
Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

journal homepage: www.elsevier.com/locate/ejpb

Research paper

Broadband dielectric spectroscopy as an experimental alternative to
calorimetric determination of the solubility of drugs into polymer matrix:
Case of flutamide and various polymeric matrixes

K. Chmiela,b,⁎, J. Knapik-Kowalczuka,b, R. Jachowiczc, M. Palucha,b

a Institute of Physics, University of Silesia, ul. 75 Pułku Piechoty 1a, 41-500 Chorzów, Poland
b Silesian Center for Education and Interdisciplinary Research, ul. 75 Pułku Piechoty 1a, 41-500 Chorzów, Poland
c Faculty of Pharmacy, Department of Pharmaceutical Technology and Biopharmaceutics, Jagiellonian University, Medyczna 9, 30-688 Kraków, Poland

A R T I C L E I N F O

Keywords:
Amorphous solid dispersion
Molecular dynamics
Dielectric spectroscopy
Stability map
Flutamide
Poly vinylacetate
Poly vinylpyrrolidone
Solubility

A B S T R A C T

In this paper we determined the solubility limits of the amorphous flutamide within the two different polymeric
matrixes – poly vinylpyrrolidone and poly vinylacetate. In order to achieve this goal, series of broadband di-
electric spectroscopy measurements were performed. As a result we found that the maximal amount of the drug
that can be successfully dissolved within the PVAc (maintaining the non-supersaturated conditions) is equal to
35 wt% of the amorphous solid dispersion system. Interestingly enough similar results, in terms of solubility
limits, were achieved utilizing significantly higher amount of the pharmaceutical – 71 wt% – in the PVP matrix.
Accordingly, we established the following relationship in the solubility limits of the amorphous flutamide dis-
persed within examined polymer matrixes: PVP > PVAc. It is worth highlighting that in order to preserve the
thermodynamic stability – one of the two contributors to the physical stability – drug loading in the amorphous
solid dispersion system should not exceed its solubility limits. Hence, choosing appropriate amount of the
polymer addition will determine if obtained system remains physically stable. Subsequently, we presented the
“stability maps” for all investigated FL-based ASD systems from which one might predict the stabilization effect
exerted by certain amount of polymer.

1. Introduction

Currently, researchers in the pharmaceutical industry are struggling
with the very important problem connected with the dissolution-rate
limited bioavailability of almost half of the crystalline Active
Pharmaceutical Ingredients (APIs) [1–4]. A promising approach that
might overcome this problem is to transform a crystalline drug into its
amorphous form [5–10]. Amorphous APIs having higher Gibbs free
energy as well as greater free enthalpy than any crystalline polymorph
are considered as the most soluble form of drug [11–12]. Unfortunately,
one should keep in mind that the higher energetic state, which on the
one hand is the reason of better solubility of an amorphous APIs, on the
other hand, is responsible for their instability [13]. Disordered phar-
maceuticals tend to give back the excess of their internal energy, and
consequently during manufacturing or storage might revert into their
less soluble, but physically more stable crystalline forms [14–16]. Due
to re-crystallization propensity of an amorphous APIs, researchers seek
to find the most effective way to stabilize them [17–20]. Proven

strategy for inhibiting devitrification of disordered pharmaceuticals is
to disperse them into a polymeric carrier [21–23]. For example, Sur-
yanarayanan and co-workers indicated that 4 wt% addition of the poly
vinylpyrrolidone (PVP) polymer has the ability to stabilize amorphous
ketoconazole drug. Unfortunately, ketoconazole+ 4wt% of PVP
system begins to recrystallize after 105 days at 298 K, what has been
detected via X-ray diffraction (XRD) [24]. Improvement of the physical
stability was also reported by our group in case of other amorphous API
– celecoxib – dispersed in PVP polymer. We showed, that by applying
5 wt% of the polymer, one is able to prolong the stability of celecoxib
by 4–5 times, when the sample is stored at 295 K [25]. Furthermore,
Aso et al. reported that in the case of amorphous nifedipine, 10% PVP
addition slows the rate of the recrystallization by a factor of 300 [26].
Taylor and co-authors reported that amorphous felodipine drug might
be effectively stabilized by HPMCAS polymer. Stability of such a system
has been monitored at 298 K and 93% RH. Performed experiments in-
dicated that at such extremely humid conditions amorphous solid dis-
persion (ASD) containing 50wt% of polymer displays first signs of re-
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crystallization approximately after 490 days [27].
Despite the undoubted potential of amorphous solid dispersion, the

