FKETHEAR (atom%) (XPS 7345 R)

C Cl 0 Si Zn

AW n=1 70.6 2.3 15.1 12.0 <0.1
n= 73.0 1.8 14.3 10.9 0.1

n=3 72.2 1.8 14.6 11.3 <0.1

I (R ) 71.9 (1.22) 2.0(0.29) 14.7(0.40) 11.4(0.56) —

T FRIE n=1 71.3 2.0 14.9 11.9 -
n=2 71.7 15 15.1 11.7 -

n=3 71.6 1.6 14.9 11.9 -

il (FRME(RZE) 71.56(0.20) 1.7(0.26) 15.0(0.12) 11.8(0.12) —
EOG #i4 n=1 72.3 1.8 14.9 10.9 <0.1
n=2 72.0 2.0 14.6 11.4 0.1

n=3 71.8 2.3 14.3 11.4 0.1

g (GRERZE) 72.0(0.25) 2.0(0.25) 14.6(0.30) 11.2(0.29) -

e AR S B n=1 71.4 2.2 14.8 11.7 -
n=2 71.4 2.2 14.5 11.9 -

n=3 71.1 2.1 14.5 12.2 -

S (R ) 71.3(0.17) 2.2(0.06) 14.6(0.17) 11.9(0.25) -
—  BRHHBRALLE



£2. 3RAEMMBIFMMER (BHEHE 2mm X 2mm)

A EH Ra(xm) Rq(zm) Rmax(4 m}

AR B 3.93 5.36 54.6

7 R 4.04 5.46 51.6

EOG M 4.28 5.78 56.8

T E AR 4.61 5.97 48.8

+ Ra (BIffFigiE) : ERE TTHUODE A S R E T O ZE O HExHE O T4

- Rq (ZRFEHALE) R R THULE D S R E TOHR D RO OF AR

«Rmax (BAE/MEE) #RETROHLLLSEBEVNARTOEBRA

¥Rmax 13, BAKCEEEEASEENEROENROEREEERITILD, E5DENKEL &
B O EZ BT MW TN AR,
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T FRINE 290 (77) | 4.9 (1.4) | 83 (26) 2.1 (0.53) | 42 (22) | 0.96(0.38)
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Table 1 &0 HEE 15eN-m TERVIRLADSITEITORL (kD RETOVUENOFEER

FRBRERI
R3OS P 1 B[ 1B 2 H 3H 4 H TH
Bl ELEI(20%) 0.0 0.0 0.0 0.0 0.0 0.0
ARRAFLEI(10%) 0.0 0.0 0.0 0.0 0.0 0.0
RAFIITF L BEET M 0.0 0.0 0.0 0.0 0.0 0.0
A R—1 . 0.0 0.0 0.0 0.0 0.0 0.0
oL ) -V ROIFLIPT I 0.0 0.0 0.0 0.0 0.0 4.3
RPN TIA=)N 0.0 0.0 0.0 0.0 0.0 0.0
A B pr i 0.0 0.0 0.0 0.0 0.0 0.0

Table2 #iHFHITEEE 40cN-m THVIELFD T 2IThARYL (FiE D £ TOUOHNOREER

B R
EIEDOFEMARS QR e | 1B | 2H | 38 | 4B | 7H

R Rh£L3(20%) 0.0 0.0 0.0 0.0 0.0 0.0
R RhELF(10%) 0.0 0.0 0.0 0.0 0.0 0.0
A)FAFIFL UELET M 0.0 0.0 0.0 0.0 0.0 0.0
A IA— k 0.0 0.0 0.0 0.0 0.0 0.0
JavelL /) a-VEORIFLIPT I 0.0 8.6 22.9 37.1 443 55.8
RPNVTIa—) 0.0 0.0 0.0 0.0 0.0 0.0
A1 A HIRE 0.0 0.0 0.0 0.0 0.0 0.0

Tabled oI 15cN-m TR OBRLADHITZ (HiE2) FHFETOVUENOFRESR

FEDE L [BIEL
B35 GO RMAES (I3 Ve pozmE g 3kl 4R SE G 6
BB FLEI(20%) 0.0 0.0 0.0 2.9 7.1 17.1
Tt 2LA1(10%) 0.0 0.0 1.1 4.4 10.0 17.8
RNFAFLTFL BTk 0.0 0.0 0.0 1.4 1.4 14
A R—=1 0.0 0.0 0.0 0.0 0.0 3.3
JovL )3 NVRUPIFLVTI 0.0 1.4 1.4 5.7 8.6 12.9
RPN TFNA=)N 0.0 0.0 5.0 5.0 100 | 15.0
A4 19 fr 0.0 0.0 0.0 0.0 0.0 0.0

