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ABSTRACT

Toxicity and in vivo antitumoractivity against five solid tumors (C 26,
C 38, M 5076, MKN-45, MX-1) of Adriamycin (ADR)-conjugated
poly(ethylene glycol)-poly(aspartic acid) block copolymer |PEG-
P|Asp(ADR)]| were evaluated, and its pharmacokinetic behavior in blood
and biodistribution by i.v. injection were obtained. PEG-P|Asp(ADR)|
was revealed to express higher antitumor activity than ADR against all
the examined tumors except MKN-45. Especially against C 26, PEG-
P)Asp(ADR)] expressed critical suppression of tumorgrowth and consid
erably prolonged life span of the treated mice. PEG-P|Asp(ADR)| was
observed in blood at much higher concentrations with a longer half-life
than ADR after the i.v. injection. PEG-P[Asp(ADR)| was known to form
a micellar structurewith a diameter of approximately 50 nmanda narrow
distribution in phosphate-buffered saline. Therefore, the stabilized cir
culation of ADR residue in blood by binding to the block copolymer was
considered to result from the micellar structure which possesses the
hydrated outer shell composed of the poly(ethylene glycol) chains.

INTRODUCTION

The efficacy of present cancer chemotherapy is limited by
toxic side effects of anticancer drugs to normal cells, particu
larly to the rapidly proliferating cells. This limitation results
from the fact that the anticancer drugs used in the present
chemotherapy lack efficient selectivity to malignant cells. To
suppress the toxic side effects of the anticancer drugs to normal
tissues and to improve their efficiency toward malignant cells,
targeting of anticancer drugs using several types of drug carriers
have been studied as one of the main "targets" of the method

ology of the drug delivery systems. These studies include mi-

crospheres, liposomes, and polymers as drug carriers. Gener
ally, microspheres (1) and liposomes (2) are quite readily scav
enged in a nonspecific manner by the reticuloendothelial
system. Additionally, liposomes are structurally fragile in blood.
Overall, these carriers lack ability to circulate in blood over
long time periods. Practical applications of these carriers for
drug targeting using specific homing devices such as monoclo
nal antibodies cannot succeed without maintaining their stable
circulation in blood. The other type of carriers, polymeric
carriers composed of homopolymer (3, 4) alternating copoly-
mers (5), or natural polymers (6) have shown problems with
water solubility. Since most drugs have a hydrophobic charac
ter, conjugation of polymer and drug easily leads to precipita
tion because of high, localized concentrations of hydrophobic
drug molecules bound along the polymer chain. Low water
solubility of the drug-polymer conjugates may cause not only
difficulty in synthetic procedures but also acute toxicity by
precipitation of the conjugates (7) in blood after their injection,
even if they are soluble in water or physiological saline.

The authors have been studying polymeric micelles as an
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alternative drug carrier system (8, 9). An AB-type block copoly

mer composed of hydrophilic and hydrophobic components can
form a micellar structure by its amphiphilic character as illus
trated in Fig. 1. The hydrophobic drug-binding part forms the

hydrophobic core of the micelle, while the hydrophilic part
surrounds this core as an outer hydrated shell. Polymeric mi
celles are expected to circulate in blood for long times by
escaping the renal filtration due to the character of their hy
drated outer shell and due to their larger size relative to isolated
polymer chains. The hydrophilic outer shell is expected to bring
about high water solubility by inhibiting intermicellar aggrega
tion of the hydrophobic core. Furthermore, the functions which
are required for drug carriers can be shared by the structurally
separated segments of the block copolymer as illustrated in Fig.
2. The outer shell is responsible for interactions with the
biocomponents such as proteins and cells. These interactions
determine pharmacokinetic behavior and biodistribution of
drugs; therefore, in vivo delivery of drugs can be controlled by
changing the character of the outer shell independently of the
inner core, which plays roles in drug binding and drug release.
This separated functionality is very favorable to design highly
functionalized drug carrier systems.

The authors conjugated ADR2 with a PEG-P(Asp), since

ADR is well known as one of the most effective anticancer
drugs in spite of its severe toxic side effects, especially cardi-

otoxicity. Because of its significance in cancer chemotherapy,
ADR is widely used in studies of targeting using several types
of drug carriers: synthetic polymers (4, 5, 10, 11), monoclonal
antibodies (12-14), erythrocytes (15), liposomes (16), and mi

crospheres (17).
The previous paper (8) reported in vivo high anticancer

activity of the micelle-forming polymeric drug, PEG-

P[Asp(ADR)], against murine leukemia P 388, with less toxic
side effects than ADR. In this paper, antitumor activities of the
micelle-forming drug-polymer conjugate against several solid
tumors were evaluated to show its promising feature for treat
ment of solid tumors, against which high activity is strongly
demanded in the present cancer chemotherapy. This paper also
describes pharmacokinetic behavior of this conjugate and fo
cuses on drug concentrations in blood after i.v. injection. Phar
macokinetic behavior of the conjugate in blood is expected to
become completely different from that of intact ADR because
of the formation of a micellar structure, and this change in
pharmacokinetic behavior by conjugating drugs with drug car
riers is considered to be one of the most important benefits of
drug targeting using drug carriers.

