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Abstract

The solubilisation capacities of micellar solutions of diblock and triblock copolymers composed of hydrophilic poly(ethylene
oxide) and hydrophobic poly(styrene oxide) have been compared using the poorly water-soluble drug griseofulvin as a model
solubilisate. Our results showed an increase of solubilisation capacity (expressed as mg griseofulvin per gram of hydrophobic
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block) with temperature and, for spherical micelles, with core volume before reaching limiting values. A change o
shape from spherical to cylindrical (or worm-like) resulting from an increase in micelle aggregation number was acc
by a further enhancement of solubilisation capacity. Comparison with the solubilisation of the same drug in micellar so
block copolymers of poly(ethylene oxide) and poly(1,2-butylene oxide) showed that the solubilisation capacity of a pol
oxide) block was approximately four times that of a poly(1,2-butylene oxide) block for spherical micelles. Solubilisation
at 25◦C was approximately doubled when griseofulvin was incorporated into a copolymer melt and micelles initially
from the drug-loaded melt at 65◦C rather than by loading the drug into pre-micellised solution at 25◦C in the usual manner.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A widely recognised challenge in the formulat
of oral delivery systems is the design of liquid dos
forms for poorly water-soluble drugs. Of the vari
formulations that have been explored, those utili
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copolymer micelles have received recent attention be-
cause of the many advantageous features of micel-
lar carrier systems of this type (Kataoka et al., 1992;
Jones and Leroux, 1999; Rosler et al., 2001; Adams
et al., 2003). In most block copolymer systems the
hydrophilic block has been poly(oxyethylene) which
serves as a stabilizing interface between the hydropho-
bic core and the external aqueous medium and also, in
some cases, as a locus for the solubilisation of more
hydrophilic solutes. In addition, the poly(oxyethylene)
shell allows the micelles to evade scavenging by the
mononuclear phagocyte system (MPS) resulting in in-
creased blood circulation times (Yokoyama, 1992). The
hydrophobic blocks of the copolymer, which form the
core of the micelle, serve as a microenvironment for
the incorporation of lipophilic drugs and allow their
transportation at concentrations exceeding their intrin-
sic water solubility. An advantage of block copoly-
mers is the ease with which the size and chemical
composition of their micelles can be readily varied
through the choice of hydrophobic block and the rel-
ative block lengths of hydrophobic and hydrophilic
components. Micelles formed from copolymers with
a wide range of hydrophobic blocks have been ex-
plored for their solubilising potential for poorly soluble
drugs (see reviews byHurter et al., 1995; Allen et al.,
1999). Following early work in our laboratory (Collett
and Tobin, 1979), micellar solutions of the commer-
cially available triblock copolymers, e.g., Pluronics
(BASF) and Synperonics (Uniqema), in which the hy-
d ined
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lipophilic solubilisate between the micelles and the ex-
ternal medium (Tian et al., 1995; Xing and Mattice,
1997). Nagarajan et al. (1986)have emphasised the re-
lationship between the solubilisation capacity of block
copolymer micelles and the compatibility of the sol-
ubilisate with the core-forming block. On this basis
it may be reasoned that block copolymers with hy-
drophobic blocks formed from monomers bearing aro-
matic groups should be efficient solubilisers of aro-
matic drugs. However, the studies of Elworthy and
coworkers on poly(oxyethylene) alkyl ethers with long
alkyl chains showed that enhancement of solubilisa-
tion capacity by increase of the chain length of the
hydrophobe is limited by the necessity of maintain-
ing a ‘fluid-like’ micellar core (Anarson and Elworthy,
1981; Elworthy and Patel, 1982). It is known that
copolymers of poly(ethylene oxide) and poly(styrene)
do not have fluid cores, a drawback which has been re-
marked upon by Reiss and coworkers (Jada et al., 1996;
Hurtrez et al., 1998), the glass-transition temperature
(Tg) of lengthy poly(styrene) chains being ca. 100◦C.
Recently we have investigated the possibility of using
copolymers of poly(ethylene oxide) and poly(styrene
oxide) for drug solubilisation (Rekatas et al., 2001), the
Tg of lengthy poly(styrene oxide) chains being much
lower than that of poly(styrene), i.e., ca. 40◦C (Allen
et al., 1967). We have shown that micelle cores formed
from poly(styrene oxide) blocks in solution at 40◦C
are highly mobile, i.e., sufficiently so to respond to
NMR frequencies of the order of 106 Hz, which im-
p of
d per-
a

