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Polymeric micelles have potential utility as drug carriers. To this
end, polymeric micelles based on AB block copolymers of polyeth-
ylene oxide (PEO) and poly(aspartic acid) [p(Asp)] with covalently
bound Adriamycin (ADR) were prepared. The micelle forming poly-
mer—drug conjugates [PEO-p(Asp(ADR)] were radiolabeled and
their biodistribution was investigated after intravenous injection in
mice. Long circulation times in blood for some compositions of
PEO-p[Asp(ADR)] conjugates were evident, which are usually atyp-
ical of colloidal drug carriers. This was attributed to the low inter-
action of the PEO corona region of the micelles with biocomponents
(e.g., proteins, cells). Low uptake of the PEO-p(Asp(ADR)] conju-
gates in the liver and spleen was determined. The biodistribution of
the PEO-p[Asp(ADR)] conjugates was apparently dependent on mi-
celle stability; stable micelles could maintain circulation in blood,
while unstable micelles readily formed free polymer chains which
rapidly underwent renal excretion. Long circulation times in blood
of PEO-p(Asp(ADR)] conjugates are thought to be prerequisite for
enhanced uptake at target sites (e.g., tumors).

KEY WORDS: polymeric micelles; drug delivery systems; cancer
therapy; Adriamycin.

INTRODUCTION

We have been investigating micelle-forming polymer—
drug conjugates as drug carriers (1-5). PEO-p[(Asp(ADR)]
conjugates were synthesized, and because of their am-
phiphilicity they were shown to adopt micellar structures
(1,2). Micelles based on PEO-p[Asp(ADR)] conjugates are
approximately 30 to 50 nm in diameter and exhibit apparent
thermodynamic stability. For effective drug delivery, each
block of the AB block copolymer fulfills a distinct role as
part of the micellar structure. The corona region of the mi-
celle (i.e., PEO) interacts with the biological milieu. PEO is
known to impart protein and cellular stealth properties to
surfaces and interfaces (6). Indeed, PEO-modified proteins
(7, liposomes (8,9), and nanoparticles (10) have been shown
effectively to inhibit reticuloendothelial system (RES)
sequestration and prolong circulation times in blood. The
poly(amino acid) block with bound ADR forms the inner
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core of the micelle and acts as a drug reservoir. Within the
micellar core, drugs may be protected from inactivation.
While in this case ADR was covalently bound, drugs may
also be physically loaded within polymeric micelles.

The PEO-p[Asp(ADR)] conjugates exhibit a high activ-
ity against a variety of cancers relative to free ADR (2,3). We
hypothesized that the high in vivo anticancer activity of the
PEO-p[Asp(ADR)] conjugate was a result of stable circula-
tion in blood which allowed for uptake at the target site.
Previously, we have shown that the pharmacokinetic behav-
ior of the PEO-p[Asp(ADRY)] conjugates is drastically altered
compared to free ADR (3). To establish mechanisms of the
high in vivo anticancer activity, the biodistribution of PEO-
plAsp(ADR)] conjugates was investigated in mice. Several
compositions of the conjugate were studied; the detailed de-
scription of the synthesis of PEO-p[Asp(ADR)] conjugates is
given elsewhere (4). For some compositions of the PEO-
p[Asp(ADR)] conjugates, stable circulation in blood and low
sequestration by the RES system occurred.

MATERIALS AND METHODS

Materials

PEO was purchased from NOF, Japan. *C-Ben-
zylamine hydrochloride was purchased from Amersham,
The Netherlands. ADR was kindly provided by Nippon
Kayaku Co., Japan. 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) was purchased from Peptide Institute,
Japan. Cellulose acetate dialysis membranes [molecular
weight cutoff (MWCO), 1000] were obtained from Gelman,
Ann Arbor, MI. Disposable ultrafiltration units (MWCO,
100,000) were obtained from Millipore, Bedford, MA. So-
dium pentobarbital was purchased from Abbott, Chicago,
IL. Liquid scintillation cocktail, Aquasol-2, was purchased
from New England Nuclear, Tokyo. All other chemicals
were of reagent grade.