' The abbreviations used are: ADR, Adriamycin: BUN, blood urea nitrogen:
T-Bil, total bilirubin: PEG. poly(ethylene glycol); P(Asp). poly(aspartic acid);
PEG-P(Asp), polyethylene glycol)-poly(aspartic acid) block copolymer; PEG-
P[Asp(ADR)|. Adriamycin-bound poly(ethylene glycol)-poly(aspartic acid) block
copolymer; C 26, mouse colon adenocarcinoma 26. C 38, mouse colon adenocar-
cinoma 38; M 5076, mouse fibrosarcoma M 5076; MKN-45, human gastric
cancer MKN-45; MX-1. human mammary cancer MX-1; AST, aspartate ami-
notransferase; ALT, alanine aminotransfcrase.

3229

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/12/3229/2444330/cr0510123229.pdf by guest on 19 M

ay 2023



MICELLE-FORMING POLYMERIC ANTICANCER DRUG

CHHÅ“HÃ®CHz-t-NhHCOCHNHhâ€”(COCH2CHNHfâ€” H

I I
CHÃ®COR COR

Imlrpphilic segment hvdrophohic segment

Fig. I. Concept and chemical slructure of micelle-forming polymeric drug.

is expected to form the inner core of the micelle by hydrophobicity of
the introduced ADR residues. This conjugate was known to show
excellent water solubility despite a large amount of hydrophobic ADR
possibly due to the formation of the micellar structure.

Evaluation of Toxicity. C57BL/6 male mice (7 weeks old ) were
inoculated i.v. (via a tail vein) with drug dissolved in 0.9% NaCl solution
on days 0, 4, and 8 in volume of 0.1 ml/10 g body weight unless
otherwise stated. The control was inoculated i.v. with 0.9% NaCl
solution. Seven mice were included in one group. The mortality was
monitored daily, and body weights were measured every other day. On
day 10 (2 days after the third injection), the surviving mice were
sacrificed after blood sampling from the abdominal vein. Cells (RBCs,
WBCs, and platelets) from the blood sample were counted with a
Celltac 4500 automatic counter (Nihon Kohden Co., Ltd., Tokyo,
Japan), and values for BUN, creatinine, T-Bil, AST, and ALT were
measured with a Centrifichem System (Baker Instruments Corporation,
NJ). Toxicity in organs was estimated by observation of pathology.

In Vivo Antitumor Activity. Antitumor activities against solid tumors
were evaluated with three murine tumor cells (C 26, C 38, and mouse
fibrosarcoma M 5076) and two human tumor cells (human gastric
cancer MKN-45 and human mammary cancer MX-1). Tumor cells
were inoculated s.c. into the backs of mice, and drug injection was
started when tumor volume reached approximately 100 mm3. Drug was

injected into a tail vein four times/day for 3 days in volume of 0.1 ml/
10 g body weight. The control was inoculated with 0.9% NaCl solution
in volume of 0.1 ml/10 g body weight. The mortality was monitored
daily (until day 60 or 90), and body weights and tumor volumes were
measured every few days. Tumor volume was calculated as follows:
volume = 'hLW2, where L is the long diameter and W is the short
diameter. C 26 cells (5 x IO4 cells in 0.2 ml of 0.9% NaCl solution)

â€¢interaction with cells
proteins etc.

Fig. 2. Concept of separated functionality of micelle-forming polymeric drug.

MATERIALS AND METHODS

Chemicals. ADR-HCI was purchased from Sanraku, Inc., Tokyo,
Japan. Na'"I was purchased from Daiichi Pure Chemicals Co., Ltd.,

Tokyo, Japan.
Chemical Structure of Micelle-forming Polymeric Drug. The synthetic

procedure and characterization of the micelle-forming polymeric drug,
ADR-bound poly(ethylene glycol)-poly(aspartic acid) block copolymer,
was reported elsewhere (8, 18, 19). The chemical structure of the
polymeric drug is shown in Fig. I. Anticancer drug ADR was bound to
PEG-P(Asp) by amide bond formation between an amino group of the
ADR molecule and a carboxyl group of an aspartic acid residue in the
poly(aspartic acid) chain. Eighty mol % of aspartic acid residues of the
poly(aspartic acid) chain was converted to the f)-amide form. Molecular
weights of the poly(ethylene glycol) chain and the poly(aspartic acid)
chain were 4300 and 1900, respectively. The content of ADR in the
polymeric drug was determined by measuring absorbance at 485 nm in
distilled water on the assumption that Â«4Â«?of the ADR residue bound
to the polymer was the same as that of free ADR. The ADR content
was 30 mol % with respect to the aspartic acid residues of PEG-P(Asp).
This content corresponds to 30 wt % of the substituted ADR residues
out of the ADR-block copolymer conjugate. This conjugate was known
to form a micellar structure (8) possessing a diameter of approximately
50 nm with an unimodal and narrow distribution. The hydrated outer
shell of the micelle is expected to be composed of the hydrophilic
poly(ethylene glycol) chains, and ADR-bound poly(aspartic acid) chain

t DaÃt̄
Fig. 3. Body weight change of the mice inoculated with ADR and PEG-

P[Asp(ADR)). Drug dissolved in 0.9% NaCl solution in a volume of 0.1 ml/10 g
body weight, except for PEG-P[Asp(ADR)] which was 300 mg/kg (0.15 mg/10
g), was injected i.v. (via a tail vein) into C57BL/6 male mice (7 weeks old) on
days 0.4, and 8. The control was inoculated i.v. with 0.9% NaCl solution. Arrows,
drug injections; Q, control; â€¢,100 mg/kg PEG-P|Asp(ADR)); A, 200 mg/kg
PEG-P|Asp(ADR)I;B, 300 mg/kg PEG-P[Asp(ADR)j;O, 7 mg/kg ADR; A, 10.5
mg/kg ADR. Points, mean values: bars, Â±SEM.