Table4 #EOFTITIRE 40cN m THRORLEDHIT D (Hik2) {RETOVUTINDFEER

#HE L B
s DTRIMAIRLS GRED R R R
R RhEL#I(20%) 0.0 0.0 17.1 | 329 | 414 | 60.0
R AAFLAI(10%) 0.0 4.4 6.7 156 | 256 | 456
B FAFTFL E{LE < 0.0 0.0 1.4 2.9 2.9 7.1
BV IR— bk 0.0 16.7 | 300 | 467 | 467 | 46.7
oL IR IFL VT I 0.0 25.7 | 486 | 70.0 | 77.1 | 814
RN 7Hha—= 0.0 10.0 | 200 | 40.0 | 50.0 | 50.0

IR TR 0.0 0.0 0.0 0.0 0.0 0.0
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Abstract

Concentrations of mono{2-ethylhexyl}phthalate (MEHP), and di(2-ethylhexyl)phthalate (DEHP), in serum of healthy volunteers were
determined by high performance liquid chromatography (HPLC) with tandem mass spectrometry (LC/MS/MS). The serum was extracted
with acetone, followed by hexane extraction under acidic conditions, and then applied to the LC/MS/MS. Recoveries of 20 ng/ml of MEHP
and DEHP were 101 £ 5.7 (n = 6} and 102 & 6.5% (n = 6), respectively. The limits of quantification (LOQ) of MEHP and DEHP in the
method were 5.0 and 14.0 ng/ml, respectively. The concentration of MEHP in the serum was at or less than the LOQ. The concentration of
DEHP in the serum was less than the LOQ. Contaminations of MEHP and DEHP from experimental reagents, apparatus and air during the
procedure were less than the LOQ and were estimated to be <1.0 and 2.2 £ 0.6 ng/ml, respectively. After subtraction of the contamination,
the net concentrations of MEHP and DEHP in the serum were estimated at or <5 and <2 ng/ml, respectively. To decrease contamination
by DEHP, the cleanup steps and the apparatus and solvent usage were minimized in the sample preparation procedures. The high selectivity
of LC/MS/MS is the key for obtaining reliable experimental data from in the matrix-rich analytical samples and for maintaining a low level
contamination of MEHP and DEHP in this experimental system. This method would be a useful tool for the detection of MEHP and DEHF

in serum.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Di(2-cthylhexyl)phthalate; Mono(2-cthylhexyl)phthalate

1. Introduction

Di{2-ethylhexyl)phthalate (DEHP) s a common plasti-
cizer used to impart flexibility to polyvinylchloride (PVC). It
leaches readily from PVC into the environment and transfers
to other materials attached to the PVC or via the atmosphere.
Patients undergoing medical procedures, such as intravenous
therapy, nutritional support, blood transfusion, hemodialysis,
cardiopulmonary bypass or extracorporeal membrane oxy-
genation {EMQ) can be exposed to DEHP. Previous studies
have shown detectable amounts of DEHP in blood products,
in intravenous solutions, and in intravenous fat emulsions
stored in PVC bags [1-5)]. In animal studies, DEHP and/or
MEHP are toxicants to the reproductive and developmental

* Corresponding author. Tel.: +81-6-6972-1321;
fax: -+81-6-6972-2393,
E-mail address: takatori@iph.pref.osaka.jp (5. Takatori).

1570-0232/% - sce front matter © 2004 Elsevier B.V. Al rights reserved.

doi: 10,1016/f.jchromb.2004.01.056

systems [6-10}. DEHP is hydrotyzed to MEHP in vivo and
in blood products by esterase activities [11,12]. DEHP and
MEHP have been detected in the blood of hemodialysed pa-
tients [13,14]. The FDA Center for Devices and Radiological
Health (FDA/CDRH) has reviewed the potential health risks
of DEHP leaching from medical devices [15]. Furthermore,
the FDA/CDRH has recommended considering alternatives
when high-risk procedures including transfusion, hemodial-
ysis, total parenteral nutrition, EMO, or enteral nutrition are
10 be performed on male neonates, pregnant women who are
carrying a male fetus, and peripubertal males [16].

