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The successful design and development of pharmaceutical drug-polymer composites requires detailed
information about the phase behavior of the drug-polymer binary system. This study presents an
extended investigation of the phase equilibrium established between the chiral anti-inflammatory drug
Ketoprofen (KET) and the bio-compatible and biodegradable polymer poly(lactic-co-glycolic) acid 5050
(PLGA). Equilibration experiments were carried out in aqueous suspensions of KET crystals together with
Keywords: PLGA in the form of spherical amorphous nanoparticles obtained by supercritical fluid extraction of emul-
PLGA ’ sions (SFEE). The influence of temperature was studied in the range between 0°C and 50°C, while the
SFEE effect of KET chirality was investigated by using two different crystalline forms of KET, namely enan-
tiopure S-KET and a racemic compound, RS-KET, in equilibration experiments. It was found that the
level of KET established in PLGA at equilibrium increases with temperature, e.g. from 6.9 wt.% at 20°C
to 25.8 wt.% at 40 °C for the case of S-KET. At each temperature level, the solubility of KET in PLGA was
lower for equilibration with RS-KET, significantly higher for equilibration with S-KET, and the highest
for simultaneous equilibration with both crystalline species. Experimental solubility data of KET in PLGA
were also described in a model based on the Sanchez-Lacombe equation of state. For experiments car-
ried out at 10°C or below, an equilibrium state could not be reached even after a prolonged equilibration
period, presumably because the polymer phase had undergone a transition into the glassy state. For this
temperature range, where an experimental equilibration is not any more possible, the model may be
used to estimate the solubility of KET in PLGA by extrapolation.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The microencapsulation of active pharmaceutical ingredients
into polymeric drug delivery systems is a promising and widely
used method in drug formulation technology, enabling a number
of interesting novel pharmaceutical delivery concepts. For instance,
in controlled drug release applications, encapsulation enhances
and prolongs the effectiveness of active ingredients, while in drug
targeting, polymeric particles are used as carrier vehicles for the
targeted delivery of the drug to a specific site of action.

The entrapping of an active ingredient into polymeric micropar-
ticles may be achieved by different techniques. Among the
conventional processes, the most prominent and widely applied
are spray drying, emulsion processes with subsequent solvent
extraction or evaporation, and anti-solvent processes such as coac-
ervation. A number of new manufacturing methods are based
on the application of supercritical fluids, i.e. mostly scCO,, as
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anti-solvent, aerosol propellant and solvent-extracting agent (Yeo
and Kiran, 2005). In this context, the process called supercritical
fluid extraction of emulsions (SFEE) is a relatively new tech-
nique that has been particularly successful in the formulation of
micro- and nanoparticles of water-insoluble pharmaceutical poly-
mers such as poly(lactic-co-glycolic) acid (PLGA) (Kluge et al.,
2009a).

In many cases, the co-formulation of drug and polymer aims
at producing a solid solution where the drug is dispersed in the
amorphous polymer matrix at a molecular level. However, the
entrapment of the active ingredient into the polymeric mate-
rial may be thermodynamically unfavorable, especially if high
drug loadings are desired, or if the mutual affinity between drug
and polymer is low. Such co-formulations would bear the risk of
reduced long-term stability and shelf-life, representing a major
hurdle with respect to potential applications (Vasanthavada et al.,
2005). Hence, the design and development of such co-formulations
could strongly benefit from a priori information about the compat-
ibility of drug and polymer, in order to select a promising polymer
excipient forming stable co-formulations and allowing for maxi-
mal drug load. However, there is still a lack of such data, as well
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Fig. 1. Scheme of a ternary phase diagram for the solution of a compound-forming
chiral system such as KET. (A) S-KET, (B) R-KET, (AB) the crystalline compound RS-
KET and (S) the solution. The bold line represents the solubility of the relevant solid
form of KET in PLGA. Eutectic points are designated as E5 and Eg, respectively.

as of robust and reliable experimental methods to generate such
information in an accurate and efficient manner.

A crucial step in this direction is the determination of the level
of drug present in the polymer phase if the latter is fully equili-
brated with the pharmaceutical compound in the crystalline state,
i.e. the solubility of the drug in the polymeric matrix, which in
this case represents the solvent. In practice, equilibration is hardly
achieved in short times since it is based on the slow diffusion of
molecules inside the polymer phase. However, the equilibration
process may be facilitated by using polymeric nanoparticles, where
diffusion distances are short, and consequently, equilibration is fast.
In this context, a previous study has successfully demonstrated that
solvent-free PLGA nanoparticles as obtained by SFEE processing
may be used to investigate the equilibration of PLGA with crys-
talline Ketoprofen (KET), a chiral molecule belonging to the class
of non-steroidal anti-inflammatory drugs (NSAIDs) (Kluge et al.,
2009Db).