Table 1 Change in number of blood cells by drug injection
C57BL/6 male mice (7 weeks old) were inoculated i.v. via a tail vein with drug

dissolved in 0.9% NaCl solution on days 0, 4, and 8 in volume of 0.1 ml/10 g
body weight. On day 10. blood was sampled from the abdominal vein.

DrugControlADRADR

PEG-P[Asp(ADR)J
PEG-PI Asp(ADR)]Dose"

(mg/kg)7.010.5

100
200RBCs(xlOVml)910

Â±25*721
Â±85C759

Â±36'
728 Â±66'
743 Â±10'WBCs(xlO'/ml)33

Â±1212
Â±5CNot

determined
19 Â±10"10

Â±2'Platelets

(xlOVml)106

Â±9108
Â±2234
Â±3'

111 Â±17
21 Â±6'

ADR HC1 equivalents.
Mean Â±SD.

P < 0.05.
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Table 2 Toxicity in kidney and liver
C57BL/6 male mice were innoculated with drug as stated in Table 1. and blood samples were taken on day 10 as stated in Table 1.

DrugControl

ADR
ADR
PEG-P[Asp(ADR)|
PEG-P[Asp(ADR)jDose"

(mg/kg)7.010.5

100
200BUN(mg/dl)24

Â±4*

27 Â±8
24 Â±11
26 Â±9
19Â±5Creatinine

(mg/dl)0.29

Â±0.08
0.41 Â±0.1Ie
0.19 + 0.10
0.35 Â±0.09
0.23 Â±0.15T-Bil

(mg/dl)0.51

0.56
0.65
0.54
0.970.06

0.30
0.27
0.23
0.72AST

(units/liter)39

Â±6185
Â±\25e

585 Â±82Â¿

147 Â±126
208 Â±123'ALT(units/liter)7Â±3

36 Â±33f
21 Â±Ã•2C
41 Â±37r
24 Â±1Ia

0 ADR HCI equivalents.
* Mean Â±SD.
' P < 0.05.
" P<0.0\.

Table 3 Toxicity evaluated by pathological observation
C57BL/6 male mice Â»eretreated as stated in Table 1. The mice were observed for pathological changes after blood sampling for blood analysis on day 10. Extent

of toxicity was ranked in 5 stages from â€”to +++.

PEG-P|Asp(ADR)l100

mg/kgÂ°OrganLiverStomach

Small intestine
Bone marrow
SpleenNecrosis

Bleeding
Phagocytosis of pigment
Atrophy of pland cell
Atrophy of pland cell
Anaplasia
Atrophy of splenic nodule-3

7
0
3
0
0
0Â±2

0
637

05+2

0
1
1
0
0
2++0

0
0
0
0
7
0+++0*

0
0
0
0
0
0-0

7
0
0
0
0
0200

mg/kg"Â±5

0
0
0
0
0
0+0

0
0
4
0
1++1

0
7
3
3
0
5+++0

0
04

07

1-3

7
7
0
0
0
0ADR7.0

mg/kgÂ±1

0
0
2
6
0
1+3

0
01

1
03++0

0
0
4
0
1
2+++0

0
0
0
0
6
1-0

6
6
0
0
0
010.5

mg/kgÂ±1

0
0
0
0
0
0+3

0
0
0
6
0
0++2

0
0
3
0
0
3+++0

0
0
3
0
6
3

" Doses are expressed in ADR â€¢HCI equivalents.
* Numbers of mice.

were transplanted into CDF1 female mice (5 weeks old) on day 0, and
drug injection was started on day 11. For C 38, fragments of this tumor
were transplanted into C57BL/6 male mice (6 weeks old) on day 0, and
the first drug injection was given on day 14. M 5076 cells (1 x IO6cells
in 0.2 ml of Hank's balanced solution) were transplanted into C57BL/

6 male mice (6 weeks old) on day 0, and drug injection was started on
day 8. For human tumor cell lines, fragments of the tumors were
transplanted into BALB/c, nuA, female mice (13 weeks old), and the
first drug injection was given on day 15. For murine tumor cell lines,
efficacy to prolong survival time of the mice was evaluated by the
median survival day of the mice.

Synthesis of '"I-labeled PEG-P|Asp(ADR)|. PEG-P[Asp(ADR)] was
labeled with '"I using the chloramine-T method. One ml of PEG-
PIAsp(ADR)] aqueous solution ([ADR] = 4 ADR â€¢HCI equivalents mg/
ml) was mixed with 160 ^1 of chloramine-T aqueous solution (2.5 mg/
ml) and 160 \i\ of Na'"I aqueous solution (1 mCi/ml). After 30 min

incubation, 320 //I aqueous solution of sodium metabisulfite (10 mg/
ml) was added to the polymer solution followed by the addition of 500
n\ distilled water. Unbound '"I was removed by repeated ultrafiltration
using a Centricon-30 tube. Successful 125Ilabeling on the ADR residue,
which possesses a methoxy-substituted phenyl ring, was confirmed by
the detection of radioactivity (15.6% of the total feed radioactivity) in
the residual solution on a ultrafiltration membrane after repeated
ultrafiltration procedures, which decreases background radioactivity
below 0.5% on the assumption that unreacted iodine 125 passes freely
through the membrane. Actually, When a mixture of chloramine T,
Na'25I, and sodium metabisulfite was added to PEG-P[Asp(ADR)],

only 0.5% of all the feed radioactivity was detected in the residual
solution on the membrane. The labeled PEG-P[Asp(ADR)] was diluted
to 2.0 mg ADR-HCI equivalents/ml with distilled water by measuring
absorption at 485 nm and used for i.v. injection and pharmacokinetic
analysis.

