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Abstract

The release behavior of diethylhexyl phthalate (DEHP) from polyvinyl-chloride (PVC) tubing, which composes materials in
an intravenous administration set, was investigated using polysorbate 80 (Tween 80) aqueous solutions. When Tween 80 solutio
was circulated in PVC tubing, the amount of DEHP released increased with increasing circulation velocity and temperature. In
order to clarify the effect of temperature on the release behavior of DEHP, PVC films containing varying amounts of DEHP
were mounted on a cylindrical shaft and rotated at 5 andC40’he cumulative amount of DEHP released increased with an
increase in temperature, the diffusion coefficiemsq{10-1°cn? min~1] at 5 and 40C were 9.1 and 156.0, respectively. The
glass transition temperaturgyj of PVC films decreased with an increase in DEHP in the PVC film, as measured by differential
scanning calorimeter (DSC) and release of DEHP occurred at temperaturesTgbdliese results indicate that the release of
DEHP from PVC tubing is closely associated with the state of the PVC and is related to diffusion of DEHP throughout the PVC.
© 2005 Elsevier B.V. All rights reserved.
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feeding or intravenous administration of medication.
To provide pliability and strength, diethylhexyl ph-

thalate (DEHP) is added to the PVC as a plasti-
cizer. Previously, we reported that isosorbide dinitrate
and/or cinnamic acid adsorb into the tubing of an in-

31

mated by measuring the concentration of the surfactant
and drip rate in practical use. In additidtawano et

al. (1992)demonstrated that DEHP content in the PVC
influenced DEHP release; DEHP release was not ob-
served at levels below 20 wt.%. However, few reports

travenous administration set (IASN#ékajima et al., exist concerning the relation between release behav-
1985; Nakazawa et al., 1988Nater-insoluble drugs, ior of DEHP and the environmental conditions such as
such as miconazole, cyclosporin, and tacrolims, also temperature and DEHP content in the PVC.

adsorb into IAS concurrent with the release of DEHP To investigate the mechanism of DEHP release from
(Kawano et al., 1992, 1994; Suzuki et al., 2D0dany PVC in detail, we firstly examined the effect of sur-
studies have reported the general toxicity of DEHP. rounding conditions such as temperature and circulat-
Zacharewski et al. (1998ported that DEHP has no ing velocity on the release of DEHP from PVC tubing.
uterotrophic activity despite its weak estrogenic activ- Successively, we prepared PVC membranes containing
ity. Animal studies have revealed that diets containing various amounts of DEHP, and examined the influence
DEHP result in damage to the testicles and reproduc- of DEHP content and temperature on the release of
tive organsPoon et al., 1997; Lamb et al., 198Al- DEHP.

though the effect of DEHP on the human body in not

well understood, DEHP intake from intravenous treat-

ment or enteral tubing should be avoided. The Ministry 2. Experimental

of Health, Labor, and Welfare of Japan (JMHLW) clas-

sified DEHP as a chemical agent suspected of causing2.1. Materials

endocrine disruption (1998) and restricted oral tolera-

ble daily intake (TDI) to 0.14 mg/(kg day) (2000). In Polysorbate 80 (Tween 80) was purchased from
addition, results from AdvaMed and other important Sigma (St. Louis, MO). Diethylhexyl phthalate
studies prompted the Center for Devices and Radio- (DEHP) and dir-pentyl phthalate were obtained from
logical Health (CDRH) and the U.S. Food and Drug Kanto Chemical Co., Inc. (Tokyo, Japan). Distilled wa-
Administration (FDA) to propose a parenteral tolera- ter for injection was JP grade. The polyvinyl-chloride
ble intake (TI) of DEHP of 0.6 mg/(kg day]CORH, (PVC) tubing used for the experiments was from
2001; AdvaMed, 2001 In recent days, PVC tubing a Terufusioff intravenous administration set (IAS,
containing tris(2-ethylhexyl) trimillitate as the alterna- Terumo, TS-A256PK027, Tokyo, Japan).

tive plasticizer of DEHP has been developed. However,

because of its high cost, it has not been widely dissem- 2.2. Measurement of DEHP

inated yet.

