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Purpose. The pharmacological activity and pharmacokinetics of cis-
platin (CDDP)-loaded polymeric micelles were examined to reveal
their usefulness as a novel tumor-directed drug carrier system of
CDDP.

Methods. In biodistribution assay, free CDDP or CDDP-loaded mi-
celles were administered intravenously to Lewis lung carcinoma-
bearing mice. Antitumor activity and nephrotoxicity were respec-
tively evaluated by the measurement of tumor size and plasma blood
urea nitrogen (BUN) after single bolus i.v. administration of each
drug.

Results. The time profile of the plasma Pt level after the injection of
the micelles exhibited a time-modulated disappearance as observed
in saline in vitro. The micelles exhibited 5.2- and 4.6-fold higher AUC
of Pt in the plasma and tumor, respectively, with minimal change in
the kidney, in comparison with free CDDP, suggesting that prolonged
circulation of Pt in circulation and specific accumulation in the tumor
were achieved utilizing the micellar drug carrier system. Administra-
tion of the micelles at the dose exhibiting antitumor activity similar to
free CDDP did not increase the plasma BUN, whereas free CDDP
induced its remarkable increase.

Conclusion. CDDP-loaded micelles restrained nephrotoxicity, which
is the dose-limiting factor of CDDP, while exhibiting tumor-specific
accumulation. Thus, CDDP-loaded micelles are expected to be a
novel formulation of CDDP for clinical use.

KEY WORDS: cisplatin; drug delivery system; polymeric micelle;
biodistribution.

INTRODUCTION

Cisplatin (cis-dichlorodiammineplatinum(II); CDDP) is
one of the most widely used antitumor drugs in the treatment
of a variety of solid tumors (1). However, its clinical use has
a limitation due to its severely toxic side effects, such as acute
nephrotoxicity and chronic neurotoxicity (2). Many studies
have focused on developing a CDDP analogue that has a
reduced toxicity with enhanced antitumor activity in CDDP
treatment (3). Nevertheless, new compounds capable of com-
pletely avoiding the toxicity of platinous drugs has not been
obtained yet.

It is well known that intravenously administered CDDP

! Department of Materials Science, Graduate School of Engineering,
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656,
Japan.

2 Graduate School of Pharmaceutical Sciences, The University of To-
kyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.

3To whom correspondence should be addressed. (e-mail: kataoka@
bmw.t.u-tokyo.ac.jp)

1035

Research Article

is rapidly distributed to the whole body and that the greater
part goes through glomerular filtration in the kidney (4,5).
The interaction of CDDP with serum proteins is considerably
slower in comparison with its biodistribution (4). A part of
the CDDP filtered through the glomerulus undergoes reab-
sorption into the body at the tubular duct (4), and such in-
teraction of CDDP with the renal tubules is one of the most
likely factors in its nephrotoxicity restricting the therapeutic
window of CDDP. Development of a drug delivery system
(DDS) that can enhance CDDP accumulation in the tumor
while reducing it in the kidney can be a promising approach to
achieving enhanced antitumor activity as well as reduced
nephrotoxicity in the clinical use of CDDP.

Recently, tumor-directed DDS utilizing prodrugs (6) and
microparticulates such as liposomes (7) and micelles (8) has
been developed. The development of DDS for CDDP, how-
ever, has not been fully completed due to the unfavorable
properties of CDDP. For example, the liposomal formula-
tions containing CDDP rapidly leak their contents during
storage or within the bloodstream due to the low compatibil-
ity between the lipid bilayer and the free drug, although at-
tempts to overcome such a difficulty have been improved (9).
To avoid leakage of the free drug from the drug carrier, most
current formulations adopt a coordination bond between
CDDP and carboxylic group-containing polymers (10, 11) or
lipids (12). However, this coordination bond undergoes ligand
substitution with the various ions and/or amino acid residues
of proteins, resulting in the dissociation of the Pt conjugate.
To improve the stability of the conjugation and control the
release profile of Pt, several formulations utilizing polymers
containing a multicarboxylic group, which can form a stable
chelate complex with CDDP (13), B-cyclodextrin, which can
form a stable complex with CDDP (14), or an enzymatically
degradable bond for the CDDP linkage (15) have been in-
vestigated.

