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Abstract

The aim of this work was to evaluate the potential of self-assembling poly(ethyleneglycol)750-block-poly(�-caprolactone-co-trimethyl-
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necarbonate)4500 50/50 copolymers (PEG-p(CL-co-TMC)) to solubilize amphotericin B in polymeric micelles and to disaggregate the
o the less toxic monomeric form. Amphotericin B was encapsulated in the micelles upon dilution of a mixture of the liquid polymer and
n water. Its solubility was increased by two orders of magnitude depending on polymer concentration. The aggregation state of amp
as decreased by PEG-p(CL-co-TMC). The preparation method and the loading of the polymeric micelles influenced it. The antifunga

ty of the drug was reduced by encapsulation in the polymeric micelles whereas the onset of amphotericin B-induced hemolysis wa
EG-p(CL-co-TMC) micelles could be an easy method for amphotericin B encapsulation.
2005 Published by Elsevier B.V.
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. Introduction

Amphotericin B is a drug of choice against systemic mycosis
ut it has several dose-limiting effects including nephrotoxi-
ity. Due to its poor water-solubility, it was formulated with
odium deoxycholate (Fungizone®) for market introduction but
ephrotoxicity is a frequent complication. Other formulations
ave also been commercialized including: a lipid complex,
belcet®; a liposomal product, Ambisome®; a colloidal dis-
ersion, Amphocil®, and an emulsion product in association
ith Intralipid®. The nephrotoxicity of all these formulations is

educed and they are better tolerated allowing the administra-
ion of higher doses. However, cost and other factors limit their
idespread use (Hillery, 1997; Andr̀es et al., 2001; Hann and
rentice, 2001). Hence, other non-commercialized formulations
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of various types (micelles, nanospheres, conjugates) have
tested.

Due to its amphiphilic structure (Fig. 1A), amphotericin B
tends to aggregate in aqueous solution. It exists as a com
tion of monomers, soluble and non-water soluble aggre
(Legrand et al., 1992). Amphotericin B associates with me
brane sterol to form amphotericin B–sterol complexes
then associate to form transmembrane pores. The selectiv
amphotericin B for fungi is attributed to its higher affinity
ergosterol than cholesterol. Amphotericin B toxicity is thou
to be mediated by the relative aggregation state of the dr
its non-selective toxicity can be attributed to the aggreg
form of the drug (Bolard et al., 1991). Surfactants and som
amphiphilic polymers have been demonstrated to reduc
toxicity of amphotericin B by decreasing its state and exte
aggregation. Previous studies have shown that micellar so
lization with surfactants such as Mirj 59 or copolymers s
as various Pluronic®, poly(ethylene oxide)-block-poly(N-hexyl
stearatel-aspartamide), poly(ethylene oxide)-block-poly�-
benzyl-l-aspartate) or monoglycerides decreased hemo
378-5173/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.ijpharm.2005.11.031
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Fig. 1. (A) Amphotericin B structure. (B) Synthesis and structure of PEG-p(CL-co-TMC).

and/or nephrotoxicity while retaining the antifungal activity of
amphotericin B (Forster et al., 1988; Kirsch et al., 1988; Tasset
et al., 1990, 1991; Yu et al., 1998a,b; Lavasanifar et al., 2001,
2002; Adams and Kwon, 2003; Esposito et al., 2003; Vakil and
Kwon, 2005).

Recently, novel diblock copolymers made up of�-
caprolactone (CL) and trimethylenecarbonate (TMC) and
mmePEG750 (Fig. 1B) (PEG-p(CL-co-TMC)) have been shown
to form stable micelles spontaneously upon gentle mixing with
water in the absence of solvent and to increase the solubility
of poorly soluble-drugs without significant cytotoxicity (Ould-
Ouali et al., 2004, 2005).

The aim of this work was to investigate if the self-assembling
PEG-p(CL-co-TMC) 50/50 system can be used both to solubi-
lize amphotericin B and to disaggregate the drug to reduce its
non-selective toxicity (Ernst et al., 1981). Therefore, the sol-
ubility of amphotericin B in the PEG-p(CL-co-TMC) micellar
solutions was determined. The aggregation state of amphotericin
in the micelles was also studied. The effect of encapsulation
on the efficacy and on the hemolysis induced by the drug was
evaluated.

