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Abstract

Pluronics® molecules self-assemble in aqueous solution providing a core/shell architecture that improves the solubility
of hydrophobic drugs. Binary mixtures of Pluronics® have been studied as drug nanocarriers in order to combine
their advantages, like high colloidal stability, small particle size and good solubilisation capacity (S_). In this work
we studied Pluronics® binary mixture, P123 and F127, as nanocarriers of the hydrophobic drug griseofulvin. P123
(E,PE, ) shows arelative good Scp, whereas F127 (E,,PE, ) shows a good colloidal stability. According to data, these
binary mixtures form stables nano-sized comicelles in aqueous solution. The S_ of the P123/F127 systems at 25 and
37 °C was monitored by UV/Visible spectroscopy, showing good results at both temperatures, as would be expected,
since P123/F127 have similar length hydrophobic block. Hydrophobic-dependence and temperature-responsive of the
systems were evaluated by CMC, particle size and colloidal stability. Hence, stables P123/F127 comicelles may have

potencial as hydrophobic drug delivery.

Keywords: binary mixtures, griseofulvin, Pluronics.

1. Introduction

The use of block copolymers in pharmaceutical science
and industry has a long history. In this context, self-assembly
copolymer surfactants have been used as solubilizing
and stabilizing agents of poorly water soluble drugs in
pharmaceutical formulations!'!. These polymers form
micelles in aqueous solution with a core/shell architecture,
where the hydrophobic core is segregated from the aqueous
exterior by a hydrophilic shell, which provide themselves
an effective drug carrier>*.

Among these systems, amphiphilic triblock copolymers
formed by poly(ethylene oxide) (E) and poly(propylene
oxide) (P) blocks withanE, P, E arrangement (where “m”
and “n” denote the monomers units) have been studied.
They are known as Pluronics®, and have been investigated
due to several reasons. In aqueous solution their amphiphilic
molecules self-assemble in micelles, where P segments
comprise a hydrophobic core as a nanoenvironment for the
incorporation of hydrophobic drugs, which may increase the
drug stability. Their hydrophilic block E, forming the corona,
prevents aggregation, protein adsorption and recognition by
the reticulo endothelial system (RES) that increases their
blood time circulation®7*). These copolymers in aqueous
solution form micelles or physical gels, and this behavior
will be dependenton their concentration and temperature
in the system. At concentrations above the critical micelle
concentration (CMC) and at temperatures above the critical
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micelle temperature (CMT), the block copolymer molecules
can self-assemble into micelles in aqueous solutions. At higher
concentrations, the closed packing of micelles results in the
formation of gel-like ordered structures. Thus, Pluronics®
solutions are capable of exhibiting thermally reversible
gelation behaviorl® 1%,

These micelles can show spherical, cylindrical or
lamellar morphology. This depends on the relative length
of both blocks, which changes the hydrophilic—lipophilic
balance (HLB) of block copolymers#!%!1, Due to their
small particle size (<100 nm) these systems exhibit many
advantages such as targeting ability, long circulation time and
easy production on effective delivery of drugs. Incorporation
of low molecular mass drugs into Pluronic® micelles can
increase their solubility and stability and improve their
pharmacokinetics and biodistribution!”*!-13,

Lee et al.’) reported that some binary mixtures of
Pluronics® like L121/F127 show cooperative aggregation,
however, these kind of systems need extra energy input such
as heating and ultrasonication to form stable nano-sized
particles. Therewith, Lee et al.*lstudied binary mixtures with
similar length of hydrophobic block which these E P E,,
copolymers are chosen as nanocarriers for encapsulation
of hydrophobic drugs in order to combine the advantages
in their physicochemical properties such as a high colloidal
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stability, formation of small particle size, good solubilisation
capacity and thermally reversible gelation behavior!®!%11,

