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SHORT COMMUNICATIONS

Solubility of naphthalene in aqueous solutions
of poly(ethylene glycol)—poly(propylene
glycol)—poly(ethylene glycol)

triblock copolymers and
(2-hydroxypropyl)cyclodextrins

Abstract The solubility of naphtha-
lene was investigated in aqueous
solutions of triblock copolymers
poly(ethylene glycol)-poly(propyl-
ene glycol)-poly(ethylene glycol)
(PEG-PPG-PEG) and (2-hydroxy-
propyl)cyclodextrins. The results
with solutions of the individual sol-
ubilizers were as expected: the solu-
bility enhancement was much higher
with a micelle-forming copolymer
than with the non-micellizing one
and with (2-hydroxypropyl)-f-
cyclodextrin (HPBCD) than with (2-
hydroxypropyl)-a-cyclodextrin
(HPACD). Although the formation
of inclusion complexes between
HPACD and PEG and between
HPBCD and PPG is well estab-
lished, the naphthalene solubility in
mixed solutions does not signifi-
cantly deviate from that predicted

for a mixture of independent solu-
bilizers. Thus the interactions be-
tween HPCD and PEG-PPG-PEG
copolymers are not strong enough to
disrupt micelles and aggregates
formed by those copolymers. In fact,
slight synergetic deviations were
observed with the micellizing co-
polymer, indicating the existence of
ternary naphthalene/HPCD/copoly-
mer interactions. For pharmaceuti-
cal applications, it is important that
the solubilization efficacy of PEG—
PPG-PEG copolymers and that of
cyclodextrins modified by the 2-hy-
droxypropyl group would not be
compromised if these two types of
solubilizers were co-administered.

Keywords Naphthalene
solubilization - Copolymer
micellization - Cyclodextrins

Introduction

The early experiments on main-chain inclusion of water-
soluble polymers by cyclodextrins (CDs), leading to
formation of pseudopolyrotaxanes, appear to provide a
solid framework for interpreting the phenomena. The
decisive factor seems to be the fit of the main chain into
the central cavity of these oligosaccharides as illustrated
by the behavior of poly(alkylene oxides): the smallest
cyclodextrin, a-cyclodextrin with six glucose units in the
molecule, forms a crystalline complex with poly(ethylene
glycol) (PEG) but not with poly(propylene glycol)
(PPG). The reverse is true for larger -cyclodextrin with

seven glucose units in the molecule [1]. With triblock
copolymers PEG-PPG-PEG, the content of CD in the
crystalline complex corresponds to the content of PEG
in the case of «-CD and PPG in the case of f-CD [2, 3].
The primary driving force of the inclusion is the relative
hydrophobicity of the cavity; however, the binding of
the individual CD molecule is rather weak [4]. Inspite of
that, the yields of crystalline complexes precipitating
from solution are high. The fact that derivatization of
CD hydroxy groups, for example, with 2-hydroxypropyl
group prevents formation of a solid complex pinpoints
the hydrogen bonding between adjacent CD molecules
as the main driving force behind the high yields
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obtained. Since two free secondary hydroxy groups on
each glucose unit are located at the wider rim of CD
molecules whereas just one primary group is located at
the narrower rim, the regular head-to-head/tail-to-tail
arrangement comes as natural. Moreover, the CD size
and the complex composition correspond to two
monomeric units of PEG or PPG.

