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a b s t r a c t

The risk assessment of di(2-ethylhexyl)phthalate (DEHP) migration from polyvinyl chloride (PVC) medical
devices is an important issue for patients. The aim of this study was to determine DEHP degradation and
migration from PVC sheets. To this end, the method for the simultaneous determination of DEHP and its
breakdown products (mono(2-ethylhexyl)phthalate (MEHP) and phthalic acid (PA)) was improved. Their
migration levels from 0 to 50 kGy gamma-ray irradiated PVC sheets were determined. DEHP migration
eywords:
iquid chromatography tandem mass
pectrometry (LC–MS/MS)
i(2-ethylhexyl)phthalate (DEHP)
lasticizer

level decreased in proportion to the dose of gamma-ray irradiation, while MEHP and PA migration levels
increased. The hardness and the elastic modulus of PVC sheets were examined, but no clear relationship
between DEHP migration and these parameters was observed.

© 2009 Elsevier B.V. All rights reserved.
amma ray
egradation

. Introduction

Phthalate esters are widely used as industrial plasticizers. In par-
icular, di(2-ethylhexyl)phthalate (DEHP) is used in the production
f polyvinyl chloride (PVC) and other plastics to increase flexi-
ility, softness, and stability for specific applications. PVC is one
f the most widely used plastic polymers in such medical prod-
cts as blood containers, blood tubing, and catheters. However, it
as been reported that DEHP is easily released from PVC products

nto food, drugs, and body fluids [Earls et al., 2003; Inoue et al.,
003; Takatori et al., 2004; Ito et al., 2005]. DEHP is considered to
xhibit reproductive and developmental toxicity [Lovekamp-Swan
nd Davis, 2003], carcinogenicity, and testicular toxicity [Tickner
t al., 2001; Yakubovich and Vienken, 2000; Hill et al., 2001]. Some
hthalates including DEHP are said to exhibit toxic effects, including

ntiandrogenic effects during reproductive system development
nd normal sperm production in male rat [Poon et al., 1997; Lamb
t al., 1987; Tyl et al., 1988], and the decrease in blood 17�-estradiol
evel in female rat [Davis et al., 1994]. In addition, recent stud-

∗ Corresponding author. Tel.: +81 3 5498 5765; fax: +81 3 5498 5765.
E-mail address: rie-ito@hoshi.ac.jp (R. Ito).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.04.019
ies have shown that certain phthalate exposure levels in pregnant
women are associated with the reproductive health of male infants
[Latini et al., 2003; Swan et al., 2005; Marsee et al., 2006]. In Japan,
The Ministry of Health, Labour and Welfare (2000) has set the tol-
erable daily intake (TDI) of DEHP at 40–140 �g kg−1 day−1 and has
regulated the use of DEHP as plasticizer in the manufacture of infant
toys.

In our previous studies, we observed that not only DEHP but
also mono(2-ethylhexyl)phthalate (MEHP) and phthalic acid (PA)
migrated from PVC medical devices into simulated pharmaceu-
ticals even without enzymatic hydrolysis [Ito et al., 2005, 2006,
2008]. DEHP migration was suppressed by the sterilization process,
particularly gamma-ray sterilization [Ito et al., 2006]. In contrast,
MEHP migration from gamma-ray sterilized PVC medical device
was increased dramatically [Ito et al., 2006, 2008]. Since MEHP is
thought to be even more toxic than DEHP, the formation of MEHP
as a breakdown product of DEHP is a critical problem.

In this study, DEHP, MEHP, and PA migration levels were deter-

mined to confirm the effect of gamma-ray irradiation on the
degradation of DEHP. Commercially available PVC medical devices
are generally subjected to 20–25 kGy gamma-ray sterilization.
Therefore, PVC sheets used in the manufacture of blood bags were
irradiated with 1–50 kGy gamma rays. No sterilization process