To assess patient risk of DEHP and MEHP intake via
medical procedures, the concentration of DEHP and MEHP
in drugs, blood products and patients’ serum should be
determined accurately. However, the widespread usage and
stability of DEHP in the experimental environment have
led to DEHP being present as a ubiquitous contaminant,

. For this reason, the contamination of DEHP arising from

_67._
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the environment often injures the reliability of experimental
data. There are documented cases of high levels of DEHP
contamination in experimental environments and/or includ-
ing reagents in DEHP measurements [17,18]. To decrease
contamination by DEHP, it is reasonable to minimize the
cleanup steps, and the apparatus and solvent usage. How-
cver, omission of the cleanup steps increases the potential
for enough matrices remaining in the analytical samples
to interfere with the accurate determination of analytes. To
overcome this problem, we have adopted a high performance
liquid chromatography with tandem mass spectrometry
(LC/MS/MS) system for its high selectivity of the analytes.
High performance liquid chromatography (HPLC) systems

can measure MEHP without esterification at the carboxylic -

group of MEHP, Furthermore, elution performed in an iso-
cratic mode is free from detection of MEHP and DEHP
from in the LC systems including pump, lines, ferrules and
eluents. These are advantages of HPLC systems over gas
chromatography systems. Here, we describe a simple and
sensitive method for determination of the concentrations of
MEHP and DEHP in human serum by using LC/MS/MS,

2. Experimental

2.1. Materials

DEHP (99.6%), MEHP (99.3%), DEHP-d4 {99.0%) and
MEHP-d4 (99.8%) were purchased from Hayashi Pure

Chemical Industries Ltd. (Osaka, Japan). Environment ana-
lytical grade acetone, hexane and acetonitrile were obtained
from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
HPLC grade acetonitrile and acetic acid were also ob-
tained from Wako Pure Chemical Industries Ltd. The water
for HPLC was purified by the Milli-Q system (Milli-Q,
Millipore, Saint-Quentin Yvelines, France). The water for
extraction was prepared by washing the Milli-Q water with
hexane,

To eliminate contamination of DEHP and MEHP from
glassware, the glassware was washed twice with acetone and
hexane and then baked at 200°C for 2h in a clean oven.

2.2. Preparation of standard solutions and
human serum

The stock solutions of DEHP, MEHP, and their isotopes
were prepared in acetonitrile at 1.0 mg/ml using DEHP and
MEHP-free glassware. They were mixed at the desired ratio
and serially diluted for calibration curves. Human blood was
obtained from four healthy volunteers with syringes made of
glass through metal needles. To prepare serum samples, the
blood was allowed to stand at 20 °C for 30 min in glass tubes
with aluminum foil caps and then centrifuged at 3000 rpm
for 10 min. The serum was stored at —40°C until analysis.
To avoid the contamination of DEHP and MEHP, all glass-
ware and metal needles were washed and baked as men-
tioned above. The gender, age, body weight and nutrition of
the volunteers are shown in Table 1.

Table 1
The gender, age, body weight and nutrition of four volunteers (A, B, C and D)
Gender  Age Body Mcal®  Nutrition®
(ycars) weight (kg)

A F 30 56 Mi Bread (40 g), butter (3 g), apple (40 g), coffec (400 ml)

M2 Rice (80 g), grilled horse mackerel, decp-fried vegetables (pumpkin, onion, asparagus, cggplant;
20 g cach), soup (miso 20 g, sweet potato, radish, 20 g cach)

M3 Pasta (200 g), source {200g; ground meat, tomato, onion, potato, cheese)

M4  Bread (80g), apple (40g), coffce (200 ml), yogurr (508)

B M 28 63 M1 Rice balls (200g)

M2 Beef stew (250 g; b;:cf onion, carrot, potato, source), deep-fried ehicken (100 g), beer (350 ml)
M3 Pasta (100 g), mushrooms {30 g}, thick white noodles made of wheat flour, salt and water (200 g)
M4 Bread (90 g), coffee (180ml)

cC M _ 29 62 M1

Cereal (30g), milk (100 m1), coffee (200 ml), banana {90 g)

M2 Rice (200g), boiled chicken (150 g), lettuce (100g), spinach (50 g), sovbean puip (50g), soup
(miso 20 g, potato, onion, 10 g cach)
M3 Burger put deep-fried chicken (200g), french fries (50 g), deep-fried chicken (50 g), orange juicc

{200mI)

M4 Bread (80 g), blucberry jam (10 g), milk {100 ml)

D M 34 58 M1 Rice (80g), pancake (200 g; wheat flour, pork, cabbage, egg). soup (miso 20 g, onion 20 g),
omelet (20 g)
M2 Rice (200 g}, chinese-style dumpling (300 g; wheat flour, ground meat, chinese cabbage, onion,

spring onion), boiled crab (50 g}
M3 Doughnuts (150 g}, Corn snack foods (75 g)
M4 Rice balls wrapped with decp-fried soybean curds (230 ¢)