Previous studies have investigated the release of DEHP concentration in the sample solution was
DEHP from PVC tubing, promoted by surfactants such determined by high-performance liquid chromatog-
as polysorbate 80 (Tween 80) and polyethylene castorraphy (HPLC). HPLC conditions were: column,
oil (HCO60), which are used as solubilizers for water- Shode® C18M-4D (4.6mm i.dx 150mm length,
insoluble drugsiluramatsu et al., 2000; Hanawa etal., Showa Denko Co., Ltd., Tokyo, Japan); mobile phase,
2000, 2003. The results demonstrated that the concen- 60:100:25 acetonitrile:methanol:distilled water; elu-
tration of DEHP released increased with an increase in tion rate, 1.5 ml/min; internal standard, mipentyl ph-
Tween 80 concentration. As aqueous solution contain- thalate; detector, SPD-10AVP; column oven, CTO-
ing Tween 80 or HCO60 was dripped through PVC 10AVP; calculator, C-R8A (225nm, Shimadzu Co.,
tubing, the concentration of released DEHP decreasedKyoto, Japan). The retention times of the internal stan-
with an increase in drip rate. A comparison of the re- dard and DEHP under these chromatographic condi-
lease behavior of DEHP in a solution containing surfac- tions were approximately 2.8 and 7.9 min, respectively.
tant alone to a solution used for commercial injections A calibration curve was constructed by plotting the ra-
indicated that DEHP release was similar in both cases. tio of peak area of DEHP to that of the internal standard
Thus, the concentration of dissolved DEHP can be esti- against the concentration of DEHP. Data were fitted to
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a least squares linear regression, which yielded the lin- land) at a heating rate of°&/min in the range-60
earity of the standard curve a5 0.995. Limits of de- to 115°C under the stream of Ngas (10 mL/min).
tection (LOD) and limits of quantitation (LOQ) were  Approximately 100 mg of the PVC membranes were

0.02 and 0.22.g/ml, respectively. sealed in the sample pan for the liquid sample(§0
Glass transition temperaturekf of PVC films were

2.3. Methodology evaluation of DEHP release determined from the midpoint of a small endothermic

from PVC tubing rise of the pre- and post-transition baselines according

) to the method described IS K7121 (1987)
A Tween 80 solution (2.0 mg/ml) was prepared by

dissolving the Tween 80 in distilled water. The concen-

tration of Tween 80 applied inthis study, i.e.2.0mg/ml, 3 Results and discussion

is much higher that that of critical micelle concentra-

tion in distilled water observed in our previous study 3 1 Release behavior of DEHP from PVC tubing
(Hanawa et al., 20Q0However, in actual use, it may

become the concentration near 2.0mg/ml depending  Fig. 1depicts the release profile of DEHP from PVC
on medical supplies. One meter of PVC tubing (i.d. yping at varying surrounding temperatures and circu-
0.21cm, content of DEHP 2.2g) from the IAS was at- |ation velocities of Tween 80 solution. In all cases,
tached to a peristaltic pump, and the Tween 80 solution the cymulative amount of DEHP released increased
was circulated through the PVC tubing at constant ve- linearly, suggesting that the release of DEHP from

locity (66, 375, or 1125 mi/h) and temperature (5,20 0r pyc tubing follows zero-order release kinetics. As
40°C). Sample solutions were collected at suitable in-

tervals and the amount DEHP released was measured. 1200

2.4. Preparation of PVC film

T

After 20 ml of tetrahydrofuran (THF) was added to 100

1.2-1.8 g of bulk PVC to dissolve the PVC completely,
0.2-0.8 mI DEHP was added to the PVC solution. This
solution was transferred to a Petri dish and allowed to
stand at room temperature over a period of time>2
weeks Kakiuchi et al., 2001 The solution was then
reduced to dryness at 8C for 24 h to yield PVC films
with a DEHP content of 10-90%.

800 T

600 —

2.5. Measurement of DEHP released from PVC
film

400 -1

Cumulative amount of DEHP released (ng)

PVC film [30 mmx 60 mmx 0.1 mm;L x H x D]
was mounted on a cylindrical shaft and rotated at
300rpm in a known volume of Tween 80 solution at
constant temperature (5 or 40). The concentration
of DEHP in the Tween 80 solution was measured in- 0
termittently.
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2.6. Thermal analysis _ _ o
Fig. 1. Release profiles of DEHP from PVC tubing in Tween 80

The thermal behavior of PVC membranes were m solution at varied circulation velocities and temperatures. Circulated
€thermalbenavioro embraneswere mea- .. g5 mih and (+) 5C; (O) 20°C; (@) 40°C, 375mi/h and %)

sured by differential scanning calorimetry (DSC) using sec; (a) 20°C; (a) 40°C, 1125 ml/h and€) 5°C; (0) 20°C; (M)
a Mettler DSC822 Stare System (Greifesee, Switzer- 40°C. Data are expressed as mea8.D. (1= 3).
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Fig. 3. Effect of temperature on apparent release rate constant of
DEHP released from PVC tubing at various circulating velocities.
Circulated at: @) 66 ml/h; (a) 375 ml/h; @) 1125 mi/h.