the
a
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rophobe is poly(oxypropylene) have been exam
s solubilisers (Lin and Kawashima, 1985; Saetto
t al., 1988; Kabanov et al., 1989, 2002; Hurter
atton, 1992; Gadelle et al., 1995; Oh et al., 20).
ther workers have explored the potential of cop
ers with biodegradable hydrophobic blocks suc
oly(�-benzyl-l-aspartate) (La et al., 1996), poly(d,l-

actic acid) (Yasugi et al., 1999; Zhang et al., 199)
nd poly(�-caprolactone) (Kim et al., 1998; Shin et al
998).

The generally low solubilisation capacity of the
nd other block copolymer micellar systems has b

he motivation for studies of the factors influenc
olubilisation efficiency (Hurter et al., 1995; Allen e
l., 1999; Nagarajan, 1999, 2001). For a copolyme
ith a given poly(ethylene oxide) block length,

ncrease in the length of the core-forming block
een found to increase the partition coefficient o
lies satisfactory mobility for uptake and release
rug molecules under quiescent conditions at tem
tures some 30◦C lower (Rekatas et al., 2001).

In this paper we focus on the solubilisation of
romatic drug griseofulvin (seeScheme 1) in micellar
olutions of block copolymers of poly(ethyle

Scheme 1.
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oxide) and poly(styrene oxide). Comparison is made
with the solubilisation of the same drug in micellar
solutions of block copolymers of poly(ethylene oxide)
and poly(1,2-butylene oxide). Griseofulvin has very
poor water solubility, less than 1 mg dL−1 (Yalkowsky
and He, 2003), and has been used by many laboratories,
including our own, as a standard for testing a range of
micellar hosts. In our preliminary study (Rekatas et al.,
2001) we demonstrated an advantage for solubilisation
of this drug in micellar solutions of copolymers with
poly(styrene oxide) hydrophobic blocks compared
with those of copolymers with poly(propylene oxide)
and poly(butylene oxide) hydrophobic blocks. In the
present study we were able to investigate both a wider
range of block copolymer compositions, including
two designed to produce cylindrical micelles, and a
wider range of methodology for solubilisation of the
drug.

We use the following notation to describe the
copolymers: E for an oxyethylene unit [OCH2CH2],
S (from styrene oxide) for an oxyphenylethylene
unit [OCH2CH(C6H5)], B for an oxybutylene unit
[OCH2CH(C2H5)], and m andn for number-average
block lengths in chain units. Thus EmSn denotes a di-
block copolymer prepared by polymerisation of ethy-
lene oxide (EO) followed by styrene oxide (SO) start-
ing from a monofunctional initiator, EmSnEm a triblock
starting from a difunctional initiator, and so on. The
copolymers used are listed inTable 1, together with
relevant molecular characteristics: the number-average
m the

number-average molar mass (Mw/Mn, an indicator of
the width of the chain length distribution), andwh, the
mass-fraction of the hydrophobic (S or B) block of
the copolymer. The methods used can be found in the
references quoted inTable 1, those without references
being prepared and characterised using similar meth-
ods. Copolymer E43B14E43 is a product of The Dow
Chemical Company (seeYu et al., 1996; Booth et al.,
2000).

Values of the critical micelle concentration mea-
sured in previous work (Yu et al., 1996; Mingvanish
et al., 1999; Chaibundit et al., 2002; Crothers et al.,
2002; Yang et al., 2003a,b) for a number of the copoly-
mers in aqueous solution at 25◦C range from 0.07 wt.%
(E11B8) to less than 0.0001 wt.% (S20E67). The solu-
bilisation experiments were carried out on solutions
with copolymer concentrations at least thirty-times the
cmc, conditions under which the copolymers were ef-
fectively fully micellised. Values of the micelle asso-
ciation number are described in Section3.2.

