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The purpose of this work was to fabricate zirconia copings from fully sintered Y-TZP blocks using a Nd:YVO, nanosecond laser in
order to avoid complicated procedures using conventional CAD/CAM systems. To determine the most appropriate power level of a
Nd:YVO,laser, cuboid fully sintered Y-TZP specimens were irradiated at six different average power levels. One-way ANOVAs for the
average surface roughness and laser machining depth revealed that an average power level of 7.5 W generated a smooth machined
surface with high machining efficiency. Y-TZP copings were then machined using the proposed method with the most appropriate
power level. As the number of machining iterations increased, the convergence angles decreased significantly (p<0.01). The accuracy
of the machined copings was judged to be good based on 3D measurements and traditional metal die methods. The proposed method
using the nanosecond laser was demonstrated to be useful for fabricating copings from fully sintered Y-TZP,

Keywords: Y-TZP, CAD/CAM, Zirconia, Laser, Nd:YVO,

INTRODUCTION

Recently, dentists and patients have become interested
in all-ceramic restorations, which do not contain metals,
which block light transmission, and better resemble the
natural tooth appearance than any other restorative
option”. In addition, all-ceramic restorations do not
cause metal allergy problems. The clinical shortcomings
of ceramic materials, such as brittleness, low tensile
strength, and marginal inaccuracy, continue to
limit their use compared to porcelain-fused-to-metal
crowns*®. Nevertheless, patients’ demand for improved
esthetics has driven the development of ceramic
restorations. The use of all-ceramic restorations has
spread as a result of the application of high-strength
ceramics, such as zirconia, to the coping materials.
Zirconia ceramics for dental restorations have
high strength and high toughness, which allows these
materials to be used as all-ceramic coping materials for
long-span bridges. However, machining fully sintered
zirconia by milling is very difficult because of its high
hardness. The coping is fabricated with an established
method using a CAD/CAM system in which a partially
sintered zirconia block is milled and subsequently
sintered in a furnace. A linear shrinkage of 15 to 30%
occurs due to sintering?. The increased milling efficiency
of the softer partially sintered block has the trade-
off of a potentially poorer fit caused by the sintering
shrinkage, the scanning process, compensatory software
design, and milling®. In order to avoid these complicated
procedures, we have devised a new simple method by
which to machine high-hardness zirconia using a laser.
A range of lasers is now available in dentistry. The

Received Dec 13, 2013: Accepted Mar 12, 2014
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Nd:YAG laser can be used in the dental laboratory for
laser welding. Metal parts such as frameworks can be
joined by self-welding of the parts with combustible
acrylic denture base resins and artificial composite teeth,
which would be burned by conventional soldering®.
Noda et al. conducted an experiment involving the
irradiation of zirconia using this Nd:YAG laser and
examined the possibility of welding zirconia”. They
reported that laser irradiation induced cracking on the
surfaces of zirconia so Nd:YAG dental laser welding
should not be performed on zirconia”. Nd:YAG dental
laser irradiation, which produced a millisecond-order
pulse width, generated thermal effects on zirconia®,
Therefore, we devised a new method by which to
machine zirconia copings using an industrial Nd:'YVO,
Q-switched nanosecond laser, which had a smaller pulse
width and a power density that was several hundred
times higher than that of the conventional Nd:YAG
dental laser. The purpose of the present study was to
demonstrate the possibility of Nd:YVO, Q-switched
nanosecond laser machining of zirconia copings.

MATERIALS AND METHODS

Nd:YVO, laser machine

In the present study, fully sintered yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) specimens were
machined using a Q-switched Nd:YVO, (Neodymium
Doped Yttrium Vanadate) laser machine (Lasertec 40,
DMG, Berlin, Germany, Fig. 1) for fabricating the Y-TZP
copings of all-ceramic restorations. This nanosecond
laser machine generated a power density of 2.26x10*
(kW/mm?®), which is several hundred times higher than
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Fig. 1

Nd:'YVO, laser machine.

a dental Nd:YAG laser with a millisecond pulse. The
fundamental parameters of the Nd:'YVO, laser machine
are listed in Table 1.
Fully sintered ytiria-stabilized tetragonal zirconia
polycrystals (Y-TZP)
Two types of fully sintered Y-TZP specimens were
prepared as follows. The discs of partially sintered
Y-TZP (height: 25 mm, diameter: 98.5 mm, Aadva Zr
disk, GC, Tokyo, Japan) were milled and subsequently
sintered at 1,650°C for 18.5 h in a furnace using a
dental CAD/CAM system (GM-1000, GC, Tokyo, Japan).
Partially sintered Y-TZP consisted of >91 wt% ZrQO., 5
wt% YgOs, <3 wt% HfOz, and <1 wt% AlgOa

One cuboid (13 mmx13 mmx17 mm) fully
sintered Y-TZP specimen was used to determine the
most appropriate power level of the Nd'YVO, laser
irradiation condition for fully sintered Y-TZP and
another specimen (height: 7 mm, baseline: 10.6 mm), as
shown in Fig. 2, was machined to form a Y-TZP coping
on an abutment tooth of an imitation lower first molar.

Determination of the most appropriate power level of the
Nd:YVO, laser

In order to determine the most appropriate power level
of the Nd'YVO, laser, a cuboid fully sintered Y-TZP
specimen was irradiated at six different average power
levels (8, 6, 7.5, 9, 12, and 14 W). The irradiated surface
area was square (2 mmx2 mm). The specimen’ was
cleaned in distilled water using an ultrasonic cleaner.
The machining depth and the calculated average
roughness (Ra in nm) at each of the six power levels
were evaluated. The machining depth was measured
using a measuring microscope (STM6, OLYMPUS,

Table 1  Specifications of the laser machine
Specification Description
Laser type Nd:YVO, crystal
Wave length 1,064 nm
Pulse width 18 ns

Operation mode Q switched pulse

Scan speed 500 mm/s

Peak power 16 kW
Pulse frequency 50 kHz
Focus diameter 30 pm
Track distance 10 jm

Taper: 11°
e
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Dimensions of the fully sintered Y-TZP specimen
simulating a lower first molar, and 3D-CAD for
laser machining to fabricate zirconia coping.

Fig. 2

Tokyo, Japan). The calculated average roughness was
also measured using a laser microscope (VEK-8500,
KEYENCE, Osaka, Japan) with a cut off value of 0.8
mm. One-way ANOVA and Tukey’s multiple comparison
test were used to analyze the data.