We previously reported CDDP-loaded block copolymer
micelles that were formed through the complexation between
CDDP and poly(ethylene glycol)-poly(aspartic acid) block
copolymer (PEG-P(Asp)) in an aqueous medium and char-
acterized its physicochemical properties as a novel drug car-
rier for CDDP (16,17). The polymer-metal complex in
CDDP-loaded micelles could be stable against the ligand sub-
stitution reaction by ions and proteins because they form a
water-free stable micellar core. Also, the poly(ethylene gly-
col) (PEG) chain, the corona of the micelle, could prevent
serum proteins from interacting with the micellar core. The
polymeric micelle drug carrier system is expected to have a
long circulation in the bloodstream and eventually to accu-
mulate in the solid tumor. Indeed, the polymeric micelles
composed of a corona of PEG and a core of doxorubicin-
(Dox)-conjugated poly(aspartic acid) with physically en-
trapped Dox have shown sufficiently high in vivo antitumor
activity to completely regress the solid tumor (8,18-20). Fur-
thermore, we have already confirmed that CDDP-loaded mi-
celles reduced such nephrotoxicity and did not show such
denuded intestinal epithelium as observed for CDDP in rats,
whereas they demonstrated similar antitumor activity to
CDDP in human gastric carcinoma-bearing nude mice (per-
sonal communication).

In this study, to support the effectiveness of CDDP-
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loaded micelles in terms of the antitumor activity and the
toxic side effects, and to demonstrate their usefulness as a
tumor-targetable DDS, both the systemic elimination and the
biodistribution to the major organs were studied for CDDP-
loaded micelles. The present pharmacokinetic study revealed
the tumor-specific distribution of CDDP-loaded micelles
while avoiding the accumulation and cytotoxic activity of
CDDP in the kidney.

MATERIALS AND METHODS

Materials

CDDP was purchased from Aldrich Chemical Co. (Mil-
waukee, WI). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), blood urea nitrogen (BUN)-UV test
kit, GOT-UV, and GPT-UV test-kits were purchased from
Wako Pure Chemical Co. (Osaka, Japan). PEG-P(Asp) was
synthesized according to the previously reported procedure
(17). Briefly, the polymerization of the N-carboxy anhydride
of B-benzyl L-aspartate (BLA-NCA) was initiated by the ter-
minal amino group of a-methoxy-w-aminopoly(ethylene gly-
col) (CH;0-PEG-NH,; M,, =5,000). The deprotection of the
benzyl group was conducted by mixing in 0.5N NaOH. The
polymerization degree of P(Asp) was determined to be 40 by
'"H-NMR. Lewis lung carcinoma (LLC) cells were kindly sup-
plied from the National Cancer Center (Japan). Male C57BL/
6N mice (20-23 g body weight, 6 weeks old) and female
C57BL/6N mice (17-20 g body weight, 6 weeks old) were
purchased from Clea Japan (Tokyo, Japan). The former were
used for biodistribution and evaluation of toxic side effects,
whereas the latter were for the antitumor activity assay. This
study was carried out in accordance with the Guide for the
Care and Use of Laboratory Animals as adopted and pro-
mulgated by the National Institutes of Health.

Methods

Preparation of CDDP-Loaded Polymeric Micelles (17)

PEG-P(Asp) and CDDP were dissolved in distilled water
and reacted for 72 h. The CDDP-loaded micelles thus pre-
pared were purified by ultrafiltration (MWCO: 100,000) and
then characterized by dynamic light scattering (DLS) mea-
surement to evaluate the size distribution. The Pt content in
the micelle was determined by flameless atomic absorption
spectrophotometer (AAS) Z-8000 (Hitachi Instruments, Ja-

pan).

Cell Culture and Cytotoxicity Assay

In vitro cytotoxicity against LLC cell line, was evaluated
by MTT assay. The cell line was maintained as a monolayer in
Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO BRL
Co. [Grand Island, NY]) containing 10% fetal bovine serum
in a humidified atmosphere containing 5% CO, at 37°C. LLC
cells were exposed to the media containing each drug at a
different concentration for 24, 48, and 72 h before the MTT
assay.

