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Abstract

The current clinical formulation of paclitaxel (Taxol®) contains 1:1 blend of Cremophor® EL (polyethoxylated castor oil) and
dehydrated ethanol. Cremophor® EL and dehydrated ethanol are well known to leach di-(2-ethylhexyl) phthalate (DEHP) from
polyvinyl chloride (PVC) infusion bags and PVC administration sets. DEHP is a possible hepatotoxin, carcinogen, teratogen and
mutagen. Long-term exposure to DEHP may cause health risks. As an alternative formulation for paclitaxel, paclitaxel-loaded
polymeric micelles (PLPM), made of monomethoxy poly(ethylene glycol)-block-poly(d,l-lactide) (mPEG-PDLLA) diblock
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opolymer, has demonstrated clear advantages over Taxolin pharmacokinetics and therapeutic index. Paclitaxel in e
LPM or Taxol® formulations, diluted in 0.9% sodium chloride injection, was stable in the PVC infusion bags. The

ormulation significantly reduced the amount of DEHP extracted from PVC infusion bags and PVC administration
LPM diluted in 0.9% sodium chloride injection, the total amount of DEHP delivered over the simulated infusion pe
.7 mg for 3 h and 2.0 mg for 24 h, which was less than 2.9% of the DEHP extracted by Taxol®. These results confirmed th

here is negligible risk of DEHP exposure from diluted PLPM i.v. infusion using PVC infusion bags and PVC admini
ets.
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1. Introduction

Paclitaxel, a highly active anticancer agent, is
fective for treatment of a variety of cancers includ
refractory ovarian cancer, breast cancer, non-sma
lung cancer, AIDS-related Kaposi’s sarcoma, head
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neck carcinoma and other cancers (Wani et al., 1971;
Rowinsky et al., 1990; Holmes et al., 1995; Huizing et
al., 1995; Rowinsky and Donehower, 1995; Wall and
Wani, 1996). Due to poor solubility in water, pacli-
taxel (Taxol®) is currently formulated in a 1:1 blend
of Cremophor® EL and ethanol (BMS, 2003). The
Cremophor® EL formulation has severe pharmaceu-
tical and pharmacological disadvantages: (1) it causes
severe allergic reactions (Gregory and DeLisa, 1993;
Kohler and Goldspiel, 1994); (2) diluted solution of
Taxol® tends to precipitate over time (Straubinger,
1995); (3) Cremophor® EL is the principal determi-
nant in the non-linear behavior of paclitaxel (Hurwitz
et al., 1993; Schiller et al., 1994; Sonnichsen et al.,
1994; Gianni et al., 1995; Sparreboom et al., 1996);
(4) Cremophor® EL and ethanol are incompatible
with components of some intravenous infusion sets
in routine clinical use (Waugh et al., 1991). Both
Cremophor® EL and ethanol are known to leach di-
(2-ethylhexyl) phthalate (DEHP) from polyvinyl chlo-
ride (PVC) infusion bags and PVC administration sets
(Calley et al., 1966). DEHP is suspected to be a hepa-
totoxin, carcinogen, teratogen and mutagen (Ganning
et al., 1984; Hill et al., 2001). The Carcinogen As-
sessment Group of the US Environmental Protection
Agency classified plasticizers such as DEHP as a “prob-
able human carcinogen” (Schulz, 1989). Although the
toxicity of DEHP remains low, long-term exposure of
DEHP may pose risks to health (FDA, 2002).

To overcome the disadvantages of the current
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1998; Jones and Leroux, 1999; Yokoyama et al., 1999;
Kataoka et al., 2000). The hydrophobic core of poly-
meric micelles serves as a non-aqueous environment
for the drug and the hydrophilic shell interacts with the
biological milieu and affects the pharmacokinetic and
disposition of the block polymer. Drug delivery using
polymeric micelles was recently reviewed byKwon
(2003).

We have developed a polymeric micellar system to
deliver paclitaxel using a low molecular weight, non-
toxic and biodegradable amphiphilic diblock polymer,
monomethoxy poly(ethylene glycol)-block-poly(d,l-
lactide) (mPEG-PDLLA). The physicochemical prop-
erties, pharmacokinetics, biodistribution and toxicity
of mPEG-PDLLA micelles have been reported previ-
ously (Zhang et al., 1996; Burt et al., 1999; Liggins
et al., 2000; Kim et al., 2001; Liggins and Burt, 2002;
Chi et al., 2003). In comparison to Taxol®, paclitaxel-
loaded polymeric micelle (PLPM) has proven to have
higher antitumor efficacy, lower toxicity and prefer-
able pharmacokinetic patterns (Kim et al., 2001). In
order to move PLPM to clinical use, it was necessary
to evaluate the stability of PLPM in clinical settings and
the compatibility of PLPM with infusion sets. In this
note, we assessed the stability of PLPM diluted by 0.9%
sodium chloride injection and investigated the releas-
ing behavior of DEHP extracted by PLPM in simulated
i.v. infusions.
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icelles, water-soluble prodrugs, complexes with