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:rie-ito@hoshi.ac.jp
dx.doi.org/10.1016/j.ijpharm.2009.04.019
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room temperature (23 ± 1 ◦C). The indentation load–displacement
behavior of gamma-ray irradiated PVC sheets was tested in the
continuous stiffness measurement mode. As shown in Fig. 1,
load–displacement curves were obtained to determine the
14 R. Ito et al. / International Journa

as performed on the control sample (non-irradiated gamma ray:
kGy). DEHP, MEHP, and PA migration levels were examined in rela-

ion to the dose of gamma rays. Moreover, the hardness and the
lastic modulus of irradiated PVC sheet were examined because sur-
ace processing, an example of which is polyethylene glycol grafting,
s known to suppress DEHP migration [Lakshmi and Jayakrishnan,
998]. Then, the effect of gamma-ray irradiation on the PVC surface
as studied to understand the relationship between DEHP, MEHP,

nd PA migration levels and the hardness and the elastic modulus
f irradiated PVC sheets.

. Materials and methods

.1. Chemicals and materials

Environmental analytical grade DEHP and DEHP-d4 were pur-
hased from Kanto Chemical Co. Inc. (Tokyo, Japan). MEHP and
EHP-d4 were purchased from Hayashi Pure Chemical Industries

Osaka, Japan). PA and PA-d4 were purchased from CDN Isotope Cen-
ral Chemicals Co. Inc. (Tokyo, Japan). Phthalic acid esters, analytical
rade acetonitrile, and acetone were used in the experiments. Ana-
ytical grade formic acid was obtained from Wako Pure Chemical
ndustries Ltd. (Osaka, Japan). The water purification system used
as a Milli-Q gradient A 10 with an EDS polisher (Millipore, Bedford,
A, USA).
The test material was PVC sheet subjected to gamma-ray irra-

iation (60Co; 1, 5, 10, 25, 50 kGy). Commercial medical devices
ere irradiated with approximately 25 kGy gamma rays for ster-

lization. The control sample was not irradiated with gamma
ays. The PVC sheets were kindly supplied by the manufac-
urer.

The extraction solvents were 5% glucose solution for injec-
ion (Otsuka Pharmaceuticals Co., Tokyo, Japan), polyoxyethylated
ydrogenated castor oil 60 (HCO-60) (Wako Pure Chemical Indus-
ries Ltd., Osaka, Japan), and purified water.

.2. Instrumentation and LC–MS/MS conditions

A Series 1100 liquid chromatograph from Agilent Technologies
USA) was coupled to an API 4000TM (Applied Biosystems Japan,
okyo, Japan) equipped with a Turbo IonsprayTM ionization source.
ass spectrometry data were processed with Analyst 1.3.2 soft-
are. An Inertsil-Ph3 column (50 mm × 2.1 mm, 5 �m particle size)

rom GL Sciences was used for separation.
After 5 �L of the sample was injected with an auto-sampler, it

as loaded onto the analytical column by introducing the mobile
hase at the flow rate of 0.2 ml min−1. The auto-sampler was main-
ained at 4 ◦C to keep the sample cool. Acetonitrile (mobile phase
) and 0.05% formic acid in water (mobile phase B) were used. Sep-
ration was carried out with the following profile: mobile phase
/B was 15/85 (0–4 min) → 90/10 (4.01–15 min for elution) → 15/85

15.01–25 min for equilibration) (v/v). The column oven was main-
ained at 40 ◦C for LC.

The working parameters for turbo ionspray ionization MS/MS
ere as follows: curtain gas, 20 psi (DEHP and DEHP-d4 for the
ositive ion mode) and 20 psi (MEHP, PA, and their internal stan-
ards for the negative ion mode); nebulizer gas (N2) pressure,
0 psi for the positive ion mode and 80 psi for the negative ion
ode; and turbo ionspray gas (N2) pressure, 60 psi for the pos-

tive ion mode and 60 psi for the negative ion mode. Ion source

emperature was maintained at 650 ◦C and turbo ionspray volt-
ges for the positive ion mode (DEHP, DEHP-d4) and the negative
on mode (MEHP, PA, and their internal standards) were 5000 and
4500 V, respectively. Declustering potentials of DEHP, MEHP, and
A were 61 V, −60 V, and −35 V, respectively. DEHP and DEHP-
armaceutics 376 (2009) 213–218

d4 were monitored in the positive ion mode, whereas MEHP,
PA, and their internal standards were monitored in the nega-
tive ion mode. The combinations of precursor ion and product
ions were as follows: DEHP (precursor ion → product ion, m/z
391 → 149), DEHP-d4 (m/z 395 → 153), MEHP (m/z 277 → 134),
MEHP-d4 (m/z 281 → 138), PA (m/z 165 → 121), and PA-d4 (m/z
169 → 125). The collision gas (N2) pressure was set at 4 units
for both positive and negative ion modes. These conditions
were modified from those of our previous paper [Ito et al.,
2008].