The appealing consistency of the outlined picture
made it widely accepted even though it simplifies some
details and ignores some fundamental questions. The
regular head-to-head/tail-to-tail arrangement was
shown highly improbable by Monte Carlo simulation
[5]. The number of monomer units covered by cyclo-
dextrin is higher than two. However small the found
difference may seem, it has significant consequences for
the theoretical description of the binding isotherm. The
behavior of methylated CDs challenges the role of
hydrogen bonding. The fact that 2,6-O-dimethyl-f-
cyclodextrin forms a crystalline complex with PPG can
be simply explained if hydrophobic interaction replaces
hydrogen bonding as a source of cooperativity, but
then the question arises why fully methylated p-CD
does not form any such complex [6, 7]. It was suggested
that the source of high yields may be low solubility of
crystalline complexes rather than strong cooperativity
in CD threading [4]. The localization of -CD on PPG
segment in complexes with PEG-PPG-PEG copoly-
mers basically supports the validity of the size-matching
criterion, but at the same time, this fact violates the
criterion because -CD has to pass over a PEG seg-
ment in order to reach the middle PPG segment, which
means that f-CD forms complexes with PEG in solu-
tion, though weak and soluble. Yet this violation is
understandable as the thinner chain gets through the
bigger ring. The recent experimental finding that «-CD
forms crystalline complexes with PPG-PEG-PPG co-
polymers [8] is more baffling because molecular mod-
eling showed that a deeper penetration of PPG into the
o-CD cavity results in considerable, energetically
unfavorable deformation of «-CD macrocycle. This
means that even though the crawling of the PPG chain
through «-CD cavity is possible in principle, it is not
very probable. [9]

Under the circumstances when the interactions of
CDs and water-soluble polymers are not fully under-
stood, additional data on the subject are required,
especially because both CDs and PEG-PPG-PEG co-
polymers were proposed or even used as solubilizers in
various biomedical and industrial applications [10, 11].
The solubilizing power of PEG-PPG-PEG copolymers
is derived from their ability to form micelles with a
relatively hydrophilic PEG corona and more hydro-
phobic PPG core in which a sparingly soluble com-
pound can dwell. However, it was shown that the
solubilizing effect of both CDs and micellar solubilizer
can decrease if administered together. Thus the solu-

bility of benzo[a]pyrene in a micellar bile acid salt
solution (15 mM sodium taurocholate) decreases after
addition of (2-hydroxypropyl)-fS-cyclodextrin (HPBCD)
because a strong inclusion complex forms between
HPBCD and a bile acid and, consequently, the number
of micelles into which benzo[a]pyrene can enter de-
creases. Also HPBCD is consumed in the complexation
of bile acid salt, and the solubility of benzo[a]pyrene
starts to grow again only after an excess of HPBCD is
added [12].

Therefore, we decided to verify whether a similar
detrimental effect on solubilizing power is also caused by
interactions between CDs and PEG-PPG-PEG co-
polymers. As a sparingly soluble solute, we chose
naphthalene, a popular model compound frequently
used to investigate the solubilizing power both of PEG—
PPG-PEG copolymers [13—15] and cyclodextrins [12, 16,
17]. Naphthalene is a representative of polycyclic aro-
matic hydrocarbons, highly carcinogenic pollutants, and
naphthalene rings are present in molecules of some
drugs, for example nonsteroidal anti-inflammatory drug
Naproxene. The water solubility of naphthalene, which
is about 30 mg/1 [18], is 25 times greater in 5% solution
of HPBCD [12] and an even higher increase (~100 times
in 5% solution) is observed with some micellizing PEG—
PPG-PEG copolymers [13-15]. For comparison, the
increase in naphthalene solubility in 5% methanol is as
low as 40%. [19]

We carried out a series of experiments on solubility of
naphthalene in solutions of (2-hydroxypropyl)cyclo-
dextrins, PEG-PPG-PEG triblock copolymers, and
their mixture. The 2-hydroxypropyl derivatization of
CDs ensures good solubility, not only of CDs but also of
their complexes with naphthalene and polymers.

Experimental
Materials

Samples of PEG-PPG-PEG triblock copolymers were
of commercial origin. Their composition was determined
by '"H-NMR and their molecular weight by MALDI-
TOF mass spectrometry. Detailed results of the co-
polymer characterization, summarized in Table 1, show
that the first sample (copolymer I) corresponds to Plu-
ronic L64 and the second one (copolymer II) is between
Pluronics L83 and L93 in the nomenclature introduced
by BASF Co.