In this study we have focused on the solubilisation
capacity (S,,,) between Pluronics® with similar length of
hydrophobic block, P123 (E, P_E, ) and F127 (E,,P_E,.),
by the usual quantification technique ofUV/Visible
spectroscopy!"'*13. Although the hydrophobic griseofulvin
was used as a standard drug to compare the values of S, of
the copolymers and their mixture, recently, griseofulvin has
been attracting considerable interest as a potential anticancer
drug, that shows low toxicity and efficacy to kill cancer
cells!®81617] Tn addition, studies such as micellar properties,
i.e., critical micelle concentration (CMC) and particle size
as micelle hydrodynamic diameter (D,)), are necessaries to
confirm their values of S, and verified their stability as

cp
hydrophobic drug deliveries at body temperaturet!-1%11:13.18]

2. Materials and Methods

2.1 Materials

The copolymers E P E (F127) and E, P_E, (P123)
(E = ethylene oxide and P = propylene oxide), commercially
available as Pluronics® (Figure 1a), were purchased from
BASF but supplied by Uniquema and used as received. Values
of molecular characteristics were measured by gel permeation
chromatography (GPC) using N, N-dimethylacetamide as
solvent 70 °C, and these results were published in a previous
study by Chaibundit et al.!"!! (Table 1). The fluorescent dye,
DPH (1,6-diphenyl-1,3,5-hexatriene), was supplied by

CHs
(@

Figure 1. (a) Chemical structure of E, P E, and; (b) Chemical
structure of griseofulvin.

Table 1. Molecular characteristics of the copolymers P123

(E,P_E,)andF127 (E P _E, ), data published by Chaibunditetal "
and Oh et al.l"3\.
1‘1;3 0, b l‘l;f d
Copolymer (g mol) %E M/M, (g mol) HLB
E,P.E, 575 32 L0 6.6 8
E P_E 12.5 69 1.20 15 22

98" 67 98

*Average molecular weight!'!l. "Hydrophilic portion of copolymert''.
“Number average molecular weight, calculeted from Mnand
Mw/Mnl'. “Hydrophilic-lipophilic balance!'.
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Biochemika, and griseofulvin (weight average 0f 352,8 gmol ™,
Figure 1b) was supplied by Sigma-Aldrich (Poole Dorset,
UK). All the other materials used were of analytical grade.

2.2 Binary mixtures

Pluronics®P123 and F127 mixed systems were prepared
by two distinct methods: polymer/solution w/w and w/v.
For the solubilisation and size particle procedures each
mixture was prepared weighing the copolymers and dissolving
them in Milli-Q® water to the desired concentration of 1%
(w/w), where the weight percentages of P123 in the mixture
were 30, 50 and 70%, and, in what follows, the mixtures
are referred to as PF 30, PF 50 and PF 70. In the critical
micelle concentration experiment, stock solutions of the
binary mixtures PF 30, PF 50 and PF 70 (1%, w/v) were
prepared by dissolving the copolymers in Milli- Q®, allowed
to stir for at least 14h, and then stored at 4 °C overnight.
The solutions were transferred to room temperature (25 °C)
and kept for more than 1 h before further dilutions.

2.3 Critical micelle concentration (CMC)

Various methods are used to determine the CMC of
surfactants. These methods (e.g. dye solubilisation and
surface tension) measure properties that show an abrupt
change when the surfactant molecules begin to micellize as
its concentration changes. As the surfactant concentration
increases and it begins to micellize, the hydrophobic dye
starts to migrate from the polar aqueous medium into
the unpolar core of the micelles. In this hydrophobic
environment, the intensity of the dye absorbance increases
abruptly. The determination of CMC of the copolymers and
their mixtures was performed through the method of dye
solubilisation, using a Hitachi Spectrophotometer U-2000.
The hydrophobic dye 1,6-diphenyl-1,3,5-hexatriene (DPH)
was used as a probe to determine micelles formation. DPH
was dissolved in methanol (0.4 mM) in the dark, and added
to the solutions of the copolymers in the ratio of 1:100 (30uL
DPH:3ml solution). Thus, solutions of copolymers (ranging
from 0.0001-1%) in methanol and 0.004mM DPH were
obtained. The absorbance wavelength used for the DPH
was 356nm.The absorbance measurements of the samples
were taken around 3 and 24h after the addition of DPH.
During all the process the solutions containing DPH were
kept in the dark. These studies were performed at 25 and
37 °C. Plots of absorbance against log C (wt. %) were used
to determine the onset of micellization!'".

