
different swelling ratios according to the conditions of

prepatation. For the MiC-11 and MiC-12 gels, the swelling
ratio was lower than that for the EN-1 gel, mplying that a
network between collagen and PMA is formed by the
interchain cross-links. However, their swelling ratio under
pH 2.4 was lower than that for the EN-2 gel, but was
higher under pH 7.4. PMA could net penétrate into the
collagen gel during the immobilization process; leaving
much of the amine groups unreacted. In contrast, MiC-21
and MiC-22 showed that the swelling ratio under pH 2.4
and pH 7.4 ‘would be lowest among all collagen gels, As
mentioned eatliér, the formation of a dénser network
brought a lower swelling ratio. The low swellitg ratic of
the MiC-11 and MiC-12 gels under pH 2.4 and pH 7.4
implies that the intra- and interhelical cross-links play
important roles in the stabilization of the collagen gels.

3.3. Degradation of collagen gels by collagenase

Fig. 7 shows the degradation of collagen gels caused by
the .activation of collagenase in Tris-HC! buffer. The
collagenase absorbed into the collagen gel wold cleave the
helical segment, hydrolyzing the collagen gels. Collagenase
is known to be adsorbed onto the collagen fibers onee it
penetrates into the fiber [36-39]. Therefore, it is theught
that the swelling ratio is related to this biodegradation
process.

Our study shows that the collagen gel that 18 not cross-
linked ‘would degrade withiti 2 or 3h. Cross-linking the
collagen with EDC and NHS would sirongly maintain the
helical structure, extending the time of complete degrada-
tion from 6 to 24h according to the eross-linking
conditions. Low swelling collagen gels lead fo slow
degradation. For the MiC22 and MiC-21 gels, almost
80% of the original collagen gel remained after 24h. The
E/N gels have only intra~and interhelical cross-links while
the MiC gels possess interchain cross-links. For the E/N

100 ] e .
\ﬁ Mic22
80~ K%\\&H

4 Mic-21 l

&
£ 60-
@
= v
3}
= n
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&
£ 4l . Mic-12
Mic-11 & o
Ue end i ¥
O EH T ¥ T 1 H
o] 5 10 15 20 28
Time:(hours)

Fig. 7. Degradation ol collagen gels by colldgenase:in Tris<HCI buffer
{pH 7.4)yat 37°C. Each valug represents themean+5D ¢i=4),
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gels, the infra- and interhelical cross-links maintained the
helical structure ‘after cleavage by collagenase [39]. How-
ever, the absorption of water eventually made the E/N gels
dissociate within 24 h, with slightly faster degradation for
the EN-1 gel. In contrast, the MiC gels possess interchain
cross-links that link the microfibrils and the PMA chains,
making the degree of swelling much lower [38]. The
cleavage by collagenase would be prevented by the PMA-
collagen network, which links microfibiils together, shield-
ing the helices.

4, Conclusion

We weére able to successfully immobilize MPC to
collagen and prepare a stable gel. By using collagen film
prepared from 0:5wt% collagen solution, MiC gels were
prepared under MES buffer. EDC/NHS and PMA
polymer could form. a cross-hnk with the collagen film.
The physical behaviors of the gels'changed according to the
preparation conditions such as the pH of the MES buffer,
Inter- and intrahelical crosslinks were formed by BEDC/
NHS. Higher cross-link efficiency can be obrained under an
alkaline condition because the pX, of collagen is approxi-
mately 5.5. A pre-NHS activated PMA polymer chain
could be located on the collagen gel ard cross-linked with
the amine collagen group, forming an interchain cross-link.
Since the pK, of PMA carboxyl groups 1 2.7, the
immobilization of PMA was successful at any pH. The
coexistence of intra- and interhelical cross-links and
intermolecular cross-links make the network much denser,
which ledads to difficulty in either penetration or hydro-
lyzation by the wcollagenase. Mechanical and enzyme
stability enable this gel to be applied as a2 biosynthetic
hybrid biomaterial.

We will report on the biological properties of the
collagen-phospholipid polymer hybrid gel in the near future.

Acknowledgment

This study was fnarncially supported by a grant from
the Research on Health Sciences Focusing on Drug
Innovation (KH61060) of the Japan Health Sciences
Foundation and Health and Labour Sciences Reséarch
Grants (HLSRG).

We would like to thank Professor Kazuhike Ishihara of
The University of Tokyo for his helpful advice on
phosphotipid polymer.

References

[1] Fujioka K, Masda M, Hojo T, Sano A. Protein release from collagen
matrices. Adv Drug Deliv Rev 1998;31:247-66.

[2] Kato 'YP, Silver FH. Formation of continuous collagen fibers:
gvaluation of biccompatibility and mechanical properties: Biomater-
ials 1990;11:169-75.

126

[3] Olde Damink LHH, Dijkstra PJ, van Luyn MJA; van Wachem PB,
Nienwenhuis P, Feijen 1. Crosslinking of dermal sheep collagen using
§ waferssoluble carbodiimide. Biomaterials 1996;17:765-73.

[4] Cascone MG, Barbaui N, Cristalli C, Giusti P, Ciardelli G, Lazzeri L.
Biourtificial polymer materials-based on polysaccharides. J Biomater
Sci Polym: Edn 2001;12:267-81.

i5] Barbani N, Lazzeri L, Cristalli C; Cascone MG, Polacco G, Pizzitani
G. Bioartificial materials based on blends of collagen and poly(gerylic
aeid). 3 Appl Polym Sci 1999:72:971-6.

6] Cascone MG, Martinti $, Barbuani N, Laus M. Effect of chitosan and
dextran on the properties of poly(vinyl alcohol) hydrogels. J Mater
S¢i Mater Med 1999.10:431-5,

[7] Sionkowska A. Interaction of collagen and poly(vinyl pyrrolidone).in
blends. Bur Polym J:2003;39:2135-40.

[8] Dascilu MC, Vasile C, Silvestre C, Pascu M. On the compatibility of
low -density. -polystbylene/hydrolyzed collagen - blends, . Il new
compatibilizers. Bur Polym J 2005;41:1391-402.

181 Otde Damink LHEL, Dijkstra PJ, van Luyn MJA, van Wacheni PB,
Nienwenhtis P, Feijen . Glutaraldehyde as a crogslinking agent for
collagen-based biomadterials. J Mater Sci. Mater Med 19956
460-72.

[10] Sung HW, Chang WH, Ma-CY, Lee MH, Crosshinking of biclogical
tissue using genmipgin andjor carbodiimide. J Biomed Mater Res
2003;64A:427-38.

{11]-Orban IM, Wilson LB, Kofroth JA, El-Kurdi M5, Maul TM, Yorp
DA, Crosstinking of collagen gels by transglutaminase. J Biomed
Mater Res 2004;68:756-62.

[12}-Segura T, Chung PH, Shea LD. DNA delivery from hyaluronic
acid—collagen hydrogels via & substrate-mediated appraach. Bioma-
terials 2005:26:1575-84.

[13] Wissink MJB; Beernink R, Pieper JS; Poot AA, Engbers GHM,
Beugeling T, et al. Immobilization: of heparin to EDC/NHS-cross
linked collagen, charaoterization and in vitro-evaluation, Biomater-
ials 2001,22:151-63.