(2-Hydroxypropyl)-a-cyclodextrin (HPACD), pur-
chased from Fluka, has an average degree of substitu-
tion 0.6 and  (2-hydroxypropyl)-fS-cyclodextrin
(HPBCD), from Aldrich, has an average degree of
substitution 0.8. Prior to use, both modified cyclodext-
rins were dried overnight under reduced presure at
40 °C.
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Table 1 Characterization of PEG-PPG-PEG copolymers

Sample M,* M, ° WPEG © NppG d Npgg ©
Copolymer | 2,680 2,860 0.403 28 2x12
Copolymer II 3,880 4,020 0.336 44 2x15

“Number-average molecular weight determined by MALDI-TOF
mass spectrometry

®Weight-average molecular weight determined by MALDI-TOF
mass spectrometry
“Weight fraction of PEG determined by 'H-NMR

Approximate number of monomeric units in the PPG block
°Approximate number of monomeric units in the PEG blocks

Solubility determination

The inner surface of 1.5 ml vials was precoated with
naphthalene by allowing a naphthalene solution in tet-
rahydrofuran to evaporate while slowly rotating the
vials. Water or a solubilizer(s) solution (1 ml) was added
and vials were gently shaken at 25 °C for 3 days. Pre-
liminary experiments showed that after 3 days, equilib-
rium was attained because prolonged dissolution did not
increase the amount of solubilized naphthalene. Samples
were shortly centrifuged, diluted first 1:1 with methanol,
and then with methanol/H,O 1:1 to final concentrations
giving acceptable reading on a UV/VIS spectrophoto-
metr at 275 nm.

For each solubilizer, three series of naphthalene sol-
ubilization experiments were carried out in which the
concentration of the solubilizer was varied from 2% to
8% (w/w). In the basic series, no other solubilizer was
added, while 4% of a solubilizer of the other type (i.e.,
CDs for PEG-PPG-PEG copolymers and vice versa)
was present in the second and third series.

Theory
Solubilization with a single solubilizer

The overall solubility of a sparingly soluble compound
(solute) can be appreciably increased in the presence of a
compound (solubilizer) with which it forms a soluble
complex. For the 1:1 stoichiometry, the complexation
equilibrium can be described by

[CS —§]
Ke =+ 1
where K¢ is binding constant [CS—S], [CS], and [S] are
equilibrium molar concentrations of the complex, com-
plex-forming solubilizer, and solute. In the presence of a
solid solute, the concentration of a free solute in solution
is constant and equal to its solubility in water, Sy. Total
solute solubility in a solution of complex-forming solu-
bilizer, S = Sy + [CD-S], can be then expressed as

S

— =1+ Kc[CS]. (2)
So
Taking into account that the total concentration of the
complex-forming solubilizer, ccs= [CS-S]+[CS], Eq. 2
can be recast as [16]

S K

S_o 1 +TI§CS0CCS =1 -I-KéCcs. (3)
Equation 3 shows that using the overall molar concen-
tration of the complex-forming solubilizer, ccs, instead
of the equilibrium value [CS] we underestimate the
binding constant unless K¢ Sy < <1. However, the cal-
culation of a true binding constant from the apparent
one, K¢ ’, is quite straightforward.