Pharmacokinetic Behavior and Biodistribution. i:5I-labeled PEG-
P[Asp(ADR)] ([ADR] = 2.0 mg ADR â€¢HCI equivalents/ml) was injected
into a tail vein of ddY female mice (6 weeks old) in a volume of 0.1
ml/10 g body weight. The mice were anesthetized with a pentobarbital
sodium solution (50 mg/kg, by i.p. injection) immediately after the
drug injection. Blood samples (10 Â¡A)were collected from the tail artery
5, 10, 20, 30, 45, and 60 min after the injection. Major organs were
removed l h after the drug injection. Radioactivity of the samples was

measured using a 7-scintillation counter.
PEG-P[Asp(ADR)| (non-isotope labeled) was inoculated into the

mice using the same experimental conditions as with that for biodistri
bution studies described above. Blood (approximately 1 ml) was col
lected from the carotid artery l h after the injection. The blood was
mixed with 100 n\ of 10% sodium citrate solution and centrifuged.
Concentrations of PEG-P[Asp(ADR)] in plasma were measured by gel
filtration chromatography with an Asahipak GS-520 column in 0.1 M
sodium phosphate buffer (pH 7.4, containing 0.3 M NaCl) at a flow
rate of 1.0 ml/min. Detection of PEG-P[Asp(ADR)] was made at 485
nm using a JASCO 870-UV detector.

RESULTS

Evaluation of Toxicity. Results are shown in Fig. 3 and Tables
1-3. Toxicity of PEG-P[Asp(ADR)] was evaluated after i.v.
injection of drug four times/day for 3 days, and for three assays
the surviving mice were sacrificed 2 days after the third injection
of the drug. This schedule was chosen because we found that
one shot injection via i.p. passage of PEG-P[Asp(ADR)]
brought about the maximum body weight loss 2 days after the
injection (8). As shown in Fig. 3, injection of PEG-
P[Asp(ADR)] brought about dose-dependent body weight loss
of the mice. Death due to toxicity was observed at a dose of
10.5 mg/kg ADR (one mouse on day 9 among 7 mice) and a
dose of 300 mg ADR-HCI equivalents/kg of PEG-
P[Asp(ADR)] (one mouse on day 0, one on day 1, 2 on day 2,
2 on day 8, and one on day 10 among 7 mice). From the results
of the body weight change of the mice, the toxic level of PEG-
P[Asp(ADR)] was estimated as follows; 100 mg/kg PEG-
P[Asp(ADR)] Â«7.0 mg/kg ADR, and 7.0 mg/kg ADR < 200
mg/kg PEG-P[Asp(ADR)] < 10.5 mg/kg ADR.

Tables 1 and 2 show the toxicity observed in blood. PEG-
P[Asp(ADR)] expressed decreases in numbers of blood cells as
well as ADR. As shown in Table 1, decreases in numbers were
observed for RBCs and WBCs at a dose of > 100 mg ADR-
HO equivalents/kg. For platelets, a decrease in the number
was found only at a dose of 200 mg/kg. As shown in Table 2,
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Table 4 In vivo antitumor activity against solid tumors
Several tumors were inoculated s.c. into the backs of mice. Drug injection was started when the tumor volume reached approximately 100 mm3. Drug was injected

into a tail vein 4 times/day for 3 days in volume of 0.1 ml/10 g body weight.

TumorSampleC

26 ControlADRPEG-PI

Asp(ADR)]M

5076ControlADRPEG-P[Asp(ADR)]C

38ControlADRPEG-P[Asp(ADR)]MKN

45ControlADRPEG-P[Asp(ADR)]MX

1 ControlADRPEG-P[Asp(ADR)]Dose"02.55.07.510.0255010020005.07.510.012.55010020030005.07.510.05075ISO05.07.510020005.07.5100200Body

weight
change(%)*-25.5

Â±2.8-22.5
Â±4.1-15.2
Â±4.9-20.0

Â±2.9-22.1
Â±2.6-31.7

Â±2.8-19.7
Â±3.2-14.0

Â±5.4-16.4
Â±2.514.0

Â±1.1-0.3
Â±1.5-9.9
Â±1.7-18.9

Â±2.1-31.4
Â±1.34.2
Â±0.7-2.3
Â±0.8-23.8
Â±1.5g18.0

Â±2.93.1
Â±2.0-7.3

Â±1.0-28.2
Â±1.77.7
Â±1.05.0
Â±1.4-6.8
Â±3.6-4.4
Â±3.4-6.6
Â±2.4-15.6

Â±3.7-7.1
Â±1.5-19.7

Â±0.92.5
Â±1.5-6.5
Â±4.4-9.8

Â±6.2-4.0
Â±0.8-22.3
Â±1.8Toxic

death0/80/50/60/60/50/60/60/60/60/80/70/74/77/70/70/77/76/60/90/60/60/60/60/60/60/70/60/60/60/60/50/40/50/50/5Median