numbers of products that have made it through the market is still
limited. It is caused by the difficulties in predicting time of physical
stability of these systems during storage and/or manufacturing condi-
tions. Consequently, such products require additional long-term stabi-
lity testing before the drugs can be introduced into the market. It is
worth highlighting, that there is a way, which might ensure the ther-
modynamic stability of a drug-polymer formulation. In order to achieve
this goal, two main requirements must be met. The first is the possi-
bility to dissolve the drug within the polymer matrix. The second is the
need to preserve the concentration below the equilibrium solubility of
the drug in the polymer [28–32]. In light of these findings, determi-
nation of drug-polymer solubility is a critical parameter when de-
termining the ratio between drug and polymer in the formulation de-
velopment of an amorphous solid dispersion.

Up to now there are two main experimental approaches to obtain
the value of the aforementioned solubility limits – annealing method
[33] and recrystallization method [28]. Both these methods are based on
differential scanning calorimetry (DSC) measurements. In the annealing
method after annealing in precisely determined conditions (e.g. con-
centration, time and temperature) the presence or absence of residual
crystals – API not dissolved in polymeric matrix – is determined by
standard DSC measurements. Even though precision in this kind of
measurements is very high, the time consumption of each step forced
pharmaceutical scientist to look for a different, faster method. As an
answer to this urgent need a recrystallization method was proposed. This
approach consists of 3 main steps: (i) preparation of supersaturated
system; (ii) annealing in various temperature ranges (above the glass
transition) for a certain amount of time in order to recrystallize the
excess amount of the API; (iii) re-scanning of the partially re-crystal-
lized sample and identification of the concentration of the remaining
amorphous sample via comparison to Gordon-Taylor (GT) prediction.
This method vastly reduces the amount of time needed to obtain the
solubility limits of a system.

Because a new, quick and effective method to determine physically
stable concentration of ASD is needed in drug industry, we present al-
ternative method for determining solubility limits of drug in a poly-
meric carrier [34]. Despite the fact that the proposed approach employs
a different experimental technique – dielectric spectroscopy, it is si-
milar to the thermal approach used currently (e.g. recrystallization
method). Additionally, this method allows online monitoring of the
changes in concentration occurring during recrystallization from su-
persaturated drug-polymer solution.

In this paper we continue our studies and examine solubility limits
of different flutamide–based ASDs. Our previously used polymer,
Kollidon VA64 (PVP/VA), is a co-polymer of N-vinylpyrrolidone (PVP)
and vinylacetate (PVAc). Therefore, herein we investigated the related
homopolymers, poly(vinyl pyrrolidone) (PVP) and poly(vinyl acetate)
(PVAc). The aim was to determine solubility limits of flutamide (FL) in
two different polymers to finally assess which polymer is better stabi-
lizer of FL drug (i.e. the amount of polymer required to obtain the same
stabilization effect – full stabilization (saturated solution)).

Thermal properties of drug-polymer systems containing different
concentrations of FL and PVAc or PVP have been investigated via DSC.
On the basis of DSC data, we determined the concentration de-
pendences of the glass transition temperature of FL+PVAc and
FL+PVP systems. These plots finally constitute a “stability map”, from
which one might predict the stabilization effect exerted by a certain
amount of polymer. To find the border – physically stable – con-
centrations of FL dispersed into the PVAc or PVP, as well as to examine
the molecular mobility of the investigated drug-polymer mixtures we
measured them by means of broadband dielectric spectroscopy. The
results allowed us to quickly assess the minimal amount of the excipient
required to fully stabilize FL drug, and consequently determining,
which polymer: PVAc, PVP or Kollidon VA64 is the most effective

crystallization inhibitor of the investigated antiandrogen.

2. Materials and methods

2.1. Materials

Flutamide drug of molecular mass MW=276.21 gmol−1 and
purity≥ 99% was purchased from Sigma-Aldrich and used as received.
Poly vinylpyrrolidone of molecular mass MW=58 000 gmol−1 was
purchased from Alfa Aesar (Germany, LOT: 10188588) with impurity
content equal to 0.01% and used as received. Poly vinylacetate of
molecular mass MW=50 000 gmol−1 was purchased from Alfa Aesar
(Germany, LOT: 10196348) with impurity content equal to 0.0001%
and used as received.