Formally, Eq. 3 describes solubilization also as parti-
tion of the solute between solvent and the pseudophase
formed by a complex-forming solubilizer, in which the
solute concentration is proportional to (S—Sp)/ccs. In this
context, K- correspond to a partition coefficient, Kp, ra-
ther than to a binding constant [16]. To identify the
pseudophase with, for example, inner cavities of cyclo-
dextrins would be far-fetched; however, the existence of
pseudophase can be postulated for a second class of sol-
ubilizers considered in this paper, namely micelle-forming
solubilizers, for which the increase in the overall solute
concentration is achieved by sequestering solute into the
micellar cores [20]. The concentration of pseudophase is
not proportional to the total concentration of a micelle-
forming solubilizer, cps, because micelles are in equilib-
rium with (ideally) molecularly dissolved solubilizer at a
concentration equal to the so called critical micellar con-
centration, cmc. Thus, Eq. 3 becomes
S

5= 1 + Kp(cms — ecme) = 1 — Kpeme + Kpcews. (4)
0

Obviously, Eq. 4 is valid only for solubilizer con-
centrations above cmc where the relative solubility
enhancement is a linear function of the solubilizer con-
centration, similarly as in Eq. 3 but with the intercept
(1-Kp cmc) <1. Equation 4 gives S=S, at cmc and
hence assumes no solubilization below cmc. Frequently,
however, micelle-forming solubilizers display a solubi-
lizing effect also in sub-micellar concentrations, with
Eq. 3 applicable. Thus for ¢ys > cmc, this has to be
accounted for. The straightforward way to do that is
simply to combine Eqgs. 3 and 4 [20]

S !
- =1+ Keme + Kp(ems — cme)

So
=1+ (KIC — Kp)cmc + Kpewms- (5)
Thus, Eqgs. 5 and 3 together describes the effect of a

micelle-forming solubilizer in a whole concentration
range with two linear branches. Equation 5, however,
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neglects the fact that a part of the micelle-forming sol-
ubilizer is consumed in the complex. The correct equa-
tion should read, using a true complexation constant K¢
rather than the apparent one K¢’,

ii Kceme
So N 1 + K¢Sy

+ Kp [CMS — cmc(l =+ Kcs())]

c
——— — Kp(l + KcS K .
[T KeSe p(1 4 KcSp)|cme + Kpems

(6)

Equation 6 gives also the solubility at high concentra-
tions of a micelle-forming solubilizer as a linear function
of the total solubilizer concentration but the important
difference is that the crossover point is not at cmc but at
a higher concentration, cmc (1+ K¢ Sp). Below this
concentration, the solubility is described by Eq. 3.

In any case, the above equations should be used as
semiempirical because some assumptions can be violated
in practice. For example, solute/solubilizer complexes
with stoichiometry different from 1:1 can be formed or
micellization can be promoted by solute.

Solubilization with a pair of solubilizers

In general, the solubility of a sparingly soluble com-
pound in solution of two solubilizers can be assumed to
be additive as long as there are no other significant
interactions except those between the solute and indi-
vidual solubilizers. The total solubility is then given by
solubilizing powers of individual solubilizers, denoted as
A and B,

ONON i

where the terms for individual solubilizers are assessed
either experimentally or obtained with an appropriate
equation, for example those given in the preceding sec-
tion.

Strong mutual interactions between solubilizers can
decrease the total solubilization effect. If a complex be-
tween solubilizers is formed, portions of solubilizers
consumed in this way are excluded from the solubiliza-
tion. This can be accounted for if stochiometry and a
binding constant are known—the conservation rela-
tionship for both solubilizers and solute has to be
combined together with appropriate binding isotherms.
For the case of 1:1 complex formed both between the
solute and each solubilizer as well as between solubilizers
themselves, the relevant equations are
S

§ =1+ K(:,A [A] =+ KC,B [B],
0

(8a)

CA = {A} + KC.A [A] So + KaB [A] [B]a (8b)

cg = [B] + K¢ s[B]So + Kag[A][B] (8¢c)

where ca, cg are total and [A], [B] equilibrium molar
concentrations of solubilizer A and B, respectively.
Equations 8a, 8b, 8c can be used for micellizing sol-
ubilizers at concentrations not high enough for micelles
to be formed. In order to modify Egs. 8a, 8b, 8c for the
solutions in which one solubilizer (e.g., solubilizer B)
forms micelles, an assumption has to be made that the
solubilizer A binds only with molecularly dissolved sol-
ubilizer B. Denoting the concentration of solubilizer B
participating in the micelle formation as ¢y we have