[14] Perper JS, Halfmans T, Vesrkamp JH, van Kuppevelt TH. Develop-
ment of tailoirsmade collagen-glycosaminoglycan matrices; EDC/
WNHS = crosshinking, and ultrastructural aspects.  Biomaterials
2000,21:581-93.

[13] Jaworski ¥, Klapperich M. Fibroblast remodeling activity 4t two-~
and threedimensional ‘collagen-glycosaminoglycan interfaces, Bios
materials 2006,23:4212-20.

(18] van Luyn MIA, van Wachem PB, Olde Damink LHH, Dijkstra PJ,
Feijen J. Relations hetwesn m vitro cytotoxicity and crosslinked
dermal sheep collagens. J Biomed Mater Res 1992,26:1091-110:

[17} van Wichem PB, van Luys MJA, Olde Damink LHH, Dijkstra PJ,
Nienwenhuis P. Biocompatibility and tissie tégenerating capacity of
erosslinked dermal sheep collagen. ¥ Biomied Mater Res 1994;17:
353-63. ,

[18] van Wachéni PB, Zeenian R, Dijkstia PJ, Feijen J, Hendriks M,
Cahalan PT, et al. Characterization and biocompatibility of spoxy-
crosslinked dermal sheep collagens. J Biomed Mater Res 199947:270-7.

[19] Ishihara K, Ueds T, Nakabayashi N. Preparation of phospholipid
polymers :and their properties as polymeér hydrogel :membranes.
Polym ¥ 1990:22:355-60.

20} Iwasaki Y, Mikenu A, Kurita K, Yui N, Ishihara K, Nakabayashi N.
Reduction of surface-induced platelet activation on phospholipid
polymer. J Biomed Mater Res 1997;36:508-13.

[21] Eshihars K, Nomuta H, Mihara T, Kurita K, Iwasaki Y,
Nakabayashi N. Why du phospholipid polymers teduce protetn
adsorption? J Biomed Mater Res 1998;35:323--30, .

[22] Kitaro H, Tmai M, Mori T, Gemmei-lde M, Yokoyama Y, Ishihara
K. ‘Stricture of water in the Viciuity of phospholipid analogng
copolymers as stadied. by wvibrational spectroscopy.  Langmuir
2003;19:10260-6.

[23] ‘Ueda H, Watanabe J, Konno T, Takai M, Sailo: A, Ishihara K.
Asymmetrically functional surface propérties on. biocompatible
phospholipid polymer membrane for bieartificial kidney. J Biomed
Mater Res. A& 2006;77:19-27.



g K. Nomi et al. § Biomaterials 28 (2007} 1-8

[24] Watanabe I, Ishihara XK. Phosphorylcholinie and poly(n,i-lactic acid)
containing copolymers as-substrates for cell adhesion. ArtfOrgans
2003,27:242-8.

[25] ©Olde Damink LHH, Dijkstra B3, van Luyt MJA, van Wachem PB,
Nistwenhuis P, Feijen 1. In vitto degradation of dermal sheep
collagen crosslinked using a water:soluble carbodiimide. Biowmaterials
1996;17:679-84.

[26] Nakajime N, Tkada: Y. Mechanismm of amide formation by
carbodiinyide for- biotonjugation in agueous media. Bioconjugate
Chem: 1995:6:125-30.

[27] Flary PY, Garrgtt RR. Phase transitions in ‘collagen and gelatin
systems. J Am Chem Soc 1958:80:4836-45,

[28] Kher E, LiHC, Wee A. Animal tissue-polypyrrole hybrid biomaterials;
shrinkage temperatiurs svaluation. Biomateriale 1996;17:1877-9.

[29] Nam K, Watanabe J, Ishihara K. Modeling of swelling and
dissociation miechanism, and release behavior -of spontafiecisly
forming hydrogel composed of phospholipid ‘polymers for oral
delivery carrier. Tot I Pharing 2004:275:259-69,

[30] Gentleman E, Lay AN, Dickerson DA, Nauman EA, Livesay GA,
Dee KA. Mecharical characterization of collagen fibers and scaffolds
for tissue engineering. Blomaterials:2003;24:3805-13.

[31] Ripamonti A, Roveri N, Briga D. Effects of pH and:ionic strength on
the structure. of collagen fibrils. Biopolymers 1980:19:965-75.

[32] Wallace D: The relative contribution of slectrostatic interactions 16
stabilization of collagen fibrils. Biopolymers 1990:29:1615-26.

[33] Rosenblatt J, Devereux B, Wallace I. Dynamic rheological studies-of
hydrophobic interactions in injectable Collagen biomaterials. J-Appl
Polym Soi 1993;50:953-63,

[34] Luescher M, Ruegg M. Schindler P. Effect of hydrationn upon
the thermal stability 'of tropocollagen and its dependence
on the presence of neuiral salts. Biopolymers 197413
2489503,

[35] Zhang 1, Senger B, Vautier Dy Picart €, Schaafl P, Voegel J-C,
et ak. Natural polyeletrolyte filmis based on laver-by-kiyer deposition
of collagen and  hysluropic acid. Blomatesials 200526
335361,

[36] Zeeman R, Dijkstra PJ, van Wathem PB, van Luyn:MI, Hendriks M,
Cahalan PT, et al. Successive epoxy and sarbodiiniide crosslinking of
dermal sheep collagen. Biomaterials 1999:20:021-31.

[37] Vizarova K, Bakos D, Rehdkova M, Peudkova M, Pandkovi E,
Koller .J. Modification of layered atelocollagen: enzymatic
degradation and cytotoxicity evaluation. Biomaterials 199516
1217-21.

[38] Park SN, Park J-C, Kim HO, Song MJ; Suh H. Characterization of
porous collagen/hyaluronic acid scaffold modified by I-ethyl=3+(3-
dimethylaminopropyljcarbodiimide  croselinking. Biomateriak
2002;23:1205-12.

391 Ma L, Gao C, Mao Z, Zhou J, Shen J. Enhanced biological stability
of collagen porous scaffolds by using amino acids ag novel cross-
linking bridges. Biomaterialy 2004;25:2097-3004.

127



128

Transactions of the Materiuls Researeh Soctery of Japan 313} 735-138.£2006)

Influence of Cross-linking on Physicochemical and Biological Properties of
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To adopt collagen 48 a biomaterial, collagen should be modified due to disadvantages such as
poor mechanical strength and high thrombogenicity. Preparation of collagen-polymer hybrid gel
for application as an  artificial vascular graft was executed by immobilizing
Z-methacryloyloxyethyl phesphorylcholine (MPC) polymer, poly{MPC-co-methacrylic acid)
(PMA}Y, using N-(3-dimsthylaminopropyD-#M-ethyloarbodiimide and N-hydroxysiiceinimide as
cross-linkers. In order to alter the density of interchain cross-links (intermolecular bonding)
between ecollagen fibrils. and the MPC polymer chains, collagen-polymer hybrid gel was
prepared by changing the mole ratio of MPC moiety of PMA. The infra- and interhelical
cross-links made the gel thermodynamically stable. The interchain ¢ross-links made the gel
mechanically and dimensionally stable by supporiing the network structure of the hybrid gel,
which is thought to be achieved by connecting collagen fibrils. Enzymatic stability was
depending on the density of interchain cross-links, because the adsorption of c¢ollagenase was
prohibited. Increase in the MPC moiety made the gel cell adhesion property decrease. This
tmplies that the interaction between cells and surface of the hybrid gel is being regulated by the
MPC groups, making the hybrid gel much efficient for artificial vascular graft use,

Key words: collagen, phospholipids polymer, cross-link, gel. cell adbesion

L INTRODUCTION

In -order to use collagen for a biomaterial
product, the cross-linking of collagen and/or
iminobilizing synthetic polyvmer with collagen to
is indispensable. Non-treated natural ecollagen
cannot directly be applied to the biclogical system
due {o disadvantages suwch a¥ poor mechanical
strength,  ealeium  deposition, and  high
thrombogenicity. However, the collagen is
biocompatible and non-antigenic: synergic with
biosctive component, easily modifiable; and
avatlable in abundance, which makes 1t suitable
for medical application [ 1-3]. While keeping the
advantageous property of collagen,
disadvantageous property should be eliminated or
be complemented.

