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SUMMARY/|

tion

Keila szuclu et al., Department of Cardiquascular & General Surgery, Shimane University Facully

of Medicine, Tzumo, ]apan

We conducted ultrasonic decalcification on calcified annulus in patients with aortic stenosis
(AS) using an ultrasonic operator, Sonopet (UST-2001) prior to aortic valve replacement
We studied the reliability of this method. Lol

Subject and method : From January 2002 to August 2005, AVR was conducted for AS using the B
Sonopet in 45 patients, comprising of 18 male and 27 female subjects. The mean age was 73.3+

(AVR).

9.7.
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Aortic Valve Replacement for Calcified Aortic Valve and Annulus with Ultrasonic Decalcifica-

. Result : Artificial valves were successfully inserted at the intra-annular level in 37 patients and' .
at the supra-annular level in 8 patients without conducting annular enlargement. :
with narrow annuli of less than 19 mm (23 patients), the preoperative mean annular diameter was .
18.2+1.0 mm, but significantly larger artificial valves with an average diameter of 19.3+£1.5mm ,Z__'."

In the patients -




(»=0.003) were successfully inserted.
Conclusion : AVR was proved to be safe and easy by previous ultrasonic decalcification of the

annuls using the Sonopet.. This method was very useful because it required no enlargement of
aortic annulus.

KEY WORDS : small aortic annulus/aortic stenosis/ultrasonic surgical system/aortic root enlargement/ultrasonic
decalcification
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Blind Subxiphoid Peﬁcardiolomv for Cardiac Tamponade
Because of Acute Hemopericardium

Yoshihiko Kurimoto, MD, Mamoru Hase, MD, Satoshi Nara, MD, Naoya Yama, MD,
Nobuyoshi Kawaharada, MD, Kiyofumi Morishita, MD, Tetsuya Higami, MD, and Yasufumi Asai, MD

Objeclive: Percutaneous catheter
drainage (PCD) is not always effective in a
case of hemopericardium. Acute occlusion
of catheter and cardiac perforation can hap-
pen more often. To perform subxiphoid
pericardiotomy within a minute for emer-
" gency cases, we have done this procedure in
a blind method after finger dissection by
subxiphoid approach. We report the useful-
ness of blind subxiphoid pericardiotomy
(BSP) based on the resulis of a prospective
control study.

Melhods: We designed a study to deter-
mine a favorable management for cardiac
tamponade resulting from hemopericardium,
In an emergency case of cardiac tamponade

because of hemopericardium, board certi-
fied surgeons should perform BSP and
other emergency physicians should perform
PCD, with or without local anesthesia, PCD
(n = 67) and BSP (n = 16) were performed
for patients with cardio-pulmonary arrest
(CPA) or near CPA because of cardiac tam-
ponade secondary to trauma (n = 7), acute
aortic dissection (n = 65), and cardiac rup-
ture following acute myocardial infarction
(n = 11) in our emergency medical center
from January 2000 to December 20{4.
Besulls: BSP was effective in all cases
but PCD was ineffective in five cases be-
cause of clotting in pericardiom (p = 0.260).
No complication was observed in the BSP

group but five critical complications and
three infeasible drainage complications
were observed in the PCD group (p =
0.146). Ten patients (BSP, 4; PCD, 6; p =
0.077) survived after emergency surgery
{n = 8) or conservative treatment (n = 2).

Conelusion: BSP was safe and counld
be performed quickly in an emergency sit-
vation. Percufaneous catheter drainage
for hemopericardiuin could not aveid crit-
ical complications because of clotting in
pericardium.

Key Words: Pericardiotomy, Pericar-
diocentesis, Hemopericardium, Cardiac
tamponade.

ardiac tamponade caused by acute hemopericardium is

critical and requires emergency intervention. Based on

the clinical course and the findings of echo-free space
in a pericardial sac, an initial treatment should be performed
for relief of cardiac tamponade as early as possible. Many
reports have supported the usefulness of percutaneous pericar-
dial catheter drainage (PCD) against pericardial effusion.'
PCD is less invasive, which seems preferable for severely ill
patients. However, hemopericardiumn is different from pericar-
dial effusion because of the possibility of clot in the pericardial
sac and usually the hemopericardium becomes critical in a short
period.** Conventional subxiphoid pericardiostomy overcomes
some drawbacks of PCD, but requires specialized surgical in-
struments and takes several minutes to accomplish. We have
employed subxiphoid pericardiotomy in a blind manner for
selected cases with cardiopnlmonary arrest (CPA) or near CPA
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because of cardiac tamponade caused by hemopericardium to
quickly relieve the cause of CPA. In this prospective control
study, we evaluate the results of blind subxiphoid pericardiot-
omy (BSP) for cardiac tamponade because of acute hemoperi-
cardium and compare them with the result of PCD.