Blood sampling was performed at 10a.m. (sct at zcro time). The nutrition of the volunteers taken prior to the blood sampling for 26 h was presented.
2 M1, taken at 3—4h; M2, taken at 13-16 h; M3, taken at 20-22 h; M4, 24-26h.
® The weight of nutrition was at served. Italicized: nutrition served in a plastic dish or a package.
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2.3. Sample preparation procedures

To a tube containing 0.50 g of serum, 10 ng of MEHP-d4
and DEHP-d4 was added at 4 °C. Then, 4.0 m! acetone was
added and the sample was sonicated for 2 min and vigorously
shaken for 5min. The serum was centrifuged at 3 x 10° g
and the supernatant was collected. To the precipitant, 1.0ml
acetone was added and extracted as described above. The
supernatants were combined together and dried under an N3
stream. To this tube 0.50 ml hexane-washed water and 4.0 pl
acetic acid were added. After a 2min sonication, MEHP
and DEHP were extracted four times with 1.0 ml hexane.
After drying under an N3 stream, the extract was resolved in
0.50ml acetonitrile. The analytical samples were placed in
inactivated insert vials capped with aluminum foil and 5.0 pl
of these samples were injected into an LC/MS/MS system.

2.4. LC/MS/MS conditions

LC/MS/MS analysis was performed on an API13000 (Ap-
plied Biosystems, Foster City, CA) equipped with an electro-
spray ionization (ES]) interface and an Agilent 1100 series
HPLC from Agilent Technologies (Waldbronn, Germany).
The HPLC system consisted of a G1312A HPLC binary
pump, a G1367A autosampler and a G1379A degasser. A
reverse phase HPLC column (Wakosil3C18, 2.0 x 100 mm,
3 um; Wako Pure Chemical Industries Ltd.) was used. The
mobile phases consisted of 100% acetonitrile (A) and 0.05%
aqueous acetic acid (B). Elution was performed using an
isocratic mode (A/B: 15/85, v/v) at 0.2ml/min. The ESI
interface was controlled by the Analyst software (v.1.3.2).

ESI-MS was operated in negative or positive ion mode. The
heated capillary and voltage were maintained at 500 °C and
+4.0kV (negative/positive mode), respectively. MEHP and
MEHP-d4 were detected in the negative mode. DEHP and
DEHP-d4 were detected in the positive mode. Daughter ion
mass spectra of MEHP, MEHP-d4, DEHP and DEHP-d4
obtained by the LC/MS/MS system are shown in Fig. 1. The
combinations of parent ions and daughter ions were as fol-
lows; MEHP (parent ion/daughter ion, 277/134), MEHP-d4 .
{281/138), DEHP (391/149), DEHP-d4 (395/153). The
daughter ions were formed in the collision cell using N3
gas as the collision gas. The optimum collision energies for
MEHP (MEHP-d4) and DEHP (DEHP-d4) were —22.0 and
27.0V, respectively. ' '

3. Results

The retention times of MEHP, MEHP-d4, DEHP and
DEHP-d4 were 3.0, 3.0, 25.6 and 25.3 min, respectively.
The relative standard deviations of the retention times were
<0.03%. The signal to noise ratios of the MRM (mul-
tiple reaction monitoring) of 1ng/ml MEHP and DEHP
were 4.0 and 3.5, respectively. For MEHP measurement,
the calibration curve was obtained for the peak-area ratio
(MEHP/MEHP-d4) versus the MEHP concentration. It was
linear over the range of 2.0-500 ng/ml. The mean linear re-
gression equations obtained from five replicates were y =
0.0581x—0.097 (r = 0.999) with mean values for slope and
intercept of 0.0581 & 0.0012 (mean &+ S.D; 8.D., standard
deviation) and —0.097 & 0.017, respectively (y, peak-area
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Fig. 1. Davghter ion spectra of MEHP (a), MEHP-d4 (b), DEHP (c), and DEHP-d4 (d).