2.3. Effect of gamma-ray irradiation on migration test

The migration of DEHP, MEHP, and PA from PVC sheet
(1 cm × 3 cm) into 5 ml of each extraction solvent was examined.
5% glucose solution, HCO-60, and purified water were used as
extraction solvent. They also served as simulated pharmaceuticals.
HCO-60 is a surfactant that is involved in the migration of DEHP into
such drugs as Prograf®. The extent of DEHP migration was depen-
dent on the concentration of HCO-60 [Hanawa et al., 2003]. In this
study, 2 mg ml−1 HCO-60 was prepared for the migration test. The
concentration of HCO-60 was set with reference to its content in
commercial pharmaceuticals as surfactant. The samples were kept
in test tubes and extraction was carried out by shaking at 37 ◦C
for 1 h. An aliquot (1 ml) of the extract was pipetted into another
test tube and DEHP-d4, MEHP-d4, and PA-d4 were added. Then,
the sample solution was appropriately diluted prior to LC–MS/MS
analysis.

2.4. Instrumentation and conditions for indentation
measurement

The hardness and the elastic modulus of non-irradiated (0 kGy)
and irradiated PVC sheets (25 and 50 kGy) were measured by a
depth-sensing nanoindentation technique with Nano indenter XP
(MTS Systems Co., Oak Ridge, TN, USA). PVC sheets were indented
with a Berkovich diamond tip to a maximum depth of 55 �m at
Fig. 1. Determination of hardness and the elastic modulus. (A) Typical load versus
displacement curve. (B) Schematic diagram of indentation measurement.
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Table 1
Figures of merit of LC–MS/MS method for determination of DEHP, MEHP, and PA.

Range (ng ml−1) Spiked conc. (ng ml−1) Purified water 5% glucose HCO-60

(r) Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

DEHP 20–1000 100 97.5 6.2 97.2 4.4 98.5 1.8
(0.998) 500 97.5 1.8 99.9 0.9 94.5 1.2

MEHP 2–1000 100 102 2.4 105 5.2 105 2.5
(0.999) 500 98.2 3.1 101 1.8 104 3.9

PA 5–1000 100 97.0 7.8 90.4 7.0 107 3.4
(0.999) 500 102 1.8 102 2.1 104 1.4
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and HCO-60, respectively (Table 1). Therefore, the method enables
the precise determination of standards and may be applicable to the
determination of DEHP, MEHP, and PA in pharmaceutical solutions
containing HCO-60 as surfactant.
: correlation coefficient; RSD: relative standard deviation (n = 3).

ardness (H) and the elastic modulus (E) of the sheets. Theoretical
lastic modulus and theoretical hardness were calculated as
ollows:

≈
√

�

2ˇ

1√
kh2

eff

dP

dh
and H = Pmax

kh2
eff

here ˇ and k are constants. When the Berkovich diamond tip was
sed, k = 24.56 and ˇ = 1.034.

Hardness and elastic modulus were calculated by multiplying
odification coefficient (�) by the theoretical hardness and the

heoretical elastic modulus. In addition, modification coefficient
as confirmed with a load–displacement curve obtained from a

alibration experiment using silica.

. Results and discussion

.1. Optimization of the LC–MS/MS method

In the scan mode, DEHP, MEHP, and PA were monitored at
/z 391, 277, and 165, which were assigned to [M+H]+, [M−H]−,

nd [M−H]−, respectively. Moreover, in the product ion MS/MS
easurement, selective reaction monitoring ions (SRMs) of DEHP,
EHP-d4, MEHP, MEHP-d4, PA, and PA-d4 were set depending on

heir precursor ions. When the auto-sampler was maintained at
oom temperature, the peak shape was not good. However, when
he auto-sampler was maintained at 4 ◦C to keep the sample cool, a
eproducible peak area was obtained. In addition, the sample solu-
ion was acidified (1%) to improve separation. No interference from
eaks of the other compounds present in the extraction solvents
as noted.