METHODS -

‘We designed a prospective control study to determine the
preferred initial treatment for cases with CPA'or near CPA
because of cardiac tamponade caused by acute hemopericar-
dium. In our emergency medical center, it was decided that
beard certified surgeons should perform BSP and other emer-
gency physicians should perform PCD to relieve cardiac tam-
ponade caused by acute hemopericardium. Eighty-three patients
were admitted and given a diagnosis of cardiac tamponade
because of acute hemopericardium as the cause of CPA or near
CPA from January 2000 to December 2004. Sixty-nine patients
suffered CPA during transportation to the hospital and the re-
maining 14 patients suffered CPA or near CPA after arrival at
our emergency room. PCD (n = 67) and BSP (n = 16) were
performed for patients with cardiac tamponade secondary to
trauma (n = 7), acute aortic dissection (n = 65) and cardiac
rupture after acute myocardial infarction (n = 11). There was no
difference statistically between the two groups (Table 1).

BSP

Most patients had been undergoing cardiopulmonary re-
suscitation (CPR) with tracheal intubation before or during
BSP. A 5 cm-long skin incision is made from the lower end
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Table 1 Patients’ Characteristics

Male/  Trauma/  CPAOA

No. Age Female  AD/MI CPAAA

PCD 67 704+157  30/37  6/54/7 59/8
BSP 16 665+164  9/7 111114 10/6

PCD, percutaneous pericardial catheter drainage; BSP, blind
subxiphoid pericardiotomy; AD, aortic dissection; MI, myocardial in-
farction; CPAQA, cardiopulmonary arrest on arrival; CPAAA, cardio-
pulmonary arrest (or near CPA) after arival.

of the sternum caudally. The upper linea alba is divided in the
midline without resection of the xiphoid stemum (Fig. 1A).
The tissue plane between the posterior wall of the sternum
and the anterior pericardium is developed by blunt finger
dissection without any specific surgical instrument (Fig. 1B).
While touching the pericardium -with an index finger, an
inferior site of the pericardium is cut by scissors (Fig. 1C). If
cardiac tamponade is not quickly relieved by pericardiotomy,
clots in the pericardium are evacuated using a suction system.
In cases in which spontaneous circulation is restored, a drain-
age tube (2028 Fr.) is placed in the pericardium (Fig. 1D)
and a skin incision is approximated temporarily. to transport
patients to an operating room if indicated.

Percutaneous-Pericardial Catheter Drainage

Most patients had been undergoing CPR with tracheal
intubation before or during PCD. After confirmation of dis-
tance and direction from the subxiphoid access site to the
pericardium using echocardiography, the pericardium is en-
tered with an 18-gauge needle by a standard subxiphoid
approach. A 0.035-in (0.089 cm) J tip guide wire is advanced

into the pericardial space and the needle removed. The tract
of the needle is dilated with an 8.5 Fr. dilator, and an 8.5 Fr.
pericardial catheter (Pericardiocentesis set, Cook Inc.,
Bloomington, IL) is advanced into the pericardial space. In
cases in which spontaneous circulation is restored, patients
are transported to an operating room if indicated.

Statistical Analysis

The data are presented as means * SD. The Mann-
Whitney U test or the y? test was used to compare data in the
two groups using the statistical software program StatView-J
5.0, (SAS Institute Inc., Cary, N.C.).

RESULTS

BSP was effective in all cases but PCD was ineffective in
five cases because of clotting in the pericardium (p = 0.260).
Ten patients (BSP, 4; PCD, 6; p = 0.077) survived after
emergency surgery (n = 8) or conservative treatment (n = 2),
No complication was observed in the BSP group but there
were five critical complications and three infeasible drainage
complications in the PCD group (p = 0.146) (Fig. 2). Right .
ventricular puncture (n = 2) caused by PCD resulted in one

death and one open repair after BSP as a second intervention.

Acute occlusion of percutaneous drainage tube (n = 3) resulted
in two deaths and one emergency thoracotomy (Table 2}.

DISCUSSION

Many reports have discussed methods to relieve cardiac
tamponade, but mainly in elective cases caused by pericardial
effusion.’6~1! Representative methods of initial manage-
ment are percutaneous pericardial catheter drainage (PCD)

Fig. 1.. Operaiivé procedure of BSP. The linea alba is divided (A). After blunt finger dissection (B), the pericardium is cut by scissors (C).

A drainage tube is placed in the pericardium (D).
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A Ineffective drainage due to clotting
3 cases (4.5% )

Right ventricle puncture
Survived 2 cases (3.0% )

6 cases ( 9.0%

hocclusion
es { 4.5% )

Vg ieved,
3 cases ( 79.0% )

(56.2%)

FIO. Z. Results of percutaneous pericardial catheter drainage (A)
and BSP (B). BSP was effective in all cases but PCD was ineffective
in five cases (p = 0.260). Ten patients survived (BSP, 4; PCD, 6; p
= 0.077). No complication was observed in the BSP group but there
were five critical complications and three infeasible drainage com-
plications in the PCD group (p = 0.146).