2.2. Preparation of binary system

The flutamide-based amorphous solid dispersion systems were
prepared at different weight concentrations of PVAc and PVP in each
sample. To acquire homogeneous samples we mixed compounds with
polymer at appropriate ratios in mortar for approximately 20–30min.
Prepared in this way mixtures were then melted at T=410 K – during
the first DSC scan – and vitrified – by fast cooling during second DSC
scan – in case of calorimetric measurements. Samples preparation for
the BDS measurements involved melting at T=410 K followed by vi-
trification on a previously chilled copper plate. All measurements were
performed immediately after preparation of the amorphous systems to
avoid recrystallization.

2.3. Differential scanning calorimetry

Thermodynamic properties of FL, Kollidon VA64 and their binary
systems were examined using a Mettler–Toledo DSC 1 STARe System.
The measuring device was equipped with a HSS8 ceramic sensor having
120 thermocouples. The instrument was calibrated for temperature and
enthalpy using indium and zinc standards. Crystallization and melting
points were determined as the onset of the peak, whereas the glass
transition temperature as the midpoint of the heat capacity increment.
The samples were measured in an aluminum crucible (40 µL). All
measurements were carried out in range from 260.15 K to 410.15 K
with 10 K/min heating rate except for the neat PVP measurements
which in order to observe glass transition was carried out up to the
480.15 K.

2.4. Broadband dielectric spectroscopy

The dielectric measurements of FL-based ASDs were carried out
using Novo-Control GMBH Alpha dielectric spectrometer, in the fre-
quency range from 10−1 Hz to 106 Hz at temperatures from 153.15 K to
373.15 K with heating rate equal to 1 K/min. The temperature was
controlled by a Quatro temperature controller with temperature stabi-
lity better than 0.1 K. Dielectric studies of FL and its binary systems
were performed immediately after its vitrification by fast cooling of the
melt in a parallel-plate cell made of stainless steel (diameter 15mm,
and a 0.1mm gap with quartz spacers).

3. Results and discussion

3.1. Thermal properties of FL+ PVAc mixtures.

Thermal properties of neat components (amorphous FL and PVAc
polymer) and their binary amorphous compositions (FL+ 6wt% PVAc,
FL+25wt% PVAc, FL+50wt% PVAc, FL+ 65wt% PVAc and
FL+75wt% PVAc) have been investigated by means of Differential
Scanning Calorimetry. During these studies the samples were heated
from 260 K to 410 K with a rate of 10 K/min. The results obtained from
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all these experiments are presented in Fig. 1. As can be seen both: the
neat components as well as their mixtures are characterized by a single
glass transition event. The temperature of glass transition (Tg) values of
neat amorphous FL, neat PVAc polymer, and the mixtures containing: 6,
25, 50, 65 and 75wt% of PVAc are equal to 274 K, 314 K, 277 K, 283 K,
292 K, 300 K and 302 K, respectively.

It should be noted that the glass transition temperature of the in-
vestigated drug-polymer systems grow continuously with increasing the
polymer content. This behavior is common and can be caused by one of
the following reasons or a combination thereof: (i) the antiplasticization
effect exerted by the polymer having 40 K higher glass transition tem-
perature than the neat drug or/and (ii) specific interactions existing
between the drug and the polymer. It is worth to recall that, if the
antiplasticization effect is dominant, the mixtures Tg should vary with
polymer content in accordance to Gordon-Taylor prediction, which is
defined as follow:
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+
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where ΔCp1 and ΔCp2 are the changes in heat capacity at Tg of drug and
polymer, respectively. In Fig. 2 the experimentally obtained Tg values
of the mixtures with different concentration of FL and PVAc (presented
as points) have been compared with glass transition temperature values
predicted from the Gordon-Taylor equation (marked as dashed line). As
can be seen the experimentally obtained Tgs are in perfect agreement
with GT prediction. These results suggest that in the studied mixtures
there should not be additional drug-polymer interactions.