lodextrin, liposomes, microencapsulation systems
olymeric micelles are being developed (Singla et al.
002). Although the alternative approaches have sh
romises in replacing the Cremophor® EL-based vehi
le, most of these systems are still at the early st
f research and are far away from use in hum
mong the alternative formulations of paclitaxel, po
eric micelles using biodegradable amphophilic
lock copolymer offer a great deal of advantages
ther colloidal systems and conventional dosage fo
iblock copolymers with biodegradable core-form
locks have been widely researched for hydroph
rug delivery (Kwon et al., 1994, 1995; Piskin et a
995; Hagen et al., 1996; Inoue et al., 1998; Kim e
998; Kwon, 1998; Yokoyama et al., 1998; Yu et
. Experimental

.1. Materials

Paclitaxel (Genexol®) was obtained from Samya
enex Co. (Seoul, Korea). Taxol® was purchased fro
ristol-Myers Squibb (NJ, USA) via a local pha
acy in Korea. mPEG-PDLLA was synthesized fr
,l-lactide (Boehringer Ingelheim KG, Ingelheim G
any) and monomethoxy poly(ethylene glycol) (N
o., Tokyo, Japan) through ring opening polymer

ion (Deng et al., 1990; Zhu et al., 1990). Cremophor®

L was supplied by BASF Aktiengesellschaft (Lu
igshafen, Germany). 0.9% sodium chloride injec

USP) was supplied in PVC infusion bags (Highfl
hoongwae Pharma Co., Seoul, Korea). PVC adm

ration sets were provided by Green Cross Medica
Seoul, Korea). DEHP (99%) and dehydrated eth
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were purchased from Sigma–Aldrich Co. (MO, USA).
Methanol and acetonitrile (HPLC grade) were supplied
by Fisher Scientific (NJ, USA). Purified deionized wa-
ter was prepared by the Milli-Q plus system from Mil-
lipore Co. (MA, USA).

2.2. Preparation and characterization of
mPEG-PDLLA block copolymer and PLPM

mPEG-PDLLA copolymers were synthesized by
ring opening polymerization ofd,l-lactide in the pres-
ence of poly(ethylene glycol) using stannous octoate as
a catalyst (Deng et al., 1990; Zhu et al., 1990). PLPM
was prepared by a solid dispersion technique, conve-
niently modified to increase micelles stability (Zhang
et al., 1996). Briefly, paclitaxel (30 mg) and mPEG-
PDLLA (150 mg) were dissolved in 2.0 ml of acetoni-
trile. After 5 min of stirring, the organic solvent was
evaporated on a rotary evaporator to obtain a trans-
parent gel matrix. The resulting transparent gel ma-
trix was dissolved by addition of water at 60◦C to
obtain a transparent paclitaxel-incorporated micellar
solution. The solution was filtered through a 0.22�m
filter and lyophilized by a freeze dryer system (Lab-
conco, USA) to obtain dried PLPM. The structure
and composition of the block copolymer and PLPM
in CDCl3 or D2O were determined by a 300 MHz
1H NMR instrument (Bruker DRX-300, Germany).
The molecular weight and molecular weight distribu-
tion of mPEG-PDLLA diblock copolymer were deter-
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UV detection. The analysis of paclitaxel was modified
based on the method byWaugh et al. (1991). Chromato-
graphic separation was achieved using a Curosil PFP
column (4.6 mm× 250 mm, 5�m particle size, Phe-
nomenex, USA). The mobile phase consisted of 55%
deionized water and 45% HPLC grade acetonitrile with
a flow rate of 1.5 ml/min. The eluent was monitored at
227 nm with UV detection.

2.4. Statistical analysis

All results are presented as the mean± S.D. The
significance of difference was analyzed by the use of
the Student’st-test, and a significance level of less than
5% was considered significant.

3. Results and discussion

3.1. Characterization of PEG-PDLLA copolymer
and PLPM

The composition of mPEG-PDLLA block copoly-
mer was determined by1H NMR spectroscopy (Fig. 1).
The weight ratio of the mPEG block and PDLLA block
in the copolymer was obtained based on the character-
istic protons of PDLLA at 5.2 ppm and PEG (3.6 ppm)
on the 1H NMR spectrum. The weight ratio of the
block copolymer was determined as 2000 (mPEG) to
1740 (PDLLA), which leads to a number molecular
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ined by gel permeation chromatography (GPC:
ers model 150C ALC/GPC, MA, USA). The critic
icelle concentration (CMC) of the mPEG-PDLL
iblock copolymer was determined by monitoring
uorescence changes of pyrene in the copolymer
ion (Yamamoto et al., 2002).