S

S— =14+ KQ’A [A] + KC,chc + KP,BCBAMy (93.)
0

CA = [A] + KC,A [A] So + Kca [A]cmc, (9b)
Cp = cmc + Kc,chc So + Kan [A]cmc + cp M- (90)

By this procedure (i.e., by solving Egs. 9a, 9b, 9c¢),
solubilization of benzo[a]pyrene in a mixture of HPBCD
and bile acid salt (sodium taurocholate) was successfully
predicted knowing both behavior of individual solubi-
lizers and their interactions [12].

Solubilization with polymeric solubilizers

The polymeric nature of a solubilizer does not invalidate
the scheme outlined above for solubilization with one
solubilizer. With micellizing solubilizers, the molecular
weight has no qualitative effect on the relation between
the solubilizer concentration and the amount of
pseudophase formed. It is true that the existence of
several solute binding sites per molecule can be expected
for high-molecular-weight complexing solubilizers but
still the use of 1:1 stoichiometry is quite appropri-
ate—multiplicity of binding sites can be hidden in the
binding constant because of a very low solute concen-
tration resulting in low saturation of solubilizer binding
sites by the solute. Due the low saturation, complicating
factors such as delocalization and/or cooperativity of
binding can be neglected as well. On the other hand, the
nature of solute binding below cmc is more obscure with
polymeric solubilizers than with low-molecular-weight
ones, aggregation and solute-induced micellization being
more probable. However, such phenomena may operate
also with low-molecular-weight solubilizers and are of
no concern as long as Eq. 5 is used as semi-empirical,
without aspirations to establish solubilization mecha-
nism. [20]

Polymeric nature becomes important if the solubilizer
is used in conjunction with another solubilizer, which
can be of low molecular weight, and the two solubilizers
interacts. For one, low saturation cannot be a priory
assumed in solubilizer/solubilizer binding. On the other
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hand, the consequences of solubilizers binding for sol-
ubilizing or micellizing ability of the polymeric micel-
lizing solubilizer are not clear and, in fact, neither of
these abilities needs to be hampered. For such limiting
case, when a low-molecular-weight solubilizer A binds
to both molecular and micellar forms of a polymeric
solubilizer B, and only the solubilizing power of a low-
molecular-weight solubilizer A is affected by this bind-
ing, we get

S

S_O =1+ KC,A [A] + KC’BCII’]C + KP,B (CB — Cl’IlC)7 (10&)
ca = [A] + Kca[A] So + Kas[A][B], (10b)
CB = [B] + Kcgeme Sy + Kag [A][B] (IOC)

Result and discussion
Naphthalene solubilization with individual solubilizers

Although we are primarily interested in the interactions
between PEG-PPG-PEG block copolymers and CDs,
i.e., in naphthalene solubilization with mixtures of
solubilizers, the solubilizing power of all individual
solubilizers had to be established at first. The reason
was not only to obtain the data not available in the
literature or to verify those available, but also to
establish a reliable basis for the interpretation of solu-
bilization by mixed solubilizers because a significant
difference can exist between samples classified under the
same general name, both in the case of CD derivatives
and PEG-PPG-PEG copolymers. The results on
solubilization with individual solubilizers are collected
in Fig. 1.

The solubility of naphthalene in solutions of HPBCD
and of HPACD appreciably increased. The value of the
binding constant Kcp =840 dm’/mol for HPBCD
agrees reasonably well with literature data [12, 21]. No
such data are available on solubilization of naphthalene
by HPACD but the observation reported in the litera-
ture that naphthalene is about six times more soluble in
25 mM HPBCD than in 25 mM «a-CD corroborates the
value Kcp =131 dm?/mol found for HPACD by us.
The linear increase in naphthalene solubility both with
HPACD and HPBCD concentration agrees with the
observation that 2-hydroxypropyl derivatives of cyclo-
dextrins form only a 1:1 complex with naphthalene
and not some higher complexes observed with natural
CDs [21].