Machining Y-TZP copings using the Nd:YVO, laser
machine

Machining 3D-CAD data of a Y-TZP coping were
constructed using CAD software (Rhinoceros4.0, Robert
McNeel & Associates, WA, USA). Y-TZP copings were
machined in order to create the final form with a
convergence angle of 11°, a cervical width of 10.6 mm,
and a shoulder part width of 0.5 mm using 3D-CAD data
(Fig. 2). The part that touched the abutment tooth, as
shown in Fig. 2, was machined. Y-TZP copings were
fabricated from fully sintered blocks using the Nd:'YVO,
laser machine with an optimal machining condition
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(n=6). Machining each coping required eight hours.
Y-TZP copings were machined in 100-um increments,
as measured using calipers integrated into the laser
machine for depth control. At first machining, the
machining residue in the width direction of Y-TZP coping
occurred on the inner surface so that the convergence
angle of coping was greater than 11°, as designed based
on machining 3D-CAD data. Therefore, the coping was
machined two, three, or four times until the machining
residue disappeared (Fig. 3).

Machining accuracy

1. Evaluation of machining accuracy by 3D measurement
Machined Y-TZP copings were measured using a non-
destructive industrial 3D scanner (ATOS I 2M, GOM
mbH, Brunswick, Germany) at every machining, and
3D-CAD data of copings were constructed. Dimensional

I;/Iachining residue

Fully sintered Y-TZP

___)

|
A
/]\ Nd:YVO, laser machining $

SeSefaS et
3D-CAD data
for first machining

3D-CAD data for second, third,
and fourth machinings

Fig. 3 Method of fabricating a zirconia coping having an
inner taper of 11° and a cervical width of 9.6 mm.

320012 jem

(¢) Measurement points

(b) 3D-CAD data of machined coping

Fig. 4 Schematic diagrams of 3D measurement for
machining accuracy.
The dimensional differences between (a) and
(b) were inspected using inspection software. (c)
Measurement points in the height and width
directions.

differences in the height direction and width direction
between the 3D-CAD data for machined Y-TZP copings
and the target 3D-CAD data of Y-TZP copings were
inspected using inspection software (GOM inspect, GOM
mbH, Brunswick, Germany). Twelve measurement
points were set in the width direction: 0, 0.5, 1, 1.5, 2,
2.5, 3, 3.5, 4, 4.5, 5, and 5.5 mm away from the inner
cervical line of the Y-TZP coping (Fig. 4). In the height
direction, six measurement points were set: —3, —2,
-1, 0, 1, 2, and 3 mm away from the occlusal center of
Y-TZP coping (Fig. 4). The results for the dimensional
differences in the width direction and the machining
frequency were analyzed by two-way repeated-measures
ANOVA and Sidak’s multiple comparison test. One-
way repeated-measures ANOVA and Sidak’s multiple
comparison test were used to analyze the results for
the dimensional differences in the height direction. The
convergence angle of the inner coping was measured at
each machining. One-way repeated measures ANOVA
and Sidak’s multiple comparison test were used for
analyzing the results of the convergence angle of inner-
machined copings.

2. Evaluation of machining accuracy using metal dies
Machined copings at the fourth machining were
measured using dies having different cervical widths
of 9.60 mm (Abutment 1), 9.58 mm (Abutment 2), and
9.56 mm (Abutment 3). The convergence angle of each
die was 11°, Y-TZP copings were placed on the metal
die (Fig. 5) without cementation, and the marginal
discrepancy (I-L1) was measured using a measuring
microscope (STM6, OLYMPUS, Tokyo, Japan). Negative
values for L-L1 indicate that copings were machined
smaller than the machining CAD, whereas positive
numbers indicate that the copings were machined
larger than the machining CAD (Fig. 5). One-way
ANOVA and Sidak’s multiple comparison test were used
to analyze the results for the goodness of fit.

Schematic diagrams of a metal die having a taper
of 11° used to evaluate machining accuracy.

Fig. 5
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RESULTS

Determination of the most appropriate power level of the
Nd:YVO, laser

The means and standard deviations (SD) of the
caleulated average roughnesses (Ra) and the machining
depths of the irradiated Y-TZP surfaces are shown in
Table 2 and Fig. 6.

The values of Ra for average powers of 6 W, 7.5 W,
and 9 W were smaller than those for average powers of
3 W and 12 W, and the values of Ra for average powers
of 6 W and 7.5 W were smaller than that for an average
power of 14 W (p<0.05). Therefore, the Y-TZP surface was
machined to be the smoothest at 6 W and 7.5 W using
the Nd:YVO, laser. As the average power increased, the

Table 2 Average roughness and machining depth per

pulse after nanosecond laser irradiation of fully

sintered Y-TZP
Average roughness Machining depth
Average power (Ra, pm) (am)
(W)
Mean (SD) Mean (SD)

3 0.63 (0.11) 1.9(1.4)

6 0.37 (0.06) 3.7(0.4)

7.5 0.40 (0.05) 4.8 (0.5)

9 0.43 (0.02) 5.5 (0.6)
12 0.67 (0.07) 5.9.(0.6)
14 0.62 (0.07) 4.7(0.2)
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Fig. 6 - Means and standard deviations of calculated

average roughnesses (Ra) and machining depths
- of irradiated Y-TZP surfaces for different average
power levels.
The six average power levels were statistically
divided into three subgroups (a, b, and c¢) with
respect to average roughness and three subgroups
(A, B, and C) with respect to machining depth.
Means with different letters are significantly
different (p<0.05).

machining depth tended to increase, but became smaller
from 12 W to 14 W. The machining depths per pulse for
average powers of 7.5 W, 9 W, 12 W, and 14 W were
greater than that for an average power of 3 W (p<0.05),
and machining depth per pulse for an average power
of 12 W was greater than that for an average power of
6 W (p<0.05). When the above analysis results for the
calculated average roughness and the machining depth
were put together, the average power level of 7.5 W, at
which the smoothest Y-TZP surface could be obtained
with high machining efficiency, was decided to be the
most appropriate power level.

Machining Y-TZP copings using the Nd:YVO, laser
machine

An optimal machining condition with an average power
of 7.5 W was used to machine Y-TZP copings from fully
sintered specimens. At first machining, machining
residue was deposited in the width direction on the
inner surface of the Y-TZP copings, so that the
convergence angle was greater than 11°, which were
designed as the machining 3D-CAD data (Fig. 3). The
machining residue of Y-TZP copings was measured using
an industrial 3D scanner, and the machining data were
reacquired. The Y-TZP copings were then machined
again using the new data. This process was repeated for
the same Y-TZP coping until the fourth machining.