In order to further underline the potential that arises from SFEE
as a viable manufacturing technique and in order to highlight a
novel application of and opportunity for this process, this work
presents the results of an extended study, investigating the tem-
perature dependence of the phase equilibrium between KET and
PLGA in the range between 0°C and 50°C, as well as the effect
of KET chirality. While it may be anticipated that the solubil-
ity of KET in PLGA increases with the temperature, the expected
effect of chirality on equilibrium needs to be elaborated in more
detail. As a chiral molecule, KET exists in nature as two mirror-
symmetric enantiomers, S-KET and R-KET. In the solid state KET
forms a racemic compound, i.e. a crystal structure with a one to
one ratio of S-KET and R-KET, which is crystallographically dif-
ferent from the enantiopure crystals of S-KET and R-KET (Lu et
al.,, 2009). The characteristic symmetric behavior of such a sys-
tem in solution is shown qualitatively in Fig. 1. At temperatures
below the melting point, there are three thermodynamically sta-
ble solids of KET, namely crystalline S-KET (A), crystalline R-KET
(B), and the racemic crystalline compound further referred to as
RS-KET (AB). Depending on the ratio of the two enantiomers in the
solution, equilibrium is always established with the relevant solid.
Only in the transition from one domain to the other, the solution is
simultaneously in equilibrium with two solids, i.e. with one of the
enantiopure crystals and with the racemic compound. The fixed
composition of the solution in these transition points is referred to

as the eutectic composition, and is designated with E4 and Eg in
Fig. 1.

Racemic RS-KET as well as enantiopure S-KET are commercially
available, and have been used for the preparation of seed crystals.
Hence, if PLGA is equilibrated with crystals of S-KET or RS-KET,
solutions of enantiopure or racemic composition, respectively, are
obtained. If PLGA is equilibrated with both crystalline forms simul-
taneously, a solution with eutectic composition is attained.

2. Experimental
2.1. Materials

Carbon dioxide (CO,; 99.9%, from PanGas, Schlieren, Switzer-
land), poly(lactic-co-glycolic) acid 5050 DLG 5A (PLGA; Lakeshore
Biomaterials, Birmingham, AL, United States), poly(vinyl alcohol) 4-
88 (PVA), racemic Ketoprofen (RS-KET), enantiopure S-Ketoprofen
(S-KET), dimethylsulfoxide (DMSO)), trifluoroacetic acid (TFA), ethyl
acetate (all from Sigma-Aldrich, Buchs, Switzerland), ethanol (ana-
lytical grade, Scharlau, Sentmenat, Spain), and n-hexane (Merck
KGaA, Darmstadt, Germany) were used as received.

2.2. Emulsion preparation and SFEE processing

The organic solutes, i.e. PLGA, RS-KET or S-KET, or specified mix-
tures thereof, were dissolved at 10 wt.% in ethyl acetate saturated
with water. A 1 wt.% solution of PVA was prepared in water satu-
rated with ethyl acetate. The organic and aqueous solutions were
used at a weight ratio of 1:4 to form an oil-in-water (o/w) emulsion
upon ultrasonication with a Branson Sonifier 450 (Skan AG, Basel,
Switzerland). Using 100 ml of emulsion, a sonication time of 2 min
was applied at maximal power output while cooling the emulsion
on ice.

Directly after emulsion preparation, the organic solvent was
extracted from the dispersed micelles using scCO, as extract-
ing agent in the supercritical fluid extraction of emulsions (SFEE)
process. A scheme of the experimental setup used for the SFEE
experiments as well as a detailed description of the process can
be found in a previous study (Kluge et al., 2009a).

When only PLGA was used for the preparation of the emulsion
and for SFEE processing, the procedure led to the formation of pure
PLGA nanoparticles, which were then used for the impregnation
experiments described in Section 2.4. Otherwise, if KET was directly
dissolved in the organic micelles together with PLGA, SFEE process-
ing led to KET-PLGA composite particles, as they were used for the
de-supersaturation experiments described in Section 2.5.

2.3. Preparation of Ketoprofen crystals

Crystals of the racemic compound RS-KET and of enantiopure
S-KET were prepared as follows. In a first step, either RS-KET or
S-KET was used for the preparation of an emulsion and subse-
quent SFEE processing as described above. In all cases, this step
led to a suspension of solvent-free amorphous precursor particles,
and these product suspensions were stored in 40 ml aliquots that
were allowed to recrystallize for 2 days. After recrystallization, each
aliquot contained approximately 1 g of crystals, i.e. either the com-
pound, RS-KET, or enantiopure crystals of S-KET. In order to remove
all crystal fragments too small for sedimentation, the crystals were
repeatedly centrifuged at 4000 rpm (Eppendorf Centrifuge 5810R)
and resuspended in pure water until the supernatant was clear to
the eye and considered free of suspended solids. The obtained frac-
tion of large crystals of either RS-KET or S-KET was resuspended
in water and used for equilibration experiments. Fig. 2 allows for a
comparison of seed crystal morphology as compared to the cor-
responding raw material. It can be seen that the recrystallized
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Fig. 2. Raw materials (left) respectively recrystallized seed crystals (right) of S-KET (top) and RS-KET (bottom). The recrystallized seeds are generally larger and of more

regular structure as compared to the raw material.

material consists of larger and well-developed crystals that have
a much more regular shape as compared to the raw material.