400 S. Takatori et al. / J. Chromatogr. B 804 (2004) 397-40]

Tablc 2
Concentrations of MEHP and DEHP in human scra

Serum from Concentration (ng/ml}
volunteers
MEHP? DEHPP

A 5.7+ 27 ND. (38 £ 1.3)
B ND. {41 £ 1.5) ND. {37+ 08%8)
C N.D. (3.3 £+ 0.6) N.D. {29 £ 0.6)
D N.D. (3.4 £ 0.6) ND. 39+ 1.0)
Blank N.D. {<1.0) ND. (22 £ 0.6)

The blank was the result of measurements of MEHP and DEHP in hexane
washed water which contained >1 ng/m! MEHP and 1 ng/ml DEHP. Values
in parentheses represent averages of the five independent measurements
and SDs,

2 N.D.; MEHP concentrations lower than 5 ng/ml.

® N.D.; DEHP concentrations lower than 14.0ng/ml.

ratio; x, MEHP concentration ng/ml). For DEHP measure-
ment, the calibration curve was obtained for the peak-area
ratio (DEHP/DEHP-d4) versus DEHP concentration. It was
linear over the range of 1.0-4000ng/ml. The mean linear
regression equations obtained from five replicates were vy =
0.0318x + 0.337 (r = 0.999) with mean values for slope
and intercept of 0.0318 £0.0012 and 0.337+0.035, respec-
tively (v, peak-area ratio; x, DEHP concentration ng/ml).
The recovery tests were performed using MEHP-d4 and
DEHP-d4 to avoid the effects of possible contamination by
MEHP and DEHP. The recoveries of 20 ng/ml of MEHP-d4
and DEHP-d4 from human serum were 101 = 5.7 (n =
6) and 102 + 6.5% (n = 6), respectively. The recover-
ies of 100 ng/m! of MEHP-d4 and DEHP-d4 from human
serurmn were 93.8 £ 6.8 (n = 6) and 102 £ 6.2% (n = 6),
respectively.

To determine the contamination of DEHP and MEHP gen-
crated by this extraction method, a blank test was performed
using hexane-washed water instead of human serum. The
concentrations of MEHP and DEHP in sera of healthy volun-
teers and the blank are shown in Table 2. The typical MRM
chromatogram of the human serum is shown in Fig. 2. The

L 1 1 1 1 1 1 ]

0 5 10 15 20 25 30 35

Retention Time {min)

Fig. 2. The MRM chromatogram of human secrum. From ¢ to 5 min,
monitoring of the daughter ion (m/z 134) of the parent ion (m/z 277), is
in the negative mode. From 5 to 35 min, monitoring of the daughter ion
{miz 149) of the parent ion (miz 391), is in the positive mode. The bar
corresponds 1o 5.0 x 10° counts per second. The concentrations of MEHP
(1) and DEHP (II} were ¢stimated at 3.2 and 3.7 ng/m), respectively.

blank of MEHP and DEHP were «<1.0 and 2.2 4 0.6 ng/ml,
respectively. The limits of quantification (LOQ) of MEHP
and DEHP in this method were determined by the formula,
LOQ = 5 x (the blank + 5.D.), and were 5 and 14.0 ng/ml,
respectively. The concentrations of MEHP and DEHP in sera
of healthy volunteers were at or below the LOQ. The con-
centrations of MEHP and DEHP under the LOQ are shown
in parentheses. The concentrations include the blank levels
of MEHP and DEHP. Thus, the net concentrations of MEHP
and DEHP in the human serum were estimated at or <5 and
<2 ng/ml, respectively.

4. Discussion

Severe contamination of MEHP and DEHP make it
difficult to know the accurate concentrations of MEHP
and DEHP in normal serum. In our trial to determine
the MEHP in the serum by using gas chromatography
with mass spectrometry, the contaminations of MEHP
and DEHP derived from the esterification with 2,3,4,5,6-
pentafluorobenzylbromide and subsequent clean up were
120 and 420 ng/ml, respectively (data not shown). By using
an LC/MS/MS system, we developed a method to measure
the concentrations of MEHP and DEHP with a low level
contamination, and demonstrated that in serum of healthy
volunteers these concentrations were at or less than the
LOQ (5 and 14.0ng/ml, respectively). Kessler et al. con-
cluded that MEHP and DEHP in blood obtained from rats
actually presented minute amounts, because there was no
difference between the concentrations obtained from rat
blood and water [17]. Inoue et al. have developed a method
using LC/MS with column-switching systems for measure-
ment of MEHP and DEHP in human blood samples and
demonstrated that the concentrations of MEHP and DEHP
in serum of healthy volunteers were <5 and <25ng/ml,
respectively [19]. Our results confirm their findings.