2. Methods

2.1. Polymer synthesis and characterization

The copolymer was synthesized by ring-opening polymeriza-
tion as described previously (Ould-Ouali et al., 2004) (Fig. 1B).
Briefly, the reaction was initiated by PEG monomethylether of
750 Da (mmePEG750) at a molar monomer/initiator ratio of
13.3/1.�-Caprolactone and trimethylene carbonate were added
at 1:1 molar ratio. The reaction was catalyzed by stannous
octoate and was allowed to run for 24 h. The molecular weight
of the diblock polymer was determined by gel permeation chro-
matography and the monomer ratio in the polymer by NMR.
The critical micellar concentration (CMC) was determined by
the pyrene fluorescence method (Ould-Ouali et al., 2004).

2.2. Particle size

The size of the particles was determined by photon correla-
tion spectroscopy using a Malvern autosizer 4700 at 25◦C. The
measurements were carried out at a scattering angle of 90◦.
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2.3. Solubility of amphotericin B in the micelles

The solubility of amphotericin B (Sigma–Aldrich, cell cul-
ture tested) in 5, 10 and 20% (w/v) PEG-p(CL-co-TMC) in water
was determined. A stock solution of amphotericin B (10 mg/ml)
in DMSO was evaporated under vacuum, at 60–65◦C. The liq-
uid polymer without any solvent was added to the vial and mixed
overnight protected from light. Ultrapure water was then added
drop-wise to form the micellar solution. The excess drug was
removed by filtration through 0.45�m PVDF filters. The amount
of solubilized amphotericin B was quantified with a UV–vis
spectrometer HP8453 from Hewlett Packard atλ = 388 nm after
dilution of the solutions with the corresponding polymeric solu-
tion such that the absorbance was between 0.2 and 0.8. The blank
was a solution containing the same polymer concentration than
the analyzed sample. The calibration curve was also prepared
with the micelles to get the monomeric form of the drug.

2.4. Aggregation state of amphotericin B

As it is widely reported that the toxicity and the activity of
amphotericin B depend on its aggregation state and that the
spectroscopic properties correlate with the aggregation state of
amphotericin B molecules (Tancr̀ede et al., 1990; Legrand et al.,
1992; Gaboriau et al., 1997; Aramwit et al., 2000; Esposito et
al., 2003), UV spectroscopic studies were carried out.
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hemolysis induced by different concentrations (0, 3, 6, 12, 18,
24�g/ml) of a water-soluble formulation of the drug and of the
drug encapsulated in 1 and 10% (w/v) solutions of PEG-p(CL-
co-TMC) was compared. The toxicity of the excipients alone
(sodium deoxycholate (Sigma)) and PEG-p(CL-co-TMC) was
also determined.

For the water-soluble formulation, 50 mg Fungizone® was
solubilized in 10 ml water for injection (Mini-Plasco®). Differ-
ent concentrations were obtained by dilution of this solution with
isotonic phosphate buffer (pH 7.41). Amphotericin B encapsu-
lated in a 1 and 10% micellar solution of PEG-p(CL-co-TMC)
was prepared by the method B (described under Section2.4).

Blood from three rats were obtained by intracardiac punc-
ture and collected in three citrated tubes. The blood was then
centrifuged and the plasma eliminated. Complete hemolysis
was induced using a hypoosmotic aqueous solution containing
24�g/ml Fungizone®. Red blood cells were diluted with iso-
tonic phosphate buffer in order to obtain an absorbance between
0.8 and 1 upon 100% hemolysis. 2.5 ml of this erythrocyte
solution were incubated for 30 min at 37◦C under agitation
with 2.5 ml of the different solutions. After centrifugation, the
absorbance was measured at 576 nm (Tasset et al., 1990).

The hemolysis % was determined by the following formula
(Lavasanifar et al., 2002):

hemolysis %= 100 (abs− abs0)/(abs100 − abs0)
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Samples containing 10�g/ml of amphotericin B and 1 or 10
w/v) of polymer were prepared. The influence of the prepara
ethod was analyzed.

Method A. Micellar solutions containing amphotericin B we
prepared by mixing 1 mg of amphotericin B with the polym
for 24 h. Ultrapure water was then added to form 1 or 1
(w/v) micellar solution.
Method B. The drug was first dissolved in DMSO (10 mg/m
After the evaporation of the DMSO, the liquid polymer w
added and mixed overnight, at room temperature. The m
lar solution was then formed by addition of ultrapure wa
Method C. A solution of DMSO containing 10 mg/ml
amphotericin B was added to a vial and the solvent e
orated. A 1 or 10% (w/v) micellar solution was added
mixed for 24 h.

Solutions of Fungizone® diluted in water and amphoteric
dissolved in DMSO were also prepared.
The spectrum of amphotericin B in the different samples

aken by UV spectroscopy with a UV–vis spectrometer HP8
rom Hewlett Packard. The blank was the corresponding m
ar solution without amphotericin B.