2.4 Solubilisation

The method used for the solubilisation of griseofulvinwas
the “shake flask” method, adapted from Aliabadi and
Lavasanifar!’’. Copolymers and their mixtures were
dissolved in Milli-Q® water (1% w/w). Then, a portion of
drug (w = 10 mg) was added to an aliquot of copolymer
solution (10 mL). The system was slowly stirred at 25 °C
(£ 0.1 °C) for 4 days in a thermostatic bath. After that,
3 mL of supernatant were filtered (0.45 um Millipore) to
remove any non-solubilized drug. Aliquots of the filtered
samples were diluted with methanol (10x) and the drug
concentration was monitored by UV/Visible spectroscopy
at 292 nm, using a calibration curve based on Beer’s law.
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For more 4 days, the remaining supernatant (7 mL) was
stirred at 37 °C (£ 0.1 °C), and then, the same procedure
was performed. All measurements were made in triplicate.

2.5 Micelle size

DLS technique is based on the Brownian motion, where
the time-dependent fluctuations in the intensity of scattered
light from a suspension of particles undergoing random.
Analysis of these intensity fluctuations allows for obtain
the diffusion coefficients, and by aid of Stokes- Einstein
equation can determine the particle size, i.e., hydrodynamic
diameter or radius (D,, or r,)). Using the equipment Nano
Zetasizer, Malvern Zetasizer Nano ZS (ZEN 3500) the D,,
of triblock copolymers P123, F127 and their mixtures PF
30, 50 and 70, with and without drug, were determined at
25 and 37 °C. The measurements were made using the filtered
aliquots from the solubilisation procedure. The systems
were investigated using 30 scans with 30 s acquisition time
allowed for each scan. All the measurements were made in
triplicatel'-'8],

3. Results and Discussion

3.1 Critical micelle concentration (CMC)

The CMC, the fraction of molecules in micellar form,
and the size and the aggregation number of the micelles,
as well as the temperature dependence of these parameters,
are of great interest for aqueous E, P, E, block copolymer
micellar solutions. As observed by Alexandridis et al.l'%,
it becomes necessary to study the systematic formation of
the micelles of these block copolymers, determining the
micellization origin and the effects of hydrophilic (E) and
hydrophobic (P) block in this parameter!”’, DPH solubilisation
method, using UV/Visible spectroscopy, was performed by
Alexandridis et al.l' to study the micellization of different
Pluronics® indicated that the optimum wavelength of DPH
absorbance is 356 nm!'"”. The CMC can be determined
from the plots of DPH absorbance versus log C (wt. %):
the concentration where an abrupt increase of absorbance
occurs is the CMC (Figure 2a).

Micelle formation of P123, F127 and their mixtures in
aqueous solutions was monitored by UV/Visible using DPH
as a dye probe. The CMC values were determined at 25 °C,
once this is the temperature of preparation and storage of
some commercial drug formulations, and at 37 °C, the body
temperature. Copolymers used as solubilizing agents should
be mostly micellized in dilute aqueous solution. Low CMC
values of surfactants are interesting for drug solubilisation
because they provide high stability of their micelles in
solutions upon dilution in the blood!”!>!819],

Figure 2b shows CMC values of P123, F127 and their
mixtures at 25 and 37 °C. The results were expressed as
weight percentage of polymer in solution (wt. %), since this
is the usual way to evaluate the efficiency of surfactants
for commercial applications!'®. According to Tadros?”,
temperature acts differently on the solubility of the different
types of surfactants. It was observed that those surfactants
that have altered solubility with increasing temperature would
have the same behavior in relation to their CMC, since the
surfactant solubility interferes in their CMC.
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Figure 2. (a) Plots of absorbance of DPH versus log C (wt. %)
of P123, F127 and the mixture PF 50 at 25 °C; (b) Effect of
temperature at CMC of copolymers P123, F127 and their mixtures,
PF 30, 50 and 70.