Methods

PEO-p(Asp(ADR)] conjugates of varying composition
were synthesized in exactly the same manner as described
elsewhere (4). Briefly, the benzyl L-aspartate N-carboxyan-
hydride was polymerized using a-methyl-w-amino-PEO as
an initiator to form the AB block copolymer. The AB co-
polymer was deprotected by alkaline hydrolysis to form the
AB block copolymer of PEO and p(Asp). ADR was conju-
gated to the p(Asp) block via activation by EDC. The chem-
ical structure of the PEO-p[Asp(ADR)] conjugate is shown
in Fig. 1.

PEO-p[Asp(ADR)] conjugates were radiolabeled by
14C-benzylamine using EDC to activate the free carboxyl
groups on the p(Asp) segment. Activation via EDC was done
in the presence of the external nucleophile, “C-ben-
zylamine, to preclude N-acylurea formation. Briefly, 20 nCi
of '"*C-benzylamine hydrochloride (54 mCi/mmol) was added
to 800 pL of dimethylformamide. Triethylamine, 1.3 equiv,
was introduced with stirring. PEO-p[Asp(ADR)] conjugate,
200 pl of a 20 mg/mL equivalents of ADR solution, was
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Fig. 1. Chemical structure of PEO-p(Asp(ADR)] conjugates.

added. Then 1.0 equiv of EDC was added to '*C-ben-
zylamine; and the reaction allowed to proceed at 25°C for 4
hr, at which time an additional 1.0 equiv of EDC was added.
The reaction was allowed to proceed overnight at 25°C with
stirring. The reaction mixture was then dialyzed against 150
mL 0.067 M acetate buffer, pH 4.5, and subsequently with
deionized water using a cellulose acetate dialysis membrane
MWCO, 1000). To ensure removal of free benzylamine, con-
trol experiments were carried out without the addition of
EDC. The radiolabeled conjugate was then concentrated by
ultrafiltration (MWCO, 100,000) and added to unlabeled con-
jugate to obtain a solution with 4.0 mg ADR equiv/mL and
associated radioactivity of approximately 6.8 X 10° dpm/mg
ADR equivalents.

Biodistribution experiments were carried out using fe-
male ddy mice that were 6 to 7 weeks old. The mice were
injected in the tail vein with *C-PEO-p[Asp(ADR)] conju-
gate at a dose of 40 mg ADR equivalents/kg. The toxicity
expressed at this dose was previously shown to be very low
(3). Mice were sacrificed at 1, 4, and 24 hr. The mice were
given 20-pL intraperitoneal injections of sodium pentobar-
bital (50 mg/mL) and approximately 1.0 mL blood collected
from the abdominal aorta. A blood volume of 2.18 mL/25 g
was assumed for the mice. Subsequently, major organs (i.e.,
liver, spleen, kidneys, heart, lungs, small intestine, stomach,
and muscle) were excised. For this study, corrections were
not made for residual blood in organs. The tissues were ox-
idized using an auto sample combustion instrument (Aloka
ASC-113, Japan) and added to approximately 10 mL liquid
scintillation medium composed of 9.0 mL liquid scintillation
solution and 1.0 mL ethanolamine in methanol (1:2, v/v)
prior to liquid scintillation counting. Radiolabeled conjugate
was used as control to establish counting efficiency. Each
composition of PEOQO-p[Asp(ADR)] conjugate was tested in
four mice.

RESULTS AND DISCUSSION

The compositions of the PEO-p[Asp(ADR)] conjugates
used for the study are summarized in Table 1. Evidence for
micelle formation for the PEO-p{Asp(ADR)] conjugates was
obtained by dynamic light scattering and gel permeation
chromatography (GPC) (4). For the conjugate designated
1-40, two peaks were observed in the GPC elution profile;
this was attributed to the presence of a considerable amount
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Table I. Properties of Micelle-Forming PEO-p[Asp(ADR)] Conju-

gates
MW ADR Yield of *C-
substitution Diameter benzylamine
Sample PEO p(Asp) ratio (%)" (nm)”? (%)°

1-40 1,000 4,800 12 —d 27
5-20 5,000 2,100 30 30 31
5-80 5,000 8,700 46 36 23
12-20 12,000 2,100 104 40 44

4 With respect to aspartic acid residues.

% Determined by dynamic light scattering (number average).