Biodistribution

Mice (n=4) were inoculated subcutaneously on the right
flank with LLC cells (1x10°). CDDP or CDDP-loaded mi-
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celles were administered intravenously at a dose of 4.7mg/kg
on a CDDP basis 10 days after the inoculation (tumor weight:
0.13+0.04 g [mean+SD]). The animals were sacrificed after
defined time periods (1, 8, 15, 30, min; 1, 4, 8, 24, 48, and 72
h for free CDDP and 1, 8, 15, 30 min; 1, 4, 8, 24, 48, and 72 h
for the micelles). The tumor, kidney, liver, spleen, and muscle
were excised, and blood was collected from the inferior vena
cava, heparinized, and centrifuged to obtain the plasma. The
plasma and each of the organs were decomposed on heating
in nitric acid, evaporated and redissolved in 2 N hydrochloric
acid solution to prepare a sample for AAS measurement. The
area under the curve (AUC) for plasma and tissue Pt con-
centration was calculated based on the trapezoidal rule up to
72 h. The tissue-to-plasma concentration ratio (K,) was cal-
culated by dividing the tissue Pt concentration by its plasma
concentration. The distribution volume of the central com-
partment (V) was calculated as the dose divided by the initial
plasma concentration, which was extrapolated from the first
and second sampling points.

Antitumor Activity

LLC cells (1x10°) were inoculated into the right flank of
mice (n=4) and allowed to grow as a palpable tumor for 3
days. Animals were treated with a single bolus i.v. adminis-
tration of free CDDP at a dose of 6mg/kg or CDDP-loaded
micelles at doses of 8 and 15 mg/kg on CDDP basis. This dose
of free CDDP was adopted as a maximum tolerated dose on
a single shot because treatment of all animals (n=6) with
CDDP at a dose of 11 mg/kg resulted in toxic death. The
antitumor activity of each drug was evaluated by measuring
the tumor size and body weight change on defined days after
drug injection (day 0). Tumor volume was estimated by (21):

V=(a) % (b)*/2 )

where a=Ilength and b=width of tumor measured by a cali-
per. Mice were terminated on the nearest whole day when the
tumors became ulcerated.

Evaluation of Nephrotoxicity and Hepatotoxicity

Four days after the mice (n=4) were treated with a
single i.v. administration of free CDDP or the micelles,
plasma samples were collected. The BUN, glutamic-
oxaloacetic transaminase (GOT), and glutamic-pyruvic trans-
aminase (GPT) values in the plasma were determined using
test kits (purchased from Wako Pure Chemical Co. [Osaka,
Japan]).

RESULTS

Characterization of CDDP-Loaded Polymeric Micelle

CDDP-loaded micelles were prepared through the poly-
mer-metal complexation between CDDP and PEG-P(Asp) in
distilled water, and the hydrodynamic diameter (d,,) and poly-
dispersity index (j.,/T'?) were determined as described previ-
ously (17). These values were 18.3 nm and 0.133, respectively,
by DLS measurement.
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In Vitro Cytotoxicity

The in vitro cytotoxicity of CDDP or CDDP-loaded mi-
celles against LLC after 24, 48, and 72 h incubation was evalu-
ated as the 50% inhibitory concentration (ICs,) shown in
Table I. The CDDP-loaded micelles showed an 7C13-fold
higher IC, than the free drug at each incubation time (Table
I). The ICs, of CDDP-loaded micelles preincubated in physi-
ological saline at 37°C for 48 h prior to contact with cells was
comparable to that of the free drug (Table I).