survival
daysc

(%)34.0(100)44.5(131)45.0(132)49.0(144)56.5(166)46.0(135)36.0(106)54.0(159)>60.1

(>177)23.3(100)35.5(152)45.5(195)25.5(109)21.1

(91)43.5(187)49.5(212)23.2(100)16.5(71)69.5(100)74.3(107)80.8(115)70.0(101)>89.9(>129)86.0(124)81.0(117)Long

survivors''0/80/50/61/62/50/60/61/66/60/80/70/70/70/70/70/70/70/60/90/60/60/64/61/62/6Duration

days
of tumor

growth(%)'3.2(100)6.4(198)6.6

(203)6.7
(207)/6.1

(187)5.3(164)17.6(545)/3.9

(100)5.5(140)7.3(184)11.1

(281)/7.0(177)17.9(454)//23.9(100)34.4(144)38.4(161)46.9(196)30.6(128)35.4(148)54.6

(228)12.7(100)11.0(87)22.6(178)10.1

(80)21.0(165)11.6(100)17.4(150)20.7(178)23.5

(203)65.9
(568)

Â°Expressed in ADR-HCI equivalents.
* Measured 3 days after the last injection except for C 38 (6 days after the last injection). Values are expressed as mean Â±SEM.
' Mice did not die by tumors for MKN 45 or MX 1.
d Sixty-day survivors are included as long survivors for C 26 and M 5076 and 90-day survivors for C 38.
' Duration to reach 5-fold initial volume except for MKN 45 which is expressed as 3-fold.
^This dose did not reach 5-fold volume.
* Only one survivor remained 3 days after the last injection.

no significant toxic effect was observed in levels of BUN and
T-Bil for PEG-P[Asp(ADR)]. An increase of the T-Bil value
was found only at a dose of 200 mg ADR â€¢HC1 equivalents/kg
of PEG-P[Asp(ADR)]. For AST, dose-dependent significant
increases were observed in ADR and PEG-P[Asp(ADR)]. For
ALT, moderate increases were observed in ADR and PEG-
P[Asp(ADR)]. As a summary of the toxicity observed in blood,
PEG-P[Asp(ADR)] was found to express the same pattern of
toxicity as ADR, and the toxic level of PEG-P[Asp(ADR)] was
as follows: 200 mg/kg ~ 10.5 mg/kg of ADR and 100 mg/kg
Â«7 mg/kg ADR.

When the mice were dissected, atony in the alimentary canal
and atrophy in the thymus and spleen were observed for both
ADR and PEG-P[Asp(ADR)] dose dependently. Levels of these
atonic and atrophie findings confirmed the toxic level of PEG-
P[Asp(ADR)] evaluated in blood (data not shown). Table 3
shows the pathological findings of the treated mice. Both ADR
and PEG-P[Asp(ADR)] expressed dose-dependent necrosis in
the liver, atrophy of pland cells in the stomach and small
intestine, anaplasia in the bone marrow, and atrophy of the
splenic nodule. Congestion of the lungs, pigmentation in the
glomerulus, or phagocytosis of pigment in the adrenal glands,
lung, and lymph nodes were not observed for ADR or PEG-
PIAsp(ADR)] (data not shown). Phagocytosis of pigment in the
liver was observed dose dependently only for PEG-

P[Asp(ADR)]. This result is expected to reflect the fact that
PEG-P[Asp(ADR)] contained > 10-fold ADR equivalents com
pared with ADR. These observations confirmed that PEG-
P[Asp(ADR)| possessed the same pattern of toxicity expression
as ADR, and the toxic level of PEG-P[Asp(ADR)] was judged
as follows: 200 mg/kg < 10.5 mg/kg ADR and 100 mg/kg < 7
mg/kg ADR. Considering these results, we adjusted the doses
of PEG-P[Asp(ADR)] for the in vivo antitumor activity.