.2. Figures of merit of LC–MS/MS analysis for determination of
EHP, MEHP, and PA

In the proposed method, determination was achieved by stable
sotope dilution analyses. The limits of detection (LODs) of DEHP,

EHP, and PA subjected to LC–MS/MS analysis were 5, 0.5, and
ng ml−1, respectively, and the signal-to-noise (S/N) ratio was 3.

n addition, the limits of quantification (LOQs) of DEHP, MEHP,
nd PA when S/N > 10 were 20, 2, and 5 ng ml−1, respectively. The
ethod showed good linearity and the correlation coefficients (r)
ere higher than 0.998 for all the analytes. The figures of merit

f the present method are summarized in Table 1. Sensitivity and
ccuracy were sufficient for the determination of DEHP, MEHP, and

A migration levels from PVC sheets.

The recovery and precision of the method were assessed
y replicate analyses (n = 3) of each solvent spiked at 100 and
00 ng ml−1 levels. Non-spiked and spiked samples were subjected
o LC–MS/MS analysis. Recovery was calculated by subtracting
the results for the non-spiked samples from those for the spiked
samples. The results were obtained by using calibration curves
acquired from standard solutions containing the surrogate com-
pounds. The recovery and precision were 97.0–102% (relative
standard deviation—RSD: 1.8–7.8%), 90.4–105% (RSD: 0.9–7.0%), and
94.5–107% (RSD: 1.2–3.9%) for purified water, 5% glucose solution,
Fig. 2. Concentrations of DEHP, MEHP, and PA that migrated from gamma-ray irra-
diated PVC sheet. Extraction solvents HCO-60, 5% glucose solution, and water are
represented by dark columns with a solid line, white columns with a solid line, and
gray columns with a dotted line, respectively.
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.3. Effect of gamma-ray irradiation on DEHP degradation

DEHP, MEHP, and PA migration levels from gamma-ray irradi-
ted PVC sheets are shown in Fig. 2. Similar to that reported in
nother paper [Ito et al., 2006], DEHP migration was marked when
CO-60 was used as the extraction solvent. DEHP, MEHP, and PA
igration from PVC sheets was influenced by gamma-ray irradi-

tion. The higher the dose of irradiated gamma rays, the lower
EHP migration level from the PVC sheets. In contrast, MEHP migra-

ion from the irradiated PVC sheets was dependent on the dose of
amma-ray irradiation. In the case of PVC sheets subjected to 1 and

kGy gamma-ray irradiation and non-irradiated (0 kGy), no PA was
etected (below LOD). In PVC sheets exposed to 10 kGy gamma-ray

rradiation, trace level of PA was detected (between LOD and LOQ).
A was clearly detected when the gamma-ray irradiation exceeded
5 kGy. The amount of PA that migrated from the 50 kGy gamma-ray

ig. 3. Load–displacement curves for 0, 25, and 50 kGy gamma-ray irradiated PVC
heets. These load–displacement curves were obtained from (A) 0 kGy gamma-ray
rradiated PVC sheet, (B) 25 kGy gamma-ray irradiated PVC sheet, and (C) 50 kGy
amma-ray irradiated PVC sheet.
armaceutics 376 (2009) 213–218

irradiated PVC sheet was higher than that from the 25 kGy irradi-
ated one. Therefore, PA migration from the irradiated PVC sheet
was thought to be dependent on the gamma-ray irradiation dose
applied to the PVC sheet.

It should be noted that the molar concentration of DEHP that
was decreased upon gamma-ray irradiation was not equal to the
total molar concentration of MEHP and PA that was increased upon
gamma-ray irradiation; however, taking into consideration the fact
that MEHP migration level was well correlated with the dose of
gamma-ray irradiation, we can say that MEHP and PA were formed
from the breakdown of DEHP by gamma-ray irradiation. Moreover,
there is a possibility that other factors were involved in the migra-
tion of these compounds.