Biodistribution

Figure 1 shows the platinum concentration in the plasma
(A), tumor (B), kidney (C), and liver (D) after i.v. adminis-
tration of the drugs. Free CDDP disappeared rapidly from
circulation and was distributed to each organ. Especially,
rapid and high accumulation was observed in the kidney (Fig.
1C inset). In contrast, after the administration of CDDP-
loaded micelles, the platinum level in the plasma was stable
up to 4[B h (61%), followed by a gradual decrease after that
time (408 h) (Fig. 1A). V,, was calculated to be 315 and 70.3
ml/kg for free CDDP and CDDP-loaded micelles, respec-
tively. In the tumor, CDDP-loaded micelles exhibited the
highest accumulation (sixfold higher than free CDDP) at 8 h
(Fig. 1B). The platinum level in the tumor after micelle ad-
ministration remained approximately threefold higher than
that of free CDDP even after 72 h, although the level con-
tinuously decreased (Fig. 1B). In the kidney, in which the
most serious toxic side effect is observed in CDDP treatment,
the CDDP-loaded micelles did not exhibit rapid accumulation
of platinum up to 15 min (Fig. 1C inset), followed by accu-
mulation comparable with that of free CDDP (Fig. 1C).

To clarify the kinetics of platinum distribution to each
tissue, the time profile of the K, value was evaluated (Fig. 2).
A remarkable difference in this profile was observed between
free CDDP and CDDP-loaded micelles (Fig. 2). The micelles
exhibited lower K, (<0.7) in all organs examined up to 8 h
followed by a subsequent gradual increase in the liver and
spleen, whereas free CDDP showed quite prompt increase in
K, value especially in the kidney and liver within 4 h (Fig. 2).
Irrespective of time, CDDP-loaded micelles exhibited a lower
Kp for the kidney than free CDDP. However, a higher Kp for
the spleen and an almost equivalent K, for the tumor and
liver was observed after 8 h in comparison with free CDDP.

To characterize the exposure of platinum to each tissue,
its AUC was evaluated (Table IT). The AUC in the plasma
and tumor was higher after CDDP-loaded micelle injection,

Table I. Cytotoxic Activity of CDDP, CDDP-loaded Micelle, and
CDDP-Loaded Micelle Preincubated in 0.15 M NaCl Solution for 48
H (Prior to Contact with Lewis Lung Carcinoma Cells

ICso (ng/ml)*

Exposure CDDP-loaded Preincubated
time (h) CDDP micelle micelle

24 7.4 94 17

48 3.8 28 6.1

72 34 24 7.2

“ Fifty percent inhibitory concentration evaluated by MTT assay.
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whereas a minimal difference in AUC was found in the kid-
ney (Table II).

Antitumor A ctivity

The changes in relative tumor volume and body weight in
LLC-bearing mice after single bolus i.v. administration of
each drug are shown in Fig. 3A and B, respectively. The
CDDP-loaded micelles suppressed tumor growth more effec-
tively than the free CDDP up to 2(# days (Fig. 3). After 4[5
days, the difference in the tumor growth rate between CDDP
and micelle-treated mice gradually disappeared. On day 8§,
both the free CDDP and CDDP-loaded micelles (at a dose of
8 mg/kg) displayed significant antitumor activity vs. the con-
trol (P<0.005 and P<0.002, respectively), although no statis-
tical difference between free CDDP- and micelle-treated
groups was observed (Fig. 3A). The CDDP-loaded micelle
treatment at 8 mg/kg showed a minimal decrease in body
weight, whereas that at 15mg/kg and free CDDP caused body
weight loss up to 6% (Fig. 3B).

Nephrotoxicity and Hepatotoxicity

Table III summarizes the BUN, GOT, and GPT values in
mice after i.v. administration of each drug. The free CDDP-
treated groups had significant increases in BUN, a nephro-
toxic marker, vs. the micelle-treated and untreated groups
(P<0.001), whereas no statistical difference between the mi-
celle-treated and untreated groups was observed (Table III).
The injections of free CDDP or CDDP-loaded micelles both
led to a significant increase in GOT vs. no treatment (P<0.05)
without any change in the GPT (Table III).

DISCUSSION

CDDP is known to exhibit a wide antitumor spectrum
but to show rapid distribution to several organs including the
kidney and liver after i.v. administration (Fig. 1). CDDP-
loaded micelles, a novel drug carrier of CDDP, reduced this
accumulation in the kidney (Table II) in spite of its higher
plasma AUC value, resulting in minimal nephrotoxicity,
which is a dose-limiting factor of CDDP (Table III), while
achieving higher accumulation in the tumor (Fig. 1B) and an
antitumor effect statistically equivalent to that of CDDP (Fig.
3A). These results demonstrate the specific delivery of plati-
num to the tumor, compared with the kidney, using this novel
carrier system.