Cross-link method using N-{3-dimethyl-
aminopropyl)-V'-ethylearbodiimide (EDC) and
N-hydroxysuceinimide (NHS) was chosen for this
study [4.5]. Cross-limnking cellagen with EDC and
NHS 'makes ‘zero-length’ amide cross-links
between carboxylic acid groups from aspartic and
glutamic acid residues, and s-amino groups from
(hydroxy~) lysine residues forming intrg- and
interhelival cross-link W prepare an EDC/NHS
cross-link collagen gel [5) And,
Z=methaeryloyloxyethyl phosphorvicholine (MPC)
based copolymer, which is known for its excellent
biovempatibility [6], was used to cross-link the
microfibrils of collagen to produce a hybrid gel
having biocompatibilify and improvéd mechanical

785

strength.

i this study, we investigated ‘the network
structure of the collagen-phospholipid polymer
hybrid gel and. the coffest to. the mechanical
strength, thermal stability, dimensional stability,
and enzymatic stability agsginst collagenase.
Farthermore, the biclogival property of the
collagen gel was examined to evaluate the
application as an-artificial blood vessel.

2. EXPERIMENTAL
2.1 Preparation of EDC and NHS Cross-linked
Collagen Gel

Preparation of EDC and NHS cross<linked
collagen gel (E/N gel} was executed by using
0.5wt% collagen type I solution (pH 3, KOKEN,
Tokyo, Japan). Collagen solution was fabricated
into film. Then the collagen film was immersed
into the 0.05M 2-morpholinoethane sulfonic acid
(MER) buffer {pH 9) (Sigma. 8t Louis, USA)
containing EDC (Kanto Chemieals; Tokyvo, Japan)
and  NIIS (Kanto Chemicals, Tokyo, Japan). The
crass-linking procedure was executed for 4 hours
it 4°C 16 make 4 cross-linked gel (BEfN-al gel).
After 4 hours, the reaction was stopped and the
gel was then washed with 4M of Na,HPO,
agueous solution for 2 hours to hydrolyze any
remaining -O-acrylisgurea. groups and then with
distilled water for 3 day to remove salt from the
gel. The molar ratio of each chemical was fixed to
EDC:NHS:eollagen-carboxylic acid groups=5:5:1.
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2.2 Preparation of MPC-immuobilized Collagen gel

Preparation of the MPC-immobilized Collagen
gel (MiC gel) was executed by using E/N-al gel.
poly{MPC-co-methacrvlic acid). (mole fatio;
MPCimethaerylic acid=3:7, PMA3G) (Figure 1)
was added with EDC and NHS in MES buffer (pH
105 and was pre-activated for 10 minutes before
EfN-al gel was immersed. The molar ratic of cach
chemical was fixed 1o EDCNHScarboxylic acid
groups of PMA =551 The fmmobilization of
PMA 1o the collagen was continued for 4 hours at
4°C. Then the gel was washed with 4M of
Na,HPOy aqueous solution for 2 hours and then
with distilled water for 1 day to remove salt from
the gel 6 prepare 4 salt=free MIC30 gel. To
increase the MP{ moiety of the collagen-polvmer
hvbrid gel, PMASO {(MPCimethacrylic acid=9:1)
was preparcd and immobilized to the collagen to
make a. MIiC9D gel.

CH§ { CHy

1/ BN iy

CCHy ¢y U CHr ¢
(1;‘..—_ (Ijz
6 O-H
&Hz

CH- 0-P—0~CH, CHyN (CHy)s

Figure L.Chemical structure of PMA.

2.3 Surface Characterization

The Surface analysis was executed using Keray
photoeleviron  spectroscopy {XPS; AXIS-HSI,
Shimadze/KRATOS: Kyoto, Japan) and Scaoning
electron  microscapy (SENM: SM-200, Topcon,
. Tokye, Japan) Samples which had been cut into
small pieces were lyophilized for overnight. The
chemical composition of the surfaces of the gel
(upper part of the gel) was determined by
releasing angle of the phototlecirons fixed at 90°,
The morphologies of the géls werg cbyerved with
a SEM. The razor-blade cut surfaces of respective
gels were observed.

2.4 Network-Characterization

The shrinkage temperature of the gels were
determined using differential scanning
ealorimeter (DBC; DSC6000, Seiko, Chiba, Japan)
in the range of 0°C to 150°C at the scanning fate
of 5°C/minute.

Stress-strain curves of respective collagen
gels were determined by uniaxial measurements
using @& ‘tensile strength tester (STA-1130,
Orientec, Tokyo, Japan). The sample for the
measurement was prepared o the gize of
demxleom. The obfaingd data were changed {o
stress-strain  curve of the samples and the
elongation modulus was calenlated.

The swelling test of respective samples was
exccuted by eutting Iyophilized gels into small
pieces and putting inte pH aquedus selution at
37°C. The pH of the aquéous solution was
controlled w0 make 7.4, The gels were shaken
gently tor 24 hours and taken out to measure the

changed weight of the sample. Swelling ratio was
calculated in order to define the exaet swelling
phenomenon brought up by water absorption.
2.5 Enzymatic Degradation

‘The degradation test of the gel samples were
executed using collagenase from
Clostridiopeptidase. histoluticum. (EC. 3.4.24.3,
Sigma, St Louis; USA) with collagenase activity
of 320 units/mg. In this-experiment. collagen gels
were immersed 1nte Tris-HCE buffer solution with
tofal concentration of collagendse 100units/mL.
The weight. of the gels after reaction with
colldgenase was measured from 1t 72 bours.
2:6-Cell adhesion test

1.-929 cells (mouse fibroblast) were used to
gvaluate the interaciion between collagen gels and
the cells.. The {ibroblasts were culture in Eagle's
Minimum Essential Medium (E-MEM: Gibeo, NY,
USAY supplemented with 10% fetal buvine serum
(EBS: Gibeo, WY, USA) at 37°C in a 5% CO,
atmosphere. After treatment with 0.23% trypsin,
thie cell density was adjusted to Sx10° cells/mL
and the cells were seeded on the swrface. The
collagen gels were sterilized by putting gels into
ethanol:water 50:50 for 2 hours, than 70:30 for 2
hours, and 1000 for an overnight before
lyophilizing.~ The lIvophilized gels  ‘were
hydrolyzed with E-MEM Tor § minutes and the
E<MEM was disposed just before cell seeding.
After 24 hours and 48 hours, ‘the number of
adhering cells was determined wusing lactate
dehydrogenase (LDH) assay at 360nm  with
UVIVIS spectrophotometer (V=560 Jasco, Tokvo,
Japan).