In this study, the temperature showed a strong ef-
fect on the apparent release rate constant. To clarify
the temperature dependency of DEHP release behavior,
the relation between the apparent release rate constants
and the reciprocal of absolute temperature were plotted
Fig. 2. Apparent release rate constant of DEHP released from PVC (Fig. 3) and showed good Iinearityz(: 0.976-0.989).
tubing at various temperatures. At temperatures @f: °C; (M) The cumulative amount of DEHP released at @0
20°C; (a) 40°C. Data are expressed as mea8.D. (1=3). after 240 min was 102fg (Fig. 1), which is negligible

compared to that of the Tl (0.6 mg/(kg day)) proposed
can be seen ifFig. 2 the apparent release rate con- Py CDRH and FDA. Although a transfusion is not al-
stants increased with an increase in circulation veloc- l0wed to circulate through the PVC tubing in actual
ity and temperature. The circulation velocity seems to Medical treatment, in case a PVC tubing is placed in
be a contributor to cause the release of DEHP. The Veintodothe continuous administration for along time,
increase in apparent release rate constant with cir- & large amount of DEHP may flow into the inside of
culation velocity appeared to result from changes in the body.
the thickness of a diffusion layer on the surface of
the PVC tubing. That is, the thickness of this diffu-
sion layer became thinner as circulation velocity in-
creased Amarantos et al. (1987and Papadokostaki Numerous studies have been reported on the release
and Petropoulos (1998)vestigated the kinetics of the  behavior of DEHP from PVC materials. However, an
release of 4-aminobenzene from cellulose acetate ma-investigation about the relationship between the DEHP
trices and showed that the thickness of the stagnantrelease behavior from PVC film into solutions and the
boundary solution layers reduced with an increase in thermal properties of PVC film has not been reported.
stirring rate. Alsoin this study, the increase ofthe appar- In this study, the release of DEHP from PVC film con-
ent release rate constant appears to be related to the intaining various amounts of DEHP into a Tween 80 so-
crease of diffusion coefficient with circulation velocity. lution circulating at different rates was investigated.

Though the possibility of the influence of the me- Fig. 4shows the release behavior of DEHP from PVC
chanical stress applied to the PVC tubing by using of film at 5 or 40°C. The cumulative amount of DEHP
peristaltic was regarded as another factorto the increasereleased increased with an increase in the time and
of diffusion coefficient with circulation velocity, the  temperature in the same manner of the PVC tubing.
details were not able to be clarified in this study. The release and diffusion of DEHP was based on the

0 I I 1
0 400 800 1200
Circulation speed (ml/h)

3.2. Release behavior of DEHP from PVC film
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Fig. 5. Plots ofM{/Ms, againstt’’2 for the surrounding tempera-
ture. At temperatures ofa() 5°C; (@) 40°C. Data are expressed as
meant S.D. (=3).
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Fig. 4. Release behavior of DEHP from PVC film at different tem- ) .
peratures at temperatures of)G °C; (@) 40°C. Dataare expressed 2 mg/ml of Tween 80 solution) can be described by
as meart S.D. 1=3). Fick’s law. The diffusion coefficients calculated from

the modulus of the straight line are listedTable 1
assumptions that (i) PVC films are perfectly planar and Temperature dependency is related to intermolecular
DEHP primarily diffuses through the surface of the film - forces induced by orientation and/or an induction ef-
(i.e., release of DEHP through the edge of the film is fect between DEHP and PVC, despite a lack of co-
negligible), and (ii) the volume of leaching solvent is yalent bonding between DEHP and PVC. Therefore,
very large compared to the amount of released DEHP. 4t high temperatures, these intermolecular forces are
Using these assumptions, we applied Fick's law de- \yeakened by thermal vibration, allowing the release of

scribed by the well known relation: DEHP from the PVC matrix.
M Dt .
L =2 — 1) 3.3. Relation between release of DEHP and PVC
Moo ml film characteristics
whereM; represents the total amount of DEHP released S o )
at timet and My is the amount originally preser The variation in diffusion coefficients at different

is the diffusion coefficient; anddenotes the thickness ~ temperatures appears to be related to a rearrangement
of the film.