2.4. Equilibration-impregnation experiments

Experiments for equilibration by impregnation were carried out
in a thermostated shaking water bath (GFL 1086, GFL, Burgwedel,
Germany). Pure PLGA nanoparticles were mixed and equilibrated
in suspension with Ketoprofen crystals, namely with RS-KET, S-
KET and also with mixtures thereof. Three 200 ml samples of PLGA
product suspension, each containing about 2.5 g PLGA as suspended
nanoparticles, were mixed with 40 ml aliquots containing KET crys-
tals while being kept on ice, i.e. with RS-KET, S-KET or both RS-KET
and S-KET, respectively. For equilibration, the mixed suspensions
were put in the shaking water bath and kept at a constant temper-
ature of 0°C for 1 day before samples were taken to analyze the
amount of KET uptaken by PLGA through impregnation. The tem-
perature was then increased to 50 °C in steps of 10 °C each. Samples
were always taken after at least 1 day of equilibration at constant
temperature.

2.5. Equilibration-de-supersaturation experiments

Supersaturated KET-PLGA nanoparticles were produced in
three separate SFEE experiments, using each 2.5 g PLGA as solute,
and 0.5 g RS-KET or 0.5 g S-KET or a mixture of 0.3g S-KETand 0.2 g
RS-KET, respectively. The selection of these KET:PLGA ratios was
based on previous experiences from impregnation experiments at
20°C. Equilibration-de-supersaturation experiments were carried

out in the thermostated shaking water bath. The obtained product
suspensions, i.e. three 200 ml samples each containing about 3 g of
supersaturated KET-PLGA co-formulation in the form of suspended
particles, were mixed with 40 ml aliquots containing KET crystals
while being kept at 20°C, i.e. with RS-KET or S-KET or both RS-KET
and S-KET, respectively. For equilibration, the mixed suspensions
were then put in the shaking water bath and kept at a constant
temperature of 20 °C for 4 days before samples were drawn to ana-
lyze the amount of KET remaining in PLGA after equilibration by
de-supersaturation. The temperature was then decreased to 10°C
and 0°C. Samples were taken as specified, i.e. after at least 4 days of
equilibration at constant temperature. Also, part of the samples was
kept at constant temperature in a separate vessel, in order to mon-
itor further concentration changes in the polymer phase during the
following days.

2.6. Product characterization

2.6.1. Sample preparation

The recovery of equilibrated PLGA particles was carried out in
two steps. First, all KET crystals present were isolated from the sus-
pension by applying 10 min centrifugation at the medium rotation
speed of 4000 rpm twice (Eppendorf Centrifuge 5810R, Vaudaux-
Eppendorf AG, Basel, Switzerland), thus sedimenting all crystals,
but leaving polymeric nanoparticles suspended in the crystal-free
supernatant. Throughout the entire process, all samples were care-
fully kept at the equilibration temperature of the corresponding
sample. After centrifugation, the crystalline sediment was recycled
to the equilibration experiment, and the crystal-free supernatant
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Table 1

Overview of the results of product analysis. Weight fractions given in roman numbers are assumed to represent equilibrium data, whereas weight fractions in italic do not

correspond to equilibrium state, as explained in the text.

Temperature Equilibration RS-KET S-KET RS-KET + S-KET
(°C) time (days) content content .
(Wt.%) (Wt.%) content composition
[wt.%] [% S-KET]
Impregnation Initial = 0.00 0.00 0.00 N.A.
0 1 0.83 1.24 1.37 89.8
10 1 1.29 2.27 242 93.2
20 1 3.30 6.88 7.41 93.6
30 1 5.07 11.53 1243 93.5
40 1 9.13 25.83 30.24 92.6
50 1 15.25 37.22 44.96 89.3
De-supersaturation Initial - 11.12 10.03 11.62 81.6
20 4 3.63 6.83 7.06 -
8 3.44 6.56 6.80 94.1
10 4 320 5.15 593 -
21 321 5.09 5.97 94.2
0 7 3.10 5.08 5.91 -
14 3.12 5.08 585 94.0
30 3.04 5.04 5.77 -

was subjected to 15min of ultra-centrifugation at 20,000 rpm
(Avanti J-20, Beckman, USA) in order to sediment the polymeric
nanoparticles, while the excess of the PVA surfactant could be dis-
carded with the particle-free supernatant. Finally the nanoparticles
were resuspended in pure water and subsequently freeze-dried for
further analysis (FlexiDry, FTS Systems, USA).

2.6.2. SEM photomicrographs

In order to assess the morphology and the size of the nanopar-
ticles, SEM photomicrographs were obtained from dried samples
sputter-coated with about 5nm platinum using a Zeiss Gemini 5
1530 FEG scanning electron microscope.

2.6.3. KET content by UV spectroscopy

A known amount of freeze-dried polymeric nanoparticles con-
taining approximately 10 mg Ketoprofen was dissolved in 10 ml
of DMSO. A volume of 100 ml of the solution was pipetted into a
cuvette containing 2 ml DMSO, and the concentration of KET was
determined by UV spectroscopy (Beckman Coulter, DU520). For
calibration, five independent solutions containing 10 mg KET were
analyzed as described. At a wavelength of 300 nm, a molar extinc-
tion coefficient of 1217.01 AU/(mol/l) was determined and used for
the conversion of absorption units into molar concentrations. The
described method, which could not distinguish between the two
enantiomers of KET, was used for the determination of KET content
in all samples.