Referring back to Fig. 1, it is worth to mention that upon further
heating of the samples – above Tg – only neat FL and two drug-polymer
compositions containing 6 and 25wt% of the polymer exhibit exo-
thermic event reflecting re-crystallization. Taking into account that the
polymeric additive on the one hand shifts the re-crystallization process
of FL towards higher temperatures or even eliminates it from the DSC
experiment timeframe, and on the other hand it increases the value of
FL’s glass transition temperature, what is equivalent with slowing down
its molecular mobility, one can conclude that PVAc is able to improve
physical stability of amorphous form of FL. Nevertheless, based on

presented data we are not able to determine which concentration of
FL+PVAc will be sufficiently stable to introduce this system safely into
the market. The fact that sample with 50 wt% of the polymer did not
exhibits any tendency towards cold crystallization during the calori-
metric measurement performed with the heating rate equal to 10 K/
min, does not guarantee that it will be physically stable also during
other experiments, e.g. when slower heating rate will be applied.

3.2. Molecular dynamics studies of FL+PVAc mixtures

In our previous paper we, reported, that based on the molecular
dynamics studies it is possible to quickly determine the border – phy-
sically stable – concentration of ASD. In that particular case, the flu-
tamide-based ASD containing Kollidon VA64 polymer has been in-
vestigated [34]. In this section we performed similar – non-isothermal,
dielectric – experiments on ASD containing FL, with different than
previously used – PVAc – polymeric matrix. The aim of these experi-
ments was to determine solubility limit of FL drug in chosen polymer.

ASD containing FL+25wt% of PVAc has been selected as a first
candidate for dielectric studies. The reason why we choose this parti-
cular concentration is because in order to observe described above
transformation, we have to start from supersaturated drug-polymer
composition due to the fact that only such system is able to re-crys-
tallize. Taking into account that this specific concentration re-crystal-
lize rather easily, what has been proved by DSC data, we selected it for
the further molecular dynamics studies. The representative dielectric
loss spectra of FL+25wt% PVAc mixture are shown in Fig. 3a. As can
be seen dielectric loss spectra recorded at temperature lower than the
glass transition temperature of this system did not exhibit any sec-
ondary relaxation processes. Herein, only the loss characterized by a
power law ε″(f)= Bf−λ with λ < 0.2 might be visible. This feature is
usually attributed to nearly constant loss (NCL), which is consider as
the manifestation of the cage molecular dynamics. It is worth noting
that neat FL as well as FL+Kollidon VA64 ASDs (which were pre-
viously measured) exhibit the same features when measured below its
Tgs [34]. Spectra of the investigated drug-polymer mixture (FL+25wt
% PVAc) registered at T > Tg exhibit one well resolved loss peak
corresponding to the structural – α – relaxation (see Fig. 2a). Observed
peak moves towards higher frequencies with increasing temperature

Fig. 1. Thermograms of amorphous: (a) FL (peach), (b) FL+ 6wt% PVAc
(mango), (c) FL+25wt% PVAc (marigold), (d) FL+ 50wt% PVAc (rust), (e)
FL+ 65wt% PVAc (coffee), (f) FL+75wt% PVAc (brown) and (g) PVAc
(black). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.) Fig. 2. Glass transition temperatures of FL – PVAc mixtures. Points correspond

to the experimentally determined Tg values. The dashed line represents the
Gordon-Taylor/Kelley-Bueche equation. The black ring is the point obtained by
using Tg related to the τα′ process (Tg obtain when crystallization ceased).
Upper inset shows chemical structure of Polyvinyl acetate while lower corre-
sponds to the structure of Flutamide.
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and its intensity decrease slightly according to the Langevin formula by
a term proportional to 1/T up to the T= 303 K. Above this temperature
the dielectric strength of the α-relaxation (Δε) begins to decrease ra-
pidly with temperature, what can be seen on dielectric loss spectra as a
drop in the intensity of the structural relaxation peak (see black spectra
in Fig. 3a). Taking into account that the dielectric strength (Δε) is
proportional to the number of units involved in structural relaxation,
such a sudden drop in the intensity of structural relaxation reflects the
onset of the sample re-crystallization [35]. As Fig. 3a shows the re-
crystallization process ceased at T=335 K. What is more, upon further
heating the observed peak (remaining after observed re-crystallization
of a part of the sample’s volume), which we called α′-process, shifts
toward higher frequencies and does not display further decrease in
intensity, indicating that there was no additional re-crystallization. This
result suggests that only the excess of FL re-crystallized from the su-
persaturated drug-polymer system. Mixture obtained in this way is in
fact saturated drug-polymer system (physically stable) and in the same
time is characterized by higher than initial polymer concentration.
Consequently, by analyzing temperature dependence of α′-relaxation
time (τα′(T)), we should be able to determine border concentration of
FL dispersed in PVAc, which will guarantee high physical stability of
the system.