The direct injection methods using a column switching
LC/MS system [19] and a solid-phase microextraction/
HPL.C [20] were effective in minimizing the contaminations
of MEHP and DEHP during experimental procedures. How-
ever, these methods would have the potential for loading
matrices into the LC/MS system or HPLC, which interfere
with the accurate determination of analytes. The reliability
of experimental data supported by MS/MS is one of the ad-
vantages of this method. Especially in the case of shortened
cleanup steps, this advantage would be important. [n our
procedure, a large part of the contamination came from the
solvents, Adopting the column switching system instead of
the extraction steps in our procedures to decrease solvent
usage would be possibly minimize the contamination and
set the LOQ lower.

EU and IARC estimated that the human daily oral DEHP
intake would be in the range of 5-21 wg/kg per day [21,22].
However, the concentrations of MEHP and DEHP in the
serum of human that were orally administrated DEHP in
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that range, have not yet been determined. After oral admin-
istration of DEHP, the concentration of DEHP in serum is
lower than that of MEHP since a large part of orally ad-
ministrated DEHP is absorbed after hydrolyzing to MEHP
in the intestine [23,24]. The ratio of the concentration of
MEHP and that of DEHP (MEHP/DEHP) in serum was
6-12:1 in rats [23,24]. In’this study, MEHP/DEHP in hu-
man serum was calculated to be 2.0-4.7:1. There is differ-
ence in DEHP hydrolysis activities to MEHP among several
species [12]). The DEHP hydrolysis activity of human in-
testine was conceived to be lower than that of the rat [12].
Assuming that the DEHP hydrolysis activity in the intestine
reflect the MEHP/DEHP in serum, the large part of MEHP
and DEHP detected in the serum should be sourced from
the volunteers’ nutrition. The concentrations of MEHP and
DEHP in volunteers’ nutrition did not determined in this
study. There are few studies of human about relationship be-
tween the dose of orally administrated DEHP and the con-
centrations of MEHP and DEHP in serum [25], To assess
the daily exposure level of DEHP, determination of the con-
centrations of MEHP and DEHP in human serum would be
informative.

The leaching of DEHP from medical devices into solu-
tions was affected by the lipid content, the flow rate of so-
lutions [26,27], and the concentration of the surface-active
agent [28]. The exposure of DEHP to infants via TPN was
estimated to be nen-negligible from model studies [27]. To
minimize the exposure of MEHP and DEHP to patients,
improvement of medical devices using PVC, and deter-
mination of the checkpoints for handling of the medical
devices would be important. Furthermore, model studies
of the leaching of DEHP from medical devices, as well as
investigations of the relationship between contamination
and storage conditions of materials;, such as time, tem-
perature and light would be informative to improve the
medical devices. Changing DEHP in the medical device
to an altemative would be effective in decreasing the ex-
posure of MEHP and DEHP to patients. As a candidate
of an alternative plasticizer for DEHP, trioctyltrimellitate
(TOTM) is being used in medical devices for its minimal
leaching and low hepatic toxicity [29-31]. For the safety
of patients, more knowledge of the toxicities and applica-
tion of TOTM in medical devices will be required. Thus,
the risk assessment of medical usage of DEHP and the
improvement of medical devices using DEHP should be
continued. To achieve these goals, reliable methods for the
measurement of MEHP and DEHP in blood is required.
The method reported here would be applicable towards
this end.
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Abstract

This study deals with the development of a simple method for predicting the elution levels of di-2-ethylhexyl phthalate (DEHP)
from medical devices made of polyvinyl chloride (PVC) by using the physicochemical properties of pharmaceutical injections
as a marker. GC-MS analysis showed that the release of DEHP from medical grade PVC product was concentration-dependently
increased by extraction with two kinds of lipophilic injections (Sandimmun® and Prograf®) and three kinds of surfactants
(HCO-60, Tween® 80, and SDS). The solubility of lipophilic pigments such as Sudan III, methy] yellow, and 1,4-diamino- "

- anthraquinone against these solutions were also increased in a concentration-dependent manner, in which methyl yellow showed
the highest response regarding the increase of optical density {O.1).). Further, electrical conductivity and static contact angle
to the PVC sheet of the solutions were also increased or decreased in the same manner. As a result of the comparative study,'
significant correlation was found between DEHP release levels and these three physicochemical propertiés, particularly methyl
yellow solubility, of the solutions tested. To evaluate the relationship in detail, DEHP release levels from PVC tubing and
methyl yellow solubility of 53 injections used in gynecologic and obstetric fields were determined. None of the hydrophilic
medicines showed any significant release of DEHP, and all showed low solubility of methyl yellow. On the other hand, the
lipophilic medicines releasing a large amount of DEHP showed high solubility of methyl yellow (greater than 0.D. 0.8). These

* Corresponding author. Tel.: +81 3 3700 4842, fax: +81 3 3707 6950.
E-mail address: haishima@nihs.go.jp (Y. Haishima).