A higher solubilizing power is expected for the PEG—
PPG-PEG triblock copolymers that form micelles under
given conditions. The results of characterization of our
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Fig. 1 Solubility of naphthalene in solutions of individual solubi-
lizers relative to the solubility in pure water. Solubilizers: HPACD
(filled diamond), HPBCD (filled square), copolymer 1 (open
diamond), copolymer II (open square)

samples of PEG-PPG-PEG triblock copolymers, to-
gether with literature data on micellization of PEG—
PPG-PEG triblock copolymers imply that only polymer
II can be expected to form micelles at 25 °C and at the
concentrations used. This is corroborated by our mea-
surement of naphthalene solubility which is substantially
higher in solutions of polymer II than in solutions of
copolymer I; however, naphthalene solubility increased
even in the latter.

The solubility of naphthalene increases linearly with
the concentration of copolymer I with no apparent
break. The value of the intercept close to 1 implies that
cmc of copolymer I at 25 °C is above the concentra-
tions used by us, which means that the slope of the
dependence corresponds to K'c, the value being
192 dm?/mol. Paterson et al. [13] proposed a linear
bivariate correlation between K¢ and molecular
weights of PEG and PPG blocks forming the PEG-
PPG-PEG triblock copolymer. We found that a better
fit to their data is obtained if the correlation is made
for log K’c. Thus the obtained correlation predicts K’'c
=260 dm’/mol for copolymer I giving the support to
our experimental data.

The linear dependence of naphthalene solubility on
the solubilizer concentration was also found for co-
polymer II, but with a large negative intercept, which
means that the concentrations used are above cmc for
copolymer II and therefore the slope of the dependence
is not equal to K¢ but to Kp (Eq. 4 or Eq. 5). The value
found, 2,700 dm3/mol, is somewhat lower than that re-
ported for P84 [13], the Pluronic most similar to co-
polymer II for which literature data are available. The
difference is not surprising because significant differences
in composition between copolymer II and Pluronic P84
still exist.



1038

Solubilization with a pair of solubilizers

The solubility of naphthalene in solutions containing
two solubilizers was measured for all four pairs com-
bining one of HPCDs and one of PEG-PPG-PEG co-
polymers. Two series were measured for each pair: the
HPCD concentration was varied from 2% to 8% (w/w)
while the concentration of a PEG-PPG-PEG copolymer
was kept at 4% in the first series whereas the PEG—
PPG-PEG copolymer concentration was varied and that
of HPCD kept constant in the second one. In order to
assess mutual interactions of solubilizers, the results
were compared with some theoretical predictions, gen-
erally discussed here before proceeding with the pre-
sentation of the results for each pair.

The first prediction used (procedure 1), assuming no
significant interaction between solubilizers, is given by
Eq. 7 with each term corresponding to the solubility in
the absence of the other solubilizer. In the second pre-
diction (procedure 2), we utilize our knowledge on
interactions between CDs and PEG-PPG-PEG co-
polymers and use Eqgs. 10a, 10b, 10c, i.e., assume that
HPCD binds both to molecularly dissolved and micellar
PEG-PPG-PEG copolymer without affecting the co-
polymer ability to participate in micelle formation or the
ability of micelles to solubilize naphthalene. An experi-
mental naphthalene solubility lower than the first pre-
diction would indicate some binding between HPCD
and copolymer and if lower than the second prediction,
it would indicate that the interactions between HPCD
and copolymer are strong enough to interfere with co-
polymer micellization and/or solubilizing power.