2. Experimental

The extent of drug solubilisation was determined
either by UV spectroscopy after calibration or abso-
lutely by 1H-NMR spectroscopy. Copolymer concen-
trations were in the range 1–2.5 wt.%. In method 1 a
portion of stock copolymer solution (9.9 g) was added
to finely ground (1 mm2 mesh) griseofulvin powder
( ix-

T
M

C /Mn

E 5
E 6
E 4
S 4
S 4
S 4
S 5
E 7
E 3
E 4
E 4
E 3 )
E 3 )
E 8
olar mass (Mn), the ratio of the mass-average to

able 1
olecular characteristics of the block copolymers

opolymer Mn (g mol−1) Mw

17S8 1700 1.0

45S8 2940 1.0

45S10 3180 1.0

10E135 7140 1.0

15E63 4570 1.0

17E65 4940 1.0

20E67 5300 1.0

82S8E82 8150 1.0

20S10E20 2960 1.0

66S13E66 7370 1.0

67S15E67 7700 1.0

11B8 1060 1.0

96B18 5520 1.0

43B14E43 4790 1.0
Sigma–Aldrich, Poole, Dorset, UK, 0.1 g). The m

wh References

0.562 Yang et al. (2003a)
0.327 –
0.377 Crothers et al. (2002)
0.168 –
0.394 Crothers et al. (2002)
0.416 Crothers et al. (2002)
0.449 Crothers et al. (2002)
0.117 Yang et al. (2003b)
0.405 –
0.212 Yang et al. (2003b)
0.234 Yang et al. (2003b)
0.543 Chaibundit et al. (2002
0.235 Mingvanish et al. (1999
0.307 Yu et al. (1996)
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ture was stirred at constant temperature (25, 37 or
40◦C) for 3–5 days before being filtered (0.45�m Mil-
lipore) to remove unsolubilised drug. This method is
equivalent to the so-called Shake-Flask method.

Because griseofulvin has a low solubility, we were
concerned that the solubilisation should not be limited
by slow diffusion of the drug into the micelle core.
Accordingly, in certain experiments (method 2) finely
ground griseofulvin (0.1 g) was added to the copolymer
melt at 65◦C, allowing 3 h for dissolution, followed by
addition of the required amount of water at 65◦C. This
temperature was maintained for 1 h before cooling to
25◦C, stirring for 5 days and then filtering to remove
excess drug.

In order to assess the extent of solubilisation in
the E-block corona of the micelles the solubilisation
of griseofulvin in solutions of polyethylene glycol
Mn = 6000 g mol−1 (PEG6000,E136, 5–30 wt.% in wa-
ter) was also investigated.

2.1. UV spectroscopy

A UV–vis spectrometer (Cecil CE1020) was used,
calibrated by recording the absorbance (wavelength
range 200–350 nm) of methanol solutions of griseo-
fulvin (2–20 mg dm−3) against a solvent blank. The
strong absorbance at 292 nm gave a satisfactory Beer’s
law plot. The sample was then diluted with methanol to
enable analysis by UV spectroscopy. The water content
after dilution was low enough to allow the calibration
f ion.
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t . All
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s

2
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500 spectrometer operating at 500 MHz. The pulse se-
quence consisted of 10 s delay time followed by a 90◦
pulse and then 2 s for acquisition of the free induction
decay. This sequence was time-averaged for 256 ac-
quisitions. The recycle time of 12 s was sufficient to
allow complete relaxation of all relevant nuclei. The
amount of griseofulvin solubilised per gram of copoly-
mer was determined using appropriate peak integrals
as described previously (Rekatas et al., 2001).

3. Results and discussion

Solubilisation capacity (s) was recorded as the
amount of drug dissolved in 100 cm3 of solution in
excess of that dissolved in an equivalent volume of wa-
ter. Each value was the average of results from at least
three experiments. These values were divided by the
copolymer concentration in wt.% to obtainscp, the sol-
ubilisation capacity per gram of copolymer.