In Vivo Antitumor Activity. Results are summarized in Table
4, and changes in the average tumor volume are plotted in Fig.
4. Against C 26, PEG-P[Asp(ADR)] expressed the most signif
icant antitumor activity. At a dose of 200 mg ADR-HCI equiv
alents/kg, all treated mice were regarded as long survivors,
surviving for 60 days. Furthermore, drastic inhibition of the
tumor growth was observed as shown in Fig. 4a. In five of six
mice, tumors completely disappeared. A dose of 100 mg/kg
also expressed very high antitumor activity with strong tumor
growth inhibition and considerably prolonged survival time.
These two doses of PEG-P[Asp(ADR)] afforded less body
weight losses ( 14.0 and 16.4%) than the control in which serious
body weight loss (25.5%) was observed. For C 26, less body
weight loss means reduced cachexia by inhibiting the tumor
growth, since body weight loss was brought about by cachexia
of the tumor-implanted mice. ADR expressed lower antitumor
activity than PEG-P[Asp(ADR)], considering balance with tox-
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icity. A dose of 10 mg/kg ADR, which corresponded to 200
mg/kg PEG-P[Asp(ADR)] in terms of toxicity. expressed al
most the same inhibition of tumor growth as that of 100 mg/
kg PEG-P[Asp(ADR)] and had only two long survivors of the
five treated mice. A dose of 7.5 mg/kg ADR, which corre
sponded to 100 mg/kg PEG-P[Asp(ADR)] in terms of toxicity,
expressed lower tumor growth inhibition (duration, 6.7 days)
than 100 mg/kg PEG-P[Asp(ADR)] (duration, 17.6 days).
Against the other two murine tumor cell lines, PEG-
P[Asp(ADR)] also expressed higher antitumor activity with
prolonged survival time and suppression of tumor growth than
ADR. Doses of 10.0 mg/kg ADR and 200 mg/kg PEG-
PIAsp(A DR)] produced deaths due to toxicity in some of the
treated mice. This fact indicated a difference in sensitivity to
toxicity between the CDF1 mouse (for C26 assay) and the
C57BL/6 mouse (for C 38 and M 5076 assay). Doses that did
not cause death were compared, and PEG-P[Asp(ADR)| gave
longer duration of tumor growth against M 5076 at a dose of
100 mg/kg (17.9 days) than ADR at a dose of 7.5 mg/kg (7.3
days) and 5.0 mg/kg (5.5 days). This dose of PEG-P[Asp(ADR)]
considerably prolonged survival time (treated/control, 212%).
For C 38, as shown in Fig. 4c, PEG-P[Asp(ADR)] produced
significant suppression of tumor growth at a dose of 100 mg/
kg. This dose afforded longer duration (54.6 days) than 7.5 mg/
kg ADR (38.4 days). PEG-P[Asp(ADR)] brought about a pro
longed life span even at lower doses of 50 and 75 mg/kg with
treated/control values of > 129 and 124%, respectively.

For human tumor cell lines, PEG-P[Asp(ADR)j expressed
higher antitumor activity than ADR against MX-1 and almost
the same activity as ADR against MKN-45. As shown in Fig.
4e, PEG-P[Asp(ADR)] afforded impressive inhibition of tumor
growth against MX-1 at a dose of 200 mg/kg and long duration
(65.9 days). Although this dose is considered excessively toxic
by National Cancer Institute standards because it caused >20%
body weight loss, this dose did not bring about toxic deaths. A
dose of 100 mg/kg PEG-P[Asp(ADR)] brought about longer

duration (23.5 days) than ADR at a dose of 7.5 mg/kg (20.7
days), which caused larger weight loss (9.8%) than 100 mg/kg
PEG-P[Asp(ADR)] (4.0%). Against MKN-45, PEG-
P[Asp(ADR)] and ADR afforded suppression of tumor growth
to some extent only at the highest doses which accompanied
severe weight loss of >15%.

Pharmacokinetic Behavior and Biodistribution. Concentra
tions of PEG-P[Asp(ADR)] in blood when given at a dose of
20 mg ADR-HC1 equivalents/kg are logarithmically plotted
over time from 5 to 60 min in Fig. 5. Logarithmic plots of the
concentrations over time are found to fit well with a straight
line as shown. This fact indicates that the pharmacokinetic
behavior of PEG-P[Asp(ADR)] in blood is well analyzed by a
linear one-compartment model. From the fitted straight line, a
half-life and initial concentration at O min were calculated to
be 70 min and 139 ng ADR-HC1 equivalents/ml, respectively.
Plasma samples taken l h after i.v. injection of PEG-
P[Asp(ADR)] at a dose of 20 mg ADR equivalents/kg were
found to contain 78.7 Â±7.6 (SD) ng ADR equivalents/ml by
gel permeation chromatography using a high performance liq
uid chromatography apparatus. These samples were observed
to be detected at the elution volume corresponding to the
polymeric micelles (8). This value is almost equal to that in
whole blood (75.5 Â±7.8 ng/m\) measured by radiolabeling.

Table 5 shows the biodistribution of PEG-P[Asp(ADR)] l h
after i.v. injection at a dose of 20 mg/kg. In blood, the highest
values were observed in percentage of dose/organ and even in

concentration. PEG-P[Asp(ADR)] brought about the second
largest accumulation in the liver, and the third was observed in
the kidney. The total accumulation of PEG-P[Asp(ADR)| in
the measured organs, however, was less than one half of that of
blood.

DISCUSSION

The micelle-forming polymeric drug PEG-P[Asp(ADR)] was
observed to express approximately '/:o of the toxicity of intact

ADR in terms of body weight change in ADR equivalents.
Furthermore, blood analysis and pathological observation con
firmed this toxicity level and revealed that PEG-P[Asp(ADR)]
expressed in vivo toxicity in the same manner as ADR. In other
words, within the examined toxicity tests, no additional types
of toxicity other than intact ADR were observed by the conju
gation of ADR with the block copolymer. Toxicity of PEG-
P[Asp(ADR)] was observed mainly in a decreased number of
blood cells, an increase of AST and ALT levels, and anaplasia
of bone marrow. As shown in Table 5, the biodistribution of
PEG-P[Asp(ADR)], which was similar to intact ADR except
for a higher concentration in blood, is considered to be strongly
correlated with the obtained toxicity. Details of the mechanism
of toxicity, however, is still unknown, since there are two
possible ways this micelle-forming polymeric drug might pro
duce toxicity: toxic action of polymeric drug to cells and that
of ADR released from the micelle in blood.