We previously reported that the reaction of CDDP and
PEG-P(Asp) in an aqueous medium leads to the spontaneous
formation of CDDP-loaded micelles having a size of approxi-
mately 20 nm with a narrow size distribution (17). In physi-
ological saline, the micelles thus prepared dissociate slowly
and constantly release Pt compounds after maintaining their
apparent molecular weight for approximately 10 h. The
CDDP-loaded micelles showed approximately sevenfold
higher IC,, in comparison with free CDDP (Table I), sug-
gesting that the micellization of CDDP through the polymer-
metal complexation reduced the in vitro cytotoxic activity of
CDDP. After preincubation in physiological saline, however,
the CDDP-loaded micelles nearly recovered the cytotoxic ac-
tivity (Table T), indicating that Pt compounds released from
the micelles through the ligand substitution reaction still pre-
serve antitumor activity almost comparable with that of free
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Fig. 1. Time profiles of platinum in plasma (A), tumor (B), kidney (C), and liver (D) in mice (n=4) following intra-
venous bolus injection of CDDP (A) and CDDP-loaded micelles (M) at a dose of 4.7 mg/kg on CDDP basis. Inset in
panel C represents Pt concentration in kidney up to 1 h. Data were normalized by injected dose and presented as

mean+SD.

CDDP. Accordingly, CDDP-loaded micelles would be a car-
rier system that can load CDDP while maintaining the cyto-
toxic activity.

Biodistribution studies revealed that the platinum in
CDDP-loaded micelles in the bloodstream was maintained at
a much higher level up to at least 4 h, whereas that of free
CDDP disappeared rapidly from circulation (Fig. 1A). The
V,, of CDDP-loaded micelles was not very different from the
plasma volume in mice (45.6 ml/kg) (22), indicating that the
micelle is stably localized in the plasma compartment after i.v.
administration. This result was compatible with the finding
that K, values of CDDP-loaded micelles in the kidney, liver,
and spleen are almost equivalent to the vascular space
(00.1ml/g) up to 4 h, suggesting that the micelles are located
in the vascular space of the organs (Fig. 2B). This minimal
uptake by the tissues is also a characteristic feature of long-

circulating liposomes or micelles with a PEG chain on the
surface (9,20). In contrast, free CDDP exhibited much higher
K, values especially in the kidney and liver immediately after
drug administration, indicating the rapid distribution of
CDDP to those organs (Fig. 2A). Such a rapid distribution of
platinum, which may be associated with the toxic side effect of
CDDP (4), can be reduced by micelle formation (Fig. 2B). An
increase in the K, of CDDP-loaded micelles in all organs was
observed after 8 h (Fig. 2B), especially in the liver and spleen,
whereas the Pt concentration in plasma (Fig. 1A) started to
disappear after 4(B h. This substantial platinum uptake by the
tissues after such a time period can be explained by the be-
ginning of disruption of the micelle structure, because we
previously observed in vitro that the dissociation of the mi-
celles occurred after a lag period of approximately 10 h in
physiological saline at 37°C (17). From these results, CDDP-
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Fig. 2. Time-course of tissue-to-plasma concentration ratio of plati-
num (K,) for tumor (O), kidney (A), liver (O), spleen (V), and
muscle (0) in mice (n=4) after injection of CDDP (A) or CDDP-
loaded micelles (B) at a dose of 4.7 mg/kg on CDDP basis. Inset in
panel B represents the K, up to 8 h.

loaded micelles are expected to accumulate platinum in the
tissues after the disruption of the micelle structure.