3.1. Poly(oxyethylene) solutions

Fig. 1 illustrates the results obtained for solubilisa-
tion of griseofulvin in solutions of PEG6000. The UV
method of assay was used. The results are plotted as mg
griseofulvin solubilised in excess of that in water per
gram of polymer in solution (sE). Assuming no pene-
tration of water and E blocks into the micelle core, the
concentration of E blocks in the water-swollen corona
o acy
f the
m at-
t n the
c

F of
p

or methanol solutions to be used without correct
he absorbance of the copolymer solution at the s
ilution was measured as a blank: for E/B copolym

he correction was negligible, while for E/S copolym
he correction was 10–20% of the total absorbance
easurements were carried out in triplicate and th

ults averaged.

.2. 1H-NMR spectroscopy

NMR spectroscopy provides absolute meas
ents of the ratio of drug to polymer, avoiding the n

or calibration. A solution with solubilised drug w
repared and filtered as described for the UV met
ut was then freeze-dried (24 h, <10−3 mmHg) to re-
ove water. The entire sample was dissolved in CD3
nd its1H-NMR spectrum recorded at ambient te
erature (ca. 20◦C) using a Varian Associates Un
f a micelle can be estimated with sufficient accur
or our purposes from the micelle molar mass and
icelle volume, properties available from light sc

ering measurements, and the mass fraction of E i
opolymer (wE = 1−wh, available fromTable 1). For

ig. 1. Excess solubility of griseofulvin in aqueous solutions
olyethylene glycol 6000 over that in water: (�) 25◦C, (©) 37◦C.
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example, the molar mass of the micelles of copolymer
S17E65 at 25◦C is 7.4× 105 g mol−1 (Crothers et al.,
2002) andwE = 0.584, whence the mass of the E blocks
is 0.72× 10−18 g. The hydrodynamic volume (effec-
tive hard-sphere volume) from dynamic light scattering
is 8.5× 10−18 cm3 (Crothers et al., 2002), so the aver-
age concentration of E units in the micelle fringe is
no greater than 10 wt.%. Similar calculations for other
copolymers give similar results. ConsideringFig. 1,
and noting that in a 1 wt.% solution of copolymer the
micelle coronas will occupy less than 10 vol% of the
solution, we conclude that the amount of griseofulvin
solubilised in the E-block coronas of our micelles, in
excess of that solubilised in the same volume of water,
is rather small at 25 and 37◦C, i.e.,sE ≈ 0.2 mg/g of
copolymer.

3.2. Copolymer solutions: method 1

Values of the solubilisation capacity of the copoly-
mer solutions for griseofulvin (scp) obtained by method
1 are listed inTable 2. The values for copolymers E11B8
and E96B18 have been reported previously (Chaibundit
et al., 2002). Changes in copolymer concentration
(range 1–2.5 wt.%) produced no systematic differences
in scp, and the results shown are averages for all con-
centrations. Values obtained using UV and NMR as-
says were in good agreement (seeTable 2). Also listed
are values ofsh, the solubilisation capacity per gram of
hydrophobic block, calculated using the values ofwh
l
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Table 2
Solubilisation of griseofulvin in block copolymer solutions (method
1) expressed as solubilisation capacity per gram of copolymer (scp)
and per gram of hydrophobic block (sh)

Copolymer scp (mg g−1)a sh (mg g−1) Nw
b

UV NMR

25◦C
E17S8 29.5 – 52 245
E45S8 7.5 – 22 65*
E45S10 11.2 – 29 103
S10E135 6.0 – 35 70*
S15E63 11.2 11.6 28 140
S17E65 – 11.7 28 150
S20E67 11.8 13.0 27 189
E82S8E82 2.7 – 21 11
E20S10E20 11.8 – 28 >40*
E66S13E66 – 4.0 18 21
E67S15E67 – 5.6 22 25
E11B8 3.9 – 7 63
E96B18 3.3 – 13 163
E43B14E43 3.3 – 10 9

