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The micelle-forming behavior of a drug-block copolymer conjugate
{adriamycin-conjugated poly(ethylene glycol)-poly(aspartic acid)
block copolymer; PEG-P[Asp(ADR)}} was analyzed by gel perme-
ation chromatography (GPC). Four compositions of the conjugates
were observed to form micellar structures in aqueous media, and
their micelle-forming behavior was found to be dependent on the
composition and media. These micelles did not reach equilibrium
within short time periods like low molecular weight surfactants. One
composition formed stable micelles in the presence of serum.

KEY WORDS: polymeric micelle; drug delivery system; drug tar-
geting; adriamycin; block copolymer; poly(ethylene glycol).

INTRODUCTION

Synthetic polymers have been studied as carriers for
selective drug delivery (1,2); however, the low water solu-
bility of drug-polymer conjugates often causes problems in
their synthesis (3-5) and in their injection into the blood-
stream (6). Since most drugs are hydrophobic, drug conju-
gation with a polymer may lead to precipitation.

To circumvent this difficulty in polymeric carriers, a
micellar architecture can be utilized. An AB-type block co-
polymer composed of hydrophilic and hydrophobic compo-
nents can form a micellar structure as illustrated in Fig. 1.
The hydrophobic drug-binding segment forms the hydropho-
bic core of the micelle, while the hydrophilic segment sur-
rounds this core as a hydrated outer shell. With a core—shell
structure, polymeric micelles may maintain their water sol-
ubility by inhibiting intermicellar aggregation of the hydro-
phobic cores irrespective of the high hydrophobicity of the
inner cores. Furthermore, the functions that are required for
drug carriers can be shared by the structurally separated
segments of the block copolymer. The outer shell is respon-
sible for interactions with the biocomponents such as pro-
teins and cells. These interactions may determine pharma-
cokinetic behavior and biodistribution of drugs. Therefore,
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in vivo delivery of drugs may be controlled by the outer shell
independently of the inner core of the micelle.

Until now, few studies were done to focus on the appli-
cation of polymeric micelles as drug carriers (7,8). We ob-
tained the first successful example of a micelle-forming poly-
meric drug, adriamycin-conjugated poly(ethylene glycol)-
poly(aspartic acid) block copolymer {PEG-P[Asp(ADR)1}*
with enhanced in vivo activity of the drug as well as confir-
mation of the micellar structure under physiological condi-
tions (9-11). For effective delivery of the micelles, it is im-
portant to analyze the relationship between micelle stability
and composition of the conjugate. Chain lengths of the con-
stituents in both segments and content of the hydrophobic
anticancer drugs determine micelle size and stability. With
chemical and physical properties of the segment for the outer
shell, these two physicochemical factors (size and stability)
may determine biodistribution and pharmacokinetic behav-
ior of the micelles.

In this report, micelle-forming behavior was analyzed
by gel permeation chromatography (GPC) with four compo-
sitions of PEG-P[Asp(ADR)], two of which were known to
form a micellar structure and express in vivo anticancer ac-
tivity (9), and stability of the micelles in the presence of
serum was evaluated.

MATERIALS AND METHODS

Materials

Adriamycin hydrochloride (ADR-HCIl) was purchased
from Sanraku Inc., Yatsushiro, Japan. Other chemicals were
of reagent grade and used as purchased. Rabbit serum was
prepared from blood taken from the femoral artery of male
white rabbits (2.5-4.0 kg).

Synthesis of Drug-Block Copolymer Conjugate

PEG-P[Asp(ADR)] was synthesized by the reported
procedure (9). The chemical structure is shown in Fig. 1.
ADR was bound to poly(ethylene glycol)-poly(aspartic acid)
block copolymer [PEG-P(Asp)] by amide bond formation.
Eighty mole percent of aspartic acid residues of the poly(as-
partic acid) chain were converted to 3-amides (9). The con-
tent of ADR in the conjugate was determined by measuring
the absorbance at 485 nm in distilled water on the assump-
tion that e,q5 of the ADR residue bound to the polymer was
the same as that of free ADR (e4g; = 1.07 X 10%). The ADR
content was expressed as mole percent with respect to the
aspartic acid residues. Compositions of the conjugates are
summarized in Table I. The code for the conjugates is based
on the molecular weight of the PEG chain, number of Asp
units, and ADR content. For example, 43-17(30) means the

4 Abbreviations used: PEG, poly(ethylene glycol); P(Asp), poly(as-
partic acid); PEG-P(Asp), poly(ethylene glycol)-poly(aspartic
acid) block copolymer; PEG-P[Asp(ADR)], adriamycin-bound
poly(ethylene glycol)-poly(aspartic acid) block copolymer; ADR,
adriamycin; ADR-HCI, adriamycin hydrochloride; PBS, phos-
phate-buffered solution; PBSa, phosphate-buffered saline; GPC,
gel permeation chromatography.
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Fig. 1. Concept and chemical structure of micelle-forming polymeric drug.

conjugate with a PEG chain of 4300 MW, 17 Asp units, and
30 mole percent ADR content.