0378-5173/3% — see front matter © 2005 Elsevier B.V. All rights reserved.
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results indicate that a significant proportional relationship exists between DEHP release potency and methyl yellow solubility
of pharmaceutical solutions, and the risk of DEHP exposure to the patients administered pharmaceuticals through transfusion
set could be easily predicted by the solubility test without complicated elution tests of DEHP using GC-MS or L.C-MS.

© 20035 Elsevier B.V. All rights reserved.
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1. Introduction

Phthalate esters, and DEHP in particular, have been
extensively used as plasticizers due to the increased
flexibility of PVC a plastic polymer used in a wide ar-
ray of products including medical devices such as tub-
ings, intravendus bags, blood containers, and catheters.
DEHP is easily eluted from PVC products into not
only foods buft also pharmaceuticals and body fluids
that come in contact with the plastic, and the mi-
grated DEHP is directly and/or indirectly introduced
into the human body (Allwod, 1986; Loff et al., 2000;
Tickner etal., 2001). Some phthalates including DEHP
are considered to be a toxic compound exhibiting ef-
fects similar to those of endocrine disruptors in ro-
dents; they have antiandrogenic effects in male rats
during the development of the male reproductive
system and the production of normal sperm (Poon
et al., 1997; Lamb et al., 1987; Tyl et al., 1988), and
decrease the 17B-estradiol level in blood in female
rats (Davis et al., 1994). General toxicity of DEHP
has been well evaluated, and so far the result of risk
assessment to human health indicates that this com-
pound is relatively safe to humans. However, because
the reproductive and developmental toxicity of DEHP
to the human body is not well understood, it has re-
cently been suggested that precautions be taken to
limit the exposure of humans, particularly that of high
risk patient groups such as male neonates, male fe-
tuses, and peripubertal males, to DEHP. The concern
is that DEHP’s potency might have adverse effects
on humans similar to those demonstrated on young
rodents.

Taking the above into consideration, several agen-
cies and official organizations in the world individ-
ually evaluated the safety of DEHP released from
PVC products {Center for Devices and Radiological
Health, 2001; Health Canada, 2002}, and the Japanese
Ministry of Health, Labor and Welfare (IMHLW) re-
stricted the oral tolerable daily intake {TDI) value to
40-140 pg/kg/day.

It is very important that the exposure amount be ex-
actly determined to conduct a risk assessmient of the
effect of DEHP on human health, Although some stud-
ies on the elution of DEHP from PVC medical devices
have been performed as one of the JMHLW projects
(Haishima et al., 2004; Inoue et al., 2003a,b; Takatori
etal., 2004), it is not easy to identify the release behav-
ior of DEHP from the variety of PVC products used
in Japan by ¢lution test under conditions that are the
same as or similar to those of medical use. In addition,
analytical methods having high sensitivity, precision,
selectivity of quantitative ions, and low background,
such as tandem LC-MS, high resolution GC-MS, and
column-switching LC-MS methods, are required to de-
termine DEHP for clinical assessment. Thus, regardless
whether an investigation is in vivo or in vitro, the re-
lease test of DEHP is at present time-consuming and
labor-intensive. :

Jenke (2001) reported that the chemical compatibil-
ity assessment considers two distinct yet complemen-
tary mechanisms by which a device and its contacted
solution can interact. These mechanisms include the
migration of a chemical component out of the device
and into the contacted solution (leaching) and the sorp-
tion of contained solution components by the device
(binding). Alternatively, the product/device interaction
can be modeled based on a rigorous scientific assess-
ment of the physicochemical processes. Such models
are based on the linear correlation of polymer/solution
interaction constants with solvent/water partition coef-
ficients (Nasim et al., 1972; Pitt et al., 1988; Hayward
et al., 1990; Kenley and Jenke, 1990; Jenke, 1991;
Jenke et al., 1991; Atkinson and Duffull, 1991; Roberts
etal., 1991; Jenke et al., 1992). In addition, it is known
that extraction occurs either by leaching or after an
extracting material such as blood and pharmaceutical
solutions diffuses into the PVC matrix and dissolves
the plasticizer, which is relatively lipophilic. In con-
sideration of these issues, we suspected that the release
behavior of DEHP from PVC medical devices may
be predicted from the physicochemical properties of
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pharmaceutical injections applied to the devices, with-
out a complicated elution test.