37◦C
E17S8 35.0 – 62 �500
E45S10 19.1 – 50 108
S15E63 – 15.0 38 145
S17E65 – 17.2 41 163
S20E67 – 17.5 39 191
E66S13E66 – 4.3 19 24
E67S15E67 – 7.1 29 27

40◦C
E11B8 21 – 38 340
E96B18 3.9 – 16 174

Values shown with asterisk (*) have been estimated using known
correlation, as noted in the text.

a Estimated uncertainty±1 mg g−1.
b Mass-average association numbers of the micelles,Nw, are taken

from the references given in Table 1.

are marked with an asterisk. The values ofNw serve as
indicators of the shape of the micelle core as well as its
size. As reported previously, the high association num-
bers (Nw > 240) of the micelles of copolymer E17S8 in
solution at 25 and 30◦C (Yang et al., 2003a), and of
E11B8 (Nw = 340) in solution at 40◦C (Chaibundit et
al., 2002), indicate the formation of highly elongated
(probably worm-like) micelles. The determining factor
is the value of the association number in relation to the
average length of the hydrophobic block: a copolymer
with a short hydrophobic block cannot form a large
spherical micelle core.
isted inTable 1, averaging values ofscp when both UV
nd NMR assays are reported and, as an approx
orrection for drug solubilised in the micelle coro
eductingsE = 0.2 mg g−1 from each value ofscp. This
uantity gives a direct measure of the efficiency of
bilisation of the drug in the micelle core. Consider
ll sources of error, we estimate a maximum un

ainty insh of ±4 mg g−1.

.2.1. Effect of core size and shape
Values of the mass-average association numbe

he micelles (Nw) are listed inTable 2. These value
re either taken directly from references (Yu et al.,
996; Mingvanish et al., 1999; Chaibundit et al., 20
rothers et al., 2002; Yang et al., 2003a,b), interpolat-

ng where necessary, or are estimated using correla
stablished for these and related copolymers (Crothers
t al., 2002; Yang et al., 2003b). The estimated value
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Inspection ofTable 2shows that the values ofsh are
indeed high for solutions of E17S8 (at 25 and 37◦C)
and E11B8 (at 40◦C) in comparison with those of the
other diblock copolymers. There is evidence from ex-
perimental work on other systems (Allen et al., 1999)
and from theory (Nagarajan, 1999) that solubilisation
in the micelle core is enhanced if the micelles are cylin-
drical rather than spherical.

The other copolymers, having longer hydropho-
bic blocks and/or lower association numbers, all form
spherical (or near spherical) micelles, as does copoly-
mer E11B8 in solution at 25◦C. Raising the temperature
of micellar solutions of block copoly(oxyalkylene)s
results in an increase in association number (Booth
and Attwood, 2000; Chu and Zhou, 1996). However,
for spherical micelles a limit is reached when the hy-
drophobic blocks are highly stretched (Ryan et al.,
2001; Frielinghaus et al., 2001), and any further in-
crease inNw initiates a change from spherical to cylin-
drical geometry. The small increases in the values of
Nw when the temperature is raised from 25 to 37–40◦C
seen for the micelles which remain spherical on heat-
ing, e.g., particularly for the large micelles of di-
block copolymers E45S10, S15E63, S17E65, S20E67 and
E96B18, show that they are near to their limiting size
for sphericity. Copolymer E20S10E20 is a similar case
even thoughNw, estimated as if the micelles are spher-
ical, is only 40: the S block of E20S10E20 loops in the
core, so its effective length is only S5 while the core
has the volume of forty S10 blocks. Calculating as de-
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o
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Fig. 2. E/S copolymers: diblock copolymers, spherical micelles,
(�) 25◦C; (©) 37◦C; triblock copolymers, spherical micelles, (�)
25◦C; (�) 37◦C; E17S8, cylindrical micelles, (�) 25◦C; (♦) 37◦C.
See Table 2 for details. The lines highlight the maximum extent of
solubilisation for the different species and conditions.

for spherical micelles. The almost constant value ofsh
found for spherical micelles, very evident for solutions
at 25◦C, can be attributed to the same mechanism as
that which limits the value of the association number,
that is the entropy penalty when the hydrophobic blocks
of the core become more stretched by the increase in
core radius caused by incorporation of the drug. This
increase is small (1–2%), but if the S blocks are already
stretched the decrease in entropy may be significant.