and subxiphoid pericardiostomy. Three decades ago, needle
pericardiocentesis was performed at the bedside without
echocardiographic guidance or hemodynamic monitoring and
the risk of life-threatening complications were as high as
20%.* However, the Mayo clinic group reported that echo-
cardiographically guided pericardiocentéses could be per-
formed with a total complication rate of 4.7% (major, 1.2%;
minor, 3.5%)” and Maggiolini et al. reported that it could be
done more safely using a probe-mounted needle.'! On the
other hand, some reports have presented better results of
subxiphoid pericardiostomy as a method of. managing peri-
cardial effusion, not only to relieve cardiac tamponade but
" also for diagnosis of malignancy and infection.”® Regarding
the drawbacks of subxiphoid pericardiostomy, it usually re-
quires general anesthesia and surgically trained (to some
extent) physicians and it takes several minutes to perform.
According to studies comparing these two methods, subxi-
phoid pericardiostomy was preferable for elective cases with
pericardial effusion and PCD should be employed for emer-
gency cases because of cardiac tamponade.'®"!
The present study was designed to evaluate our modified
subxiphoid pericardiotomy, employed to overcome some of
the drawbacks of these two techniques for emergency cases

584

Table 2 Clinical Course of Patients With

Complications After PCD
Infeasible dralnage 67-yr-old woman with AD died in
n=23) the ER

55-yr-old man with M| subsequently
underwent BSP died in the ER

68-yr-old man with Mi subsequently
underwent ERT dled in the ER

76-yr-old woman with AD
subsequently underwent BSP In
the ER, and survived after open
repair in the OR

72-yr-old woman with MI
subsequently underwent BSP in
the ER, but died during
transportation to the OR

19-yr-old man with trauma .
subsequently underwent BSP in
the ER, and survived after open
repair in the OR

62-yr-old man with M| subsequently
underwent BSP in the ER, but
died during preparation of open
repair in the ICU

85-yr-old woman with AD died in
the ICU

PCD, percutaneous pericardial catheter drainage; AD, aortic dis-
section; ER, emergency room; MI, myocardial infarction; BSP, blind
subxiphold pericardiotomy; ERT, emergency room thoracotomy; OR,
operating room; ICU, intensive care unit.

RV puncturé
n=2)

Occlusion of catheter
=23

with cardiac tamponade secondary to hemopericardivm.
Echo-guided PCD can be done immediately in the emergency
room and also completely avoids the critical complication of
right ventricle puncture if using a special needle carrier that
facilitates continuous visualization during pericardial puncture,
Nevertheless, needle aspiration cannot guarantee that intraperi-
cardial blood will be successfully drawn in a case of clotting
hemopericardium.* In such cases, it might often result in not
only ineffective pericardial drainage but also right ventricle
puncture. On the other hand, conventional subxiphoid peri-
cardiostomy generally demands specialized surgical instru-
ments and can be too time-consuming for emergency cases,
such as our present CPA cases. Our modified pericardiotomy
guarantees relief of cardiac tamponade secondary to hemoperi-
cardium and can be performed in a minute without specialized
surgical instruments even during cardiac massage, which seems
to be preferable for emergency cases, such as CPA or near CPA,

In cases of acute pericardial hemorrhage after trauma, sur-
gical repair of cardiac injury has been recommended as the
definitive treatment.>**!3 In particular, patients with penetrating
cardiac injury need to be transferred to the operating room after
or even before pericardial drainage. However, considering that
there was a report of percutaneous catheter pericardial drainage
being effective in all cases with hemopericardium,'® it might be
reasonable to observe patients with blunt cardiac injury concom-
itant with other critical injuries and to only perform PCD to

- relieve cardiac tamponade. In our department, surgical or cath-
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eter pericardial drainages have not been employed in the emer-
gency room for patients with acute hemopericardium whose
hemodynamics do not contraindicate transfer to the operating
room. However, in cases of CPA because of hemopericardium,
pericardial drainage is mandatory to resuscitate those patients. In
such a situation, we think that percardial drainage, especially
blunt subxiphouid pericardiotomy, must be the first choice of
management before emergency room thoracotomy.? In the op-
erating room, median stemotomy allows various kinds of repair
of cardiac injury. However, although there are insufficient sur-
gical instruments and no circulation assist system in the emer-
gency room, the color of blood gained by pericardial drainage
might provide valuable information about the site of cardiac
injury, which might suggest the preferable procedure to be
undertaken in the emergency room (median sternotomy or left
antero-lateral thoracotomy) for patients who cannot be trans-
ferred to the operating room even after pericardial drainage.'®

Although we have to consider a possible bias in this study
because only board certified surgeons performed blind subxi-
phoid pericardiotomy and because of the limited number of
patients, our modified pericardiotomy seems to be safe and
effective for emergency hemopericardivm. In conclusion, blunt
subxiphoid pericardiotomy could be a treatment of choice for
critical acute hemopericardium. Percutaneous catheter drainage
for hemopericardium could nrot avoid critical complications be-
cause of clotting in the pericardium in some cases.
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Influence of Cross-linking on Physicochemical and Biological Properties of
Collagen-Phospholipid Polymer Hybrid Gel
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To adopt collagen as 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
2-methacryloyloxyethyl phosphorylcholine (MPC) polymer, poly(MPC-co-methacrylic acid)
(PMA), using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide and N-hydroxysuccinimide as
cross-linkers. In order to alter the density of interchain cross-links (intermolecular bonding)
between collagen fibrils and the MPC polymer chains, collagen-polymer hybrid gel was
prepared by changing the mole ratio of MPC moiety of PMA. The intra- and interhelical
cross-links made the gel thermodynamically stable. The interchain cross-links made the gel
mechanically and dimensionally stable by supporting 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 collagenase was
prohibited. Increase in the MPC moiety made the gel cell adhesion property decrease. This
implies 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 adhesion