To obtain the values of both τα and τα′ for FL+25wt% PVAc at
various temperatures, the dielectric loss spectra were firstly fitted by
means of the Havrilak-Negami (HN) function (Eq. (1)):[36]
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Relaxation times obtained from described above fitting procedure
are presented in Fig. 3b as a filled orange (in case of the α-process) and
brown (in case of the α′-process) circles.

In the supercooled liquid region, the temperature evolution of
structural relaxation time usually shows non-Arrhenius like behavior,
and follows the Vogel-Fulcher-Tamman (VFT) equation that is defined
as follows: [37–39]
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where τ∞, T0, and D are fitting parameters. As can be seen on Fig. 3b,
τα(T) dependence of FL+25wt% PVAc can be well parameterize by
VFT formula with the log10(τ∞/s), T0, and D equal to −13.1 ± 1.1;
230.3 ± 6.3 and 7.8 ± 1.7 respectively. To cover whole region of
relaxation times needed to determine the glass transition temperature
related to the α′-process we measured partially re-crystallized sample
again. During this, additional measurement the dielectric spectra of the
examined sample have been registered on the cooling from T=334 to
T= 290, with step of 2 K. Points obtained from the analysis of these
spectra are marked in Fig. 3b as an open brown circles. As can be seen,
now the τα′(T) dependence can be properly parameterize by the VFT
equation. The values of VFT fit parameters for τα′ of FL+ 25wt% PVAc
are equal to log10(τ∞/s)=−13.7 ± 0.3; T0= 240.5 ± 2.1 and
D=8.5 ± 0.5.

From the extrapolation of the VFT fits to τα/α′=100 s, we subse-
quently estimated both the initial, and the final Tg values of the ex-
amined drug-polymer system. The initial glass transition temperature
was equal to 283 K. This value is in perfect agreement with that ob-
tained from DSC experiment (see Fig. 1). The glass transition tem-
perature determined after sample re-crystallization, i.e. based on α′-
process, has a value of 296 K (Tg= T(τα/α′=100 s)). To confirm the
glass transition temperature of newly obtained concentration of
FL+PVAc, we collected the sample after BDS experiment, and ad-
ditionally measured it via DSC technique. Obtained by different ex-
perimental technique Tg was equal to 300 K. To exclude the possibility
that whole amount of FL re-crystallized from the investigated ASD, we
additionally compare obtained Tg value to the glass transition tem-
perature of neat PVAc polymer. Accordingly to DSC data PVAc has
Tg= 314 K (see Fig. 1). Substantial temperature difference between
final Tg value of FL+ 25wt% of PVAc and Tg of neat polymer indicates
that not entire FL re-crystallized from the investigated system. If only
polymeric additive would remain amorphous, the final Tg value would
be identical as for PVAc. Nevertheless, there are still three things left to
do: first of all on the basis of the determined value of final glass tran-
sition temperature, we need to assess what is the concentration of the
obtained drug-polymer system; secondly, we need to verify if different
than FL+25wt% PVAc composition (but also unstable) will also re-
crystallize to the same final concentration; thirdly, it should be checked
if so-called final concentration is indeed highly physically stable.