. RESULTS AND DICUSSION
1 Burface Characterization

All gels showed XPS signals attributed to
carbon in CHs~ or ~CHy=, ~COC-, C=0)~, and
nitrogen in ~CONH- was observed at 285, 286.6,
288.5, and 400 8eV, respectively. A phosphorus
peak and ome nitrogen pesk in -N{CH4) was
observed at 1346V and 403.2eV, respectively,
indicating that PMA was properly ¢ross-linked
collagen |64 Figure 2 shows the images of the
outer surface (upper parl of the gel} and razor
blade-cut surface (cross-section} morphology of
respective collagen gels observed with SEM. AH
outer surfaces that dare immobilized with PMA
show son-porous omogenous structure. When the
razor-cut surface was ebserved, relatively porous
(or hoellow) layer that is compozed of many thin
plates, and non-porous {or dense) laver was seén.
Hollow layer is thought be the uncross-linked
coltlagen (a collagen gel that is prepared under pH
9.0 MES buffer without any cross-linker; Uc gel)
or-intra- and interhelically eross-linked collagen
layer. The non~porous layer representing PMA is
deposited on the collagen layer and the thickness
increases as more PMA 1% ddopied. However, we
are not sure yet how the deposited laver would
affect the physical property of the hydrogel. We
are working on this and would be reported soon.
3.2 Network Characterization
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Table 1 shows
the change of
the. shrinkage
temperature
(I} of each
collagen  gels.
The

cross-linking

brought the
increase in the
Ty And the T,
would inerease
further as the

PMA is |

immobilized, (a) (b (¢ (&)

but would

never Eross - : oo

g59(, Since Figure 2, SEM images of collagen gels. (a) Uc gel, (b)) E/N gel, {¢) MIC90 gel; and
the (d)y MiC30 gels. Upper images imply the suter surface and below tmagey indicate the
denaturization razor-cut surface of the gels.

temperatare 1s the endothermic transition ol the
triple helix of the collagen molecules o the
random  ceil, 4t is believed that intra- and
interhelical cross-link controls the T, [7]. When
the higher amount of EDC and NHS was used, the
7, would increase up to 83°C (data not shown).
This implies that the increase in the 7 is not due
dirgtt connection berween collagen microfibrils
and polymer chain but due to complexity of the
network. Se, the stability of the collagen gels
against temperature is dependant not only on
intra- and interhelical ¢cross-links, but also on the
density of the network.

Table I Shrinkage
respective collagen gals,

temperature  of

" Sample Shrinkape temperature (°C)
Ue gel 56+8
/N gel 7443
MiCo0 764£3
MiC30 84+4

The elongational modulus increases as PMA is
immobilized, indicating it ig the interchain
srogs-link that reinforees the meéchanical strength.
The elongational modulus of MIC gels measured
at, 1% strain and 8% strain. showed that
approximately 10~13 times incredse compared to
Ug-gel while that of E/MN  gel showed
approximately 5 times increase. This indicates
that the network is much denser for MIC gels,
which directly affected the mechanical strength.

All collagen gels showed 1:4~2 times increase
v elongational modulus at 8% sirain compared to
that of at 1% sirain. indicating soft tissue
vistoelastic behavior can be maintained after
immobtlizing with PMA. - So. biomaterial
possessing biological property can be obtained,

Figure 3 shows the swelling of the respeetive
gels under pH 7.4, For unicross-linked gel. the gel
dissolved wnder pH 2.1, ‘while swelled

approximately 1400% under pH 7.4 When
collagen. gels absorb water, the triple helix
structure Is knewn to wns to random eoil
conformation, because collagen peptide chains
increases accessibility to hydration. In the neutral
and alkaling pH conditions, cgllagen film would
be stabilized by forming entanglenient of [brils
formed by hydrophobie and electrostatie bonds.

E/N-al gels shows swelliag rafio «of 320%
under pH 7.4, As mentioned earlier. EDC and
NHS is kiiown to be bring inter- and intrahelical
cross=links; holding the a-helices together tightlv.
However, its low cross-linking density dueto high
free amine group contents makes the gel 1o swell
figh.

500
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e 800 4
®
2 so0+
@
&
300+ e
0 A P v

i i
T ¥ T.
Ucgel E/N.gel MICOU gel MIC30 gel
Gel'type

Figare 3. Swelling wativ ol respective
collagen gelsin pHl 7.4

MIC gels shows much suppressed swelling
vatio,  The deerease in  the swelling ratio
comparing to E/N gel indicates that the dense
network has formed. Denser network between
collagen and PMA is thought to be formed by
interchain cross-links by connecting microfibrils
together, increasing the foughiness of the cotlagen
gel. Furthermore, the high mechanical strength of
the hybrid gel is suppressing the absorption of
waler, leading {6 low swelling ratio
3.3 Enzymatic Degradation
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Figure 4 shows the degradation of collagen
gels caused by the activation of collagenase in
Tris-HCI buffer. Collagen gel would be degraded
once it encounter with collagenase. Collagenase
would cleave the helical segment, which makes
the collagen gels 1o hydrolvze., Collagenase ig
known to absorb onto the collagen fibers once it
penetrates into the fiber {7} Our study shows that
the collagen gel that is not eross-linked would be
degraded within 2 or 3 hours. Cross-linking the
collagen with EDC and NS would maintain the
helical structure firmly, extending the complete
degradation time Trom 3 hours to 24 hours. And as
mentioned previcusly, the E/M-al gel pogsesses
higher intra- and intereross-link chains, making
the gel to endure longer time againit collagenase,

MiC gels showed  higher stability -against
collagenase. The petwork of the collagen gel i
thought to be denser than E/N gel, as described
previously. For FE/N gels, the absorption of
collageniase eventually made it 16 be dissoeiared
within 24 hours. On the other hand, MiC gels
possess interchain cross-link, which links the
microfibrils and the PMA chains. making the gel
o swell much Jower. And the cleavage by
collagenase would be  prevented by the
PMAseollagen network which links fiber and
polymer chain together, shielding the helices

Comparing the degradation rate between MiC
gels, we can see that as MPC ratio inereases, the
degradation 1s much faster. This i8 because the
network. of the MIC90 s thought o be much
sparse “than MiC30, due to low mole ratio of
methaerylie acid molety. This makes the space
between collagen and PMA larger, resulting in
higher water absorbarce.
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Figure 4. Degradation of collagen gels by
collagenase in Tris-HCL buffer (pH 7.4) at
37°C.
3.4 Cell Adhesive property

When the number of adhiered cells after 24
hours and 48 hours were compared among the
collagen gels, and those with PMA [mmobilized
on coltagen gels were mueh lower than without
PMA. This fs clearly due tw PMA polymer
covering the surface of the collagen gel. The
anumber of celi adhered on the surface decreased
as the -motety of MPC unit inereased. The
difference between number of adhered cell on the

surface after 24 and 48 hours was compared, the
increase in the number of cells was ebserved for
collagen gels. However, for MIC gels, incréase
was suppressed. Polymer immobilized on the
collagen blocks the interaction between fibroblast
and collagen, which is koown 1o be the miost
decisive factor for cell adhesion [8].