1. INTRODUCTION

In order to use collagen for a biomaterial
product, the cross-linking of collagen and/or
immobilizing synthetic polymer with collagen to
is indispensable. Non-treated natural collagen

strength,

In this study, we investigated the network
structure of the collagen-phospholipid polymer
hybrid gel and the effect to the mechanical
strength, thermal stability, dimensional stability,

cannot directly be applied to the biological system and enzymatic stability against collagenase.
due to disadvantages such as poor mechanical Furthermore, the biological property of the
strength,  calcium  deposition, and  high collagen gel was examined to evaluate the
thrombogenicity. However, the collagen is application as an artificial blood vessel.

biocompatible and non-antigenic, synergic with
bioactive component, easily modifiable, and
available in abundance, which makes it 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)-N'-ethylcarbodiimide (EDC) and
N-hydroxysuccinimide (NHS) was chosen for this
study [4,5]. Cross-linking collagen with EDC and
NHS makes ‘zero-length’ amide cross-links
" between carboxylic acid groups from aspartic and
glutamic acid residues, and g-amino groups from
(hydroxy-) lysine residues forming intra- and
interhelical cross-link to prepare an EDC/NHS
cross-link collagen gel [51. And,
2-methacryloyloxyethyl phosphorylcholine (MPC)
based copolymer, which is known for its excellent
biocompatibility [6], was used to cross-link the
microfibrils of collagen to produce a hybrid gel
having biocompatibility and improved mechanical
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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
(MES) buffer (pH 9) (Sigma, St Louis, USA)
containing EDC (Kanto Chemicals, Tokyo, Japan)
and NHS (Kanto Chemicals, Tokyo, Japan). The
cross-linking procedure was executed for 4 hours
at 4°C to make a cross-linked gel (E/N-al gel).
After 4 hours, the reaction was stopped and the
gel was then washed with 4M of Na,HPO,
aqueous solution for 2 hours to hydrolyze any
remaining O-acrylisourea 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:collagen-carboxylic acid groups=5:5:1.
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2.2 Preparaﬁon of MPC-immobilized Collagen gel

Preparation of the MPC-immobilized Collagen
gel (MiC gel) was executed by using E/N-al gel.
poly(MPC-co-methacrylic acid) (mole ratio;
MPC:methacrylic acid=3:7, PMA30) (Figure 1)
was added with EDC and NHS in MES buffer (pH
10) and was pre-activated for 10 minutes before
E/N-al gel was immersed. The molar ratio of each
chemical was fixed to EDC:NHS:carboxylic acid
groups of PMA =5:5:1. The immobilization of
PMA to the collagen was continued for 4 hours at
4°C. Then the gel was washed with 4M of
Na,HPO, aqueous solution for 2 hours and then
with distilled water for 1 day to remove salt from
" the gel to prepare a salt-free MiC30 gel. To
increase the MPC moiety of the collagen-polymer
hybrid gel, PMA90 (MPC:methacrylic acid=9:1)
was prepared and immobilized to the coliagen to
make a MiC90 gel.

' Hz—O—ll’—O—CH2CH2N+(CH3)3
0} v '
 Figure 1.Chemical structure of PMA.

2.3 Surface Characterization

The surface analysis was executed using X-ray
photoelectron spectroscopy (XPS; AXIS-HSi,
. Shimadzu/KRATOS, Kyoto, Japan) and Scanning
electron microscopy (SEM; SM-200. Topcon,
Tokyo, 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 photoelectrons fixed at 90°.
The morphologies of the gels were observed 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
calorimeter (DSC; DSC6000, Seiko, Chiba, Japan)
in the range of 0°C to 150°C at the scanning rate
of 5°C/minute.

Stress-strain curves of respective collagen
gels were determined by uniaxial measurements
using a tensile strength tester (STA-1150,
Orientec, Tokyo, Japan). The sample for the
measurement was prepared -in  the size of
4cmxlcm. The obtained data were changed to
stress-strain curve of the samples and the
elongation modulus was calculated.

The swelling test of respective samples was
executed by cutting lyophilized gels into small
pieces and putting into pH aqueous solution at
37°C. The pH of the aqueous solution was
controlled to make 7.4. The gels were shaken
gently for 24 hours and taken out to measure the
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changed weight of the sample. Swelling ratio was
calculated in order to define the exact 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 into Tris-HCI buffer solution with
total concentration of collagenase 100Qunits/mL.-
The weight of the gels after reaction with
collagenase was measured from 1 to 72 hours.
2.6 Cell adhesion test :

L-929 cells (mouse fibroblast) were used to
evaluate the interaction between collagen gels and
the cells. The f{ibroblasts were culture in Eagle’s
Minimum Essential Medium (E-MEM; Gibco, NY,
USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, NY, USA) at 37°C in a 5% CO,
atmosphere, After treatment with 0.25% trypsin,
the cell density was adjusted to Sx10° cells/mL
and the cells were seeded on the surface. The
collagen gels were sterilized by putting gels into
ethanol:water 50:50 for 2 hours, than 70:30 for 2
hours, and 100:0 for an overnight before
lyophilizing.® The Ilyophilized gels were
hydrolyzed with E-MEM for 5 minutes and -the
E-MEM was disposed just before cell seeding.