Machining accuracy

1) Machining accuracy using 3D measurement

Figure 7 and Table 3 show the dimensional difference
in the height direction for a certain section between
the CAD data of the machined Y-TZP copings and the
target CAD data for the coping obtained through 3D
measurement. The average dimensional difference in
the height direction was 73.6 pm. Figure 8 and Table 4
show the dimensional difference in the width direction
obtained using 3D measurement. Two-way repeated-
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Fig. 7 Means and standard deviations of dimensional
differences in the height direction.
The asterisk (*) indicates a significant difference at
p<0.05.
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Table 3. Dimensional difference in the height direction at
each measurement point

Distance from Dimensional difference (um)

occlusa . center (mm) Mean (SD)
—30 55.0 (37.3)
-20 51.7 (26.4)
1.0 61.7 (17.2)
0.0 ~1.7 (14.7)
1.0 131.7 (58.8)
2.0 95.0 (130.9)
3.0 121.7 (63.7)

First machining

P
Ll

Second machining

E Third machining

Fourth machining

Distance from cervical line (mm)

1 05

-1500  -1300  -1100 =900 -700 =500

Dimensional difference (um)

-300 -100

Fig. 8 Means and standard deviations of dimensional
differences in the width direction.

measures ANOVA revealed that both main effects were
significant (p<0.01). As shown in Fig. 8, the dimensional
difference in the width direction decreased as the
number of machining iterations increased and as the
distance from the cervical line decreased, although the
interaction between the two primary effects was also
significant (p<0.05). The simple primary effect of the
distance from the cervical line was not significant at the
third or fourth machining (p<0.05). The dimensional
difference in the width direction at the fourth machining
was at most approximately 20 pm.

Figure 9 shows the inner convergence angle of
machined copings of particular cross sections. The
means and standard deviations, which are shown in
parentheses, of the inner surface convergence angle were

g st 2
< th <

A
3

Convergence angle (°)

Second Third ourth

First
Ordinal number of machining iterations

Fig. 9 Means and standard deviations of convergence
angles of inner machined copings.
Means labeled with different letters (a, b, ¢, and d)

are statistically different from each other (p<0.01).

Table 4 Dimensional difference in the width direction at each measurement point

Distance from cervical line

Dimensional difference (um)

(mm) First machining Second machining Third machining Fourth machining
0.0 -30.1 (14.8) -6.5 (3.0) 15.1 (12.0) 17.2 (5.0)
0.5 -107.5 (2.9) -31.0 4.7 -1.9 (3.0 7.6 (0.6)
1.0 ~132.6 (4.6) -36.3 6.1 -3.1 (4.9) 14.0 2.8)
1.5 -161.9 (9.0) -44.7 (8.3 -6.0 (5.5) 18.2 2.7
2.0 -192.2 (10.9) -55.3 9.3 -10.8 (8.0) 20.0 (2.9)
2.5 -229.2 (16.3) -68.0 (10.4) -16.7 8.7 19.1 (3.9
3.0 -265.0 (21.4) -81.1 12.7 -23.5 (12.0) 16.5 (4.2)
3.5 -305.6 (21.8)  -102.6 (10.3) -30.0 (12.2) 17.8 4.5
4.0 -369.4 (40.1)  -110.6 (15.7) -39.0 (14.1) 14.3 (5.8)
4.5 -481.8 (127.6)  -125.0 (16.4) -48.2 (15.8) 11.5 (6.7
5.0 -649.0 (274.6)  -143.9 (16.8) ~-58.2 (19.4) 6.8 6.9
5.5 ~-926.4 (536.00)  -162.8 (17.9 -70.6 (20.5) 1.8 (5.1
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Fig. 10 Machining accuracy using three metal dies having
convergence angles of 11° and different cervical
widths; Abutment 1@ 9.60 mm, Abutment 2:
9.58 mm, and Abutment 3: 9.56 mm. Significant
differences are indicated by asterisks ¥
(p<0.01).

determined to be as follows: 18.5° (0.86°) for the first
machining, 13.9° (0.47°) for the second machining, 12.1°
(0.34°) for the third machining, and 10.9° (0.18°) for the
fourth machining. One-way repeated-measures ANOVA
revealed that the number of machinings significantly
affected the inner convergence angle of Y-TZP coping.
As the number of machining iterations increased, the
convergence angle decreased significantly (p<0.01).
At the fourth machining, the convergence angle was
comparable to the target 3D-CAD data.

2) Machining accuracy using the metal dies

The marginal fits of the Y-TZP copings that were
machined four times were measured using metal dies.
The means and standard deviations, which are shown
in parentheses, of L-L1 were ~80.2 (40.0) pm, 4.8 (32.6)
pm, and 77.0 (42.0) pm using Abutments 1, 2, and 3,
respectively. The larger the cervical width, the smaller
the value of L-L1 (Fig. 10). The copings fit accurately on
Abutment 2.

DISCUSSION

Determination of the most appropriate power level of the
Nd:YVO, laser

The average roughness and machining depth were
measured in order to determine the most appropriate
average power level (W) of the Nd:'YVO, laser on fully
sintered Y-TZP. Excellent lasing performance on Y-TZP,
which has high machining efficiency and provides a
smooth surface, is most important. As shown in Fig.
6, the six average power levels considered herein were
statistically divided into three subgroups (a, b, and ¢)
with respect to average roughness and three subgroups
(A, B, and C) with respect to machining depth. The

average power level of 7.5 W belonged to both subgroup
a (smallest average roughness) and subgroup A
(greatest machining depth). Therefore, the average
power level of 7.5 W, at which the smoothest Y-TZP
surface could be obtained with high machining efficiency,
was considered to be the most appropriate power level
for the Nd:YVO, laser. High machining efficiency
reduces the machining time.

Machining accuracy of Y-TZP copings
The copings, which were extracoronal restorations, were
able to be machined from fully sintered Y-TZP using the
nanosecond laser. Figure 7 shows that the dimensional
difference in the height direction was not uniform. Air
was blown from three directions on the Y-TZP coping in
order to avoid reattachment of fine particles. However,
locational differences were thought to occur as a result
of the air being blown non-uniformly against the copings.
Controlling the depth direction in machining (Z-axis)
using a focused laser beam is generally difficult.
Therefore, the copings were machined using an improved
method for the depth control. In this experiment, the
dimensional difference in the height direction was
at most 132 pm for the planned 6.5 mm in the height
direction based on machining CAD data, which gives
an error of only 2.0%. In the width direction, the -
dimensional difference was at most 20 pm. The mean
and standard deviation of the convergence angles of the
inner copings were 10.9° and 0.18°, respectively.