4. CONCLUSION

The preparation of MiC gel was successfully
achieved, Immobilization of MPC polymer made
the gel tougher and stable. We could confirm that
the stress-sirain responded as generglly observed
for soft bivlogical materials. Inerease in-the MPC
unit brought the higher swelling, which lead to the
faster degradation by collagenase. I is thought
that the higher amount of adopted PMA have
caused the formation of sparse cross-link network,
which in turn make the surface of the MiC gel full
of MPC head groups, reducing cell adhesion
ability.

The increase in the MPC unit would bring
higher biocompatilibty, while increase of MA unit
would allow increment of mechanical strength. As
the concentration of MPC increased. it is thought
that ‘the biocompatibilify would inecrease but
toughness decrease.
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systemic administration, This isachieved with a hydrophilicpolymer
of which polyethylene glycol (PEG) has been found fo be best.
Targeting cell-surface receptors is an attractive concept to achieve
specific binding and internalisation of the Hposonie. To this end,
cell-binding ligands are displayed from the surface of the liposoiie.
The common denominatorfor these ligands is that theireell receptor
targets are over-expressed i tuthours,

We are developing a post-miodification methodology for coupling
cell-ortissue targeting moieties onto liposomes viachemioselective
oxime bond formation. Thus. liposomes comprising a highly
nucleophilic aminoxy-functionslised lipid are formulated. The
aminoxy lipidreadily reacts with aldehyde functionalised targeting
ligands in aqueousconditions forming astable oxime bond conjugated
targeted liposome.

i

L
!)"ui. g iy Mpad

A peptide displaying the RGD sequence was selected as the
targeting ligands o validate our post-coupling methodology. A éyelic
RGD peptide conjugate has been successfully synthesised using 4
combination of solution- and solid-phase synthesis. Additionally,
control RGE peptide and PEG linkert conjugates have been prepared,
Allthe ligands terminatein an aldehyde furictional group separated
fromi the targeting moiety by a PEG linker,

The couplings between the RGD conjugate and aminoxy
liposomes in water at pH ~4 were shown to beefficient, simple and
reproducible. In vitro HUVEC cell uptake studies show a definite
targeted uptake of the RGD-targeted liposomes relative to
appropriate control liposomes.

193. Gene Transfection Using Inorganic
Particle/PVA/DNA Complexes Prepared by Ulira

High Pressure Technology

Tsuyoshi Kimura,! Kwangoo Nam,' Sihngo Mutsue” Hidekazu
Yoshizawa,” Masahiro Okada,® Tsutomu Furuzonoe,” Teshiya
Pujisato,* Akio Kishida,’

Institute-of Biomaterinlsand Bioengineering, Tokyo Medical and
Dental University, Tokyo, Japan, *Department af Environsmental
Chemistry and Marterials, Okayama University, Okayang, Japan;
Pepartment of Biomedical Engineering, National
Cardiovastcular Center Researeh Instinute; Osaka, Japai;
“‘Depariment of Regenerative Medicine and Tissue Engineering,
National Cardiovasucular Center Research Institute, Osaka,
Japean.

Various nofi-viral gene systems, such as naked DNA, lipoplexes,
micelles and polyplexes, have been developed for effective and safe
gene delivery into target cells. Although cationic compounds weie
employed as gene carriers due tothe ability of complex formation
with DNA electrostatically and effective gene transfer into-cells, the
intrinsic cytotoxicity of them is-essential problem in pon-viral gene
deliverysystem. Therefore, we have tried the development of DNA
complex with non-ionie, water soluble polymers via hydrogen bond
using ultra high pressure (UHP) technology because the inter-, intra-
folecular week hydrogen bonding intéraction was empathized with
high pressure process. Previously, polyvinyl aleohol (PVA) was
utilized s the model hydrogen bonding polymers, and the PVA/
DNA complexes were obtained by UHP treatment, Although the
PVA/DNA complexes were up-taken by cells, a little enhancement
of gene expression was observed using them. In this study, we
hypothesize that inorganic particles, such as caleium phosphate

(CP), caleium carbonate: and hydioxy apatite (HAp); promote the
endosomal escape-of transferred DNA because the inorganic particles
are disselved underlow pH condition in endoseme vesicles and then
the fiipture of endosomeis induced by osmotic shock, We performed
the development of inorganic particle/PVA/DNA complexes using
UHP technology. Plasmid DNAs encoding enhanced green
fluorescent protein (EGFP) gene or luciferase gene under CMV
promoter ‘were used. Nano-HAps having the average diameter of
S0nm were synthesized by modified micro-emulsion method. Nano-
HAp was dispersed ultrasonically it PVA solution dand then mixed
with DNA solution. CP/DNA complexes were prepared by general
method and mixed with PVA solution. Their mixtures were treated
under 10000 atmospheric pressures at 40 degree for 10min, By
SEM observation, the irfegular surface of inorganic parficles/PVA/
DNA. complexes was observed, indicating the encapsulation of
inorganic particles in PVA/DNA particle: The nano-HAp/PVADNA
complexes showed a higher transfection activity than DNA
complexes with nano-HAp or PVA. With CP/PVA/DNA complexes,
also, the transfection activity increased several fold than the PVA/
DNA-conmplexes. Theseresults indicate thie intility of the itorganic
particle/PVA/DNA complexes prepared by the UHP treatment for
DNA delivery.

194,  Development of Novel DNA Formulations
Based on Polymers and Cyclodexirin for Gene
Delivery to the Muscle

Caroline Rogues,'* André Salmon,’ Mare Y. Fiszmar,! Elias
Fattal,” Yves Fromes.!

'Gene Therapy Lab, Institut de Myologie - INSERM 1582, Peavis,
France; *CNRS UMR 8612, University of Paris - Faculty of
Pharmacy; Chathenay-Malabry, France.

So far gene transfer to the muscle has niainly been based on viral
vectars; giver their efficiency to transfer DNA i vive: However,
virug=derived vectors have numbers of limitations; such as insert
size, tissue specificity or immunogenicity; therefore restricting the
possibilities of repeated administrations. After intramuscular
injection, major hurdles remain tissue diffusion and intacellularentry.

To improve these parameters with reference to naked DNA, our
approach consisted in designing synthetic vectors. The first step
intended to condense and protect plasmid DNA (pCMV-Gal,
Invitrogen) through its association with various polyiers differing
by their charge, 1.e. Polyethylensimine (PEI, Sigma), Tetronic 304
(BASF) and PE6400(BASE). For each:polymer/DNA formulation;
the moiphological properties of the vectors were assessed by cryo-
Transmission Electron Microscopy, their size by Dynamic Light
Scattering and their zeta potential by Laser Doppler Velocimetry.
Characterization rfevealed ‘a great diversity of objects in terms of
size, shape and zeta potential.

In vivotoxicity and efficiency of the systems were also evaluated
after intramuscular injections into tibialis anterior and quadriceps
musecles of wild type Syrian hamsters. X-Gal revelation and
Haematein/Eosin staining were then performed on serial séctions of
each ‘musele. These experiments highlighted the extremely high
cytotoxicity of PEVDNA.complexes towards skeletal muscle, On
the contrary, no significant lesions were detected after injection of
PE6400/DNA or Tetronic/DNA formulations. Both systems did
significantly improve iranisfection with reference tonaked DNA.