3.2.2. Effect of core composition
Values ofsh found for micellar solutions of E/B

copolymers are uniformly low compared with those
for corresponding solutions of E/S copolymer. This is
illustrated inFig. 3, where the lines, taken fromFig. 2,
represent the limiting values ofsh for spherical micelles

Fig. 3. E/B copolymers: diblock copolymers, spherical micelles, (�)
25◦C; (©) 40◦C; E43B14E43, spherical micelles, (�) 25◦C; E11B8,
cylindrical micelles, (♦) 40◦C. See Table 2 for details. The lines,
t tion
f E/S
c

cribed previously (Yang et al., 2003a) the core radiu
f micelles withNw = 40 is 2.7 nm but the S5 block is
nly 1.8 nm long on average, which is shorter than
equired for a spherical micelle. However, the distr
ion of S-block lengths may well suffice to maintai
pherical (or near spherical) core.

Fig. 2 shows that micelle association number
e used in a semiquantitative way as a crude ind

or of core solubilisation capacity across the rang
opolymers investigated. All data for E/S copolym
re plotted. As judged by the values ofNw they clearly
how: (i) low solubilisation capacity for micelles w
mall cores; (ii) limiting values ofsh ≈ 28 mg g−1 at
5◦C andsh ≈ 42 mg g−1 at 37◦C for spherical mi
elles; and (iii) higher values ofsh = 52 mg g−1 (25◦C)
ndsh = 62 mg g−1 (37◦C) for the cylindrical micelle
f copolymer E17S8. The values ofsh found for copoly-
er E20S10E20 at 25◦C is 28 mg g−1, i.e., at the limi
aken from Fig. 2, indicate the maximum extent of solubilisa
ound for (full) spherical and (dashed) cylindrical micelles of
opolymers.
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of the majority of E/S copolymers, and the dashed lines
the results for the cylindrical micelles of E17S8. The
solution temperatures for the E/S copolymers are indi-
cated. A high value ofsh is found only for the solutions
of copolymer E11B8 at 40◦C, in which the micelles are
cylindrical. Considering spherical micelles of high as-
sociation number, the ratio of values ofsh is in the range
B:S = 1:3–1:4 (seeFig. 3), which is a higher ratio than
that reported for the values of the cmc in molar units,
i.e., B:S = 1:2, presumably reflecting the aromatic na-
ture of both core and solubilisate.

3.2.3. Effect of temperature
For the solutions in which the copolymers form

spherical micelles, the micelle association number is
not strongly dependent on temperature. Nevertheless,
a significant increase in core solubilisation capacity oc-
curs as temperature is increased (seeFig. 2). This in-
crease is attributed to the usual effect of temperature on
the solubility of a crystalline compound, i.e., dependent
on melting temperature and enthalpy of fusion. Indeed
the reported solubilities of griseofulvin in water alone
(Yalkowsky and He, 2003) show a similar temperature
dependence: a least-squares line through the collected
data plotted as log(solubility) versus reciprocal temper-
ature indicates an increase in solubility of ca. 50% in
the interval 25–37◦C, much the same as the increase
relative to the solubility at 25◦C reported inFig. 2.
The fact that the solubility is greater at 37◦C than at
25◦C means that any drug solubilised at 25◦C stays
s
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Table 3
Solubilisation of griseofulvin in block copolymer solutions (method
2) at 25◦C, expressed as solubilisation capacity per gram of copoly-
mer (scp) and per gram of hydrophobic block (sh)

Copolymer scp (mg g−1) sh (mg g−1)