The first pair was HPACD and copolymer I, for
which the complexation is expected to occur on PEG
blocks. According to the competitive spectrophotome-
try, the binding constant for binding of an isolated
HPACD molecule to PEG is approximately 2.5 dm?/
mol [4]. This value is based on a binding site corre-
sponding to two monomeric units and we used this
definition and this value of the binding constant in cal-
culating the theoretical solubility according to procedure
2 with the polymeric solubilizer concentration expressed
as the concentration of EG doublets. Copolymer I does
not form micelles at the concentrations and temperature
used by us and, therefore, no drastic reduction in the
naphthalene solubility caused by micelle destruction can
be expected. Moreover, solubilization with a molecularly
dissolved copolymer may be expected to involve a more
hydrophobic inner PPG block rather than outer PEG
blocks on which HPACD would reside. Thus only a
small effect of interactions between HPACD and co-
polymer I on total naphthalene solubility in mixture of
these two solubilizers is to be expected. As seen from
Fig. 2, this is really the case. In fact, the naphthalene
solubility corresponds to the predictive procedure 1 for
measurements at a constant content of copolymer I

S/S,

¢, [% wiw]

Fig. 2 Solubility of naphthalene in mixed solutions of HPACD and
copolymer I relative to the solubility in pure water. Either the
concentration of HPACD was kept at 4% while concentration of
copolymer I was varied (filled diamond, dashed and full lines, cx=
¢y) or the concentration of copolymer I was kept at 4% while the
concentration of HPACD was varied (open diamond, dotted and
dash-dotted lines, cx= cppacp)- Symbols depict experimental data,
and the point common to both series is given as Half filled diamond.
The lines indicate solubility predicted from the behavior of
individual solubilizers assuming either complete additivity (dash-
dotted and full lines) or a contribution of HPACD decreased due to
interactions between HPACD and PE blocks of copolymer I
(dotted and dashed lines), see text

almost perfectly, although one would expect that the
data will rather match the predicting procedure 2.
However, to interpret this finding as an indication or
even as a proof of the absence of significant interactions
between HPACD and copolymer I would be short-
sighted as can be seen from the behavior of the following
pair of solubilizers.

Figure 3 shows the results of naphthalene solubili-
zation in mixtures of HPACD with the other PEG—
PPG-PEG copolymer, micelle-forming copolymer II,
which has a much higher solubilizing power than co-
polymer I. Consequently, the effect of copolymer II is
dominant in the mixtures with HPACD and the differ-
ence in predictions by the procedure 1 or 2 is relatively
small. It is worth noting that some synergetic effect ap-
pears at higher concentrations of HPACD where a
naphthalene solubility higher than that predicted by
procedure 1 was found. The source of the synergy re-
mains obscure. The experiments of Loftsson [22], who
observed enhancement of the dissolution efficiency of
CDs by addition of neutral polymers, are probably not
relevant here because rather harsh dissolution methods
were required. Rather, the explanation may be similar as
in the case of HPBCD and sodium taurocholate [12] for
which enhanced benzo[a]pyrene solubility at high
HPBCD concentrations was adequately described only
assuming the formation of an additional complex.
Regardless of the origin, the synergetic effect might
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Fig. 3 Solubility of naphthalene in mixed solutions of HPACD and
copolymer II relative to the solubility in pure water. Either the
concentration of HPACD was kept at 4% while concentration of
copolymer II was varied (filled diamond, dashed and full lines, cx=
¢yp) or the concentration of copolymer II was kept at 4% while the
concentration of HPACD was varied (open diamond, dotted and
dash-dotted lines, cx= cypacp). Symbols depict experimental data,
and a point common to both series is given as Half filled diamond.
Lines indicate solubility predicted from the behavior of individual
solubilizers assuming either complete additivity (dash-dotted and
full lines) or a contribution of HPACD decreased due to
interactions between HPACD and PE blocks of copolymer II
(dotted and dashed lines), see text

compensate the decrease in solubility expected for
HPACD/copolymer I and explain the observed agree-
ment between the experiments and the prediction by
procedure 1. The reason why the synergetic effect is
distinct with copolymer II is probably caused by a lower
PEG content but also by worse PEG accessibility due to
micellization.