2.6.4. Enantiomeric composition by HPLC

For PLGA samples equilibrated with both RS-KET and S-
KET crystals, the enantiomeric composition was determined by
High Performance Liquid Chromatography (HPLC). Liquid sam-
ples were obtained by extracting both KET enantiomers from
a small amount of dried product using ethanol. Enantiosepara-
tion of KET in the extract was carried out on a 4.6 mm x 250 mm
chiral chromatographic column Chiralpak AD (Daicel Chemical
Industries Ltd., Japan). The mobile phase was a mixture of 20%
ethanol and 80% n-hexane (v/v) containing 0.01% TFA, and a
flow rate of 0.7 ml/min was used. Depending on the sample con-
centration, amounts between 2 pl and 50 pl were injected, and
injections were repeated three times. Monitoring of the out-
let stream by UV spectroscopy at 260 nm showed that baseline
separation was successfully achieved in all cases. At the con-
ditions of the analysis R-KET had a retention time of 7.6 min,
while S-KET was the more retained species, and was eluted
after 9.7 min. The enantiomeric composition in the sample was

directly calculated from the two peak areas, assuming linear UV
response.

2.6.5. Crystallinity by X-ray powder diffraction (XRPD) analysis

The crystalline sediment obtained during sample preparation
in the first centrifugation step was freeze-dried and investigated
using XRPD in order to determine the structure of the crystalline
residual.

3. Results and discussion

In order to determine the influence of temperature as
well as of KET chirality on the equilibrium solubility of
KET in PLGA, the equilibration of amorphous PLGA nanopar-
ticles with different crystalline forms of KET was studied
in aqueous suspension. Both KET and PLGA are virtually
insoluble in water, which indicates that the degree of physico-
chemical interaction between water and both solids is small.
Hence, the presence of water is assumed to have negligi-
ble influence on the equilibrium established between KET and
PLGA.

Equilibration may be achieved from initial concentrations of the
PLGA phase either below or above the solubility limit. The two cases
differ only with respect to the direction of KET flux. In the first case,
the polymer phase is initially undersaturated, and is equilibrated by
impregnation, i.e. by KET dissolving from the crystalline phase, and
diffusing through the aqueous phase into the polymer matrix, until
the polymer phase is saturated. In the second case, where the poly-
mer phase is initially supersaturated, equilibration is achieved by
supersaturation depletion, i.e. by KET diffusing out of the polymer
matrix, through the aqueous phase until it is consumed by growth
of KET crystals.

A proper combination of impregnation and de-supersaturation
experiments as outlined above is a reliable way to investigate
whether or not equilibrium has indeed been achieved. For example,
it has been demonstrated for the case of RS-KET at ambient condi-
tions that an equivalent level, i.e. the equilibrium solubility of KET
in PLGA, is ultimately attained by following either procedure (Kluge
et al., 2009b). On the other hand, if equilibrium is not reached,
impregnation and de-supersaturation experiments still provide a
lower and an upper bound, respectively, for the solubility of KET in
PLGA.

In that sense, this work represents an extension of our previ-
ous investigation on the equilibrium between PLGA and KET to the
temperature range between 0°C and 50 °C, covering relevant con-
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Fig. 3. Total KET content (sum of both enantiomers) of PLGA equilibrated at different
temperatures with crystals of RS-KET (@), S-KET (M) and with both crystal forms
together (a). Open symbols: experiments at 50 °C where equilibrium has not been
reached due to complete dissolution of crystals.

ditions of long-term storage at refrigerated or ambient conditions
as well as physiological temperatures encountered during appli-
cation of the drug product. Moreover, a broader range of feasible
KET solid states has been investigated, namely enantiopure S-KET,
racemic RS-KET and a combination thereof. The work is structured
as follows: first, the results of the equilibration experiments carried
out both by impregnation and by de-supersaturation are presented,
then experimental results are integrated in a mathematical model
describing the solubility of a chiral compound in a polymeric sol-
vent, and finally conclusions are drawn by comparing experimental
results with model predictions.

3.1. Equilibration-impregnation experiments

Equilibration of PLGA by impregnation has been studied in three
experiments using enantiopure S-KET, racemic RS-KET or a mix-
ture of the two solids, respectively, and varying the temperature
between 0°C and 50°C. Experiments started with initially pure
PLGA nanoparticles at 0°C, and the temperature was increased in
steps of 10°C. Assuming that the equilibrium solubility increases
with temperature, this means that at each temperature level,
PLGA particles are initially undersaturated, and that equilibration
is always attained by impregnation of KET into PLGA. A previ-
ous study carried out at ambient temperatures has shown that
the uptake of KET by impregnation takes place immediately after
mixing. Although the experiment has been continued during the
following week, a further increase of the impregnated drug content
was not observed (Kluge et al., 2009b). Based on this experience,
an impregnation time of 1 day has been used in the present study,
and we presume that equilibrium between KET and PLGA is reliably
established within this time frame.