¢ With respect to the initial amount of '*C-benzylamine used for
coupling.

4 Not detected above 10 nm.

of free polymer chains as well as micelles. Only one peak, at
the void volume, was observed in the GPC elution profiles
for the other compositions, and for 1-40 this indicated poor
micelle stability. The PEO-p[Asp(ADR)] conjugates were ra-
diolabeled at a high efficiency (Table I). The radiolabeled
PEO-p[Asp(ADR)] conjugate contained approximately one
benzylamine for every 40 ADR molecules. The protocol used
to bind '*C-benzylamine to the PEO-p[Asp(ADR)] conju-
gates via amide bonds and form micellar structures is the
same used for the conjugation of ADR to PEO-p(Asp) block
copolymers. Amide bonds between molecules (e.g., drugs)
and soluble polymers are hydrolytically stable and very
slowly cleaved enzymatically unless spacer groups are intro-
duced (11). For ADR, cleavage from the conjugate may not
be a prerequisite for cytotoxicity (12). Without the addition
of EDC, negligible incorporation of “C-benzylamine (ca.
<1%) in the PEO-p[Asp(ADR)] conjugates was determined.
Retention of the PEO-p[Asp(ADR)] conjugates during ul-
trafiltration (MWCO, 100,000) suggested an elevated molec-
ular weight of the micelle; this was consistent with the con-
jugates retaining a micellar structure after radiolabeling.
An initial biodistribution study of radioiodinated PEO-
pl[Asp(ADR)] conjugate, 5-20, ascertained 1 hr following in-
travenous injection, was reported previously (3). In this
study, the biodistribution of several compositions of the
PEO-p[Asp(ADR)] conjugate was investigated. For clarity,

- the biodistribution results of the PEO-p[Asp(ADR)] conju-

gates are presented in three classifications: (i) blood, (ii),
liver and spleen, and (iii) other organs. The liver and spleen
may be considered to approximate the RES. Figure 2 shows
the level of the PEO-p[Asp(ADR)] conjugates in blood as a
function of time. Long circulation times were determined for
some compositions of PEO-p[Asp(ADR)] conjugate. Indeed,
for 12-20, approximately 68 and 10% of the injected dose
were present in blood at 4 and 24 hr, respectively. These
results are consistent with long circulation times of PEO-
modified proteins, liposomes, and nanoparticles. Low liver
and spleen uptake (ca. 17 and 34% of injected dose/g organ at
24 hr, respectively) was determined for 12-20 (Fig. 3A). Al-
ternatively, these values represent 28 and 3.5% of the in-
jected dose, respectively. The polymeric micelles are re-
tained in the vascular compartment due to the low interac-
tion of the PEO corona region of the micelle with
biocomponents and the elevated molecular weight of the mi-
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Fig. 2. The level of micelle-forming PEO-p[Asp(ADR)] conjugates
in blood as a function of time. Mean = SD.

celle, which inhibits renal excretion. For the other organs
examined, other than the liver, spleen, and kidneys, 12-20
exhibited the highest tissue accumulation of the composi-
tions examined, and the peak accumulations were attained at
4 or 24 hr (Fig. 3A). For the other compositions of the con-
jugate, maximum tissue concentrations were attained at 1 hr
(Figs. 3B-D).