E45S8 10.7 32
S10E135 9.6 56
E82S8E82 5.8 48
E20S10E20 31.4 77
E96B18 6.9 29
E43B14E43 6.1 19

copolymers. The limiting conditions for microphase
separation in E/B copolymer melts are well known, and
the melts of E96B18 and E43B14E43 are certainly disor-
dered (Ryan et al., 2001). Microphase separation has
not been detected in the melts of E/S copolymers, no
doubt because the charge transfer interaction between
ether oxygen and the phenyl ring greatly reduces the
value of the Flory-Hugginsχ parameter, much as ob-
served for block copolymers of poly(ethylene oxide)
and styrene (Frielinghaus et al., 2001). So the marked
effect seen inFig. 4is not a result of griseofulvin favour-
ing less polar domains in an ordered melt, but rather a
rapid and irreversible transfer to the micelle cores from
the disordered melt at the point of micellisation when
the drug-loaded melt is transferred to the aqueous phase
at 65◦C.

The effect of transferring the drug-loaded melt at
65◦C into water at 25◦C was investigated. In this pro-
cedure the solubilisation capacity was only marginally

F lock
d om-
p llised
s
S
T

olubilised under physiological conditions.

.3. Copolymer solutions: method 2

Values of the excess solubilisation capacity of
opolymer solutions for griseofulvin (scp) obtained by
ethod 2 are listed inTable 3. As for method 1, resul

or different copolymer concentration (1 or 2 wt.
ere averaged. Only the UV assay was used. A
able 2, the results were used to calculate values o
olubilisation capacity of the micelle core,sh, with cor-
ection made for drug solubilised in the micelle coro

Comparison of results obtained by the two meth
s made inFig. 4. The scatter is large, but on average
olubilisation capacity is approximately doubled by
orporating griseofulvin into the melt before dissolv
he copolymer. The effect is similar for both E/S a
/B copolymers, although at a lower level for the E
ig. 4. The solubilisation capacity per gram of hydrophobic b
etermined by micellisation of drug-loaded melt (method 2) c
ared with that determined by loading the drug into the pre-mice
olution (method 1). All solutions are at 25◦C: (�) E45S8 and

10E135; (�) E82S8E82 and E20S10E20; (©) E96B18; (�) E43B14E43.
he least-squares straight line through the points is shown.
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improved compared with the conventional procedure,
no doubt because the loaded melt crystallised on cool-
ing with consequent separation of its components. The
time allowed for equilibration after mixing the drug
with the melt was also investigated, with little benefit
found for prolonging the time beyond 3 h. We were, of
course, conscious that we were heating a poly(ether) to
65◦C in air, and were anxious to limit any degradation
of the copolymer caused by heating in air.

The effect of dissolving a drug-loaded melt on mi-
celle shape was not explored. Probably the procedure
facilitates the formation of larger micelles, possibly
cylindrical micelles in some cases. A change in micelle
shape from spherical to cylindrical caused by solubil-
isation of a core-compatible substance has been pre-
dicted byNagarajan (1999). Light scattering measure-
ments on the resulting solutions should be revealing.
Also, it would be interesting to use drug solubilisa-
tion by method 2 with copolymers E17S8 and E11B8,
copolymers, which, at appropriate temperatures, read-
ily form cylindrical micelles in water. Because syn-
thesis of the copolymers in the laboratory was limited
in scale, and because their micellisation and micelle
properties had been investigated in detail (Yang et al.,
2003a; Chaibundit et al., 2002), our supply of these
materials had been used before the results described in
this section were known.

4. Conclusions

ified
c are
a the
a d a
f ed
p ns
o o-
b ith
p en-
h ved
b e)
m tive
c cks
t ber
f or
m lisa-
t ses

with core volume, with diblock copolymers being more
effective solubilisers than triblock copolymers. An al-
ternative to the shake flask method of solubilisation has
been explored and higher solubilisation capacities have
been achieved using a method in which the drug was
incorporated into a copolymer melt and micelles ini-
tially formed at an elevated temperature before cooling
to 25◦C.
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