After 24 hours and 48 hours, the number of -

adhering cells was determined using lactate
dehydrogenase (LDH) assay at 560nm with
UV/VIS spectrophotometer (V-560, Jasco, Tokyo,
Japan). ’

3. RESULTS AND DICUSSION
3.1 Surface Characierization

All gels showed XPS signals attributed to
carbon in CH;- or —CH,-, -COC-. C(=0)-, and
nitrogen in ~-CONH- was observed at 285, 286.6,
288.5, and 400.8¢V, respectively. A phosphorus
peak and one nitrogen peak in -N*(CH;); was
observed at 134eV and 403.2eV, respectively,
indicating that PMA was properly cross-linked
collagen [6]. Figure 2 shows the -images of the
outer surface (upper part of the gel) and razor
blade-cut surface (cross-section) morphology of
respective collagen gels observed with SEM. All
outer surfaces that are immobilized with PMA
show non-porous homogenous structure. When the
razor-cut surface was observed, relatively porous
(or hollow) layer that is composed of many. thin
plates, and non-porous (or dense) layer was seen.
Hollow layer is thought be the uncross-linked
collagen (a collagen gel that is prepared under pH
9.0 MES buffer without any cross-linker; Uc gel),
or intra- and interhelically cross-linked collagen
layer. The non-porous layer representing PMA is
deposited on the collagen layer and the thickness
increases as more PMA is adopted. However, we
are not sure yel how the deposited layer 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
(Ts) of each
collagen gels.
The
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cross-linking

brought the
increase in the
Ts. And the T
would increase
further as the

PMA is
immobilized,
but would
never cross
85°C. Since
the

denaturization

random coil, it is believed that intra- and
interhelical cross-link controls the 7, [7]. When
the higher amount of EDC and NHS was used, the
T, would increase up to 83°C (data not shown).
This implies that the increase in the T is not due
direct connection between collagen microfibrils
and ‘polymer chain but due to complexity of the
network. So, 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 1. Shrinkage
respective collagen gels.

temperature  of

Sample Shrinkage temperature (°C)
Uc gel 5618
E/N gel 7413
MiC90 76%3
MiC30 8414

The elongational modulus increases’as PMA is
immobilized, indicating it is the interchain
cross-link that reinforces the mechanical strength.
The elongational modulus of MiC gels measured

at 1% strain and 8% strain showed that
approximately 10~13 times increase compared to
Uc-gel while that of E/N 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
in elongational modulus at 8% strain compared to
that of at 1% strain, indicating soft tissue
viscoelastic behavior can be maintained after
immobilizing with PMA. So., biomaterial
possessing biological property can be obtained.
Figure 3 shows the swelling of the respective
- gels under pH 7.4. For uncross-linked gel, the gel
dissolved under pH 2.1, while swelled
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Figure 2. SEM images of collagen gels. (a) Uc gel, (b) E/N gel, (c) MiC90 gel, and
(d) MiC30 gels. Upper images imply the outer surface and below images indicate the
razor-cut surface of the gels.

temperature is the endothermic transition of the
triple helix of the collagen molecules to the

approximately 1400% under pH 7.4. When
collagen gels absorb water, the ‘triple helix
structure is known to turns to random coil
conformation, because collagen peptide chains
increases accessibility to hydration. In the neutral
and alkaline pH conditions, collagen film would
be stabilized by forming entanglement of fibrils
formed by hydrophobic and electrostatic bonds.

E/N-al gels shows swelling ratio of 320%
under pH 7.4. As mentioned earlier, EDC and
NHS is known to be bring inter- and intrahelical
cross-links, holding the a-helices together tightly.
However, its low cross-linking density due to high
free amine group contents makes the gel to swell
high.

1500
7/7
1200 - ///%
< /
S 9004
(o]
o %
o
2 600+ 7
% /
UZ) 7,
300 4 /
0 // / |//I l/:”i
Ucgel E/N gel MiC90 gel MiC30 ge!
Gel type
Figure 3. Swelling ratio of respective

collagen gels in pH 7.4

MiC gels shows much suppressed swelling
ratio. The decrease 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 toughness of the collagen
gel. Furthermore, the high mechanical strength of
the hybrid gel is suppressing the absorption of
water, leading to low swelling ratio
3.3 Enzymatic Degradation
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Figure 4 shows the degradation of coliagen
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 to hydrolyze. Collagenase is
known to absorb onto the collagen fibers once it
penetrates into the fiber [7]. Our study shows that
the collagen gel that is not cross-linked would be
degraded within 2 or 3 hours. Cross-linking the
collagen with EDC and NHS would maintain the
helical structure firmly, extending the complete
degradation time from 3 hours to 24 hours. And as
mentioned previously, the E/N-al gel possesses
higher intra- and intercross-link chains, making
the gel to endure longer time against collagenase.