.3. Analysis of DEHP and paclitaxel by HPLC

The concentrations of DEHP were determined
PLC based on the method developed byWaugh
t al. (1991)using a HP1100 series system (A

ent Technologies, Palo Alto, USA). Chromatograp
eparation was achieved using a CAPCELL P
4.6 mm× 150 mm, 5�m particle size, C8, Shiseid
apan) at 25◦C. The mobile phase consisted
ethanol/1% acetic acid (85:15) with a flow rate
.0 ml/min. The eluent was monitored at 254 nm w
eight (Mn) of the copolymer as 3740. Consistent w
he 1H NMR characterization, the weight molecu
eight (Mw) of the mPEG-PDLLA diblock copoly
er was 4189 as determined by GPC. The mol

ar weight distribution of the mPEG-PDLLA dibloc
opolymer is 1.12. High resolution1H NMR spec-
roscopy has often been employed to analyze the
rostructure of polymer chains in solution (Kim et al.,
998; Shin et al., 1998; Ha et al., 1999; Kim et
999; Kim and Lee, 2001). The characteristic NM
eaks of both PLA and mPEG showed up in CDC3,
hile in D2O, the mPEG peaks were still present but

ntensity of the PLA peaks was dramatically redu
Fig. 1). CDCl3 is a good solvent for both PLA an
PEG; thus, the diblock copolymer did not form m

ellar structures in this solvent. In CDCl3, the proton
rom both PLA and mPEG segments are easily ac
ible and the movement of PLA and mPEG was
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Fig. 1. 1H NMR spectra of mPEG2-PDLLA diblock copolymer in CDCl3 (a) and D2O (b).

restricted. In D2O, the expansion of the PLA peaks in
Fig. 1 revealed scattered smaller peaks resulting from
oligomers of PDLLA. This indicated that the move-
ment of PLA was restricted due to the high viscosity
of the PLA core. In CDCl3, the characteristic proton
peaks of paclitaxel were still present in presence of the
mPEG-PDLLA diblock copolymer (Fig. 2). However,
when paclitaxel and the diblock copolymer were mixed
in D2O, most of the proton peaks of paclitaxel dis-
appeared suggesting a transition of microenvironment
(Fig. 2).

The CMC of the mPEG-PDLLA diblock copoly-
mer was determined using pyrene as a fluorescence
probe to detect the formation of the micelles (Kim et
al., 1999). A CMC value of approximately 0.007 mg/ml
was obtained for the mPEG-PDLLA diblock copoly-
mer. The CMC value of the copolymer is much lower
than that of many low molecular weight surfactants,

suggesting that the polymeric micellar system can
still retain micelle-like structures in much diluted
solutions.

3.2. Stability of paclitaxel in i.v. infusion solutions
using PVC bags

The stability of paclitaxel has been evaluated for
diluted PLPM both in storage and during simulated
infusion runs. The stability of PLPM diluted in 0.9%
sodium chloride injection in PVC infusion bags was
tested over a period of 24 h. Paclitaxel in polymeric
micelles at a nominal concentration of 0.6 mg/ml was
stable at ambient temperature under fluorescence light.
There was no significant difference between paclitaxel
concentration at time zero and any subsequent time
points. The test solution of PLPM appeared slightly
bluish. The bluish appearance continued without pre-



S.C. Kim et al. / International Journal of Pharmaceutics 293 (2005) 303–310 307

Fig. 2. 1H NMR spectra of paclitaxel in CDCl3 (a) and PLPM using mPEG-PDLLA diblock copolymer in CDCl3 (b) and D2O (c).

cipitation over the entire test period (24 h). The stabil-
ity of paclitaxel in PLPM and Taxol® formulation was
also tested during a simulated i.v. infusion using PVC
infusion bags and PVC administration sets. Paclitaxel
in PLPM and Taxol® diluted in 0.9% sodium chlo-
ride injection was stable over the entire simulated i.v.
infusion period (Table 1). There was no significant dif-
ference between paclitaxel concentration at time zero
and any subsequent time points for both PLPM and

Taxol®. Paclitaxel from either Taxol® or PLPM was
eluted as a sharp peak on the HPLC profile and dilution
in 0.9% sodium chloride injection caused no degrada-
tion of paclitaxel. The experimental settings for the sta-
bility study simulate the normal clinical practice. These
results showed that paclitaxel in sodium chloride injec-
tion diluted PLPM were visually and chemically stable
and adsorption of paclitaxel to PVC infusion bags was
negligible.
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Table 1
Stability of paclitaxel in PLPM and Taxol® during 24 h-simulated i.v. infusion after dilution to nominal concentration of 0.6 mg/ml in i.v. infusion
solutions containing 0.9% sodium chloride injection in PVC infusion bags