Experimental results are summarized in Table 1, and illustrated
in Figs. 3-5. It can be readily observed that in all three experiments,
the level of KET impregnated into PLGA increases with increasing
temperature, starting from levels around 1 wt.% at 0°C, and reach-
ing a peak value of above 40 wt.% at 50 °C. At each temperature level,
the concentration of KET impregnated into PLGA is lower for equi-
libration with RS-KET, significantly higher for equilibration with
S-KET, and the highest for simultaneous equilibration with both
crystalline species. For samples that had been equilibrated simul-
taneously with RS-KET and S-KET, also the eutectic composition
has been determined at each temperature level. The composition
was found to remain rather constant, i.e. with S-KET at around 93%

and R-KET at around 7%, except for the samples at 0°C and 50°C,
which exhibit a lower content of S-KET.

During storage at 50 °Cit was observed that the crystalline resid-
ual of S-KET disappeared completely, hence equilibrium could no
longer be established since solid S-KET had been completely con-
sumed through dissolution and impregnation. The situation was
different for RS-KET, where crystals were still present, thus pre-
serving the equilibrium. In the case of simultaneous equilibration
with S-KET and RS-KET, XRPD analysis of the crystalline residual
showed that S-KET crystals had completely dissolved whereas RS-
KET was still present. Hence, PLGA was equilibrated with RS-KET,
but not with S-KET, and indeed the corresponding sample is char-
acterized by a lower content of S-KET, i.e. around 89%, as compared
to the other samples exhibiting the eutectic composition of roughly
93%. In Fig. 3, the two experiments at 50 °C where equilibrium was
not reached are indicated by open symbols, and they are obviously
not considered in the further analysis and discussion of KET-PLGA
equilibrium. Nevertheless, the KET loadings measured at 50°C are
clearly higher as compared to those determined at 40 °C, thus prov-
ing that at 40°C the amounts of crystalline KET present were still
sufficient to enable equilibration in all impregnation experiments.

Co-formulation particles obtained at different temperature lev-
els by impregnation of PLGA with S-KET are shown in Fig. 4a-c,
whereas particles obtained at 20 °C by impregnation of PLGA using
the different crystalline morphologies of KET available are shown
in Fig. 4d-f. In agreement with previous results (Kluge et al.,
2009b), it is noticed that particles exhibiting a high KET content,
such as those displayed in Fig. 4c, appear generally softer and
more blurred, and are also characterized by a rougher surface.
Otherwise, polymeric particles exhibit in all cases a very similar
morphology. Co-formulations equilibrated at 40°C and 50 °C were
observed to recrystallize promptly upon storage at ambient condi-
tions, obviously because they were highly supersaturated at room
temperature. Important product properties such as the overall KET
content and the enantiomeric composition of the samples were not
affected by recrystallization, and could still be determined. Indeed,
these recrystallization events underline the significance of deter-
mining equilibrium data for the manufacturing of long-term stable
drug-polymer composites.

3.2. Equilibration-de-supersaturation experiments

Equilibration of PLGA by de-supersaturation has been studied
in three experiments using enantiopure S-KET, racemic RS-KET or
a mixture of the two solids, respectively, and by investigating the
temperature range between 0°C and 20 °C. Experiments were ini-
tiated by mixing crystals and nanoparticles of previously prepared
KET-PLGA composites at 20 °C. After at least 4 days, the level of KET
in PLGA was determined and subsequently the equilibration tem-
perature was decreased in steps of 10°C. Thus, each experiment
at a new temperature starts with PLGA particles that are initially
supersaturated, hence equilibration is always achieved by diffusion
of KET out of the supersaturated PLGA particles. A previous 1-week
study investigating the equilibration of PLGA and KET at ambient
temperatures has shown that de-supersaturation is significantly
slower as compared to impregnation (Kluge et al., 2009b). Based
on experiences from that study, an equilibration time of at least 4
days was selected, and part of the samples was kept at constant
temperature in a separate vessel, in order to check and exclude
further concentration changes.

Experimental results are summarized in Table 1, and illus-
trated in Fig. 6. The level of KET in the polymeric nanoparticles
is initially above 10wt.% in all three experiments, and therefore
supersaturated with respect to the solubilities expected at the
initial temperature of 20°C. Thus, equilibration at 20°C leads to
a considerable decline in KET content in all three experiments,
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Fig. 4. (a-c) Co-formulation particles obtained at different temperature stages by impregnation of PLGA with S-KET. (d-f) Co-formulation particles obtained at 20°C by
impregnation of PLGA using different crystalline morphologies of KET.

and the KET levels measured after 4 days of equilibration are sured concentrations correspond to the solubility of KET in PLGA
indeed very close to the levels attained by impregnation at the that is attained in equilibrium with the relevant KET solid states.

same temperature. This indicates that at 20 °C, both impregnation Since equilibration depends on temperature dependent kinetic
and de-supersaturation lead to complete equilibration, and mea- phenomena such as diffusion and crystal dissolution and growth,
20°C

S-KET

-',_-. / /.‘ / ',_-_ /

0.075 0.15 0.225 030 R-KET

Fig. 5. Comparison of experimental data points obtained by impregnation at 20°C (green), 30°C (red) and 40°C (blue) to the liquidus lines obtained from the SL model at
these temperatures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)