MiC gels showed higher stability against
collagenase. The network of the collagen gel is
thought to be denser than E/N gel, as described
previously. For E/N gels, the absorption of
collagenase eventually made it to be dissociated
within 24 hours. On the other hand, MiC gels
possess interchain cross-link, which links. the
microfibrils and the PMA chains, making the gel
to swell much lower. And the cleavage by
collagenase would be prevented by the
PMA-collagen 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-increases, the
degradation is much faster. This is because the
neiwork of the MiC90 is thought to be much
sparse than MiC30, due to low mole ratio of
methacrylic acid moiety. This makes the space
between collagen and PMA larger, resulting in
higher water absorbance.
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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 adhered cells after 24

- hours and 48 hours were compared among the

collagen gels, and those with PMA immobilized
on collagen gels were much lower than without
PMA. This is clearly due to PMA polymer
covering the surface of the collagen gel. The
number of cell adhered on the surface decreased
as the moiety of MPC unit increased. The
difference between number of adhered cell on the
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surface after 24 and 48 hours was compared, the
increase in the number of cells was observed for
collagen gels. However, for MiC gels, increase
was suppressed. Polymer immobilized on the
collagen blocks the interaction between fibroblast -
and collagen, which is known to be the most
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-strain responded as generally observed
for soft biological materials. Increase in the MPC
unit brought the higher swelling, which lead to the
faster degradation by collagenase. It 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 biocompatibility would increase but
toughness decrease. .
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systemic administration. This is achieved with a hydrophilic polymer
of which polyethylene glycol (PEG) has been found to be best.
Targeting cell-surface receptors is an attractive concept to achieve
specific binding and internalisation of the liposome. To this end,
cell-binding ligands are displayed from the surface of the liposome.
The common denominator for these ligands is that their cell receptor
targets are over-expressed in tumours.

We are developing a post-modification methodology for coupling
cell ortissue targeting moieties onto liposomes via chemioselective
oxime bond formation. Thus, liposomes comprising a highly
nucleophilic aminoxy-functionalised lipid are formulated. The
aminoxy lipid readily reacts with aldehyde functionalised targeting
ligands in aqueous conditions forming a stable oxime bond conjugated
targeted liposome.

l\)\m-mpw Wo

A peptide displaying the RGD sequence was selected as the
targeting ligands to validate our post-coupling methodology. A cyclic
RGD peptide conjugate has been successfully synthesised using a
combination of solution- and solid-phase synthesis. Additionally,
control RGE peptide and PEG linker conjugates have been prepared.
All the ligands terminate in an aldehyde functional group separated
from the targeting moiety by a PEG linker.

The couplings between the RGD conjugate and amlnoxy
liposomes in water at pH ~4 were shown to be efficient, 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 Ultra
High Pressure Technology
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Various non-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 were
employed as gene carriers due to the ability of complex formation
with DNA electrostatically and effective gene transfer into cells, the
intrinsic cytotoxicity of them is essential problem in non-viral gene
delivery system. Therefore, we have tried the development of DNA
complex with non-ionic, water soluble polymers via hydrogen bond
using ultra high pressure (UHP) technology because the inter-, intra-
molecular week hydrogen bonding interaction was empathized with
high pressure process. Previously, polyvinyl alcohol (PVA) was
utilized as 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 calcium phosphate

(CP), calcium carbonate and hydroxy apatite (HAp), promote the
endosomal escape of transferred DNA because the inorganic particles
are dissolved under low pH condition in endosome vesicles and then
the rupture of endosome is 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
50nm were synthesized by modified micro-emulsion method. Nano-
HAp was dispersed ultrasonically in PVA solution and 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 irregular surface of inorganic particles/PVA/
DNA complexes was observed, indicating the encapsulation of
inorganic particles in PVA/DNA particle. The nano-HAp/PVA/DNA
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 complexes. These results indicate the utility of the inorganic
particle/PVA/DNA complexes prepared by the UHP treatment for
DNA delivery.
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So far gene transfer to the muscle has mainly been based on viral
vectors, given their efficiency to transfer DNA in vivo. However,,
virus-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 intracellular entry.

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-fGal,
Invitrogen) through its association with various polymers differing
by their charge, i.e. Polyethyleneimine (PEI, Sigma), Tetronic 304
(BASF) and PE6400 (BASF). For each polymer/DNA formulation,
the morphological 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 revealed a great diversity of Ob_]CCtS in terms of
size, shape and zeta potential.

In vivo toxicity and efficiency of the systems were also evaluated
after intramuscular injections into tibialis anterior and quadriceps
muscles of wild type Syrian hamsters. X-Gal revelation and
Haematein/Eosin staining were then performed on serial sections of
each muscle. These experiments highlighted the extremely high
cytotoxicity of PE/DNA 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 transfection with reference to naked DNA.