In the present study, to develop a simple method for
predicting the release level of DEHP from PVC medical
devices, we examined the relationship between the re-
lease potency of DEHP from PVC product and physic-
ochemical properties such as the solubility of lipophilic
pigments, electrical conductivity, and the static contact
angle to PVC sheet, using two kinds of lipophilic in-
jections and three kinds of surfactants as test solutions.
Further, to evaluate the relationship in detail, DEHP
release levels from PVC tubing and the physicochemi-
cal properties of 53 injections used in gynecologic and
obstetric fields were determined. :

2. Materials and methods
2.1. Chemicals and utensils

Medical grade PVC sheet for blood container and
PVC tubing for transfusion set were provided by
Terumo Co. (Tokyo, Japan).

Sandimmun® (50mg/ml cyclosporine) and
Prograf® (5mg/ml tacrolimus) were provided by
Novartis Pharma K.K. (Tokyo, Japan) and Fujisawa
Pharmaceutical Co., Ltd. (Tokyo, Japan). The other
51 injections listed in Table 1 were purchased from
commercial companies. Polyoxyethene hydrogenated
castor oil 60 (HCO-60) provided by Nikko Chemicals
Co. (Tokyo, Japan), polysorbate 80 (Tween® 30,
ICN Biomedicals Inc.,, Ohio, USA), and sodium
lauryl sulfate (SDS, Sigma Aldrich Japan, Tokyo,
Japan} were used as surfactants. In these materials,
Sandimmun®, Prograf®, HCO-60, Tween® 80, and
SDS were used as pretest solutions for evaluating the
relationship between release potency of DEHP and
physicochemical properties of pharmaceuticals.

Methyl yellow (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), Sudan III (Sigma Aldrich Japan,
Tokyo, Japan), and 1,4-diamino-anthraquinone (Tokyo
Kasei Co., Tokyo, Japan) were used as lipophtlic pig-
ments. DEHP and DEHP-dy were purchased from
Kanto Chemical Co. (Tokyo, Japan). Hexane, anhy-
drous sodium sulfate, sodium chloride of phthalate es-
ters of analytical grade, diethyl ether of dioxin of ana-
lytical grade, and distilled water of HPLC grade were
used in this study.

All utensils were made of glass, metal, or teflon, and
were heated at 250 °C for more than 16 h before use.

2.2. Classification of pharmaceuticals

As shown in Table 1, based on the properties of prin-
cipal drugs and additives contained in each pharmaceu-
tical, 53 injections used in this study were divided into
five groups. Expression rule on solubility of the drugs
has been established in general notices in the Japanese
Pharmacopoeia IX edition regarding the relationship
between descriptive term and the degree of dissolution.
Pharmaceuticals such as Sandimmun® and Prograf®
containing principal drugs that are expressed as prac-
tically insoluble or insoluble to water in the instruc-
tion manuals were assigned to group 1 as lipophilic
injections. Most of pharmaceuticals in this group were
contained various additives such as surfactants, oils,
glycerin, ethanol, benzyl alcohol, and so on. The prin-
cipal drugs of pharmaceuticals classified into group
2 are also insoluble or very slightly soluble to water,
but these drugs can be dissolved in acidic or basic so-
lutions. Gaster®, Droleptan®, Elaspol®, Aleviatin®,
Methotrexate® Parenteral, Serenace®, and Bosmin®
were assigned to this group, and pH of each pharmaceu-
tical is expressed in the instruction manuals as 4.7-5.7,
2.5-4.5, 7.5-8.5, approximately 12, 7.0-9.0, 3.5-4.2,
and 2,3-5.0, respectively. Pharmaceuticals consisted of
drugs that are slightly soluble or sparingly soluble to
water were classified into group 3. Solubility of prin-
cipal drugs contained in the pharmaceuticals assigned
to groups 4 and 5 was expressed as very soluble, freely
soluble, or soluble to water in each instruction man-
ual. Pharmaceuticals of group 5 are hydrophilic in-
jections as negative control regarding DEHP migra-
tion. Although pharmaceuticals assigned to group 4
are also hydrophilic injections, these phanmaceuticals
were suspected to induce DEHP migration, because
some of them are human serum products or containing
chlorobutanel, phenol, and benzyl alcohol as additives.

2.3, Solubility test of lipophilic pigments

One millilitre of each surfactant solution and phar-
maceutical injection was added to each lipophilic pig-
ment (5 mg) followed by sonication for 10 min at room
temperature and centrifugation at 3000 rpm for 10 min.
The supernatant was passed through a membrane
filter (pore size 0.2 um) and the filtrate (100 pl) was