J. Kluge et al. / International Journal of Pharmaceutics 399 (2010) 163-172 169

Table 2
Physico-chemical and material properties of KET and PLGA and pure component parameters used in the Sanchez-Lacombe equation of state.
Property Units RS-KET S-KET PLGA Source
MW (number av.) (g/mol) 254.3 254.3 33400 (Dwan'’lsa et al., 2007)/supplier
Tm (K) 367.7 348.6 - (Lu and Ching, 2004)
Tc (K) 270.2 270.2 3194 (Di Martino et al., 2004; Blasi et al., 2007)/supplier
AH (kJ/mol) 27.38 22.79 - (Lu and Ching, 2004)
Parameter Units S-KET R-KET PLGA Source
P* (MPa) 662.3 662.3 572.7 (Liu and Tomasko, 2007; Coimbra
T (K) 806.0 806.0 649.6 et al., 2006; Gauter and
p* (kg/m3) 1169 1169 1452 Heidemann, 2000)

respectively, i.e. processes that are generally faster at elevated
temperatures, it may be concluded that de-supersaturation and
impregnation lead to complete equilibration also at temperatures
above 20°C.

In further de-supersaturation experiments carried out at lower
temperatures, i.e. 10°C and 0°C, only small decreases in the KET
content have been observed, as shown in Fig. 6. In all cases, the
measured KET contents remained clearly above the concentration
levels obtained in impregnation experiments at the same temper-
ature. As shown in Table 1, even changes in the drug content upon
longer equilibration times are negligibly small as compared to the
gap remaining between the outcome of de-supersaturation and
impregnation experiments. Therefore it is concluded that either
impregnation or de-supersaturation — or presumably both - do not
lead to complete equilibration at lower temperatures, since the
kinetics of equilibration are too slow at 10°C and below. Also, it
is worth pointing out that the average standard deviation observed
in the evaluation of 0°C samples taken at different points in time
is smaller than 0.1 wt.%. This suggests that the accuracy of exper-
imental methods used in sample preparation and analysis is high
enough to detect even small concentration changes.

Summarizing, de-supersaturation experiments yielded equilib-
rium data at 20 °C only. From the major disagreement between the
outcome of impregnation and de-supersaturation experiments at
10°Cand 0°C, it is concluded that these measurements do not rep-
resent equilibrium data, but should be seen as lower and upper
bounds, respectively, for the corresponding equilibrium states.

3.3. Modeling equilibrium between KET and PLGA

In this section, a model is introduced to describe the equilibria
of Ketoprofen, as a compound-forming chiral system, and PLGA, as
a polymeric solvent. The description of equilibrium between solid
KET and amorphous, polymeric PLGA includes three different equi-
librium situations, namely equilibrium of the polymer either with
the racemic solid, RS-KET, or with the enantiopure solid, S-KET,
or with both solids at the same time. In the following section, the
species S-KET, R-KET and PLGA are indicated by subscripts 1, 2 and
3, respectively. Subscripts RS and Srefer to the two crystalline forms
RS-KET and S-KET, respectively.

Equilibrium of PLGA with an enantiopure solute such as S-KET
at a temperature T may be described using the Schroder-van Laar
Equation (Lorenz and Seidel-Morgenstern, 2002; Worlitschek et al.,
2004):

AHL /T
Sy __ _ S S
In(a}) = - (T ) )

where T is the melting temperature of S-KET and AHf; is its
enthalpy of fusion; aj is the activity of solute S-KET in a poly-
mer solution that is in equilibrium with crystalline S-KET. On
the other hand, equilibrium between solid racemic RS-KET and a
ternary solution of both enantiomers in PLGA is described by the

Prigogine-Defay Equation (Lorenz and Seidel-Morgenstern, 2002;
Worlitschek et al., 2004):

AHL, /Tm
-z (B-1) @
RS

% In(4a5ad) =

where Tgt is the melting temperature and AHﬁs the enthalpy of
fusion of the racemic compound RS-KET; aj and &, are the activities
of S-KET and R-KET, respectively, in a polymer solution that is in
equilibrium with RS-KET. Thus, the right-hand sides of Egs. (1) and
(2) are formally comparable, and since they contain only solute
parameters they can be calculated using the material properties
of either S-KET or RS-KET as given in Table 2. The activities are
functions of temperature and composition, and are described using
the Sanchez-Lacombe (SL) equation of state. This equation is based
on a lattice fluid theory, and has found a broad use in the modeling
of phase equilibria involving polymers (Pini et al., 2008). The SL
equation of state is given by (McHugh and Krukonis, 1994):

p2+ﬁ+f[m(1—p)+p(1—%)}:o 3)

Here, p, P and T are the reduced density, pressure and temper-
ature, respectively. The variables are reduced using the so-called
characteristic quantities:

0, *
%_prv P:E—Pv, TZLZB (4)

My P+ gx T+ &*

where p*, P* and T* are the characteristic density, pressure and
temperature. These are in turn functions of the Sanchez-Lacombe
lattice parameters, namely of v*, the volume of one mole of lattice
sites, 9, the number of lattice sites per molecule, and *, the interac-
tion energy per lattice site. R is the ideal gas constant and M,y is the
molecular weight, i.e. the number average molecular weight in the
case of polymers. Hence, three of the characteristic quantities are
needed to completely characterize a pure fluid. For PLGA 5050, SL
characteristic parameters have been reported previously (Liu and
Tomasko, 2007) and for KET, they may be estimated from the critical
parameters (Coimbra et al., 2006) using a set of equations proposed
elsewhere (Gauter and Heidemann, 2000). Numerical values of the
pure component characteristic parameters used in this study are
reported in Table 2.