The AUC for platinum was calculated from the results of
Fig. 1 to characterize its accumulation after the injection of
CDDP-loaded micelles (Table II). A 5.2-fold increase in the
plasma AUC and a 4.6-fold increase in the tumor AUC were
obtained for CDDP-loaded micelles in comparison with the
free drug, whereas the kidney AUCs were similar (Table II).
Regarding the ratio of the tumor AUC to the kidney AUC, a
parameter representing the drug-targeting efficiency for each
tissue (21), the micelles showed 4.9-fold higher value than the
free drug (Table II). Thus, the accumulation of Pt in the
tumor, compared with the kidney, was achieved utilizing the
micellar drug carrier system. However, the ratio of the tumor
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Table II. Area Under the Plasma and Tissue Concentration Time
Curves of Platinum After i.v. Administration of CDDP Alone or
CDDP-Loaded Micelle

CDDP CDDP-loaded micelle
Plasma“ 15.7 81.8
Tumor® 47.2 220
Kidney” 238 225
Liver® 167 841
Spleen” 214 460
Muscle? 7.00 11.1

“ Unit: ug*h/ml.
b Unit: wg*h/g tissue.

AUC to the plasma AUC was not so much different between
free CDDP and CDDP-loaded micelles (Table II), suggesting
that the effective accumulation of the micelles in tumor is
mainly due to their prolonged transit time in circulating
plasma. On the other hand, regarding the ratio of the kidney
AUC to the plasma AUC, the micelles had less than one-fifth
value of the free drug (Table IT). This lower value of the
micelles might be ascribed to reduced glomerular filtration of
micellar CDDP, whereas free CDDP easily undergoes glo-
merular filtration and subsequently interacts with the tubular
duct, exhibiting higher Pt concentration (Fig. 1C inset) and
K, (Fig. 2A) in the kidney just after the injection. It is re-
ported that the BUN level is related to the AUC calculated by
the plasma concentration of unchanged CDDP being greater
than the threshold plasma concentration level, regardless of
the CDDP dose and schedule (23). CDDP-loaded micelles
did not show such rapid and high accumulation of Pt in the
kidney as observed for CDDP within 15 min, which may be
one of the reasons for the restrained increase in BUN level
for the micelle-treated animals as summarized in Table III. It
should be noted that CDDP-loaded micelles did not cause an
increment in the K, value for the kidney even after the mi-
celle structure was assumed to be disrupted (4B h) (Fig. 2).

CDDP-loaded micelles had an antitumor activity at least
comparable to that of free CDDP in this limited dose regimen
(single bolus injection) (Fig. 3A). This antitumor activity,
however, seems to be in conflict with the high accumulation of
micelles in the tumor, because the micelles showed a 4.6-fold
higher AUC than free CDDP (Table II). This may be ex-
plained if we consider that such an AUC of platinum in the
tumor at least partially represents the micelles located in the
extracellular space. The K, value in the tumor up to 8 h, when
the tumor platinum concentration reached a maximum, was
at most 0.35 ml/g tumor (Fig. 2B). On the other hand, the
vascular volume and the interstitial volume in tumor is re-
ported to be 0.07 and 0.55ml/g tumor, respectively (24). Ac-
cordingly, a large part of the platinum accumulated in the
tumor up to 8 h is considered to be located in the vascular
and/or or the interstitial space, possibly due to the enhanced
permeability and retention (EPR) effect (25,26). Considering
that CDDP-loaded micelles had reduced in vitro cytotoxicity
in comparison with the free drug (Table I), it may be reason-
able that the AUC found in the tumor does not quantitatively
account for the antitumor activity. Considering that the mi-
celles are stably accumulated in the extracellular space of the
tumor during the lag time before the micelles are dissociated,
the development of micelles having more stable characteris-
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Fig. 3. Relative tumor size in abdominal skin (A) and changes in
body weight (B) in C57BL/6N mice (n=4). Treatments were per-
formed by single i.v. administration on 0 day (arrowhead). Data are
presented as mean+SD. (O: control; A: CDDP 6mg/kg; l: CDDP-
loaded micelles 8mg/kg; O0: CDDP-loaded micelles 15mg/kg, the dose
of the micelles is represented by the CDDP basis.)

tics in the bloodstream might allow the drug to be accumu-
lated in the tumor at a much higher level. The structural decay
in the bloodstream of the micelles prepared in the present
study resulted in a higher platinum accumulation in the liver
(Fig. 1D and 2B), which may be associated with the compa-
rable increase in GOT with free CDDP (Table III). There-
fore, the improvement in micelle stability with the prolonged
incubation period necessary for the decay under physiological
conditions is expected to lower the undesirable accumulation
in the normal tissues as well as enhance accumulation in tu-
mor, leading to the development of a useful drug carrier sys-
tem for clinical CDDP treatment.