Gel Permeation Chromatography (GPC)

Samples were analyzed using an HPLC system (JASCO
Intelligent HyPer L.C System, Tokyo) equipped with a 802-
SC system controller, two 880-PU pumps, an 880-50 degas-
ser, an 851-AS autosampler, an 860-CO column oven, and an
Asahipak GS-520 (50-cm-long) or GS-520H (25-cm-long) col-
umn at a flow rate of 1.0 mL/min. The gel-exclusion molec-
ular weight of these columns is 300,000 based on the pullulan
standard. Column temperature was 40°C unless otherwise
stated. Detection was performed by absorption at 485 nm
using an 870-UV UV/VIS detector. Analysis was done after
sample incubation in several media at 20°C, 37°C, or room
temperature. The media include distilled water, phosphate-
buffered solution (PBS; 0.1 M + 0.3 M NaCl, pH 7.4), phos-
phate-buffered saline (PBSa; 0.15 M, pH 7.4), a 1:1 mixture
of distilled water and cell culture medium RPMI 1640 con-
taining 10% fetal calf serum (Y2 culture medium), and a 1:1
mixture of PBSa and rabbit serum.

Fractionation of the Conjugate with Sephadex LH-20

PEG-P[Asp(ADR)] [14.0 mL, 43-17(30) at 21.2 mg
ADR-HCI equiv/mL] was applied to 100 mL of Sephadex
LH-20 in methanol. The first fraction (23.7 mL) was col-
lected and transferred into distilled water by evaporation of
methanol and gel permeation with Sephadex G-25 (medium)
in distilled water, followed by ultrafiltration using a PM-30
membrane (Grace Japan, Tokyo). The yield based on ADR
moiety was 38.1%.

Table I. Composition of PEG-P[Asp(ADR)]

Number of ADR content
Code MW of PEG Asp units (mol%)*
43-17(30) 4300 17 30
43-17(17) 4300 17 17
51-84(34) 5100 84 34
51-84(13) 5100 84 13

% With respect to Asp residues.

RESULTS

Micelle formation of PEG-P[Asp(ADR)] was confirmed
by GPC. As shown in Fig. 2, conjugate 43-17(30) in PBSa
eluted at the gel-exclusion volume (4.2 mL). The molecular

43-17(30)

43-17(17)

51-84(34)

—

51-84(13)

?

5 (ml) 10
elution volume

Fig. 2. Gel permeation chromatograms of the four compositions:
43-17(30) at 73.1 pg ADR-HCI equiv/imL, 43-17(17) at 69.0 pg
ADR-HCI equiv/mL, 51-84(34) at 69.0 pg ADR-HCI equiv/mL, and
51-84(13) at 71.3 ng ADR-HCl equiv/mL. Column, Asahipak GS-520
H; eluant, 0.1 M PBS (pH 7.4, containing 0.3 M NaCl); sample, 100
ul of PBSa solution.
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weight corresponding to the gel-exclusion volume was much
higher than the molecular weight of this conjugate (ca. 9000),
indicating micelle formation of the conjugate. The second
peak is considered to correspond to single polymer chains
(unimers) isolated from the micelles. The addition of 1%
(w/v) sodium dodecyl sulfate decreased the area of the first
peak and increased that of the second peak. This confirmed
that this micelle was constructed by noncovalent interchain
interactions. The total peak area of the first and the second
peaks accounted for 70% of the injected amount by measur-
ing the peak area obtained without any column; therefore,
part of the conjugate was adsorbed onto the column. Micelle
formation of this conjugate was observed at the minimum
detection level (0.3 pg ADR-HCI equiv/mL; made by dilu-
tion of a sample containing 73 pg ADR-HCI equiv/mL and
analyzed within several hours after dilution). This concen-
tration corresponds to a 1 X 10~7 M concentration of the
polymer chain. Micelle formation at such a low concentra-
tion is commonly observed in polymeric micelles (12).

The fractions of the first and second peaks of conjugate
51-84(13) were applied again to the same column immedi-
ately after fractionation. As shown in Fig. 3, each fraction
was found to elute at the same place as before fractionation.
These facts indicate that the peak ratio between the first and
the second peaks did not result from an equilibrium achieved
within short periods such as several minutes between micel-
lar forms and unimers.

In Fig. 4, the effect of incubation on the GPC chromato-
gram is shown. When 43-17(30) was subject to gel filtration
with Sephadex LH-20 in methanol, the first fraction at the
gel-exclusion volume yielded only the micelle peak with an
Asahipak GS-520 H. Peak area analysis showed quantitative
(98%) recovery of the injected amount, indicating that a mi-
celle fraction with a higher stability was obtained by frac-
tionation. The second peak reappeared upon incubation in

fraction 11

fraction 1 | ’ l

Elution volume (ml)
Fig. 3. Fractionation of peaks of 51-84(13). Concentration: 570 pg

ADR-HCI equiv/imL. Other chromatography conditions were the
same as for Fig. 2.
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Fig. 4. Dissociation of micellar structure of fractionated 43-17(30)
with Sephadex LH-20 in methanol. Incubation at room temperature
in PBSa at 1! pg ADR-HCI equiv/mL. Other chromatography con-
ditions were the same as for Fig. 2.