In general, the CMC of nonionic copolymers undergoes
reduction as the temperature increases'”. Increasing temperature
decreases the CMC, in which the polymer becomes more
hydrophobic due to micellar growth, and this effects on the
polarity of the polymer decreases, as the temperature rises
up, due to the dehydration of the E chains!''2!). The CMCs
of all systems studied in this work at 37 °C are lower than
at 25 °C (Figure 2b), consistent with the studies reported by
Tadros?” for nonionic surfactants and by Alexandridis et al.!'%)
forE P E  block copolymers!'®2].

Attwood et al.l'"¥ reported that, within a series of
Pluronics®, CMC values are affected by variation of E-block
length. Although the effect of poly(ethylene oxide) (E) on
the CMC is less pronounced than that of poly(propylene
oxide) (P), the E,P,E, CMC becomes dependent of the
number of E units when two copolymers have the same
hydrophobic block length. This would indicate that the micelle
formation becomes more difficult than more hydrophilic the
molecules!'®®. The higher is the hydrophobic character of
the copolymer the lower will be its CMC, since micellization
reduces its unfavorable interactions with water.
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Hence, the results obtained in this work to the copolymers
P123 and F127 were 0.055 and 0.357mM at 25 °C, and 0.006
and 0.048 mM at 37 °C, respectively, consistent with the
values published by Alexandrids et al.!”) and Attwood and
Booth??, Thus, we can observe that the CMC of F127 is
higher than that of P123, once the hydrophilic block (E) of
F127 is five times larger than that of P123'8!,

The mixtures kept the profile of the temperature
dependence of the copolymers alone (Figure 2b). The CMC
values for the mixtures at 25 and 37 °C were found to
be intermediate compared to those found for the pure
copolymers. We could observe that as P123 ratio in the
mixtures increases, CMC decreases, once P123 has a lower
CMC than F127. For example, the CMC value found for
PF 30 was 0.027wt. %, while for PF 70 was 0.018wt.% at
37 °C. The low CMC values of these systems at 37°C bring
to these mixtures promising pharmacological applications
once the micelles could remain stable even upon dilution
in the blOOdU’X’I1’13’15’18’23].

3.2 Micelle size

Generally, so that the efficiency of the encapsulated
active be long during its circulation in blood, the micelles
should be small enough to evade detection and destruction
by the reticular endothelial system!'?.

In studies by Chaibundit et al.l'l it was observed
that binary mixtures of Pluronics®, which have the same
hydrophobic block length, formed stables comicelles in
diluted aqueous solution, and these mixtures showed a single
narrow distribution and small particles at room and body
temperature!'“!!. In studies by Wei et al.l'”! this behavior
was observed for the mixtures between P123 and F127
solubilizing the drug Paclitaxel. These micelles showed
hydrodynamic diameter (D,,) ranging from 20 to 30 nm and
polydispersivity index between 0.14 and 0.23.

In our study, P123/F127 micelles showed unimodal size
distribution and average micelle size, proving comicelles
formation to the same mixtures loading griseofulvin drug.
D, values of the systems F127, P123 and their mixtures PF
30, 50 and 70, without (Figure 3a) and with (Figure 3b)
griseofulvin, at 25 and 37 °C are shown in Figure 3. The D,
of copolymer F127 is larger than that of P123, since F127
has a hydrophilic chain length of poly(oxyethylene) bigger
than P123.

The encapsulated drug, griseofulvin, had virtually no
influence on the hydrodynamic radius (r,) of micelles of
P123 and F127, considering the standard deviation of the
analyses (Figure 4). However, this increase might nevertheless
reflects a certain increase in the hydrophobic micelle core
size because of griseofulvin solubilisation!'?).