In the combination of HPBCD and copolymer I
(Fig. 4), the dominant solubilizer is HPBCD. It is
known that HPBCD threads on PPG [1] but the quan-
titative information on interactions of an isolated
HPBCD molecule with PPG is missing. Therefore in
predictive procedure 2, we used the same value of the
binding constant as for HPACD/PEG. Although the
naphthalene solubility observed is somewhat lower than
those predicted by the procedure 1, they are generally
above those predicted by procedure 2. Even though this
may be caused by overestimating the value of the
binding constant used in procedure 2, synergetic effects
may also play some role.

The synergetic effect is apparent in the last pair of
solubilizers—HPBCD and copolymer II (Fig. 5), since
the observed naphthalene solubility is well above the
prediction of procedure 1. Obviously, the interactions of
HPBCD and the PPG block are not strong enough to
disrupt significantly micelles or even to thread onto
micellized copolymer extensively. This contradicts the
results obtained with PEG containing octadecyl groups
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Fig. 4 Solubility of naphthalene in mixed solutions of HPBCD and
copolymer I relative to the solubility in pure water. Either the
concentration of HPBCD was kept at 4% while concentration of
copolymer 1 was varied (filled diamond, dashed and full lines, c, =
¢y) or the concentration of copolymer I was kept at 4% while the
concentration of HPBCD was varied (open diamond, dotted and
dash-dotted lines, cx= cuppcp)- Symbols depict experimental data,
and a point common to both series is given as half filled diamond.
Lines indicate solubility predicted from the behavior of individual
solubilizers assuming either complete additivity (dash-dotted and
full lines) or a contribution of HPBCD decreased due to
interactions between HPBCD and a PP block of copolymer I
(dotted and dashed lines), see text
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Fig. 5 Solubility of naphthalene in mixed solutions of HPBCD and
copolymer II relative to the solubility in pure water. Either the
concentration of HPBCD was kept at 4% while concentration of
copolymer II was varied (filled diamond, dashed and full lines, cx=
¢yp) or the concentration of copolymer II was kept at 4% while the
concentration of HPBCD was varied (open diamond, dotted and
dash-dotted lines, cx= cyppcp). Symbols depict experimental data,
and a point common to both series is given as half filled diamond.
Lines indicate solubility predicted from the behavior of individual
solubilizers assuming either complete additivity (dash-dotted and

full lines) or a contribution of HPBCD decreased due to

interactions between HPBCD and a PP block of copolymer II
(dotted and dashed lines), see text
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at both ends whose solution rheology in the presence of
HPBCD was explained by the model in which HPBCD
destroys micelle-like junction points [23]. However,
HPBCD binding to alkane is much stronger than to
oxoalkane, in fact by three orders of magnitude, and
moreover rheology is sensitive to release of individual
chains, more precisely their end groups, from junctions,
whereas the solubility is affected by destruction of whole
micelles.

Conclusion

Naphthalene solubilization in solutions of HPCD and
PEG-PPG-PEG copolymers confirms HPCD/copoly-
mer interactions for the non-micellizing copolymer. It
could not be decided whether similar interactions exist

also in solutions of the micellizing copolymer and whe-
ther these interactions are strong enough to interfere
with micellization at comparable HPCD and copolymer
weight concentrations since the existence of synergetic
interactions enhancing naphthalene solubility can mask
such a destructive effect. Regardless of the nature of
interactions operating in naphthalene/HPCD/copolymer
solutions, overall naphthalene solubility does not devi-
ate significantly from a prediction for independent sol-
ubilization with HPCD and PEG-PPG-PEG
copolymer. Consequently, the solubilization efficiency of
HPBCD and PEG-PPG-PEG copolymers may be ex-
pected not to be compromised upon their co-adminis-
tration.
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