Fig. Sillustrates the relation betweéwi;/M,, and Table 1
t:L/2 at 5 and 40C. The cumulative amount of DEHP Diffusion coefficients of DEHP through the PVC film at various
released increased with an increase in temperature temperatures
Furthermore, the functional relation &/M., and Temperature Membrane thickness DXl(r_lfl
{12 demonstrated good linearity at the initial portion <) (pm) (e min~)
(r=0.997 at 5C, 0.996 at 40C). This suggests that 39 10.0 91
DEHP from PVC films into an “infinite” bath (i.e., 400 10.0 1560
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Fig. 6. DSC curves of PVC films containing various amounts of DEHP. DEHP amounts (wt.%): (a) 9.76; (b) 18.4; (c) 30.4; (d) 43.6; (e) 53.1;
(f) 63.7; (g) 90.0%.

of the polymer structure. Glass transition temperature venting determination ofg. The Ty value decreased
(Tg), as measured by DSC, is an important indica- with an increase in DEHP concentratiofid. 7(a)),

tor of the microstructural property of a polymé<if suggesting that the polymeric structure of PVC re-
et al., 2003; Tarvainen et al., 200Fig. 6 illustrates guires more thermal energy and higher concentrations
the DSC thermograms of PVC films containing vari- of DEHP to loosen its intermolecular bonds. To exam-
ous amounts of DEHP. PVC films containing 9.76 and ine the release of DEHP from PVC film at tempera-
18.4% DEHP yielded thermograms exhibiting well- tures just below and above tfig, PVC films contain-
defined glass transitions. However, for films with a ing 15.2% DEHP (with & of approximately 32.4C
DEHP content greater than 63.7%, the thermal changesestimated by extrapolation usirigjg. 7(a)) were in-
corresponding to glass transition were blurred, pre- vestigated at various temperaturdsg( 7(b)). The
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Fig. 7. Effect of DEHP amount contained in PVC @gvalue and release of DEHP. (a) Effect of the amount of DEHP contained in PVC films
on theirTgys. (b) Release of DEHP from PVC film containing 15.2% DEHP. Data are expressed as @dann = 3).
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release of DEHP was observed at temperatures above The result obtained in this research will be consid-
40°C, and the amount of DEHP released significantly ered to be significant when the preservation temper-
increased at 60C. Papaspyrides (199pyepared PVC  ature of the medical supplies for injection containing
sheets containing various amounts of dioctylphthalate surfactant as solubilizer should be set.
(DOP) and investigated the release behavior of DOP  Such the circulation of a transfusion carried out in
from PVC sheets. Results revealed that an increase inthis study is not allowed in actual medical treatment.
DOP content and elevation of immersion temperature However, in case a PVC tubing is placed in vein to
facilitated DOP releasd?apaspyrides (199emon- do the continuous administration for a long time, a
strated that diffusion of low molecular weight sub- large amount of DEHP may flow into the inside of
stances into and out of a polymer occurs mainly in the body. There is no change in DEHP being a for-
the amorphous phase; the mechanism changes for thesign substance for the human body, and inflow inside
polymer in a glassy state below the glass transition re- of the body should be avoided.
gion or in the rubbery state above the glass transition  Although the PVC tubing containing tris(2-
region. Papaspydides also reported that the increase irethylhexyl) trimellitate as an alternative plasticizer to
DEHP release from PVC film above tfig was related DEHP has been developed recently, its dissemination
to the change in the characteristics of the PVC film, i.e., is notenoughHaishima et al. (2004)Jemonstrated that
the increase in DEHP content in a PVC film reduces the release of DEHP was obviously suppressed by co-
Tg; at temperatures above tfig, DEHP molecules in  valently coating the inner surface of the PVC tubing
the rubbery state are apt to diffuse throughout the PVC with heparin. In our future study, the solubilizers which
film. do not cause the release of DEHP, and the coating sub-
stances which can suppress the release of DEHP from
the surface of PVC tubing should be investigated si-
4. Conclusions multaneously.
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