The difference of r,, for the systems P123 and F127,
with and without encapsulated drug, is between 1 and 3 nm,
and for their mixtures this difference is even smaller, as seen
by Wei et al.l'"?, Therefore, micelles of binary mixtures of
Pluronics® form particles smaller than 200 nm, which is a
great advantage for use in pharmacological applications!®!?,

3.3 Solubilisation

We have appointed important characteristics to be
sought in a micellar system for drug delivery, such as
small micelle size and a low CMC, giving a high extent of

436

micellization and stability and high solubilisation capacity
(S,,)- The encapsulation efficiency can be measured by
compatibility of the micelle core with the drug, and this
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Figure 3. Hydrodynamic diameter (D,) of copolymers systems

at 1% w/v at 25 and 37 °C: (a) without griseofulvin; and (b) with
griseofulvin.
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Figure 4. Effect of encapsulated drug on 7, of the systems at 25 °C.
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interaction controls the rate of uptake and release of the
activel>?,

Values of S, of the copolymer solutions for griseofulvin
were obtained by UV/Visible spectroscopy, and these
results are reported in milligrams of solubilized drug per
gram of copolymer in solution (S mg.g ), after correction
for the solubility of griseofulvin in water (S, mg.dL™),
Sep =8 -8, [014224. The values of S, for griseofulvin were
1.34 and 1.83 mg.dL ' at 25 and 37 °C, respectively, similar
to those reported by Ribeiro et al.*l, and the values of S,
(mg/g) obtained for F127, P123 and their mixtures, PF 30,

50 and 70, are showed in Figure 5.

Bearing in mind earlier studies by Attwood and Booth!*
and Crothers et al.''}, we have used griseofulvin as a standard
aromatic drug for comparing the S, of micellar solutions
of different block copolymers. Solubilisation capacity data
published by Attwood and Booth®?? to P123 and F127,
3.0 and 2.2 mg ¢!, were similar with our results, considering
the standard deviation of samples, using the same method
and temperaturel?.

As it would be expected from this discussion, the
solubilisation capacity of E P E, diluted solutions, with
hydrophobic P blocks, showed low values when compared
with values of other types of copoly(oxyalkylenes)!!>>24,
However, Lee et al.® studied the S, and aqueous stability
of copolymers of E, P E  type, analyzing their HLB
(hydrophilic/lipophilic balance), and observed that the solubility
of the drug in these nano-colloidal systems do not just depend
on hydrophobicity of the block, but also on the length of the
hydrophilic block!™. We observed that our S, value of P123
was higher than that of F127: 3.5 and 1.5 mg/g at 25 °C,
respectively (Figure 5). According to Jindal and Mehtal®,
the HLB values for the copolymers P123 and F127 are 8
and 22, respectively, which the higher the HLB, the higher
hydrophilicity, and these balance values are an indicative
that the encapsulation efficiency of P123 for hydrophobic
drugs would be better than that of F1276211,

Lee et al.®studied the direct effect of the hydrophilic—
lipophilic balance in the kinetic and thermodynamic stability
of micelles in binary mixtures of Pluronics®. In their studies
the L121 (HLB = 2) showed less aqueous stability and
previous precipitation at diluted solutions, when added
hydrophilic triblocks E, P E, with the same hydrophobic
P portion and with long hydrophilic chain, was observed
an increase on aqueous stability.

According to Lee et al.®'P123 with a low CMC increased
the thermodynamic stability due to tight hydrophobic
interactions with hydrophobic blocks, while the Pluronic®
with long hydrophilic chain, like F127, increased kinetic
stability due to steric hindrance for micelle aggregation!®!.
These results suggest that Pluronics® with relatively low HLB
increase the thermodynamic stability, but do not affect the
kinetic stability. This way, incorporating long PEO chains
into micelles to prevent secondary micellar aggregation by
steric hindrance, forming a kinetically stable dispersion!®!.

The mixing of P123 and F127 is studied in this work
to overcome the limitations of low solubilisation capacity
and combine the advantages of high stability of Pluronics®.
Further analyzing our values of S, for griseofulvin in the
binary mixtures, PF 30, 50 and 70, we observed that increasing
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P123 levels in PF mixtures increase the solubilisation of
griseofulvin.