In ordet to promote cellular entry of the DNA, a second step in
our study ‘consisted in combining the previous polymeric vectors
with randomly 'methylated beta-cyclodextrin (Ramieb) since this
compound has demonstrated its ability to destabilize the cell
membrane through cholesterol complexation. In vivo toxicity of
Ramieb after intramuscalar injection has been assessed as well ag
efficiency when associated to polymer/DNA formulations, Addition
of Rameb to the polyineric vectors-did not allow 4 significant increase
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Abstract: A composite corsisting of titanium dioxide
{TiO,) particle, the suwrface of which was modified with
amuno groups, and a silicone substrate through covalent
bonding at their interface was developed, and antibacterial
and cell adhesion activities of the composite were evaluated.
The density of the-amine groupson the TiO, particle surface
was controlled by the reaction time of the modification
reaction. The degradation rate of CH,CHO in the presence
of the TiO, particles under UV irradiation decreased with an
increase in the amino group density onthe TIO, surface. On
the other hand, the number of 1929 cells adhering on the
TiO,/silicone composite increased with an increase in the

amino group density. From the above two.results, the opfi-
mum density of amino groups for both photorcactivity and
cell adhesiveness was estimated to be 2.0-4.0 molecules/
nm® The optimum amino group-modified TiO,/silicone
composite sheet (aminG group density, 3.0 molecules/nm?)

showed. an effective antibacterial activity for Escherichin coly

bacteria uider UVirradiation. © 2005 Wiley Periodicals, Inc.
1 Biomed Mater Res 76A:95-101, 2006

Key words: titanium dioxide; antibacterial activity; compos-
ite; covalent bonding; cell adhesion

INTRODUCTION

Since Fujishima et al.' reported water cleavage on
photoexcited titandum dioxide (Ti0;) electrodes; TiC),
has attracted great interest in environmental fields
such as air and water purification, because the electron
and hole created by photoexcitation of TiO, can re-
duce or oxidize several chemical species adsorbed on
the TiO, surface.”” The antibacterial activity or cyto-
toxdeity, which is. expected to be applicable to biology
and medicine, of photoexcited TiO, has also been
shown.®® In addition, the effect of TiO, particles on
animals has been investigated from the viewpoint of
genetic toxicity; Bischoff et al.? and Bernard et al.™?
reported the nontoxicity of TiO, particles 10 animals.

Comrespondenee d0: T. Puruzone; e-mails faruzono@rincve,

§o4p
Contract grant sponsor: New Energy and Industrial Tech-
nology Development Organization (NEDO); Japan

© 2005 Wiley Periodicals, Inc,

TiO, has, therefore, also aftracted much mterest in
medical fields.

Recently, we developed a novel inorganic/organic
nanocomposite for a percutaneous device; a flexible
silicone elastomer, the surface of which was modified
with bioactive hydroxyapatite (HAp) nanoparticles
through covalent bonding." When this novel compos-
ite material is percutaneously implanted into a living
body, it is expected fo prevent initial germ infection
from the outside because the HAp particles existing on
the surface of the composite improve adhesion be-
tween living tissues and the composite. Actually, the
novel composite showed good tissue adhesiveness in
animal implant tests.'? Furthermore, in a previous
article,"® we tried to incorporate two functions, that is,
bioactivity and photoreactivity, into a percutaneous
device by using TiO, particles, Such a system is ex-
pected to prevent damage by the antibacterial activity
of photeexcited TiO; when a germ infection unfortis-
nately occurs after implantation, In order to make
covalent linkage between TiO; particles and 2 silicone
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substrate and to promote cell adhesion on TiO, parti-
cles, the surfaces of TiO, particles were modified with
an amino group-terminated silane coupling agent. Al-
though the composite showed good cell adhesiveness,
the photoreactivity was approximately 30 times lower
than that of the original TiO,, which should be due to
high coverage of the TiO, surface by amino groups.

In this article, in order to develop a TiO,/silicone
composite having both antibacterial and cell adhesion
activities, the amino group density on the TiO, parti-
cle surface was optimized. Antibacterial activity test of
the composite was additionally conducted in order to
evaluate the functionality of the amino group-modi-
fied TiO;/silicone composite.

MATERIALS AND METHODS

Materials

Anatase TiQ), particles with an inter-diameter of 200-300
nm and # specific surface area of 5.0 m*/g were kindly
donated by Ishihsra Sangyo Co., Lid, (Osaka, Japan}. A
silicone sheet (ShirvEisu Polymer Co., Tokyo, Japan} with.a
thickness of 0.3 run was purificd by methariol with a Soxhlet
extractor. Acrylic acid (AAc; Nacalai Tesque, Inc., Kyoto,
Japan) was purified by vacuum distillation. y-Aminopropy-
Itriethoxysilarie (y-APS; Shin-Etsu Chemital Tndustéies Co.,
Tokyo, Japan) was used without further purification.

Introduction of amino groups on the surfaces of
the TiO, particles

Ti0, particles, 5.0 g, after drying at 120°C for 24 h were
added to 150 mL of anhydrous toluene in a 300:mL three-
necked flask equipped with an inlet of N, a veflux con-
denser, and & halk-moon type stirrer. After the témperature
of the mixture was raised to 30°C, v-APS was injected into
the mixture, and it was stirred at 30°C for different reaction
periods. After the reactions; the TiO, particles were washed
with toluene and acetone by cenfrifugation to remove any
urireacted silane-coupling agent and dried at 60°C for 24 h.
The density of amino groups on the surfaces of the TiO; was
calculated from the specific:surface area of theparticles and
the weight percentage of carbon atoms in the modified
particles. The weight percentage of carbon atoms was mea-
sured with anelemental analyzer (EMIA-110; Horiba Lid,,
Kyoto, Japan), assuming that all of the amino groups existed
onthe particle surfaces.

Photoreactivity of the amino group-modified TiO,
particles ‘

The photoreactivity of the amino group-modified TiO,
was; evaluated by the degradation rate of CHLCHO. The
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initial coneentration of CH,CHO ina Pyrex reaction vessel
{760 mL) was fixed at approximately 300 ppro irair. UV/Vis
light (wavelength, >300 nm) was irradiated with a Xe lamp
(HX-500; Wacom Electric Co,, Ltd, Tokyo, Japan) at 2000
wW/cm?® onto the samples (0.07 g) after the adsorption
equilibrium of CHCHO in the reaction vessel had been
achieved. The concentration of CH,CHOwas determined by
a gas chromatograph (GC-8APT; Bhimadzu Co,, Kyoto, Ja-
pan)equipped with an £i.d. colimmn Shincarbon ‘A The rate
constant for the degradation of CH,CHO was caleulated
from ‘the first-order rate equation*1°

TiO./silicone composite

First, graft-polymerization of AA¢ was conducted on the
surface of thesilicone sheet.” The silicone sheet was initially
treated by corona-discharge 1o donate radicals on the sur-
face: The sheet was immersed into a.10 wi% Adc aqueous
solution in 50-mL thick-walled tubes, and the tubes were
subsequently degassed and sealed. Polymerization was con-
ducted at 60°C for 30 min, and the poly(AAci-grafted sili-
cone sheet was rinsed with a great deal of hot water 1o
remove homopolymers adsorbed physically, Surface-treated
sheets possessing a poly(AAc)-grafted density of 10-20 ug/
cro® were used in this study.