3.4. Indentation measurement of gamma-ray irradiated PVC
sheets

The load–displacement curves for non-irradiated (0 kGy) and
irradiated (25 and 50 kGy gamma ray) PVC sheets are shown
in Fig. 3. Although the load–displacement curves were scattered
widely, replicate studies (n = 20) were conducted to determine the
average behavior. It was thought that the contact state between
the Berkovich diamond tip and the PVC sheet could not be kept
in the same state because of the rough surface of the PVC sheet
(Fig. 4). From the load–displacement curves, Young’s modulus ver-
sus depth plots (Fig. 5A) and hardness versus depth plots (Fig. 5B)
were obtained. As shown in Fig. 5, the correlation between hardness
and depth or between elastic modulus and depth was observed. In
particular, below 20 �m depth, a difference was observed between
non-irradiated sample (0 kGy) and irradiated samples (25 and
50 kGy). However, it is thought that the data were influenced by
the rough surface of the PVC sheet when monitoring was carried
out at small depths. Similarly, when monitoring was carried out
at large depths (≥40 �m), the data were influenced by the rough
back surface as the PVC sheet itself was approximately 400 �m
thick. The elastic modulus and the hardness at 1, 5, 10, and 20 �m
depth from the surface are shown in Table 2. In calculating the
elastic modulus, the Poisson ratio was empirically assumed to be
0.3. As a result, the elastic modulus of gamma-ray irradiated PVC
sheet was higher than that of the non-irradiated sample. Surface
PVC chains might be cross-linked or broken by gamma-ray irra-

diation [Mendizabal et al., 1996; Baccaro et al., 2003; Silva et al.,
2008] and might be influenced by the migration of DEHP, MEHP,
and PA.

Fig. 4. 3D surface topography of non-irradiated PVC sheet. KLA-Tencor P-15 contact
stylus profiler was used to measure the surface roughness of a sample PVC sheet.
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Fig. 5. Young’s modulus versus depth (A) and hardness versus depth (B) diagrams. Top panels show data for non-irradiated PVC sheet (0 kGy). Middle panels show data for
25 kGy irradiated PVC sheet. Bottom panels show data for 50 kGy irradiated PVC sheet.

Table 2
Elastic modulus and hardness.

Depth (�m) Control 25 kGy 50 kGy

Elastic modulus (MPa) Hardness (MPa) Elastic modulus (MPa) Hardness (MPa) Elastic modulus (MPa) Hardness (MPa)

1 80 ± 17 0.42 ± 0.11 330 ± 120 2.9 ± 1.9 240 ± 140 2.0 ± 2.3
5 59 ± 22 0.37 ± 0.22 180 ± 50 4.3 ± 2.3 130 ± 37 2.3 ± 2.3

2

P .

4

t
d
s
a

10 93 ± 35 1.1 ± 0.45 130 ± 21
0 130 ± 32 2.0 ± 0.56 100 ± 14

oisson ratio of sample was assumed to be 0.3 when elastic modulus was calculated

. Conclusion
MEHP was formed from DEHP degradation depending on
he dose of gamma-ray irradiation. Moreover, DEHP migration
epended on its decomposition to MEHP or PA. The cross-linking or
cission of surface PVC chains might be influenced by DEHP, MEHP,
nd PA migration from the PVC sheet. However, it is an undeniable
3.6 ± 1.5 120 ± 19 2.2 ± 1.2
2.5 ± 0.7 100 ± 19 2.1 ± 0.6

fact that MEHP migration level increased with increasing dose of
irradiated gamma rays. MEHP is thought to be more toxic than

DEHP. Therefore, MEHP exposure should be taken into consider-
ation in the assessment of DEHP exposure in high-risk patients.
The gamma-ray sterilization process uses at least 20–25 kGy
gamma rays as sterilization dose, and it is possible that even higher
doses are used to sterilize medical devices. In the present paper,
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pparent high correlations between hardness or elastic modulus
f PVC surface and migration levels of DEHP, MEHP, or PA were not
bserved. However, any relationship between plasticizer migration
nd gamma-ray effect on the PVC surface is undeniable possibility.
e should further study in greater detail the relationship between

lasticizer migration and gamma-ray effect on the PVC surface.