The micelle-forming polymeric drug PEG-P[Asp(ADR)] was
observed to express superior in vivo antitumor activity to intact
ADR against several murine and human solid tumors (C 26, C
38, M 5076, and MX-1) and almost the same activity against
MKN-45 cells. These assays were carried out against solid
tumors in advanced stages, since the treatments began from 8
to 15 days after the tumor transplantation. With this dose
schedule treatment was begun after stable fixation of the trans
planted tumor in the mice. Among five examined tumor cell
lines, PEG-P[Asp(ADR)] expressed the most significant anti-
tumor activity against C 26 with complete disappearance of
tumor growth in five of six mice. Worthy of mention is that
PEG-P[Asp(ADR)] expressed superior antitumor activity to
intact ADR. Although a large amount of research has been
conducted concerning targeting of anticancer drugs using the
methodology of drug delivery systems, as far as we know, there
is no successful example of greatly improved anticancer activity
against solid tumors by the conjugation of drugs with drug
carriers. Although derivatization of ADR has been widely stud
ied in order to decrease toxic side effects, mainly cardiotoxicity,
and to enhance anticancer activity, ADR derivatives mainly
decrease side effects rather than enhance activity as exemplified
by epirubicin (20) and 4'-O-tetrahydropyranyladriamycin

(THP-Adriamycin) (21). Their superiority to ADR is their
reduced cardiotoxicity rather than increased anticancer activity
against solid tumors. Tsuruo et al. (22) recently reported one
ADR derivative that had superior anticancer activity to ADR
against several solid tumors. However, they assayed anticancer
activities against tumors in early stages because they injected
the first dose 1 day after tumor transplantation. Irrespective of
a long history of studies concerning derivatization of ADR,
quite a few examples are found for enhancement of anticancer
activity of ADR. This paper reports increased anticancer activ
ity against solid tumors by an alternative approach using a drug
carrier. This approach possesses wide applicability to other
anticancer drugs.
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Fig. 4. Tumor growth after the drug injection. Tumor cells were inoculated s.c. into the backs of mice, and drug injection was started when the tumor volume
reached approximate!) 100 mm1. Drug was injected into the tail vein 4 times/day for 3 days in a volume of 0.1 ml/10 g body weight. Arrows, drug injections. The
control was inoculated with 0.9rÂ¿NaCI solution in a volume of O.I ml/10 g body weight. Tumor volume was calculated as follows: volume = '/iLH*, where L is the

long diameter and H is the short diameter. Tumor volumes are plotted in ratios to the volume at the first drug injection. Points, means, a, C 26; b, M 5076; e, C 38;
d, MKN-45: e, MX-!. Q. control; A, 5 mg/kg ADR; O. 7.5 mg/kg ADR; D. 10 mg/kg ADR: A. 50 mg/kg PEG-P(Asp(ADR)|: â€¢.100 mg/kg PEG-P[Asp(ADR)]; â€¢
200 mg/kg PEG-P|Asp(ADR)| (except for c in which â€¢,75 mg/kg PEG P[Asp(ADR)]: â€¢150 mg/kg PEG-P[Asp(ADR)|).

Time (min)

Fig. 5. Concentration in blood after i.v. injection of PEG-P[Asp(ADR)). 12!I-
labeled PEG-P|Asp(ADR)[ (|ADR| = 2.0 mg ADR-HCI equivalents/ml) was
injected into a tail vein of ddY female mice (6 weeks old) in a volume of 0.1 ml/
10 g body weight. The mice were anesthetized with a pentobarbital sodium
solution (50 mg/kg. i.p.) immediately after the drug injection. Blood samples (10
Â¿il)were collected from the tail artery at intervals. Radioactivity of the samples
was measured using a -y-scintillation counter.

Pharmacokinetic behavior of ADR was observed to be drast
ically changed by binding to the poly(ethylene glycol)-
poly(aspartic acid) block copolymer. Concentration of PEG-
P[Asp(ADR)] in blood was kept significantly higher with a
longer half-life than those of intact ADR. Intact ADR was

known to be rapidly adsorbed by tissues after i.v. injection and,
consequently, to show very low initial concentrations in blood
(or plasma) because of its large distribution volume, followed
by a short half-life. Yesair et al. (23) reported that concentration
of ADR in plasma was 2.7 ng/m\ 5 min after i.v. injection into
BDF1 mice in a dose of 10 mg/kg. Formelli et al. (24) reported
that ADR concentration in plasma was 1.3 ng/m\ 10 min after
i.v. injection into B6D2F1 mice with an half-life of 26 min for
the Â«-phase.Cummings et al. (25) also reported very low ADR
concentration in serum (13 fig/m\) 5 min after i.v. injection
into AKR mice in a dose of 10 mg/kg. They indicated that the
serum decay profile of ADR in AKR mice until 24 h was fitted
by a tri-exponential expression with half-lives of 1.3 min, 18
min, and 18.2 h for the a-, ÃŸ-,and 7-phase, respectively. As
compared with these reported values of ADR, PEG-
P[Asp(ADR)] was found to afford a much larger initial concen
tration in blood (and plasma) with a longer a half-life than
intact ADR, and it was expected to exist as stable polymeric
micelles in blood. These facts indicate that PEG-P[Asp(ADR)]
showed much less adsorption to living tissues and received less
metabolic action by the tissues than ADR. In fact, the initial
concentration in blood (139 Mg/ml) obtained from the plots in
Fig. 5 corresponds to 61% of the concentration obtained with
dividing total dose by volume of the total blood (estimated as
2.18 ml/25 g body weight). This is quite a large value consid
ering the very large distribution volume of intact ADR. Formelli
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Table 5 Biodistribution of PEG-P[Asp(ADR)) I h after i.v. injection
'"(-Labeled PEG-P[Asp(ADR)] was injected into a tail vein of ddV female