In addition, the inside of the coping might be slightly

‘oval-shaped. Therefore, in order to clinically evaluate

the precision, a traditional experiment was conducted
in which the dimensional accuracy was evaluated using
a die method. We prepared three metal dies having
different cervical widths. Since the machining 3D-CAD
data (Fig. 2) did not take into account the cement layer
or the coefficient of friction, the marginal discrepancy at
the cervical line could not be obtained using Abutment
1, the cervical width of which was the same as in the
machining 3D-CAD data. Therefore, dies having smaller
cervical widths had to be used to measure the marginal
discrepancy. The results revealed that the copings fit
accurately on the die. The aforementioned discrepancies
could be further improved by a slight modification
of the design program of the CAD system. Marginal
discrepancies of less than 120 pum have been reported
to be clinically acceptable®. Thus, accurate machining
of zirconia coping for clinical use using the Nd'YVO,
laser is possible.

Laser machining of Y-TZP

At present, Y-TZP copings are fabricated using a dental
CAD/CAM system in which a partially sintered Y-TZP
block (12 HV) is milled and subsequently sintered in
a furnace. Machining design can compensate for the
approximately 20% volume shrinkage that occurs later
during sintering of the zirconia blocks. Therefore, we
devised a new method by which to machine a Y-TZP
coping directly from a fully sintered Y-TZP block
using an industrial Nd:YVO, @-switched nanosecond
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laser. The use of lasers to machine ceramics presents
a number of advantages over the other methods. Laser
machining is a noncontact technique that allows high-
precision machining of numerous types of ceramics and
eliminates tooling costs, which are expensive.

Generally, the material properties of Y-TZP,
specifically its high thermal expansion coefficient
(11x10°¢/°C) and low thermal conductivity (2 W/mK)'®,
make laser machining of this material difficult. Due to
the strong thermal nature of the laser beam-material

interaction, especially in the case of long pulse widths,

microcracks are generated by dental lasers, which
generate millisecond-order pulse widths, as a result
of thermal damage. In the present study, we used a
nanosecond pulsed laser, which could significantly
reduce thermal damage. The formation of cracks in the
irradiated surface was seldom observed when using
the nanosecond laser, and cracks that observed were
extremely small, having depths of approximately 3 pm.
Thus, the use of an ultrashort pulse laser that produces
a picosecond pulsed laser or a femtosecond pulsed
laser can significantly reduce the above-mentioned
thermal effects, such as thermal damage or microcracks.
However, such lasers require too much machining time
to be adapted for practical application. Therefore, the
potential of nanosecond laser machining on Y-TZP
was demonstrated herein. Approximately 90% of the
material removed through the proposed laser machining
is a result of the interaction between the laser beam and
the surface of the Y-TZP workpiece being machined. The
-nanosecond laser used is thus suitable for use in the
machining of dental restorations.

The laser machine used herein provided three-axis
machining, in which a Y-TZP specimen was irradiated
from one direction (Z-axis). In addition, machining a hole
with a convergence angle by condensing a laser beam
has certain limitations because a focused laser produces
a tapered hole. Accurately machined copings for clinical
use were obtained after the fourth machining. On the
other hand, a five-axis laser machine can instantly
machine a taper-less hole because the laser beam can
irradiate vertically with respect to the work piece'.
In other words, a five-axis machine would provide the
Y-TZP copings with improved retention and accuracy for
clinical use and reduce costs by reducing the machining
and finishing times.

Figure 11 shows a crown coping that was machined
at an average power of 7.5 W. A dental restoration more
complicated than the simple abutment coping shown in
Fig. 2 was successfully machined from a fully sintered
Y-TZP block, as shown in Fig. 11.

In comparison with a Nd:YAG laser, the Nd'YVO,
laser has advantages such as the ability to produce
more compact systems, because the Nd:'YVO, crystal
has 5 times higher absorption coefficient than Nd:YAG
crystal. In addition to this, the laser has a higher
efficiency thanks to a high stimulated emission cross
section. A Nd'YVO, single crystal can be used for
compact, high-efficiency machining, as compared with a
Nd:YAG single crystali?'®,

Fig. 11 = A crown coping machined at an average power of
7.5 W.
The crown coping was successfully fabricated in a
clinical form.

Darkening of the machined Y-TZP surface and
corresponding countermeasures

After ultrasonic cleaning, the machined Y-TZP surface
was dark gray. Darkening of Y-TZP irradiated by a
nanosecond laser should be a result of oxygen vacancies
that were generated at high temperatures due to the
release of oxygen atoms after substoichiometric dioxide
formation, in which ZrO, became ZrQ,¢*® . Noda et al.
reported that a surface irradiated by a Nd'YAG laser
became darkened and that the oxygen concentration
clearly decreased, whereas the zirconium concentration
increased”. Irradiated Y-TZP disks heated at 1,000°C
for 5 min in air retuned to their original white color.
Applying the above reduction reaction to the present
study, Y-TZP was heated in the atmosphere to reabsorb
oxygen. After heating, the Y-TZP became white again.
The high temperature allows oxygen to diffuse back
to vacancies in the irradiated surface, rebuilding the
crystalline structure and recovering the white color of
Y-TZP. This heating is thought not to have an adverse
clinical effect because the porcelain is sintered on Y-TZP
at higher than 1,000°C. Matysiak et al. reported a similar
result in which blackening occurred within holes on
zirconia irradiated using a HeNe laser'®. After heating
at 1,350°C, the sample became white again, and there
was no significant variation after the heat treatment.
The recovery of the white color of the surface enables
the fabrication of esthetic dental prostheses without
opaquing using Y-TZP machined with a Nd:YVO, laser.
The effect of the nanosecond laser on the machined
Y-TZP surface was small, and we assume that the
mechanical properties will not be adversely affected to
a significant degree.

Future development

The primary problems associated with the laser
machining of Y-TZP reported herein are a long
machining time and high cost. Fabrication of the inner
surface of the Y-TZP coping required approximately
eight hours. However, sintering a partially sintered
zirconia coping fabricated by a CAD/CAM system
requires up to 18 h. Moreover, the long machining time
required when using the laser can be shortened by
using a prefabricated coping of fully sintered Y-TZP.
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A nanosecond laser machine that can machine a high-
thermal-expansion, low-thermal-conductivity material,
such as Y-TZP, will also be able to machine other dental
materialg, such as resins and metals. If the machine is
miniaturized and becomes widely used, the cost may be
reduced considerably.