cknowledgements

This study was partly supported by Health Sciences Research
rants from the Ministry of Health, Labour and Welfare, Japan;

he Science/Technology Frontier Research Base of the Ministry of
ducation, Culture, Sports, Science and Technology, Japan; and a
rant-in-Aid for Young Scientists (B) from the Ministry of Edu-
ation, Culture, Sports, Science and Technology, Japan. These PVC
heets which were not irradiated by gamma ray were kindly sup-
lied by Terumo Corporation (Tokyo, Japan). Gamma-ray irradiation
f PVC sheet was accomplished, courtesy of the Japan Radioisotope
ssociation. We would like to thank Dr. Hironiwa T., who belongs

o the Japan Radioisotope Association, for an advice of gamma-ray
xpert. We would like to thank Mr. Takeda M., who belongs to Toray
esearch Center, for indentation measurement and for technical
eview of the manuscript.

eferences

accaro, S., Brunella, V., Cecília, A., Costa, L., 2003. � irradiation of poly(vinyl chloride)
for medical applications. Nucl. Instrum. Methods Phys. Res. 208, 195–198.

avis, B.J., Maronpot, R.R., Heindel, J.J., 1994. Di-(2-ethylhexyl)phthalate suppresses
estradiol and ovulation in cycling rats. Toxicol. Appl. Pharmacol. 128, 216–223.

arls, A.O., Axford, I.P., Braybrook, J.H., 2003. Gas chromatography–mass spectrom-
etry determination of the migration of phthalate plasticisers from polyvinyl
chloride toys and childcare articles. J. Chromatogr. A 983, 237–246.

anawa, T., Endoh, N., Kazuno, F., Suzuki, M., Kobayashi, D., Tanaka, M., Kawano, K.,
Morimoto, Y., Nakajima, S., Oguchi, T., 2003. Investigation of the release behav-
ior of diethylhexyl phthalate from polyvinyl chloride tubing for intravenous
administration based on HCO60. Int. J. Pharm. 267, 141–149.

ill, S., Shaw, B., Wu, A., 2001. The clinical effects of plasticizers, antioxidants, and

other contaminants in medical polyvinylchloride tubing during respiratory and
non-respiratory exposure. Clin. Chim. Acta 304, 1–8.

noue, K., Kawaguchi, M., Okada, F., Yoshimura, Y., Nakazawa, H., 2003. Column-
switching high-performance liquid chromatography electrospray mass spec-
trometry coupled with on-line of extraction for the determination of mono- and
di-(2-ethylhexyl)phthalate in blood samples. Anal. Bioanal. Chem. 375, 527–533.
armaceutics 376 (2009) 213–218

Ito, R., Miura, N., Kawaguchi, M., Ushiro, M., Iguchi, H., Iwasaki, Y., Saito, K., Nakazawa,
H., 2008. Simultaneous determination of di(2-ethylhexyl)phthalate, mono(2-
ethylhexyl)phthalate, and phthalic acid migrating from gamma-ray irradiated
polyvinyl chloride sheet by liquid chromatography–tandem mass spectrometry.
J. Liq. Chromatogr. Relat. Technol. 31, 198–209.

Ito, R., Seshimo, F., Miura, N., Kawaguchi, M., Saito, K., Nakazawa, H., 2005. High-
throughput determination of mono- and di(2-ethylhexyl)phthalate migration
from PVC tubing to drugs using liquid chromatography–tandem mass spectrom-
etry. J. Pharm. Biomed. Anal. 39, 1036–1041.

Ito, R., Seshimo, F., Miura, N., Kawaguchi, M., Saito, K., Nakazawa, H., 2006. Effect
of sterilization process on the formation of mono(2-ethylhexyl)phthalate from
di(2-ethylhexyl)phthalate. J. Pharm. Biomed. Anal. 41, 455–460.

Lakshmi, S., Jayakrishnan, A., 1998. Migration resistant, blood-compatible plasti-
cized polyvinyl chloride for medical and related applications. Artif. Organs 22,
222–229.