Previously determined the polymer concentration dependence of Tg

Fig. 3. Left panel presents the dielectric loss
spectra of amorphous binary mixture of
FL+ 25wt% PVAc. Orange lines indicates the α
process, black dashed lines corresponds to the
crystallization process and the brown lines re-
presents the additional process. Right panel
shows relaxation map of binary mixtures of
FL+ 25wt% PVAc as follows τα(orange circles),
crystallization of FL+ 25wt% PVAc (orange
stars), τα′(brown circles) and τα′ obtained during
cooling (brown open circles). Temperature de-
pendence of τα and τα′ in the supercooled liquid
has been described by VFT equations (red solid
lines). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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– presented in Fig. 2 – was used to determine the final drug-polymer
concentration that has been obtained during both BDS and DSC mea-
surements. As can be seen, according to the Tg value, the newly ob-
tained concentration of the FL+PVAc mixture contains 65 wt% of the
polymer. Because it was not confirmed that each supersaturated
FL+PVAc system tend to transform to FL+65wt% PVAc concentra-
tion, we repeated described above set of experiments on different initial
– FL+6wt% PVAc – concentration. Results obtained from these stu-
dies led us exactly to the same conclusions i.e. this drug-polymer
system, similarly to the FL+25wt% PVAc, re-crystallize to the final
concentration characterized by the glass transition temperature equal
to 300 K (confirmed by both BDS, and DSC). This clearly indicates that
the excess amount of the API will always re-crystallize from the un-
stable/supersaturated system to its thermodynamically stable con-
centration containing 65 wt% of PVAc.

In order to check whether transformed concentration has indeed
65 wt% of PVAc polymer, we: (i) prepared such a binary amorphous
drug-polymer ASD; (ii) examined its molecular dynamics by means of
BDS, and (iii) compared the obtained results to the data obtained after
re-crystallization of the sample containing 25 wt% of PVAc. The re-
presentative dielectric loss spectra of FL+65wt% of PVAc are pre-
sented in Fig. 4a. As can be seen on the spectra recorded above the ASD
glass transition temperature one well resolved structural relaxation
process can be observed. This mode moves toward higher frequencies
with increasing temperature and even up to the melting temperature
(Tm=368 K) its intensity does not decrease. This indicates that pre-
pared FL+65wt% PVAc system does not reveal tendency towards re-
crystallization. From the analysis of the dielectric loss spectra collected
at T > Tg we were able to determine the temperature dependence of
structural relaxation times of FL+ 65wt% PVAc. The τα(T) depen-
dence of this drug-polymer ASD is presented as brown circles on Fig. 4b.
Comparing it to the τα′(T) dependence of transformed FL+ 25wt%
PVAc (see brown stars with black outline in Fig. 4b) one might conclude
that both τα(T) of FL+65wt% PVAc and τα′(T) of partially re-crys-
tallized FL+25wt% of PVAc overlap perfectly with each other. This

clearly suggests that transformed sample might indeed contain 65 wt%
of PVAc polymer. To parametrize the presented temperature depen-
dence of structural relaxation times of FL+ 65wt% PVAc we employed
VFT equation (see Eq. (5)) with the log10(τ∞/s), T0, and D equal to
13.4 ± 0.2; 239.9 ± 1.8 and 8.4 ± 0.4, respectively. From the ex-
trapolation of VFT fit to 100 s we estimated Tg of this composition as
296 (Tg= T(τα=100 s)), what is in perfect agreement with the Tg

value of FL+ 25wt% PVAc after transformation. This is another proof
that unstable concentrations of investigated drug-polymer system re-
crystallize to composition containing 65 wt% of the polymeric additive.

As a final confirmation that unstable compositions of FL+ PVAc re-
crystallize to concentration containing 65wt% of the polymer we also
compared the shapes of the α-relaxation peak of FL+65wt% PVAc,
and α′-relaxation peak of FL+ 25wt% PVAc, which were recorded at
the same temperature – see Fig. 4c. As can be seen, besides dc-con-
ductivity both compared processes overlap perfectly with each other.
This might be taken as evidence that after transformation the unstable
FL+25wt% PVAc concentration convert to other system containing
65wt% of the polymer. This consequently means that 65 wt% of PVAc
is the lowest polymer amount which is able to fully stabilize amorphous
FL. It is worth to recall the results where different polymer – Kollidon
VA64 – has been used to improve stability of FL. In that case, to achieve
analogous result – physically stable amorphous FL – we had to use
41 wt% of polymer addition [34]. Comparison of these results implies
that PVAc is weaker stabilizer of amorphous FL than Kollidon VA64.
Accordingly in the next section the evaluation of the remaining com-
ponent of the co-polymer will be examined in order to verify whether or
not the PVP is a greater stabilizer of amorphous FL than PVAc or even
Kollidon VA64.