Mixing rules according to the so-called van der Waals 1 theory
have been applied in order to extend these equations to the case
of a mixture (McHugh and Krukonis, 1994; Prausnitz et al., 1986).
A first mixing rule describes the volume of lattice sites in a ternary
mixture:

p=

3 3 * *
=Y N edy. = (1) (5)

where i and j are component indices and the parameters 7;; correct
for deviations from the arithmetic mean. We assume that there is
no such deviation for mixing of the two enantiomers (1 and 2), and
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Fig. 6. Experimental data points obtained by equilibration through impregnation
and de-supersaturation using (a) crystalline RS-KET, (b) crystalline S-KET and (c)
a mixture thereof at temperatures of 0°C, 10°C and 20°C as compared to the cor-
responding liquidus lines obtained by extrapolation of the SL model. The average
standard deviation associated with the procedure of sample preparation and anal-
ysis was found to be smaller than 0.1 wt.%.

that it is the same for mixing of the KET enantiomers (1 or 2) with
PLGA (3):

N2 =121=0, M3 =123 =131 =132 (6)

The variable @; is the volume fraction of the ith component in
the mixture and is related to its weight fraction w;:

o Wil

i=73
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j=1

A second mixing rule defines the characteristic interaction
energy per lattice site, ¢*, for the case of a mixture:

(7)
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where k;; is a binary interaction parameter. Here, we assume inter-
actions both between the two enantiomers (1 and 2) and between
either of the enantiomers (1 or 2) and achiral PLGA (3):

k12 = ka1, ki3 = ko3 = k31 = k3». (9)

Finally, the number of sites occupied by one mole of the mixture, r,
is calculated using the third mixing rule:
3 0, %
1 D; rovs
g = =1L (10)
r T v*
i=1
Hence the number of lattice sites occupied by one mole of com-
ponent i in the mixture, rj, differs from the one in the pure fluid,
0
r.
1
At equilibrium, temperature, pressure and the chemical poten-
tials of all species are equal in both phases. Using the set of mixing
rules presented above, the chemical potential of componentiin the
mixture is:

=rm oy (1-1)]
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For KET, also the standard chemical potential of the pure subcooled
liquid state is required, and can be obtained by solving Eq. (11) for
pure species 1:

. ., RT s D ~
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Using Egs. (11) and (12), the activities of species 1 and 2 in the
mixture can be calculated:

s —u9) (13)
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3.4. Results

At fixed temperature, there are three independent parameters
that need to be assigned to characterize equilibrium in the ternary
system of the two enantiomers of KET and the polymeric solvent
PLGA, namely 113, k12 and kq3. As it may be expected for a system
containing polar species, these mixture parameters are dependent
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on temperature (McHugh and Krukonis, 1994), and are therefore
expressed using linear functions of T:

ms=c1T + ¢, k12 = c3T + ¢4, ki3 =csT + cs. (14)

For the experiments where equilibrium has been reached (see
Table 1), the activities as given by Eq. (13) should be equal to the
activities in equilibrium, as given by Eqs. (1) and (2). For this set of
experiments, the coefficients c; to cg in (14) have been obtained by
optimization using a Nelder-Mead Simplex algorithm, solving the
set of Egs. (1)-(14), further called the SL model, while minimizing
an objective function for which the following contribution has been
considered at each temperature level:

Sy 2
W) = (ln a —ln(al))

In(a3)

(ln(4a1a2) ~ In(4a3a3) ) 2

In(4a5a3)

S-KET
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The numerical values of the coefficients obtained upon opti-
mization are:

RS-KET

(15)

Eutectic

c1=1085x10"3 K", ¢, =-0.358;
c3=6.86x10"* K!, ¢4=-0.220; (16)
c5 =—-4.98 x 107> K1, cg = 0.0525.

Using these coefficents and assuming equilibrium between the
polymer solution and the relevant solid phase, i.e. a; = aj and
a; = a, the SL model has been used to calculate the range of com-
positions corresponding to the liquidus line of the polymer solution
in the range of 20-40°C. These are shown in Fig. 5 together with
experimental data points obtained at these temperatures. It can be
seen that the model is able to describe the effect of temperature
rather well, and also the influence of chirality on the solubility of
KET in PLGA.

An extrapolation of the model to lower temperatures of 0°C
and 10°C is shown in Fig. 6, together with the corresponding data
points obtained by impregnation and de-supersaturation experi-
ments. It can be seen that at these conditions the model predictions
are always above the experimental values obtained by impregna-
tion, and below the levels obtained by de-supersaturation. This is
in agreement with our previous findings, namely that the results
from impregnation and de-supersaturation experiments at 10°C
and 0°C represent lower or upper bounds for the corresponding
equilibrium states rather than equilibrium states, respectively. We
conclude that the model can also be used in a predictive manner
to estimate equilibrium under conditions where its experimental
determination is difficult.