Nishiyama, Kato, Sugiyama, and Kataoka

Table III. Values of Nephrotoxic and Hepatotoxic Markers in Nor-
mal and Drug-Injected Mice

BUN* GOT* GPT“
Normal® 25.5 +1.65 67.5+3.1 37.8 +6.65
CDDP* 36.5£2.71¢ 94.8 +11.1¢ 41.8 +4.27
Micelle? 255 +1.22 90.0 = 7.02¢ 38.8 +4.65

Note. Each marker was measured 4 days after administration of
CDDP or CDDP-loaded micelle (mean + SD, N = 4).

“ Unit: mg/dl.

b Untreated mice.

€6 mg/kg.

48 mg/kg on CDDP basis.

¢ Significantly different from normal.

fSignificantly different from CDDP.

REFERENCES

1. B. Rosenberg. Platinum complexes for the treatment of cancer.
Interdisc. Sci. Rev. 3:134-147 (1978).

2. V. Ponzani, F. Bressolle, I. J. Haug, M. Galtier, and J. P. Blayac.
Cisplatin-induced renal toxicity and toxicity-modulating strate-
gies: Review. Cancer Chemother. Pharmacol. 35:1-9 (1994).

3. B. Rosenberg. Platinum complex-DNA interactions and antican-
cer activity. Biochimie 60:859-867 (1978).

4. Z. H. Siddik, D. R. Newell, F. E. Boxall, and K. R. Harrap. The
comparative pharmacokinetics of carboplatin and cisplatin in
mice and rats. Biochem. Pharmacol. 36:1925-1932 (1987).

5. A. E. C. Korst, E. Boven, M. L. T. van der Sterre, A. M. J.
Fichtinger-Schepman, and W. J. F. van der Vijgh. Pharmacoki-
netics of cisplatin with and without amifostine in tumour-bearing
nude mice. Eur. J. Cancer 34:412-416 (1998).

6. R. Duncan, S. Dimitrijevic, and E. G.Evagorou. The role of poly-
mer conjugates in diganosis and treatment of cancer. S.7T.P.
Pharma. Sci. 6:237-263 (1996).

7. P. G. Tardi, N. L. Boman, and P. R. Cullis. Review: Liposomal
doxorubicin. J. Drug Target. 4:129-140 (1996).

8. M. Yokoyama, T. Okano, Y. Sakurai, S. Fukushima, K. Oka-
moto, and K. Kataoka. Selective delivery of adriamycin to a solid
tumor using a polymeric micelle carrier system. J. Drug Target.
7:171-186 (1999).

9. M. S. Newman, G. T. Colbern, P. K. Working, C. Engbers, and M.
A. Amantea. Comparative pharmacokinetics, tissue distribution,
and therapeutic effectiveness of cisplatin encapsulated in long
circulating, pegylated liposomes (SPI-077) in tumor-bearing
mice. Cancer Chemother. Pharmacol. 43:1-7 (1999).

10. D. Avichechter, B. Schechter, and R. Arnon. Functional poly-
mers in drug delivery: Carrier-supported CDDP (cis-platin) com-
plexes of polycarboxylates—Effect on human ovarian carcinoma.
React. Funct. Polym. 36:59-69 (1998).

11. A. Bogdanov Jr., S. C. Wright, E. M. Marecos, A. Bogdanova, C.
Martin, P. Petherick, and R. Weissleder. A long-circulating co-
polymer in “passive targeting” to solid tumors. J. Drug Target.
4:321-330 (1997).

12. R. Perez-Soler, 1. Han, S. Al-Baker, and A. R. Khokhar. Lipo-
philic platinum complexes entrapped in liposomes: Improved sta-
bility and preserved antitumor activity with complexes containing
linear alkyl carboxylato leaving groups. Cancer Chemother. Phar-
macol. 33:378-384 (1994).