Ini order t6 adsorb the modified TiO, particles onto the
poly(AAc)-grafted silicone sheet, 0.2 g of the parlicles were
suspenided in 50 ml of water, and the shoct was soaked in
the suspension for 1 h at foom temperatire. After the ad-
sorption, the sheet was heated at 180°C for 2 h in a vacuum
for a reaction between the amino groups on the Ti0, part-
cles and the carboxyl groups or the poly(AAc)-grafted sili-
cone sheet. The composite was washed by using an ultra-
sonic gensrator for 3 min {output, 20 kHz; 35 W) in water to
remove the particles physically adsorbed on the sheet. In the
case of the original TiO, particles, the ultrasonic cleaning
was not conducted becawss all of the particles were just
physically adsorbed on the shieet. The surface of the com-
posite was observed by scanning electron microscopy (SEM;
J8M-6301F, JEOL Ltd., Tokyo, Japan), and the surface-cov-
erage ratio by TiO, particles was determined from SEM
images. In following experiments, the TiDs/silicone come
posite sheets, whose surface-coverage ratio by TiO, particles
were 50-60%, were used (Fig.1).

Cell adhesion

1929 miouse fibroblast cells were placed onto the TiO,/
silicone composite in 24-well multiplates at 1 X 10° cells/
well in a-culture medium consisting of an. semininiwm €8
sential medium {o-MEM; Gibeo Laboratorics Inc.) and 10%
fetal bovine serum, and incubated at 37°C for 24 h. For SEM
observation, the cells were dehydrated with aqueous stha-
nol (30-100%) -and 100% n-biitanol for 5 min af room tem-
perature step by step. The samples were subsequently Iy
ophilized and coated with gold. The number of 1929 cells on
the sample substrate was counted from SEM images. As a
contrel satmple, the polv(AAckgrafted-silicone sheef, on
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Figure 1. A typical SEM photograph of a surface of amino-
group-modified Ti0,/silicone composite sheet, showing a
60% covered surface by the modified TiO, particles (amino
group-density, 3.0 molecules/nm?).

which the original TiO, particles were physically adsorbed,
was used,

Cytotoxicity assay

A cytotoxicity assay for the TiO,/silicone composite was
conducted as follows. One gram of the composite was cut
into small pisces and added into 10 mL of cell culture
medium {e-MEM with 1% fetal bovine serum), and the
mixture was incubated at 37°C for 24 h in datkness. After
1,929 cells (initial number, 1 X 10* cells/well) were precul-
tured at 37°C for 24 by, the culture meditm was replaced by
the medium exposed to the samples, and the cells were
further incubated for another 24 h at 37°C. The number of
cells'was counted with a hemacytomctor after trypsinization
and dilution. As a control, the sameé procedure was cons
ducted with a nontreated medium.

Antibacterial activity

E. roli bacteria (NBRC 3301 strain; Biological Resotirce
Ceriter, Biotechnology Center, National Institute of Technol-
ogy and Evaluation, Chiba, Japan), precultured at 37°C for
16 h, ‘were washed by centrifuging at 4000 rpmy, resus-
pended, and diluted to 1 % 10° cells/mL with a physiolog-
ical salt solution. The composite sheets were placed in 24«
wellmultiplates, and ther TmL of the E.coli suspension was
pipetted into each well. This system was irradiated with a
4 W back-light bulb {wavelength, 360 nm; 470 uW/em®
FL15 BL-B; National Panasonie) at 37°C for 2 h, After the
iwradiation, 100 pL of each E. coli suspension was pipetted
out and ineubated in a nufrient agar medium at 37°C for
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16 I and the number of viable bacteria was counted. As a
conitrol test, the above procedurewas conducted without-the
composite sheet or without UV irradiation.

Statistical analysis

Data resulting from cytotoxicity assays and antibacteérial
activity tests are presented as means * 5D for mean (N =4}
Statistical comparisons were performed with the use-of a
Student’s # test, The level of statistical significance was de-
finecdas p < 0.05,

RESULTS AND DISCUSSION

The TiO, particles were chemically modified with
an amino group-terminated silane coupling agent at
30°C for different reaction time. In the previous arti-
cle,® modification with amino groups was confirmed
by FT-IR. Figure 2 shows the density of amino groups
on the surfaces of the TiO, particles after modification
at 30°C for different reaction times. The density of the
amino groups was determined from the specific sur-
face area of the TiO, particles and the ‘carbon content
measured by elemental analysis. In.order to determine
the amino group density, the nitrogen content'was not
used because it was below the detection limit. The
density of the amino groups incorporated-on the par-
ticle surfaces drastically increased within 1 h, gradu-
ally increased with an increase in the reaction time,
and ‘then almost reached a platean at about 5 mole-
cules/nm?. Judging from the fact that the theoretical
density of the OH groups on the anatase TiQ, surface
is 12~14 molecules/nun®, which is estimated from lat-
tice constant,’® and that each silane coupling agent
reacts with less than three OH groups,; it is estimated

5
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Figure 2. Amino group densities on the Ti0, particle sur-
faces-after modification at-30°C for different reaction times,
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Figure 3. Relationiship between the amino group density
on the TiO, particle surfaces-and the degradation rate con-
stant calculated from the decrease of CH,CHO concenira-
tion by UV irradiation (300 nm; 2000 W /cm? 2 h),.

that the modified TiO, particle surface consisted of not
only an amino group-donated surface but also an
intact TiO, surface, at least in the case of an amino
group density of <4 molecules/nm?

The photoreactivity of the modified TiO, was eval-
uated by the degadaﬁon rate of CHyCHO, In the
previous article,"” although the anatase phase of the
TiO; particles did not change after the reaction be-
tween the silane coupling agent and the OH groups on
the ‘outermost surface of the particle, the photoreac-
tivity became approximately 30 times lower than that
of the original TiO,, which should be due to high
coverage of the TiO; surface by silane coupling agents.
The high coverage in the previous study should be
due to crosslinking reactions among the silane cou-
pling agents at a higher reaction temperature (120°C)
than that of this study (30°C). Figure 3 shows the
relationship between the density of amino groups on
the TiO, particle surface and the rate constant calcu-
lated from the first-order rate equation'* for
CH3CHO degradation b%/ UVirradiation (wavelength,
>300 nm; 2000 pW/cm®) within 2 h. The photoreac-
tivity did not change in the case of an amino group
density of <2 molecules/nm® and drastically de-
creased with an increase in the amino group density.
This result suggests that the decrease of the photore-
activity was due to the suppression of contact between
CH;CHO molecules and the intact TiO, surface by the
silane coupling agents.

Figure 4 shows the FI-IR specira of the original
TiO, and the amino group-modified TiO, particles
(amino group density, 3.0 molecules/nm?) before and
after UV irradiation (>300 nm; 2000 wW/em? 2 k).
Each sample was heated at 120°C for 24 h before the
FT-IR measurement to remove adsorbed water. In the
spectrum of the original TIO, [Fig. 4(2)], the band at
3692 em™ is attributed to the OH stretching vibration
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of the bridge-OH terminal groups on the outermost
surface of TiO,. The peaks at 3300 and 1650 cm™!
depend on adsorbed H,0 on the TiO,, In the spectrum
of the TiO, after modification with v-APS [amino
group density, 3.0 molecules/nm?%; Fig. 4(b)], the in-
tensity of the band at 3692 cm™, attributed to the
bridge-OH terminal groups of TiO,, decreased, which
cotresponded to that reported in the previous article,'®
indicating the reaction of the OH groups with the
silane coupling agent. An additional peak is present
with respect to the original TiO, spectrum at 2928
em ™!, indicating C—H stretching of the organic com-
pound. As compared to the spectrum of the amino

group~modified Ti0, before UV irradiation, that after
UV irradiation [Fig. 4(c)] in air did not change, which
indicates that the covalent bonding did not cleave
under the UV irradiation conditions within 2 h (wave-
length, >>300 nm; 2000 wW/cm?). This result might be
due to the slightly larger bonding energy of Si—O (369
kJ/mol) compared to that of C—C (350 ki/mol) or
CN{291 KJ/mol) and -also due to multicoupling
between the silane coupling agent and the OH groups
on the TiO; particles.