In order 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 (Rameb) since this
compound has demonstrated its ability to destabilize the cell
membrane through cholesterol complexation. In vivo toxicity of
Rameb after intramuscular injection has been assessed as well as
efficiency when associated to polymer/DNA formulations. Addition
of Rameb to the polymeric vectors did not allow a significant increase
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Abstract: A composite consisting of titanium dioxide
(TiO,) particle, the surface of which was modified with
amino 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 amino groups on 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 on the TiO, surface. On-

the other hand, the number of 1929 cells adhering on the
TiO,/silicone composite increased with an increase in the

amino grdup dehsity. From the above two results, the opti-
mum density of amino groups for both photoreactivity and
cell adhesiveness was estimated to be 2.0-4.0 molecules/

" nm? The optimum amino group-modified TiO,/silicone

composite sheet (amino group density, 3.0 molecules/nm?)
showed an effective antibacterial activity for Escherichia coli ~_
bacteria under UV irradiation. © 2005 Wiley Periodicals, Inc.
J Biomed Mater Res 76A: 95~-101, 2006 .
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INTRODUCTION

‘Since Fujishima et al.! reported water cleavage on
photoexcited titanium dioxide (TiO,) electrodes, TiO,
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-
toxicity, which is expected to be applicable to biology
and medicine, of photoexcited TiO, has also been
shown.®~8 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 to animals.
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TiO, has, therefore, also attracted much interest 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 to 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 photoexcited TiO, when a germ infection unfortu-
nately occurs after implantation. In order to make
covalent linkage between TiO, particles and a 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 TiO, particles with an inter-diameter of 200-300 .

nm and a specific surface area of 5.0 m?/g were kindly
donated by Ishihara Sangyo Co., Ltd. (Osaka, Japan). A
silicone sheet (Shin-Etsu Polymer Co., Tokyo, Japan) with a
thickness of 0.3 mm was purified by methanol with a Soxhlet
extractor. Acrylic acid (AAc; Nacalai Tesque, Inc., Kyoto,
Japan) was purified by vacuum distillation. y-Aminopropy-
ltriethoxysilane (y-APS; Shin-Etsu Chemical Industries Co.,
Tokyo, Japan) was used without further purification.

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

TiO, 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 reflux con-
denser, and a half-moon type stirrer. After the temperature
of the mixture was raised to 30°C, y-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 centrifugation to remove any
unreacted 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 the particles and
the weight percentage of carbon atoms in-the modified
particles. The weight percentage of carbon atoms was mea-
sured with an elemental analyzer (EMILA-110; Horiba Ltd.,
Kyoto, Japan), assuming that all of the amino groups existed
on the 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 CH,CHO. The
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initial concentration of CH;CHO in a Pyrex reaction vessel
(760 mL) was fixed at approximately 300 ppm in air. UV/Vis
light (wavelength, >300 nm) was irradiated with a Xe lamp
(HX-500; Wacom Electric Co., Ltd, Tokyo, Japan) at 2000
pW/cm? onto the samples (0.07 g) after the adsorption
equilibrium of CH,;CHO in the reaction vessel had been
achieved. The concentration of CH;CHO was determined by
a gas chromatograph (GC-8APT; Shimadzu Co., Kyoto, Ja-
pan) equipped with an f.i.d. column Shincarbon A. The rate
constant for the degradation of CH;CHO was calculated
from the first-order rate equation.’®!3

TiO,/silicone composite

First, graft-polymerization of AAc was conducted on the
surface of the silicone sheet.’” The silicone sheet was initially
treated by corona-discharge to donate radicals on the sur-
face. The sheet was immersed into a 10 wt% AAc 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 paly(AAc)-grafted sili-
cone sheet was rinsed with a great deal of hot water to
remove homopolymers adsorbed physically. Surface-treated
sheets possessing a poly(AAc)-grafted density of 10-20 pg/
cm? were used in this study.

In order to adsorb the modified TiO, particles onto the
poly(AAc)-grafted silicone sheet, 0.2 g of the particles were
suspended in 50 mL of water, and the sheet was soaked in
the suspension for 1 h at room temperature. 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 TiO, parti-
cles and the carboxyl groups on the poly(AAc)-grafted sili-
cone sheet. The composite was washed by using an ultra-
sonic generator 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 because all of the particles were just
physically adsorbed on the sheet. The surface of the com-
posite was observed by scanning electron microscopy (SEM;
JSM-6301F, JEOL Ltd., Tokyo, Japan), and the surface-cov-
erage ratio by TiO, particles was determined from SEM
images. In following experiments, the TiO,/silicone com-
posite sheets, whose surface-coverage ratio by TiO, particles
were 50-60%, were used (Fig.1).

Cell adhesion

L929 mouse 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 a-minimum es-
sential medium (o«-MEM; Gibco Laboratories Inc.) and 10%
fetal bovine serum, and incubated at 37°C for 24 h. For SEM
observation, the cells were dehydrated with aqueous etha-
nol (30-100%) and 100% n-butanol for 5 min at room tem-
perature step by step. The samples were subsequently ly-
ophilized and coated with gold. The number of L929 cells on
the sample substrate was counted from SEM images. As a
control sample, the poly(AAc)-grafted-silicone sheet, on
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Figure 1. A typical SEM phétograph of a surface of amino-
group-modified TiO,/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 pieces and added into 10 mL of cell culture
medium (a-MEM with 10% fetal bovine serum), and the
mixture was incubated at 37°C for 24 h in darkness. After
L1929 cells (initial number, 1 X 10* cells /well) were precul-
tured at 37°C for 24 h, the culture medium 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 hemacytometer after trypsinization
and dilution. As a control, the same procedure was con-
ducted with a nontreated medium.