13. Y. Ohya, T. Masunaga, T. Baba, and T. Ouchi. Synthesis and
cytotoxic activity of dextran carrying cis-dichloro(cyclohexane-
trans-1-1, 2-diamine) platinum (II) complex. J. Biomater. Sci.
Polymer Edn. 7:1085-1096 (1996).

14. P. Ferruti, E. Ranucci, F. Trotta, E. Gianasi, E. G. Evagorou, M.
Wasil, G. Wilson, and R. Duncan. Synthesis, characterization,
and antitumor activity of platinum (II) complexes of novel func-
tionalised poly(amido amine)s. Macromol. Chem. Phys. 200:
1644-1654 (1999).

15. E. Gianasi, M. Wasil, E. G. Evagarou, A. Keddle, G. Wilson, and
R. Duncan. HPMA copolymer platinates as novel antitumor



Cisplatin-Loaded Polymeric Micelle with Time-Modulated Decaying Property

16.

17.

18.

19.

20.

21.

agents: In vitro properties, pharmacokinetics and antitumor ac-
tivity in vivo. Eur. J. Cancer 35:994-1002 (1999).

M. Yokoyama, T. Okano, Y. Sakurai, S. Suwa, and K.Kataoka.
Introduction of cisplatin into polymeric micelle. J. Control. Re-
lease 39:351-356 (1996).

N. Nishiyama, M. Yokoyama, T. Aoyagi, T. Okano, Y. Sakurai,
and K. Kataoka. Preparation and characterization of self-
assembled polymer-metal complex micelle from cis-
dichlorodiammineplatinum(II) and poly(ethylene glycol)-
poly(aspartic acid) block copolymer in an aqueous medium.
Langmuir 15:377-383 (1999).

M. Yokoyama, T. Okano, Y. Sakurai, H. Ekimoto, C. Shibazaki,
and K. Kataoka. Toxicity and antitumor activity against solid
tumors of micelle-forming polymeric anticancer drug and its ex-
tremely long circulation in blood. Cancer Res. 51:3229-3236
(1991).

K. Kataoka, G. S. Kwon, M. Yokoyama, T. Okano, Y. Sakurai.
Block copolymer micelles as vehicles for drug delivery. J. Con-
trol. Release 24:119-132 (1993).

G. S. Kwon and K. Kataoka. Block copolymer micelles as long-
circulating drug vehicles. Adv. Drug Delivery Rev. 16:295-309
(1995).

M. J. Parr, D. Masinm P. R. Cullis, and M. B. Bally. Accumula-
tion of liposomal lipid and encapsulated doxorubicin in murine

22.

23.

24.

25.

26.

1041

Lewis lung carcinoma: The lack of poly(ethylene glycol). J. Phar-
macol. Exp. Ther. 280:1319-1327 (1997).

F. G. King, R. L. Dedrick. Physiological pharmacokinetic param-
eters for cis-dichlorodiammineplatinum(IT) (DDP) in mouse. J.
Pharmacokinet. Biopharm. 20:95-99 (1992).

N. Nagai and H. Ogata. Quantitative relationship between phar-
macokinetics of unchanged cisplatin and nephrotoxicity in rats:
importance of area under the concentration-time curve (AUC) as
the major toxicodynamic determinant in vivo. Cancer Chemother.
Pharmacol. 40:11-18 (1997).

L. T. Baxter, H. Zhu, D. G. Mackensen, and R. K. Jain. Physi-
ologically based pharmacokinetic model for specific and nonspe-
cific monoclonal antibodies and fragments in normal tissues and
humon tumor xenografts in nude mice. Cancer Res. 15:1517-1528
(1994).

Y. Matsumura and H. Maeda. A new concept for macromolecu-
lar therapeutics in cancer chemotherapy: Mechanism of tumori-
tropic accumulation of proteins and the antitumor agent Smancs.
Cancer Res. 46:6387-6392 (1986).

V. Weissig, K. R. Whiteman, and V. P. Torchilin. Accumulation
of protein-loaded long-circulating micelles and liposomes in sub-

cutaneous Lewis lung carcinoma in mice. Pharm. Res. 15:1552—
1556 (1998).