The toughness and high strength of Y-TZP are
similar to the characteristics of metallic materials.
For this reason, Y-TZP has been used in numerous
applications in which previously only metals were
believed to be suitable, such as moving parts of engines,
valve components, milling and cutting tools, wire-
drawing dies, and scissors®. Y-TZP is also a popular
material for use in bio-medical applications due to its
outstanding mechanical properties, reliability, and
excellent biocompatibility. The ability to carry out
accurate laser machining of Y-TZP would allow its
properties to be more widely exploited, in particular
for applications in which uniquely shaped, intricately
structured components are required, not only in industry
but also in dentistry.

CONCLUSIONS

A Y-TZP coping was fabricated using a CAD/CAM
system in which a partially sintered Y-TZP block
was milled and subsequently sintered in a furnace,
because fully sintered Y-TZP is too difficult to machine
using milling techniques. Furthermore, the design
compensates for the volume shrinkage that occurs
during sintering of Y-TZP blocks. Thus, we devised a
new method by which to machine Y-TZP copings using
an industrial Nd'YVO,; Q-switched nanosecond laser.
The following conclusions were obtained based on the
results of the present study.

1. An average power of 7.5 W was determined to
be the optimal lasing condition because this
condition provided the smoothest surface with
high machining efficiency.

2. The convergence angle of the inner coping obtained
at the first machining did not adequately agree
with the provided machining 3D-CAD data. At
the fourth machining, however, the convergence
angle of the inner coping was 10.9° (SD=0.18°),
which is approximately the same as the provided
machining 3D-CAD data.

3. The dimensional difference in the height
direction was at most 132 um (SD=59 pm), and
the dimensional difference in the width direction
at the fourth machining was at most 20 pm
(SD=2.4 pm).

4. The machined copings fit accurately on the metal

die.

5. The proposed method wusing a nanosecond
Nd:'YVO, laser machine was demonstrated to be
useful for fabricating a coping directly from fully
sintered Y-TZP.
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Abstract: The aim of this study is to identify a plasticizer that
. is effective in the suppression of the autohemolysis of the
stored blood and can be used to replace di(2-ethylhexyl)
phthalate (BEHP) in blood containers. The results of hemoly-
sis test using mannitol-adenine-phosphate/red cell concen-
trates (MAP/RCC) spiked with plasticizers included phthalate,
phthalate-like, trimeliate, citrate, and adipate derivatives
revealed that di-isononyl-cyclohexane-1,2-dicarboxylate (Hex-
amoll® DINCH), di{2-ethylhexyl)-1,2,3,6-tetrahydro-phthalate
{DOTP), and diisodecyl phthalate (DIDP) exhibited a hemoly-
sis suppression effect almost equal to that of DEHP, but not
other plasticizers. This finding suggested that the presence of
2 carboxy-ester groups at the ortho position on a 6-
membered ring of carbon atoms may be required to exhibit
such an effect. The hemolytic ratios of MAP/RCC-soaked poly-
vinyl chioride (PVC) sheets containing DEHP or different

amounts of DINCH or DOTP were reduced to 10.9%, 9.2-
12.4%, and 5.2-7.8%, respectively (MAP/RCC alone, 28.2%)
after 10 weeks of incubation. The amount of plasticizer eluted
from the PVC sheet was 53.1, 26.1-36.5, and 78.4-150 pg/ml.
for DEHP, DINCH, and DOTP, respectively. PVC sheets spiked
with DIDP did not suppress the hemolysis induced by MAP/
RCC because of low leachability (4.8-6.0 pg/mL). These
results suggested that a specific structure of the plasticizer
and the concentrations of least more than ~10 pg/mL were
required to suppress hemolysis due to MAP/RCC. © 2013 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater, 102B:
721-728, 2014. ’

Key Words: DEHP, alternative plasticizer, hemolysis, blood

container, PVC medical device

‘How to cite this article: Haishima Y, Kawakami T, Hasegawa C, Tanoue A, Yuba T, Isama K, Matsuoka A, Niimi S. 2014,
Screening study on hemolysis suppression effect of an alternative plasticizer for the development of a novel blood container -
.made of polyvinyl chloiide. J Biomed Mater Res Part B 2014:1028:721-728.

INTRODUCTION
Phthalate esters, particularly di(2-ethylhexyl) phthalate
(DEHP), have been extensively used as plasticizers due to
their ability to increase the flexibility of polyvinyl chloride
(PVC), a plastic polymer used in a wide array of products,
including medical devices such as tubing, intravenous bags,
blood containers, and catheters. DEHP is easily eluted from
PVC products into food, pharmaceuticals, and body fluids
that touch the plastic, causing the migration of DEHP
directly and/or indirectly into the human body.*

Some phthalates, including DEHP, are considered toxic
because they exhibit effects in young rodents that are simi-
lar to the antiandrogenic effects of endocrine disruptors in

Correspondence to: Y. Haishima (e-mail: haishima@nihs.go.jp)

4: 2013 WILEY PERIODICALS, INC

male rats, wherein alterations in the development of the
male reproductive system and production of normal sperm
are observed.>"> Mono(2-ethylhexyl) phthalate (MEHP) is an
active metabolite of DEHP and suggested that the toxic
effects of orally ingested DEHP are likely caused by the cor-
responding monoester, and not by the intact DEHPS-®
Although the in vivo reproductive and developmental toxic-
ity of DEHP in the human body are not yet well understood,
recent in vitro toxicological studies using human cells have
reported that MEHP causes adverse effects such as reduc-
tion in the number of germ cells by increasing their apopto-
sis without altering their proliferation.’®"'? Therefore,
precautions should be taken to limit human exposure to
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MEHP, particularly in the case of high-risk patients such as
male neonates, male fetuses, and peripubertal male
individuals,

The use of plasticizers other than DEHP is an option for
developing safer PVC products for human use. PVC medical
devices that use trioctyl trimellitate (TOTM), di-isononyl-
cyclohexane-1,2-dicarboxylate (Hexamoll® DINCH),"*!* or
acetyl tributyl citrate (ATBC) instead of DEHP have already
been developed and are commercially available. Several

agencies and official organizations worldwide have individu-

ally evaluated the safety of DEHP released from PVC prod-
ucts. Recently, regulation of the use of DEHP has been
tightened worldwide, particularly in Europe, not only for
toys, childcare products, food apparatus, containers, and

packages but also for medical devices. In many countries,

including USA, Canada, and Japan, the use of alternative
plasticizers to develop safer PVC products and a switch to
other plastic products have been recommended for the
medical treatment of high-risk patients. However, the use of
PVC blood bags containing DEHP has been permitted in
Japan without any regulation other than storage at low tem-
peratures because DEHP has been found to be effective in
preserving stored red blood cells (RBCs).'*