The stability of the micelle-forming PEO-p[Asp(ADR)]
conjugates is in apparent contrast to low molecular weight
amphiphiles. Polymeric micelles exhibit low critical micelle
concentrations that can be determined by fluorescent probe
techniques (13). On the other hand, critical micelle concen-
trations are equilibrium values, and perhaps more pertinent
for the polymeric micelle behavior is the rate of dissociation
of the polymeric micelle to free polymer chains. While low
molecular weight amphiphiles typically exhibit liquid-like
cores, chains within the core of polymeric micelles may ex-
hibit high intermolecular interactions and a low mobility and,
therefore, solid-like cores. For example, PEO—polystyrene
block copolymers may exhibit cores which are glassy (14);
the glass transition temperature of polystyrene is 80°C. For
PEO-p[Asp(ADR)] conjugates, the inner core is stabilized by
hydrophobic interactions and m—n interactions of the ADR
residues. For polymeric micelles, the rate of relaxation (i.e.,
dissociation to free polymer chains) may be slow and explain
the stability of polymeric micelles in blood. Previously, the
retention of the micellar form by sample 5-20 after circula-
tion in the blood for 1 hr was evidenced by GPC (3). Further
evidence for stable micelle circulation in the blood of sample
5-20 was obtained by ultrafiltration (MWCO, 100,000) of
plasma samples taken from mice 4 hr after injection. The
plasma was diluted 10-fold with isotonic phosphate buffer,
pH 7.4, and the solution concentrated 10-fold twice by ul-
trafiltration. The solution retained above the membrane con-
tained 90 * 9% (n = 4) of the *C-labeled conjugate of the
plasma, and the ultrafiltrate had 1.7 = 1.1% (n = 4). The
results indicated that the conjugate circulated in blood pre-
dominately as micelles even after 4 hr and, further, that the
radiolabel was bound to the conjugate.

As shown in Figs. 2 and 3C, 5-20 exhibited similar bio-
distribution behavior and blood concentrations at 1 hr as
reported previously (3). At 4 hr, 13 and 2.3% of the injected
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dose in blood, for 5-20 and 5-80, was determined, respec-
tively (Fig. 2). Concurrent with a faster decay in blood within
4 hr of the PEO-p[Asp(ADR)] conjugates 5-20 and 5-80, an
increased uptake was seen by the liver and spleen and de-
creased uptake in other organs (Figs. 3A-C). Such a trend
has been noted for specific liposomal formulations which
exhibited prolonged circulation times in blood and enhanced
tumor accumulation relative to most liposomes (15). For
PEO-p[Asp(ADR)] conjugates, the balance in the block
lengths affects micelle stability and interactions with bio-
components with relatively longer PEO block segments and
shorter p(Asp) block segments being more favorable for long
circulation times and low RES uptake. After longer time
periods (ca. 24 hr); the micellar state of the PEO-p[Asp(ADR)]
conjugates in blood was not clearly detectable.

For 1-40, relatively low blood circulation times were
observed (Fig. 2); this is consistent with the poor micellar
stability of this conjugate (4). This PEO-p[Asp(ADR)] con-
jugate is presumed readily to form free polymer chains in
blood, circulate largely as free polymer chains, and undergo
quick renal excretion; this was suggested by the observed
red urine, indicative of ADR, excreted within 1 hr for mice
injected with this sample, low liver and spleen uptake (ca. 10
and 4.5% of injected dose/g organ at 24 hr, respectively), and
very low organ accumulation (Fig. 3D).

The mechanisms of extravasation of PEO-p[Asp(ADR)]
conjugates and interaction with cells are not well under-
stood. It is thought, because of the small size of the poly-
meric micelles, that extravasation of the micelle could occur
directly. On the other hand, the possibility of transport of the
free polymer chain across the vascular endothelia cannot be
excluded. The interaction of PEO-p[Asp(ADR)] conjugates
with cells is in progress.

CONCLUSIONS

The prolonged circulation of PEOQ-p{Asp(ADR)] conju-
gates in blood was evidenced. Low sequestration of the
PEO-p{Asp(ADR)] conjugates by the RES system was de-
termined. PEO-p[Asp(ADR)] conjugates which could main-
tain their micellar form resulted in stable circulation; PEO-
plAsp(ADR)] conjugates which could not maintain their mi-
cellar form in blood underwent rapid renal excretion. Stable
circulation in blood, by the micellar form, may result in en-
hanced uptake of the PEO-p[Asp(ADR)] conjugates at target
sites. Future experiments will study the biodistribution of
PEO-p[Asp(ADR)] conjugates in tumor-bearing mice and
preparation of polymeric micelles bearing targeting moieties
on the outer surface of corona region.
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