These results were expected, as discussed by Lee et al.[®!
and Kulthe et al.'”), which the Pluronics® mixtures are
good solubilising agents of hydrophobic drugs, where the
increase in the encapsulated efficiency by the micelles it
was observed for mixtures which had a higher ratio of
hydrophobic polymer. Supporting our values of S, to PF
mixtures where this behavior still keep the high solubilisation
capacity to mixtures that have higher rates of P123[81921],

In studies with a series of E, P, E copolymers was
observed the influence of temperature on solubilisation
capacity™'l. In our studies, S, ,at 25 °C is lower than at 37 °C
(see Figure 5). According to Kadam et al.?!); this behavior
can be explained by the increase in thermal vibrations of
the monomers in the micelles, resulting in an increase in
the space available for solubilisation of the drug into the
micelle, in addition to the increased griseofulvin solubility
in water, varying for high temperaturel''-2!l.

This increase in S, with the increase of temperature
can be better understood through the micelle-water partition
coefficient, calculated by a thermodynamic point of view.
The solubilisation can be considered as a normal partitioning
of the drug between micelle and aqueous phases and the
partition coefficient is the ratio of the drug concentration
in the micelle to that in water for a particular surfactant
concentration (P = §_/S ). The standard free energy of
solubilisation is AG°= - RT In P, where R is the universal
gas constant, T is the temperature in Kelvin scale, and P is
the partition coefficient between the micelle and the aqueous
phasel®. Table 2 shows the influence of temperature on the
partition coefficient of griseofulvin.

v 25°C
e 37°C| (F127), - (P123),

6

= M
2 $ ;
£ Yoo
® e T
L e
2 3 Y
.
0 T T T T T T T T T
0 25 50 75 100

X (wt. %)

Figure 5. Solubilisation capacity (S,,) of griseofulvin in 1 wt. %
solutions of P123, F127 and their binary mixtures, PF 30, 50 and
70, at 25 and 37 °C.

Table 2. Partition coefficient and Gibbs free energy at 25 and 37 °C
for all the systems.

25°C 37°C
Systems AG?° AG?°
" Pk mol) P Ky mol
F127 0.1245  —03085  0.1518  —03912
PF 30 03321 08228 05048  —13,010
PF 50 07335 18,175 06590 16986
PF 70 04498 11,146 06386 16,460
P123 09565 23,697 09507 24,502
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As observed by Kadam et al.”) in their studies using
Pluronics® for solubilisation of carbamazepine, our results
show the free energy of solubilisation is negative in all
systems, including the PF mixtures, and becomes more
negative with the temperature increase. This way the
spontaneous griseofulvin solubilisation in the aqueous
solutions of these copolymers is manifested by the negative
values of AG,°. Increasing temperature decreases AG,°, what
favors its spontaneous solubilisation, since increases the
drug/unimer ratio, i.e., the higher number of drug molecules
can be accommodated into micellest®!?.

4. Conclusions

These series of block copolymers E, P\ E, are frequently
used as solubilizing agents for water poorly soluble drugs.
In this paper, we have investigated the solubilisation of
a hydrophobic drug, griseofulvin, in the binary mixtures
of Pluronics® P123 with F127 that self-assemble forming
comicelles in dilute aqueous solution.

The CMC values for the mixtures at 25 and 37 °C
were found to be intermediate compared to those of the
pure copolymers. The low CMC values of these systems at
37 °C indicate that their micelles could remain stable even
upon dilution in the blood, increasing the circulation time
of the drug in the blood. In the studies of particle size, the
binary systems showed a single narrow distributionin with
a particle size ranging from 20 to 30 nm at room and body
temperature, an advantage for pharmacological applications.

Pluronics® P123 and F127 binary mixtures showed a
spontaneous solubilisation of griseolfulvin and could be useful
in its pharmacological formulations, since they combine the
properties of F127, thermodynamic stability, with the better
solubilisation capacities of P123. By a thermodynamic point
of view the increase of the temperature from 25 to 37 °C
promotes greater spontaneity and stability to these systems
in aqueous solution. Therefore, Pluronic® comicelles can
increase drug solubility and stability, making them interesting
drug nanocarriers candidates to pharmacological applications.
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