We recently developed a prototype of a novel and bio-
logically safer blood container coni;isting of UV-irradiated
PVC sheets'® from which the elution of DEHP was almost
suppressed. On evaluating the safety of the prototype, we
found that the hemolytic ratio of the heparinized bovine

blood stocked in the container was lower than that of the

blood stored in normal PVC blood bags (data not shown). It
has also been reported that under periodic mixing condi-
tions, DINCH-PVC bags exhibit protective effects against RBC
hemolysis almost identical to that of normal DEHP-PVC con-
tainers.)” These findings suggested that the ability of DEHP

to prevent hemolysis must be reviewed and that some plas- |

ticizers other than DEHP may also suppress hemolysis. In
the present study, we estimated the ability of multiple plas-
ticizers to suppress hemolysis and examined the relation- ;

ship between the degree of the prevention effect and the
amount of plasticizer eluted from the PVC sheets as a pre-
liminary screening in order to identify a candidate for the
replacement of DEHP in RBC storage bags.

MATERIALS AND METHODS
Materials, chemicals, and utensils

Eight kinds of plasticizers were used in this study (Figure 1).

TOTM, ATBC, diisodecyl phthalate (DIDP), di(2-ethylhexyl)-

1,2,3,6-tetrahydro-phthalate (DOTP), bis(2-ethylhexyl) ter- |

ephthalate (DEHTP), di(2-ethylhexyl) adipate (DEHA), and
epoxidized soybean oil (ESBO} were purchased from Tokyo
Chemical Industry Co. Ltd. (Tokyo, Japan). Hexamoll® DINCH
was provided by BASF (Ludwigshafen, Germany). DEHP,
DEHP-d,, diethyl ether of pesticide residue and PCB analysis
grade, and phthalate-analytical-grade hexane were pur-

chased from Kanto Chemical (Tokyo, japan). Sodium chlo--

ride of pesticide residue and PCB analysis grade and
phthalate-analytical-grade anhydrous sodium sulfate were
purchased from Wako Pure Chemical Industries, (Tokyo,
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FIGURE 1. Chemical structureés of the plasticizers used in this study.
The iso-nony! side-chain of DINCH consists of ~10% n-nonyl, 35-40%
methyloctyl, 40-45% dimethylheptyl, and 5-10% methylethylhexyl iso-
forms. DIDP contains an isometric mixture of phthalates with primary
€10 branched dialky! chains.

Japan) and ultrapure water obtained using Milli-Q Synthesis
A10 (Millipore, Tokyo, Japan) were used to prepare the sam-
ple for gas chromatography/tandem mass spectroscopy (GC-

“MS/MS) analysis. Heparin sodium was purchased from the

Society of Japanese Pharmacopoeia (Tokyo, Japan), and
other chemicals were purchased from Wako Pure Chemical
Industries. All the utensils made of glass, metal, or Teflon®
were heated at 250°C for more than 16 h prior to use.

Preparation of heparinized blood and MAP/RCC

Human blood (total of 200 mL) was obtained from a volun-
teer at our own laboratory. The procedure was performed
in accordance with the ethical guidelines of the National
Institute of Health Sciences (approval number 188). The
blood was immediately mixed at 4°C with heparin (2000
units) or citrate-phosphate-dextrose (CPD) solution (28 mL)
consisting of sodium citrate hydrate (26.3 g/L), citric acid
hydrate (3.27 g/L), glucose (23.2 g/L), and sodium dihydro-
gen phosphate (2.51 g/L). The heparinized blood (Htc,
43%) was stocked at 4”C until use. The blood mixed with
the CPD solution was centrifuged at 3000g for 10 min at
4“C followed by removal of the upper layer. Mannitol-
adenine-phosphate (MAP) solution (46 mL) consisting of p-
mannitol (14.57 g/L), adenine (0.14 g/L), sodium.dihydro-
gen phosphate (0.94 g/L), sodium citrate hydrate (1.5 g/L),
citric acid hydrate (0.2 g/L), glucose (7.21 g/L), and sodium
chloride (4.97 g/L) was added to the remaining RCC layer
to prepare MAP/RCC (Htc. 59%)., and the solution was
stocked at 4°C until use.
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Preparation of PVC sheets

The PVC powder (100 g) was gradually added to the mix-
ture of DEHP (55 g) and ESBO (8 g) while stirring with a
spatula. The mixed powder was gently heated from room
temperature to 100°C in an oven and then stirred well. The
powder was stirred a second time after heating at 100°C
for 5 min to completely plasticize PVC. The plasticized pow-
der was heat-pressed at 180°C to prepare the PVC sheets
(thickness = 0.4 mm; final DEHP concentration = 33.7 w/
w%). The PVC powder was also plasticized in the presence
of TOTM (85 g; final concentration = 44.0 w/w%), different
amounts of DINCH, DIDP, or DOTP (35, 60, 85, and 110 g,
respectively; final concentration = 24.5, 35.7, 44.0, and 50.5
w/w%, respectively), instead of DEHP, and then heat-
pressed using the same method. Each sheet was cut into
small pieces (3.2 X 1 cm).

. Hemolysis test

Each plasticizer was dissolved in suitable amounts of diethyl
ether, which was placed into a screw-capped glass bottle.
After drying on a clean bench overnight without:the hottle
cap, 5 mL of heparinized blood or MAP/RCC freshly pre-
pared was added to the bottle (final concentration: 1 or 100
pg/mlL, respectively). Additionally, each PVC sheet (3.2 X 1
¢m, thickness =04 mm) containing different kinds and
amounts of plasticizers was placed into a screw-capped
glass bottle, and 5 mL of freshly prepared MAP/RCC was
added to the bottle.

During incubation at 4°C for 35 days in the case of hep-
arinized blood or 10 weeks in the case of MAP/RCC under
continuous gentle shaking, an aliquot (50 pL) of the blood
sample was collected into Eppendorf tubes every week. PBS
(1 mL) was added to each sample and gently mixed, fol-
lowed by centrifugation at 500 X g for 2 min at 4°C, and
then the absorbance of the supernatant (100 yl) was meas-
ured at 415 nm with a SH-9000 Lab microplate reader

" (Corona Electric, Ibaraki, Japan). Heparinized blood or
MAP/RCC alone was also tested under the same conditions
as the negative control, while the positive control was pre-
pared by adding distilled water instead of PBS. This test
was repeated in triplicate, and the significant difference was
calculated by two-way analysis of variance (ANOVA). The
hemolytic ratio was calculated in accordance with the fol-
lowing formula.
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% Hemolysis = (4r—Ay)/(4p—Ay) X 100

At: Test sample absorbance, Ay: Average negative control
mean absorbance, Ap: Average positive control mean
absorbance

Elution test for the plasticizer

The quantity of plasticizer in each PVC sheet soaked with
the blood samples was measured according to a previously
reported method.'®?% Briefly, an aliquot (50 uL) of MAP/
RCC sample for the hemolysis test was collected into a
screw-capped glass tube every week, and sodium chloride
(1 mL, 1 w/v%), DEHP-d, (0.1 pg), and hexane (1 mL) were
added. After shaking vigorously for 15 min and centrifuging
at 3000 rpm for 10 min at room temperature, the organic
phase was collected and dehydrated with anhydrous sodium
sulfate and this was followed by GC-MS/MS analysis, as
described below. This test was repeated in triplicate, con-
comitantly with the hemolysis test. The significant differ-
ence was calculated by two-way ANOVA.