The ratio of the absorbance of the first peak (I) to last p
IV) was used to monitor the aggregation state of amphote

(Adams and Kwon, 2003).

.5. Hemolytic activity

In order to determine the effect of the micellar encapsula
f amphotericin B on erythrocyte lysis induced by the drug
-

-

-

here abs = absorbance of the sample, abs100= absorbance
00% hemolysis, abs0 = absorbance at 0% hemolysis.

A two-way ANOVA was used to compare the formulatio

.6. In vitro antifungal activity

In order to study the influence of the encapsulation of am
ericin B in PEG750-p(CL-co-TMC) on the antifungal activity o
he drug, the minimal inhibitory concentration (MIC), defined
he lowest drug concentration inhibiting clearly visible gro
f the fungi, with slight turbidity being ignored (Lennette e
l., 1985), was determined by a dilution method in Sabour

iquid medium (Tasset et al., 1990). A suspension ofCandida
lbicans (5× 106/ml) was incubated with different concent
ions of amphotericin B for 30 h at 31◦C.

A stock solution of Fungizone®, was prepared by dilution
ltrapure water. The polymeric formulations were prepare
dding ultrapure water to polymer PEG-p(CL-co-TMC) con-

aining Amphotericin B (method B described under Sec
.4). Both solutions were sterilized through a 0.22�m filter.
wo by two dilutions in a Sabouraud liquid medium w
hen performed in a 19–0.037�g/ml concentration range.C.
lbicans-containing tubes without antifungal were used a
ontrol.

. Results

.1. Polymer characterization

The PEG-p(CL-co-TMC) diblock copolymer initiated wit
mePEG750 had aMW of 5250 with a polydispersity index
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Table 1
Amphotericin B solubility and in vitro antifungal efficacy at different PEG-
p(CL-co-TMC) concentrations

Solubility (�g/ml) MIC (�g/ml)a

Water 1b

Fungizone® >1000 0.15–0.15

PEG-p(CL-co-TMC)
1%c ND 0.30–0.59
5% 85 ND
10% 104 0.59–1.19
20% 122 ND

a Minimal inhibitory concentration onC. albicans.
b Lavasanifar et al. (2002).
c The polymer was dissolved in water.

1.8. The monomer ratio in the final polymer was 49.1% CL,
50.7% TMC (mol%). Its CMC was 2× 10−5 g/ml. The polymer
was liquid at room temperature (Ould-Ouali et al., 2004).

3.2. Particle size

The size of PEG-p(CL-co-TMC) micelles that formed spon-
taneously upon dilution in water was 22 nm (Ould-Ouali et al.,
2004). Their size increased to 41 nm at a concentration of 10%
PEG-p(CL-co-TMC) after amphotericin B encapsulation at sat-
uration.

3.3. Solubility of amphotericin B in the micelles

Results of the solubility study are reported inTable 1. PEG-
p(CL-co-TMC) increased the solubility of amphotericin B by
two orders of magnitude. The higher the polymer concentration,
the higher the solubility.

Below the solubility, amphotericin B was encapsulated with a
yield of 100% by a simple procedure: mixing the liquid polymer
containing amphotericin B with water.

3.4. Aggregation state of amphotericin

The UV spectrum of amphotericin B depends on its aggre-
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Fig. 2. (a) UV absorption spectra of amphotericin B at a concentration of
10�g/ml in (1) aqueous solution (Fungizone®) and (2) DMSO. (b) Ratio of
peak I to peak IV in the UV absorption spectra of amphotericin B as indicator
of relative aggregation state as a function of amphotericin B concentration for
Fungizone® (�) and a 10% polymeric micelles solution PEG-p(CL-co-TMC)
(�) where amphotericin B, first dissolved in DMSO before its evaporation, was
added to the polymer and then water (method B). (c) UV absorption spectra
of 10�g/ml amphotericin B encapsulated in 10% PEG-p(CL-co-TMC) by (1)
method A (amphotericin B + polymer + water); (2) method B and (3) method
C (amphotericin B, first dissolved in DMSO before its evaporation + polymeric
micelles).

PEG-p(CL-co-TMC) whereas amphotericin B in Fungizone® is
highly aggregated.