Paclitaxel
concentration (mg/ml)

% Initial concentration (n= 3, mean± S.D.)a

Nominal Actual 1 h 2 h 3 h 6 h 8 h 12.5 h 24 h

Taxol® 0.6 0.56 100.5± 0.1 99.5± 0.1 99.9± 0.5 99.9± 0.2 100.3± 0.2 100.2± 0.4 100.8± 0.3
PLPMb 0.6 0.53 100.3± 0.2 101.4± 0.5 99.8± 1.1 100.4± 0.5 100.6± 0.3 99.8± 0.4 98.0± 0.4

a Paclitaxel concentration taken at time zero were designated as 100.0%.
b PLPM: paclitaxel-loaded polymeric micelles.

3.3. Extraction of DEHP from PVC containers
and PVC administration sets

The releasing behavior of DEHP by PLPM was
investigated during infusion runs in comparison to
Taxol®. The concentration of DEHP leached from the
PVC bag and administration set containing Taxol® at
0.6 mg/ml and Taxol®-vehicle corresponding to the for-
mulation with Taxol® at 0.6 mg/ml were ranging from
73 to 171�g/ml throughout the 24 h-simulated i.v. in-
fusion. The amount of DEHP leached from PVC infu-
sion sets increased with time of exposure to Taxol® and
Taxol®-vehicle. The total amount of DEHP delivered
with Taxol® over the 24 h of infusion was 83–86 mg
(Fig. 3). Fig. 3also showed that the extraction of DEHP
by Taxol® was mainly due to the vehicle. In case of the
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3 h-simulated i.v. infusion, the total amount of DEHP
delivered with Taxol® was 23–27 mg for 3 h (Fig. 3).
Under the same conditions, PLPM extracted much less
DEHP. For PLPM at 0.6 mg/ml, the concentration of
DEHP leached from PVC infusion sets was insignif-
icant at the end of the simulated infusion for either
3 or 24 h. The total amount of DEHP delivered with
PLPM over the 24 h was about 2.0 mg. In case of the
3 h-simulated infusion, the total amount of DEHP de-
livered was around 0.7 mg for 3 h (Fig. 3).

In addition, it was necessary to assess the amount
of DEHP extracted from the PVC administration sets
alone.Fig. 4 indicates the respective effects of using
glass containers and PVC administration sets on the
total amount of DEHP extracted by Taxol® or PLPM.
Infusion of Taxol® using a PVC administration set and
a glass infusion container extracted 28 mg of DEHP
over 24 h, which accounted for one-third of the total
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ig. 3. The cumulative release of DEHP from PVC infusion b
nd PVC administration sets containing PLPM, Taxol® and Taxol®-
ehicle during 24 h-simulated i.v. infusion after dilution to nom
aclitaxel concentration of 0.6 mg/ml (Taxol®-vehicle; correspond

ng to paclitaxel injection 0.6 mg/ml) in i.v. infusion solutions c
aining 0.9% sodium chloride injection. Total volume was appr
ately 500 ml. Data are presented as mean± S.D. (n= 3). *P< 0.05.
ey: (�) Taxol®; ( ) Taxol®-vehicle; ( ) PLPM.
ig. 4. The cumulative release of DEHP from glass infusion
ainers and PVC administration sets containing PLPM and Ta®

uring 24 h-simulated i.v. infusion after dilution to nominal pa
axel concentration of 0.6 mg/ml in i.v. infusion solutions contain
.9% sodium chloride injection. Total volume was approxima
00 ml. Data are presented as mean± S.D. (n= 3). *P< 0.05.Key:
�) PLPM; ( ) Taxol®.
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amount of extracted DEHP when both PVC container
and PVC administration set were used. When a PVC
administration set is used with a glass infusion con-
tainer, the amount of DEHP extracted by PLPM is neg-
ligible.

These results confirmed previous findings and
showed that Taxol®-vehicle contributed the majority
of the DEHP extracted from PVC infusion bags and
PVC administration sets. Absence of Cremophor® EL
and ethanol in the polymeric formulation significantly
reduced the amount of DEHP extracted from PVC in-
fusion bags and administration sets. During the 24 h in-
fusion period, the amount of DEHP leached by PLPM
was less than 2.9% of that by Taxol®, suggesting that
there is little risk of DEHP exposure from diluted
PLPM i.v. infusion using PVC infusion bags and PVC
administration sets. This added extra advantage using
the mPEG-PDLLA micellar system to deliver pacli-
taxel.
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