GC-MS/MS analysis

The plasticizers in each sample were measured by GC-MS/
MS, using a Trace GC with a Quantum XLS (Thermo Fisher
Scientific, Waltham, MA) equipped with DB-5MS fused silica
capillary column (length: 30 m, internal diameter: 0.25 mm,
film thickness: 0.25 pm; Agilent Santa Clara, CA). The car-
rier gas was He with a flow rate of 1.0 mL/min. The tem-
perature of the injector, transfer line, and ion source were
250°C. The sample (1 pL) was injected in the splitless
mode. The GC oven temperature was initially maintained at
60°C for 2 min, and it was increased to 310°C at a rate of
20°C/min. The MS/MS system was operated under the mul-
tiple reaction-monitoring mode (MRM) with electron impact
ionization (El: 70 eV). Ar gas was used as the collision gas
(0.13 Pa). The retention times, the precursor (Q1) and prod-
uct {Q2) ions of the plasticizers, and the collision energies
of each plasticizer were listed in Table 1.

- The product ions of all the plasticizers were used for
quantification that was performed using DEHP-d; as the
internal standard. The concentrations of DINCH and DIDP
were determined using the sum of the total peak area of
their isomers, similar to a previous study?! The limits of
detection and. quantification (LOD and LOQ, respectively)

TABLE L. Retention Times, Precursor lons (Q,), Prdduct lons (Q,}, Colligion Energies, LODs, LOQs, Recoveries, and its Coeffi-

cients of Variation (CV) of the Target Chemicals.

Retention Q, Q, .Collision .

Chemicals Time {min) [m/z} [m/z] Energy (V) LOD? (ng/mL) LOQ? (ng/mL) Recovery® (%!} CV (%)
DOTP 14.34 170 124 ) 7 0.12 0.39 101 2.8
DEHP 14,54 167 149 - .4 0.051 0.17 : 99 - 1.8
DINCH 14.60-16.60 155 109 5 0.45 1.5 101 1.8
DIDP 15.60-17.60 307 149 13 0.64 2.1 109 5.5
TOT™M 20.97 305 193 16 0.040 0.13 . 123 71
DEHP-d 14.53 171 153 4

°Calculated by TOCO version 2.0 {FUMI theory). The values correspond to the concentration in the injected solution.

® Adding every compound to the blood sample {10 pg/mL, n = 5).

¢Internal standard.
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were calculated using total optimization of chemical opera-
tions (TOCO) software version 2.0 and the function of
mutual information (FUMI) theory®* The concentrations
obtained using the relative standard deviations of 33% and
10% on the basis of the mass chromatograms of the stand-
ard and blank solutions, respectively, were used as the
instrumental LOD and LOQ. The recovery test was con-
ducted by adding every compound to the blood sample
(10pg/mL,n=5). The blank test was conducted using the
blood sample without PVC sheets. Only DEHP was detected
under the LOQ level.

RESULTS

Identification of an alternative plasticizer effective in
suppressing hemolysis

First, we estimated whether the plasticizer itself exhibited
the suppression effect on hemolysis. As shown in Figure 2,
the hemolytic ratio of the heparinized blood in the absence
of plasticizers increased in a time-dependent manner and
reached 61.6% after 35 days of incubation (control). The
hemolysis behavior of the heparinized blood spiked with
each plasticizer was similar to that of the control or was
slightly higher, indicating that all the plasticizers were inef-
fective in suppressing hemolysis irrespective of the type and
amount spiked. Although all the plasticizers did not exhibit
hemolysis suppression against MAP/RCC at the concentra-
tion of 1 pg/mL [Figures 3(ab)], the hemolytic ratio of

(a)
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MAP/RCC spiked with DINCH, DIDP, or DOTP at the dose of
100 pg/mL significantly decreased to 10.3%, 12.1%, and
9.5%, respectively, in comparison with the ratio of MAP/
RCC containing no additives, which reached 18.9% after 10
weeks of incubation [Figure 3(c)]. The degree of the effect
of the plasticizers was almost identical to that of DEHP
(hemolysis ratio = 10.9% after 10 weeks of incubation).
Additionally, TOTM, ATBC, DEHTP, and DEHA did not sup-
press the hemolysis of MAP/RCC even at the concentration
of 100 pg/mL [Figure 3(d)].

_ Hemolysis suppression by the PVC sheet containing

plasticizer
Similar to the result of the first screening, PVC sheets
spiked with different amounts of DINCH, DIDP, or DOTP
were prepared, and their hemolysis suppression effect
against MAP/RCC was estimated. The size of the PVC sheet
and the amount of MAP/RCC used in this study were
decided based on the ratio between the inner surface area
and the blood volume of the typical RBC storage bags
(KARMI Blood Bag KBQ-200AML, Kawasumi Laboratories,
INC., Tokyo, Japan). The PVC sheets spiked with DEHP or
TOTM were used as the positive or negative control,
respectively.