To determine if the method of encapsulation of the drug in
the micelles had an influence on the aggregation state of ampho-
tericin B, three different methods were selected (as described
under Section2.4). The spectra of amphotericin encapsulated in
10% (w/v) PEG-p(CL-co-TMC) solutions by these three meth-
ods are reported inFig. 2c and are similar to those obtained in
1% (w/v) PEG-p(CL-co-TMC) solutions. The method of encap-
sulation of the drug in the PEG-p(CL-co-TMC) did influence
the aggregation of the amphotericin B: the monomeric form
ation state. In aqueous solution (Fungizone), amphotericin B
s aggregated. The absorption spectrum presents a major
and at 328 nm. In organic solvents such as DMSO, am

ericin B is present as a monomer and the absorption spe
s composed of four peaks with maxima at 350, 368, 388
12 nm (Fig. 2a). The aggregated form is thought to be m

oxic than the monomeric form (Legrand et al., 1992; Aramw
t al., 2000). Hence, the aggregation state of amphotericin B
ssessed by UV spectroscopy.

The spectra of amphotericin B encapsulated in PEG-p
o-TMC) micelles by the method B at different concentrati
resented all four bands typical of the monomeric form of
rug. The ratio of the first to the fourth peak was taken
easure of the relative aggregation state of amphotericin B

atio is low (<0.25) for unaggregated monomeric form an
igh as 2 for aggregated species.Fig. 2b demonstrates that t
ggregation remains low for amphotericin B encapsulate
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Fig. 3. Hemolysis as a function of amphotericin B concentration in Fungizone®

(dotted bars), 10% PEG-p(CL-co-TMC) (empty bars) and 1% PEG-p(CL-co-
TMC) (dark bars) (n = 3). * p < 0.05 vs. Fungizone®; #p < 0.05 vs. 1% PEG-
p(CL-co-TMC).

of the drug was present in the micelles when DMSO was first
removed before polymer or micelles were added. The spectra
obtained when the drug was solubilized directly by mixing with
the polymer seem to correspond to a mixture of the aggregated
and non-aggregated forms.

Consequently, the hemolytic activity and antifungal activ-
ity of PEG-p(CL-co-TMC) micelles loaded with amphotericin
B were tested only for polymeric micelles prepared by the
method B.

3.5. Hemolytic activity

In order to determine the effect of the encapsulation of
amphotericin B on the erythrocyte lysis induced by the drug,
hemolysis induced by different concentrations of amphotericin
B solubilized in deoxycholate (Fungizone®) or in 1 and 10%
PEG-p(CL-co-TMC) were compared.

Sodium deoxycholate and PEG-p(CL-co-TMC) 1% induced
no hemolysis. At a concentration of 10%, PEG-p(CL-co-TMC)
induced a very low hemolysis (5%) (data not shown). Con-
sequently, the hemolytic activity observed in the presence o
amphotericin B can be attributed to the action of the drug.

As shown inFig. 3, Fungizone® resulted in hemolysis at low
concentration. The onset of amphotericin B-induced hemolysis
was delayed by PEG-p(CL-co-TMC) relative to Fungizone®.
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depending on polymer concentration. The polymer had no effect
on C. albicans growth.

4. Discussion

Diblock copolymers made of caprolactone and trimethyl-
enecarbonate and mmePEG self-assemble to form sponta-
neously stable micelles by gentle mixing with water. They have
been identified as interesting drug delivery systems for oral
delivery of poorly water-soluble drugs (Ould-Ouali et al., 2004,
2005). In order to evaluate their potential for drug delivery,
amphotericin B was formulated in polymeric micelles made of
PEG-p(CL-co-TMC) (MW 5250). The solubility and aggrega-
tion state of amphotericin B in these formulations as well as
the effect of encapsulation of amphotericin B on the antifungal
activity of the drug and on the hemolysis induced by the drug
were evaluated.

Compared to other polymers forming polymeric micelles, the
major advantage of PEG-p(CL-co-TMC) is that neither organic
solvent nor a dialysis or evaporation step is required for the
encapsulation of the drug. As the micelles are formed by the
addition of water to the mixture of the liquid polymer and drug,
the yield of amphotericin B was 100%.

The encapsulation of amphotericin B in self-assembling
polymeric micelles of PEG-p(CL-co-TMC) increased its sol-
ubility significantly from less than 1�g/ml (Lavasanifar et
a er.
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he higher the PEG-p(CL-co-TMC) concentration, the lowe
he amphotericin B-induced hemolysis. At 12�g/ml of ampho
ericin B, the percentage of hemolysis was 94, 32 and 9
espectively, Fungizone®, 1% and 10% PEG-p(CL-co-TMC)
ormulations.

.6. In vitro antifungal activity

In order to assess in vitro the antifungal activity of amp
ericin B after encapsulation in the micelles, the MIC w
etermined in the presence ofC. albicans, a fungi sensitive t
mphotericin B.