mice (6 weeks old) at a dose of 20 mg ADR-HCI equivalents/kg. The mice were
anesthetized with pentobarbital sodium immediately after the drug injection.
Blood sample and organs taken I h after the injection were analyzed with a >-
scintillation counter. Concenlration of PEG-P[Asp(ADR)| was obtained with
radioactivity of the samples and the weight of the organs (volume for blood).
Blood volume was estimated as 2.18 ml/25 g body weight.

ConcentrationOrganBlood

Liver
Kidney
Spleen
Heart
Lung
Stomach
Small intestine%

dose/g17.1
Â±2.3Â°

7.1 Â±1.0
9.6 Â±2.2

11.6Â±1.82.9
Â±0.5

4.0 Â±1.2
5.3 Â±1.4
5.8 Â±2.1ADR

HC1equivalent
j/g/g75.5

Â±7.8*

31.0 7.4
41.9 9.6
50.6 7.8
12.6 2.2
17.4 5.2
23.1 6.1
25.3 9.2%

dose/organ32.7

Â±3.3
7.9 Â±0.8
2.7 Â±0.8
1.0 Â±0.0
0.3 Â±0.0
0.6 Â±0.2
1.3 Â±0.4

Notdetermined"
% dose/ml for blood.

* Mg/ml for blood.

composed of poly(ethylene glycol) chains, is considered to
contribute to the stable circulation of PEG-P[Asp(ADR)] in
blood by diminishing interactions with biocomponents such as
tissues, cells, and plasma proteins. That is, by forming a core-
shell structure, PEG-P[Asp(ADR)] in the micellar form
achieved separated functionality which is one of benefits of
micelle-forming polymeric drug for designing highly function-
alized drug carrier systems as stated in the "Introduction."

Although there remains to be studied many subjects such as
correlation of the stable circulation in blood with the high in
vivo antitumor activity, efficacy for tumor localization, and
mechanism of cytotoxicity of the micelle-forming polymeric
drug PEG-P[Asp(ADR)], this paper presents not only a prom
ising candidate for a highly active antitumor agent against solid
tumors but also an innovative methodology for targeting of
anticancer drugs by utilizing polymeric micelles as a drug
carrier.

et al. (24) reported 2042 ml as the distribution volume of ADR
for B6D2F1 mice (20-25 g) bearing C 38 by i.v. injection of 6
mg/kg ADR. This reported value is approximately 100 times
as large a volume as the blood volume of the mice. Harrison
and Wagner (26) reported biodistribution of ADR 1 h after i.v.
injection by '4C-labeled ADR (dose, 0.5 mg/kg). They reported

that the concentration in blood 1 h after i.v. injection was
<0.25% dose/ml. They also reported that the heart, lung, and
liver accumulated 3.7, 5.7, and 13.4% dose/g, respectively. As
summarized in Table 5, PEG-P[Asp(ADR)] gave the values of
2.9, 4.0, and 7.1%/g for heart, lung, and liver, respectively. As
compared with the results of Harrison and Wagner, irrespective
of the difference in dose, PEG-P[Asp(ADR)] showed lower
organ accumulation than ADR and much higher concentrations
in blood. These drastic changes in pharmacokinetic behavior
and biodistribution were considered to result from the size of
the polymeric micelle and properties of the outer shell of the
micelle. As to the micelle size, the diameter was found to be
approximately 50 nm (8). This value is large enough to avoid
urinary excretion. The molecular weight of the constituent
polymer chain of the micelle is approximately 9000, and ac
cordingly this polymer chain is expected to be rapidly excreted
via the renal route because of its small molecular weight unless
polymer chains exist as micelles in blood. The PEG chains as
the outer shell are considered to play a crucial role for the
stabilized circulation of PEG-P[Asp(ADR)] in blood by com
paring with results of Mazzori et al. (27). They reported that
plasma samples from mice 5 min after an i.v. injection of ADR-
bound poly(aspartic acid) homopolymer in a dose of 25 mg/kg
ADR equivalent contained only 1.9 /Â¿gADR equivalents/ml,
followed by a short half-life of 8.3 min. This concentration was
lower than that of intact ADR (3.1 mg/ml in a dose of 10 mg/
kg). Their results indicated that pharmacokinetic behavior of
ADR in plasma could scarcely be changed by binding to the
homopolymer. By contrast, a high concentration (140 Mg/ml in
blood at 5 min after the injection for a dose of 20 mg ADR
equivalents/kg and 78.7 ng/mi in plasma 1 h after the injection)
and a long half-life of PEG-P[Asp(ADR)] in the blood (70 min)
indicate that, by binding to the block copolymer, ADR circu
lated very stably as polymeric micelles in blood without rapid
excretion, metabolism, or adsorption by tissues. Poly(ethylene
glycol) is known as an inert synthetic polymer in the living
system and is utilized for protein modification to decrease
reticuloendothelial uptake (28) and to prolong half-life in blood
(29, 30). Due to these properties, the outer shell, which is
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