As shown in Figure 4(a), the hemolytic ratio of MAP/
RCC in the absence of the PVC sheets increased in a time-
dependent manner and reached 29.4% after 10 weeks of
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FIGURE 2. Hemolytic behavior of heparinized blood containing plasticizers at the concentration of 1 pg/mL (a, b) or 100 pg/mL (c, d). No signifi-
cant difference was detected between the control and each plasticizer irrespective of the type and amount spiked. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3. Hemolytic behavior of MAP/RCC containing piasticizers at the concentration of 1 ug/mL (a, b) or 100 pg/mL (c, d). *Significant differ-
ence (p < 0.05) was detected between the control and plasticizers, such as DEHP, DIDP, DOTP, and DINCH, effective in suppressing hemolysis at
the concentration of 100 pg/mL (c}, but not among these four plasticizers. (Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

incubation. The hemolytic behavior of MAP/RCC in the pres-
ence of the PVC sheet containing TOTM (50.5%) was almost
identical, and the ratio reached 28.2% after incubation [Fig-
ure 4(a)]. The PVC sheets spiked with DEHP (33.7 w/w%),
DINCH (24.5-50.5 w/w%), or DOTP (24.5-50.5 w/w%)
considerably decreased the hemolytic ratio to 10.9%, 9.2-
12.4%, and 5.2-7.8%, respectively |[Figure 4{a-c)]. The
degree of hemolysis suppression effect of the PVC sheets
containing DINCH or DOTP was not greatly influenced by
the difference in the plasticizer content. Although DIDP
itself had the ability to suppress hemolysis of MAP/RCC, the
PVC sheet containing DIDP (24.5-50.5 w/w%) did not
exhibit a significant hemolysis suppression effect, irrespec-
tive of the amounts spiked [Figure 4(d)}].

Plasticizer elution test
The elution of the plasticizers from the PVC sheets contain-
ing DEHP, TOTM, DINCH, DIDP, or DOTP was determined to
evaluate the relationship between the degree of the hemoly-
sis suppression effect against MAP/RCC and the amount of
plasticizer released from each PVC sheet. These plasticizers
were quantified by GC-MS/MS analysis by using DEHP-d; as
the internal standard. The LOD, LOQ, and recovery values
are listed in Table 1.

As shown in Table II, the amount of DEHP released from
the PVC sheet spiked with DEHP (33.7 w/w%) increased in

a time-dependent manner and reached 53.1 = 6.07 pg/mL
after 10-week incubation in MAP/RCC. The amount of plas-
ticizer eluted from the PVC sheet containing TOTM (50.5%)
was significantly low, corresponding to only 0.27 = 0.09 ng/
mL even after the 10 week incubation. The amount of plas-
ticizer eluted from the PVC sheet spiked with DOTP (24.5,
35.7, 44.0, and 50.5 w/w%) increased in a time- and dose-
dependent manner. The amount was approximately 2-3
times greater than that of DEHP and reached 78.4 = 13.7,
117 = 8.0, 143 = 16.8, and 150 = 26.0 pg/mL, respectively,
after 10 weeks of incubation. The amounts of DINCH and
DIDP released from the PVC sheets containing each plasti-
cizer (24.5, 35.7, 44.0, and 50.5 w/w%) also increased in a
time-dependent manner and reached 26.1-36.5 and 4.80-
5.96 pg/mL, respectively. However, a significant difference
was not clearly detected in the amount of elution in
response to the plasticizer content. The degree of elution of
DIDP was ~10 times lower than that of DEHP, irrespective
of the amounts spiked. The amount of elution of DINCH was
also lower than that of DEHP.

DISCUSSION

This screening study investigated alternative plasticizers
exhibiting a hemolysis suppression effect against RBCs and
evaluated the relationship between the degree of the sup-
pression effect and the amount of the plasticizer eluted
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FIGURE 4. Hemolytic behavior of MAP/RCC in the presence of PVC sheets spiked with several plasticizers. (a) No plasticizer (control); DEHP (33.7
w/w%); and TOTM (44.0 w/w%). (b) DINCH (24.5, 35.7, 44.0, and 50.5 w/w%). (c) DOTP (24.5, 35.7, 44.0, and 50.5 w/w%). (d) DIDP (24.5, 35.7,
44.0, and 50.5 w/w%). *Significant difference (p« 0.01) was detected between the control and DEHP (a), and control and DINCH (b) or DOTP (c),
while there was no significant difference between the control and DIDP. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

from the PVC sheet. The chemical structures of the plasticiz-
ers used in this study are shown in Figure 1. The results of
the hemolysis test, in which 8 kinds of plasticizers structur-
ally categorized into five groups were used, suggested that
the presence of 2 carboxy-ester groups at the ortho position
on a 6-membered ring of carbon atoms may be needed for
the plastiéizer to exhibit the effect. DEHP, DIDP, DINCH, and
DOTP, all of which have the ability to suppress the hemoly-
sis of MAP/RCC, have such a structure. TOTM possesses this
basic structure as a part of the molecule, but its 6-
membered ring is substituted by an additional carboxy-ester
group, and this might be the reason why TOTM seems to be
ineffective in suppressing hemolysis. The same basic struc-
ture is not present in DEHTP, DEHA, and ATBC, which did
not exhibit any hemolysis suppression’ effect on MAP/RCC.
The structure of the 6-membered ring does not seem to be
restricted to aromatic compounds because the suppression
effect is also seen in the case of partially unsaturated or sat-
urated rings. The mechanism underlying hemolysis suppres-
sion by DEHP, DINCH, DIDP, and DOTP is unknown, but it
could be speculated that these plasticizers may be incorpo-
rated into and stabilize the lipid bilayer of the RBC mem-
brane, because there is a possibility that plasticizer
molecules having the two carboxy-ester groups oriented to
the same direction of the ortho position may form a pair at
the inner and outer sides of the RBC membrane and act as
one component of the lipid bilayer. On the other hand, in
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case the orientation of the acyl groups is different from
each other, the plasticizer molecules may be also incorpo-
rated into the lipid bilayer, but not form such a pair. The
results suggested that the degree of hemolysis suppression
effect is due in part to the concentration of the plasticizer
eluted, but also to the structurally intrinsic ability of the
plasticizer molecule. However, since the degree of the effect
of PVC sheets containing DINCH or DOTP was not greatly
influenced by the differences in the plasticizer content, the
effect is saturated at a certain concentration. As shown in
Figure 4, the hemolysis suppression effect induced by the
PVC sheet spiked with DEHP, DINCH, or DOTP appeared
after 35 days of incubation. The minimum amounts of these
plasticizers eluted from each PVC sheet during the incuba-
tion period were 34.7 (DEHP), 13.5 (DINCH), and 61.3
(DOTP) pg/mL, respectively, while the maximum elution
amount of DIDP was only 2.94 pg/mL (Table II). Taking
these results into consideration, the use of plasticizer at a
concentration of least more than ~10 pg/mL seems to be
necessary to protect RBCs from hemolysis because the PVC
sheet spiked with DIDP did not significantly prevent the
hemolysis of MAP/RCC. It has been reported that the leach-
ability of TOTM, DINCH, and diisononyl phthalate (DINP)
from PVC products is significantly lower than that of
DEHP?*?* The reason for this phenomenon is still unknown,
but it could be speculated that the degree of intermolecular
interactions and/or steric hindrance between the PVC and
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