3.5. Equilibration and glass transition temperature

A major remaining question is why equilibration is so much
slower at temperatures below 10°C as compared to temperatures
above 20°C. This may be explained by looking at the interplay of
the operating conditions and of the glass transition temperature Tg
that is expected for the polymeric particles.

Upon vitrification, i.e. the transformation of the polymer from
the rubbery liquid state to the glassy state induced by cooling below
the glass transition temperature, foreign molecules trapped in the
polymer matrix loose their mobility, thus leading to a decrease in
their diffusivity by several orders of magnitude (Foss et al., 2009).
Hence the glass transition is expected to have a strong influence
on the kinetics of equilibration, and might explain the observed
behavior. Now pure PLGA has a T around 45°C, i.e. far above
the observed transition. However, there are two additional effects
having a diminishing influence on Tg. First, PLGA is not pure, but
contains KET that is dissolved at a molecular level. The effect of KET
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Fig. 7. Solubility range of KET in PLGA as calculated using the SL model (light
grey zone) together with the expected range of the glass transition temperature
of KET-PLGA composites suspended in water as a function of the KET content (dark
grey zone). The glass transition separates the region of glass state (left) from the
region of rubbery liquid state (right).

on the glass transition of PLGA has been investigated by Blasi et al.
(2007), and a decrease of roughly 0.83 °C and 1.49°C per wt.% KET
has been determined experimentally using two different types of
PLGA, respectively. Secondly, equilibration is carried out in aque-
ous suspension, and also the presence of water has a diminishing
effect on T; that has been assessed experimentally by Blasi et al.
(2005). Depending on the duration and temperature of incubation
in water, wet PLGA samples exhibited glass transition temperatures
in the range between 26.7 °Cand 32.7 °C, i.e. significantly below the
T observed for dry PLGA (45°C). Assuming that both effects are
additive, the expected T of KET-PLGA co-formulations is shown in
Fig. 7 as a function of the KET content, together with the range of
possible temperature dependent equilibrium concentrations of KET
in PLGA as determined from the SL model presented in Section 3.3.

Fig. 7 illustrates how the equilibrated polymer phase is clearly
in the rubbery liquid state for temperatures of 30°C and above,
leading to facilitated diffusion of KET molecules into the polymer
matrix and to rapid equilibration of the polymer phase with its
surroundings. On the other hand, if equilibration is carried out at
10°C or below, the polymer phase is clearly in the glassy state,
and consequently the movement of KET molecules within the poly-
mer matrix is largely inhibited so as the polymer phase does not
easily equilibrate with its surrounding. Judging from Fig. 7, the
situation is less clear for equilibration at 20°C, leading to compo-
sitions that are located in the transition region. However at 20°C,
i.e. ambient conditions, it is evident from this work as well as from
previous experimental results (Kluge et al., 2009b) that complete
equilibration is achieved during the selected experimental times
by impregnation as well as by de-supersaturation.

4. Conclusion

The solubility of the chiral non-steroidal anti-inflammatory
drug Ketoprofen in PLGA, i.e. one of the pharmaceutically most
relevant polymer systems, has been determined experimentally
and modeled using standard thermodynamic methods. The pre-
sented results are interesting from a fundamental point of view,
since equilibrium data involving a chiral crystalline drug and a bio-
compatible polymer have been determined in detail and presented
for the first time. Further, the present findings allow for a num-
ber of practically relevant conclusions with respect to potential
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applications of PLGA as drug delivery system for KET, such as the
level of drug that may be loaded into the polymer to achieve long-
term stable co-formulations with acceptable shelf-life. Further, it
has been demonstrated that the capacity of PLGA for S-KET is more
than twice as high as compared to the racemic compound, RS-KET.
Considering that the pharmaceutical activity of KET resides in S-
KET whereas R-KET is inactive (Lu et al., 2009), the application of
enantiopure S-KET allows stable drug loadings that are more than
four times higher than the loadings achieved with racemic RS-KET.
The presented approach to determine drug-polymer equilibrium
seems also suitable for the comparison and the evaluation of dif-
ferent polymers with respect to their suitability as drug delivery
systems for KET.

Experimental findings show that drug-polymer equilibrium
is temperature dependent, and may be described using the
Sanchez-Lacombe equation of state, i.e. a thermodynamic stan-
dard model that is typically applied in the description of equilibria
involving polymers. It has been demonstrated that equilibration
is fast for temperatures above the glass transition temperature
of the polymer phase, but becomes very slow if the temperature
of the equilibration process is lowered below T;. Consequently,
the experimental investigation of equilibrium for a polymer in
glassy state seems to be more difficult as compared to a poly-
mer in liquid-rubbery state. There are two conclusions about how
to handle this problem. First, if a model is available, equilibrium
for temperatures below T may be estimated by extrapolation
of the model, as is shown in Fig. 6. Second, the experimental
investigation of equilibrium may be extended and facilitated by
lowering the T; of PLGA, which can be achieved for instance
by applying a high-pressure CO, atmosphere (Pini et al., 2008).
It is also interesting whether or not the presence of an addi-
tional Tg-lowering component in the system, such as water in
this case, has a strong influence on the investigated equilib-
rium.
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