Lamb, J.C., Chapin, R.E., Teague, J., Lawton, A.D., Reel, J.R., 1987. Reproductive effects
of four phthalic acid esters in the mouse. Toxicol. Appl. Pharmacol. 88, 255–269.

Latini, G., Defelice, C., Presta, G., Del Vecchio, A., Paris, I., Ruggieri, F., Mazzeo, P.,
2003. In utero exposure to di-(2-ethylhexyl)phthalate and duration of human
pregnancy. Environ. Health Perspect. 111, 1783–1785.

Lovekamp-Swan, T., Davis, B.J., 2003. Mechanisms of phthalate ester toxicity in the
female reproductive system. Environ. Health Perspect. 111, 139–145.

Marsee, K., Woodruff, T.J., Axelrad, D.A., Calafat, A.M., Swan, S.H., 2006. Estimated
daily phthalate exposures in a population of mothers of male infants exhibiting
reduced anogenital distance. Environ. Health Perspect. 114, 805–809.

Mendizabal, E., Cruz, L., Jasso, C.F., Burillo, G., Dakin, V.I., 1996. Radiation crosslinking
of highly plasticized PVC. Radiat. Phys. Chem. 47, 305–309.

Poon, R., Lecavalier, P., Mueller, R., Valli, V.E., Procter, B.G., Chu, I., 1997. Subchronic
oral toxicity of di-n-octyl phthalate and di(2-ethylhexyl)phthalate in the rat.
Food Chem. Toxicol. 35, 225–239.

da Silva, F.F. da, Aquino, K.A. da S., da Araújo, E.S., 2008. Effects of gamma
irradiation on poly(vinyl chloride)/polystyrene blends: investigation of radi-
olytic stabilization and miscibility of the mixture. Polym. Degrad. Stab. 93,
2199–2203.

Swan, S.H., Main, K.M., Liu, F., Stewart, S.L., Kruse, R.L., Calafat, A.M., Mao, C.S., Red-
mon, J.B., Ternand, C.L., Sullivan, S., Teague, J.L., 2005. Decrease in anogenital
distance among male infants with prenatal phthalate exposure. Environ. Health
Perspect. 113, 1056–1061.

Takatori, S., Kitagawa, Y., Kitagawa, M., Nakazawa, H., Hori, S., 2004. Determination
of di(2-ethylhexyl)phthalate and mono(2-ethylhexyl)phthalate in human serum
using liquid chromatography–tandem mass spectrometry. J. Chromatogr. B 804,
397–401.

The Ministry of Health, Labour and Welfare, 2000. Website: http://www1.mhlw.
go.jp/shingi/s0006/txt/s0614-1 13.txt (in Japanese).

Tickner, J.A., Schettler, T., Guidotti, T., McCally, M., Rossi, M., 2001. Health risks posed
by use of di-2-ethylhexyl phthalate (DEHP) in PVC medical devices: a critical

review. Am. J. Ind. Med. 39, 100–111.

Tyl, R.W., Price, C.J., Marr, M.C., Kimmel, C.A., 1988. Developmental toxicity eval-
uation of dietary di(2-ethylhexyl)phthalate in Fischer 344 rats and CD-I mice.
Fundam. Appl. Toxicol. 10, 395–412.

Yakubovich, M., Vienken, J., 2000. Is there a need for plasticizer-free biomaterials in
dialysis therapy? Med. Device Technol. 11, 18–21.

http://www1.mhlw.go.jp/shingi/s0006/txt/s0614-1_13.txt
http://www1.mhlw.go.jp/shingi/s0006/txt/s0614-1_13.txt

	Effect of gamma-ray irradiation on degradation of di(2-ethylhexyl)phthalate in polyvinyl chloride sheet
	Introduction
	Materials and methods
	Chemicals and materials
	Instrumentation and LC-MS/MS conditions
	Effect of gamma-ray irradiation on migration test
	Instrumentation and conditions for indentation measurement

	Results and discussion
	Optimization of the LC-MS/MS method
	Figures of merit of LC-MS/MS analysis for determination of DEHP, MEHP, and PA
	Effect of gamma-ray irradiation on DEHP degradation
	Indentation measurement of gamma-ray irradiated PVC sheets

	Conclusion
	Acknowledgements
	References