PBSa at room temperature within a day, reflecting a very
low rate of dissociation of the polymeric micelles. Further,
this behavior was affected by the incubation medium. No
dissociation of the micelles was observed for the sample
incubated in distilled water at 37°C for 2 days, while the
second peak appeared upon incubation in PBSa (18% of the
total peak area). The incubation in a mixture of distilled
water and RPMI 1640 culture medium containing 10% fetal
calf serum (1:1) resulted in a larger area (39%) of the second
peak.

In Fig. 2, chromatograms of the four compositions stud-
ied are compared. All samples were applied to the column
within a few hours after preparation of the samples from
stock solutions at 20 mg ADR-HCI equiv/mL (stock solu-
tions were kept in frozen). Micelle stability of the samples
was observed to be strongly dependent on the composition.
43-17(30) provided the largest area of the micelle peak. A
decrease in the ADR content resulted in the smaller first
peak as seen for 43-17(17). On the other hand, a longer ADR-
conjugated P(Asp) chain led to less stable micelles as judged
by comparison between 51-84(34) and 43-17(30). A decrease
in the ADR content resulted in less stability of the micelle
structure also for the conjugate with the longer P(Asp)
chains.

Micelle stability was evaluated with an Asahipak GS-
520 in the presence of rabbit serum (in a 1:1 mixture of PBSa
and rabbit serum) at room temperature with three concen-
trations. The micelle peak was observed to decrease over



898

time for all compositions and concentrations, as shown in
Fig. 5. The most stable micelle formation was observed for
43-17(30). Even at a low concentration (9.1 pg ADR-HCI
equiv/mL), the micelle peak area decreased by only 30%
(with respect to the injected amount to the column) from 10
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Fig. 5. Stability of micelles in the presence of rabbit serum: (a) high
concentration; (b) medium concentration; (c) low concentration.
Column, Asahipak GS-520; incubation in a 1:1 mixture of PBSa and
rabbit serum at room temperature; column at room temperature.
Other chromatography conditions were the same as for Fig. 2. Con-
centrations of the samples are expressed as ADR-HCI equivalents.
(@) 43-17(30): (a) 585 pg/mL; (b) 73.1 pg/mL; (c) 9.1 wg/mL. (O)
43-17(17): (a) 552 pg/mL; (b) 69.0 pg/mL; (c) 8.6 wg/mL. (W) 51-
84(34): (a) 552 pg/mL; (b) 69.0 pg/mL; (c) 8.6 pwg/mL. (O) 51-84(13):
(a) 570 pg/mL; (b) 701.3 pg/mL; (c) 8.9 pg/mL.
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to 378 min. This high stability was significant in comparison
with the low stability of conventional liposomes (13). As
seen in the chromatograms of the samples in PBSa (Fig. 2),
the conjugates with a longer P(Asp) chain having almost the
same ADR content (34 mole percent) resulted in less stable
micelle formation. Both the conjugates having lower ADR
contents (17 and 13 mole percent) showed less stability of the
micelles than the conjugates with high ADR contents. For
43-17(30), the concentration had little effect on stability,
while the other three compositions became less stable as the
concentration decreased.

DISCUSSION

GPC analyses of the conjugate PEG-P[Asp(ADR)]
showed that stability of the micellar structure depended on
the composition of the conjugate. Polymeric micelles are
considered to be more stable than those of low molecular
weight compounds because of their low critical micelle con-
centration. For PEG-P[Asp(ADR)] 43-17(30), micelle forma-
tion was observed at a very low concentration (1 X 1077 M).
A more important factor for actual delivery in the physio-
logical environments may be rates of association and disas-
sociation of the micellar structure. The inner core of the
micelle of this conjugate has solid characteristics because of
the adriamycin moiety, which can induce strong hydropho-
bic and aromatic interactions with each other. Since poly-
meric micelles with solid-like cores are expected to equili-
brate slowly with the polymer chain unimers (14), micellar
structure may retain stable for long time periods in the
bloodstream. Since the amide bond between ADR and the
glutamic acid residue of the poly(L-glutamic acid) homopoly-
mer was reported to be resistant to hydrolytic cleavage un-
der physiological conditions (3), the slow decrease in the
micelle peak shown in Fig. 6 is considered to result from a
low dissociation rate of the micelles without a change in the
amount of the bound ADR.

Conjugate 43-17(30) retained approximately 50% of the
micelle peak area independent of its concentration (from 9.1
to 585 pg ADR-HCI equiv/mL) 255 min after mixing with
serum. For this composition, it was reported that 33% of the
injected amount remained in the bloodstream (76 pg
ADR-HCI equiv/mL) 1 hr after an intravenous injection in
ddy mice (10). The difference between the values for in vitro
stability and the in vivo blood circulation suggests that cells,
tissues, and organs contributed to uptake or destabilization
of the polymeric micelles. Thus, the stability of the micellar
structure in the presence of serum demonstrates its potential
for drug delivery.
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