Antibacterial activity

E. coli bacteria (NBRC 3301 strain; Biological Resource
Center, Biotechnology Center, National Institute of Technol-
ogy and Evaluation, Chiba, Japan), precultured at 37°C for
16 h, were washed by centrifuging at 4000 rpm, resus-
pended, and diluted to 1 X 10° cells/mL with a physiolog-
ical salt solution. The composite sheets were placed in 24-
well multiplates, and then 1 mL of the E. coli suspension was
pipetted into each well. This system was irradiated with a
4-W back-light bulb (wavelength, 360 rm; 470 uW/cm?
FL15 BL-B; National Panasonic) at 37°C for 2 h. After the
irradiation, 100 pL of each E. coli suspension was pipetted
out and incubated in a nutrient agar medium at 37°C for
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16 h, and the number of viable bacteria was counted. As a
control test, the above procedure was conducted without the

composite sheet or without UV irradiation.

Statistical analysis

Data resulting from cytotoxicity assays and antibacterial
activity tests are presented as means * SD for mean (N = 4).
Statistical comparisons were performed with the use of a
Student’s ¢ test. The level of statistical significance was de-
fined as 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’2 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 plateau at about 5 mole-
cules/nm? Judging from the fact that the theoretical
density of the OH groups on the anatase TiO, surface
is 12-14 molecules/nm?, which is estimated from lat-
tice constant,’® and that each silane coupling agent
reacts with less than three OH groups, it is estimated
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Figure 2. Amino group densities on the TiO, particle sur-
faces after modification at 30°C for different reaction times.
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Figure 3. Relationship between the amino group density
on the TiO, particle surfaces and the degradation rate con-
stant calculated from the decrease of CH,CHO concentra-
tion by UV irradiation (>300 nm; 2000 wW/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 de§radatiop rate of CH3;CHO. 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
CH,;CHO degradation by UV irradiation (wavelength,
>300 nm; 2000 wW/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
CH3CHO molecules and the intact TiO, surface by the
silane coupling agents.

Figure 4 shows the FT-IR spectra 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 uW/cm? 2 h).
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(a)], the band at

3692 cm ! 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,O on the TiO,. In the spectrum
of the TiO, after modification with y-APS [amino
group density, 3.0 molecules/nm? Fig. 4(b)], the in-
tensity of the band at 3692 ecm™’, attributed to the
bridge-OH terminal groups of TiO,, decreased, which
corresponded 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 TiO, 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 kJ/mol) or
C—N (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 period, 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 after incubation in the nontreated
medium (control). This indicates that the original
TiO,/silicone and the amino-group-modified TiO,/
silicone composite sheet had no cytotoxicity to 1929
cells.

Ti-OH

Reflectance

(c)

'} 1 2

L 1 1 1 A
4000 3600 3200 2800 2400 2000 1800 1600 1400
Wave number (em*’)

Figure 4. IR spectra of (a) original and (b,c) amino groug-
modified TiO, (amino group density, 3.0 molecules/nm?)
particles (b) before and (c) after UV irradiation (>300 nm;
2000 pW/cm? 2 h).
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Figure 5. The number of L929 cells after incubation at 37°C
for 24 h (total incubation period, 48 h; see Materials 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 composite sheets (the amino group density, 3.0 mol-
ecules/nm?). Initial number of cells, 1 X 10 cells /well. Error
bars represent standard deviations of quadruplicates.

In order to evaluate the cell adhesion activity of the
TiO,/silicone composite, L.929 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 L929 cells adhering on the

control 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-
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Figure 7. SEM photographs of 1929 cells adhering on ami-
no-group modified TiO,/silicone composite sheets after in-
cubation in 24-well multiplates (1 X 10° cells/well) at 37°C
for 24 h. The amino group density on TiO, particle surfaces
(molecules/nm?): (a,a’) 0; (bb"); 2.1; (c,c’) 3.0. (a,b,c) low
magnification; (a’,b’,c’) 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 the other hand, the cells 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’,c')], the cells elongated their needlelike

Fara
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Figure 6. Relationship between the amino group density on the TiO, particle surfaces and the number of L929 cells adhering
on the TiO,/silicone composite sheets after incubation in 24-well multiplates (1 X 10° cells/well) at 37°C for 24 h.
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Figure 8. Effect of UV irradiation (360 nm; 470 pW/cm?
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 (*p < 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
original 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?2 Therefore, the TiO, /silicone
composite consisting of the TiO, particdles (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, particles showed no
mechanical disadvantage, which was similar to the
HAp/silicone composite.'?

The antibacterial activity of the optimum 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
pW/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 number of bacteria
decreased significantly after UV irradiation (72%).
These results indicate a bacteria adsorption onto the
optimum amino group-modified TiO,/silicone com-
posite and effective antibacterial activity by photo-
excited TiO, under UV irradiation. It is expected that
a completely destroying 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 pW/cm? 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 'I"iO2 particle surfaces. On the other hand, the
number of 1L929 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 optimum density was developed. Irradiation of
UV light onto E. coli 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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