The cytotoxicity assays were conducted with the
poly(AAc)-grafted silicone sheet, on which the original
TiO, particles were physically adsorbed, and the amino-
group-modified TiO,/silicone composite (amino group
density, 3.0 molecules/nm?). Figure 5 shows the re-
sults. The number of L929 cells after incubation at
37°C for 24 h {total incubation peériod, 48 h) in the
medium, which was exposed to each sample at 37°C
for 24 h in darkness, was not statistically significant
compared with that affer incubation in the nontreated
medium (control). This indicates that the original
Ti0, /silicone and the amino-group-modified Ti0,/
silicone composite sheet had no cytotoxicity to 1929
cells.
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Pigure 4. IR specira of (a) original and (b,¢) amino gmug
modified TiO; (amino group density, 3.0 molecules/nm?)
particles (b) before and (c) after UV irradiation {>300 nm;
2000 pW/cm?® 2 Ry,
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Figure 5. Thernumber of 1.929 cells after incubation at 37°C
for 74 h (total incubation period, 48 h; see Maferials and
Methods) in the medium exposed to the poly(AAc)-grafted
silicone sheet; on which the original TiO), particles were
physically adsorbed, and the amino-group modified TiO,/
silicone compaosite sheets (the-amino group density, 3.0 mol-
ecules/nm®). Initial number of cells, 1% 10% cells fwell, Error
bars represent standard deviations of quadruplicates.

In order to evaluate the cell adhesion activity of the
TiO,/silicone composite, L929 cells were scattered
and incubated on the composite sheet for 24 h at 37°C,
Figures 6 and 7 show, respectively, SEM photographs
and the number of the 1.929 cells adhering on the
contrel sample [the poly(AAc)-grafted silicone sheet,
on which the original TiO, particles were physically
adsorbed] and the composite sheet with the TiO, hav-
ing different amino group densities. In the case of the
control sample shown in Figure 6(a), few cells ad-

Lell number S’

c § i L
i) 2 4 6 &

Amino group-density imoletuleinm®)

Figure 7. SEM photographs of L929cells adhering on ami-
no-group modified Ti0), /silicone composite sheets after in-
cubation in 2d-well multiplates (1 X 10% cells/well) at 37°C
for 24 h, The aminc group density on TiO, patticle surfaces
(molecules/nm®;: (a,a") §; (bb'); 2.1 (ce’) 3.0. (a.be) low
magnification; (a’b’x") high magnification.

hered. Judging from the cytotoxicity assay shown in
Figure 5, the lack of cell adhesion on the control sam-
ple was not due to the cytotoxicity of the TiO,/sili-
cone, but high hydrophilicity of the original TiO, sur-
face. On theother hand, the célls dramatically adhered
on the composite surface compared with the control
sample, and the number of cells adhering on the com-
posite sheet increased with the increase in the amino
group density (Fig. 7). This is because cationic groups
such as amino groups promote initial cell adhesion
and growth.'” In photographs with higher magnifica-
tion [Fig. 6(b",¢'}], the cells elongated their needlelike

Figure 6, Relationship between the amino group density on the TiO, particlé surfaces and the number of LI29 cells adhering
on the TiO, /silicone composite sheets aftér incubation in 24-well multiplates (1 x 10° calls /vwell) at 37°C for 24 h.
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Figure 8, Eifect of UV irradiation (360 nmy 470 pW/em®
120 min) on the number of E. coli cells on the amino group-
modified TiO,/silicone composite sheet, The amino group
density on the TiO, particle surfaces was 3.0 molecules/
nm.* Error bars = SD of quadruplicates (% < 0.05; *p <
0.01).

microspikes restrictedly onto the amino group-modi-
fied TiO, surface. The microspikes from the cells had
no affinity for the bottom of the poly(AAc)-grafted
silicone surface having high hydrophilicity’® and the
ariginal TiO), particles [Fig. 6(a'}].

From the above results shown in Figures 3 and 7,
the optimum density of amino groups for both pho-
toreactivity and cell adhesiveness was estimated to be
2.0-4.0 molecules/nm?®. Therefore, the Ti0,/silicone
composite consisting of the TiO, particles (amino
group density, 3.0 molecules/nm?) was used for the
antibacterial activity test. It is worth pointing out that
the TiO,/silicone composite showed the same flexibil-
ity as the original silicone sheet, that is, the chemical
surface modification with TiO, partidles showed no
mechanical disadvantage, which was similar to the
HAp/silicone composite. 2

The antibacterial activity of the optimuwm amino
group-modified TiO,/silicone composite  (amino
group density, 3.0 molecules/nm?) was estimated
from survival ratio of E. coli bacteria on the composite
sheet after UV irradiation {wavelength, 360 nm; 470
nW/cm?; 2 h), which is shown in Figure 8. In the case
of the control test after UV irradiation, the direct an-
tibacterial effect of UV rays was slightly observed. On
the other hand, in the case of the composite sheet; 29%
decrease in the number of E. coli bacteria was observed
before UV irradiation, and the nuimber of bactéria
decreased significantly after UV irradiation (72%).
These results indicate a bacteria adsorption onto the
optimium amino groupanodified TiO, /silicone oni-
posite and effective antibacterial activity by photo-
excited TiO, under UV irradiation. It is expected that
a completely destreying of bacteria ‘will ‘be obtained
by optimizing the surface area of the composite sheets
and UV irradiation conditions such as wavenumber,
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intensity, and irradiation time of UV light. It is worth
pointing out that the covalent bonding was not
cleaved under the UV.irradiation (wavelength, >300
nm; 2000 WW/em?% 2 h) as shown in Figure 4. There-
fore, the composite developed here is expected to
show antibacterial activity under UV irradiation while
maintaining tissue adhesiveness.

In conclusion, the amino group density on the TiO,
particle surface was optimized in order to develop a
composite consisting of amino group-modified TiO,
particles and a flexible silicone sheet through covalent
linkage, having both photoreactivity and cell adhe-
siveness. The photoreactivity of the TiO, particles de-
creased with an increase in the amino group density
on the TiO, particle surfaces. On the other hand, the
number of 1.929 cells adhering on the composite sheet
increased with an increase in the amino group density.
Based on the above results, the optimum density of
amino groups for both photoreactivity and cell adhe-
siveness was estimated to be 2.0-4.0 molecules/nm?,
and a composite consisting of TiO; particles having
that optiovum density was developed. Irradiation of
UV light onto E. wli on the optimum amino group-
modified TiO, /silicone sheet showed an effective an-
tibacterial activity of the composite. The ‘composite
developed here could be utilized for elastic percuta-
neous or subcutaneous devices having good tissue
adhesiveness and an antibacterial effect.
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