Amphotericin B was slightly less effective in vitro wh
ncapsulated in the polymer (Table 1). The MIC of the com
ercialized formulation Fungizone®, 0.15�g/ml, increased t
.30–1.19�g/ml with the PEG-p(CL-co-TMC) formulation,
f

,

l., 2001) up to 122�g/ml in the presence of 20% polym
ther micellar polymeric systems made of poly(ethylene ox
lock-poly(�-benzyl-l-aspartate) presented similar solubilit
57–141�g/ml) (Yu et al., 1998b). Amphotericin B solubil
ty reached more than 250�g/ml in freeze-dried poly(ethylen
xide)-block-poly(N-hexyl stearate-l-aspartamide) micelle
ith a yield of up to 77% (Lavasanifar et al., 2002).
The toxicity and the activity of amphotericin B depe

n its aggregation state: the aggregation of amphoteric
eems to decrease its antifungal activity and increase its to
Legrand et al., 1992; Yu et al., 1998a; Aramwit et al., 2000).
n addition, several authors have seen a correlation betwe
pectroscopic properties and the aggregation state of am
ericin B molecules (Tabosa do Egito et al., 1996; Gabor
t al., 1997; Ernst et al., 1981). Therefore the effect of PEG
(CL-co-TMC) on the aggregation state of amphotericin B
valuated. The spectral features of amphotericin B enc

ated in PEG-p(CL-co-TMC) indicate that the polymer disa
regates the drug. The method of encapsulation of the

n the PEG-p(CL-co-TMC) influenced the aggregation of t
mphotericin B: the monomeric form of the drug was pre

n the micelles when the drug was first solubilized in DM
hich was removed before adding the polymer or mice
avasanifar et al. (2001)have also reported that the prepara
ethod of the poly(ethylene oxide)-block-poly(N-hexyl stearat

-aspartamide) micelles influenced amphotericin B solub
nd toxicity.

The polymer exerted a protective effect on the amphote
in vitro hemolytic activity. The delay in hemolysis on

ncreased with the increase in polymer concentration.
eduction in amphotericin B toxicity could be explained



G. Vandermeulen et al. / International Journal of Pharmaceutics 309 (2006) 234–240 239

the presence of monomeric amphotericin B and/or the lower
free non-micellar amphotericin B concentration. The toxicity
of the 1% polymer formulation was comparable to that of a
cyclodextrin formulation (Chakraborty and Naik, 2003) and of
poly(ethylene oxide)-block-poly(�-benzyl-l-aspartate) micel-
lar system (Yu et al., 1998a). The toxicity induced by the 10%
PEG-p(CL-co-TMC) formulation was better than these systems.
Depending on the fatty acid substitution level, the ampho-
tericin B induced hemolysis was higher or lower when ampho-
tericin B was encapsulated in PEG-b-poly(N-hexyl stearate-
l-aspartamide). No hemolysis at 20�g/ml of the drug was
observed at a substitution of 50% (Lavasanifar et al., 2002). The
PEG-p(CL-co-TMC) 10% formulation has however a higher
hemolytic activity than lipid formulations (Esposito et al., 2003).

The studied formulations decreased the in vitro antifungal
activity of the drug: the MIC increased from 0.15 to 1.19�g/ml
in the presence of 10% polymer. Data on the efficacy of ampho-
tericin B in surfactant or polymeric micelles have been reported
and are highly variable. Lower, equivalent or higher activi-
ties have been published (Tasset et al., 1991; Yu et al., 1998b;
Lavasanifar et al., 2002).

The interaction of amphotericin B with PEG-p(CL-co-TMC)
was not studied extensively. However, due to its amphiphilic
properties, it is very likely that amphotericin B is incorporated in
the core of the micelles. The changes in its spectral features and
its solubility confirm this hypothesis. Increasing the CL ratio in
t olu
b
H p to
n nts
t the
p ning
t lles
a

5

-
e self-
a ated
b hey
s ntly,
t ricin
B the
e

A

atie
d fully
a ject
T tt a
J ech
n ers
a e
m

References

Adams, M., Kwon, G., 2003. Relative aggregation state and hemolytic activity
of amphotericin B encapsulated by poly(ethylene oxide)-block-poly(N-
hexyl-l-aspartamide)-acyl conjugate micelles: effects of acyl chain length.
J. Contr. Release 87, 23–32.

Andrès, E., Tiphine, M., Letscher-Bru, V., Herbrecht, R., 2001. Nouvelles
formes lipidiques de l’amphotéricine B. Revue de la littèrature. Rev. Med.
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