3.3. Thermal properties of FL+ PVP mixtures

Thermal properties of neat PVP and the following FL+PVP ASDs:
FL+7wt% PVP, FL+ 15wt% PVP, FL+ 29wt% PVP, FL+ 40wt%
PVP, FL+ 60wt% PVP and FL+80wt% PVP have been measured
using DSC technique. During these studies all samples (besides neat
polymer) were heated up in the same temperature range, from 260 K to
410 K, with the standard heating rate of 10 K/min. The neat PVP
polymer was heated up to higher, than in case of other samples, tem-
perature equal to 570 K with the same rate equal to 10 K/min. Results
of these studies were compared with DSC thermogram of neat API and
are presented in Fig. 5. As can be seen, with increasing amount of
polymeric excipient, value of glass transition temperature of the binary
drug-polymer system increases.

Fig. 4. Dielectric loss spectra of amorphous binary mixture of FL+25wt%
PVAc (a). Temperature dependence of τα for FL+ 65wt% PVAc (brown stars)
and FL+ 25wt% PVAc (brown circles) after crystallization in the super cooled
liquid has been described by VFT equation (red solid line) (b). Masterplot of
two dielectric spectra obtained in the same temperature T= 343 K for both
FL+ 65wt% PVAc (brown stars) and FL+ 25wt% PVAc after crystallization
(brown circles) (c). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Thermograms of amorphous: FL (peach), FL+ 7wt% PVP (pink),
FL+15wt% PVP (salmon), FL+29wt% PVP (raspberry), FL+40wt% PVP
(red), FL+60wt% PVP (cardinal), FL+ 80wt% PVP (carmine) and PVP
(wine). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The Tg values of investigated samples are equal to: 274 K, 278 K,
285 K. 310 K, 328 K, 352 K, 367 K, 453 K for 0, 7, 15, 29, 40, 60, 80 and
100 wt% of PVP polymer, respectively. To check whether in case of the
investigated in this part of the paper systems the antiplasticization ef-
fect is dominant reason of increasing Tg value with the polymer content
– similarly to FL+ PVAc case – we compared the experimentally ob-
tained Tgs of the mixtures with the Tg values predicted from the GT
equation (see Fig. 6). As can be seen experimental points deviate from
the GT prediction, indicating that some drug-polymer interactions
might occurs between FL and PVP. It is worth noting that similar pat-
tern of behavior has been previously reported for many different binary
PVP-based systems (for example: Bendroflumethiazide-PVP; Hydro-
flumethiazide-PVP; Hydrochlorothiazide-PVP and Sucrose-PVP
[40,41]). In all recalled cases, the deviation of experimentally obtained
Tgs from that predicted, based on GT equation, was indeed connected
with drug-polymer interactions. This clearly suggests that PVP polymer
has a huge tendency to interact with a drugs dispersed in it [42].

Referring back to the Fig. 5, one might observed that only FL+7wt
% PVP and FL+15wt% PVP among all examined ASDs reveal re-
crystallization tendency when heated up above Tg with the rate equal to
10 K/min. The onsets of the exothermic crystallization peaks were
found to be 331 K and 343 K for FL+7wt% PVP and FL+ 15wt%
PVP, respectively. It should be noted, that lack of the re-crystallization
in case of other drug-polymer concentrations does not guarantee that
they will be physically stable also during different experiments, when
different conditions e.g. slower heating rate, will be employed. To as-
sess border – physically stable – drug-polymer concentration in case of
the FL+ PVP ASD, the dielectric studies were performed. Results from
these studies are presented and discussed in the next section. Initial
concentration, which has been chosen for these experiments, contained
7 wt% of PVP. The reason of this particular choice was caused by the
fact, that this drug-polymer concentration revealed crystallization ten-
dencies during DSC studies. If the crystallization process would not
occur the observation of the changes in concentration would be im-
possible.

3.4. Molecular dynamics studies of FL-PVP mixtures

Representative dielectric loss spectra of FL+7wt% of PVP polymer
are presented in Fig. 7a. Analogously, as for a FL+PVAc systems the
spectra collected at T < Tg show absence of any secondary relaxation
processes thus revealing NCL. Above the glass transition temperature

the dielectric loss spectra of FL+7wt% PVP exhibit structural – α –
relaxation process which moves toward higher frequencies with in-
creasing temperature. Its intensity remains unchanged up to the 306 K.
Further increasing of the temperature results in the decrease of in-
tensity of the α-relaxation peak, what is a manifestation of the sample
re-crystallization. As can be seen in Fig. 7a devitrification process
ceases at a temperature equal to 338 K – no further drop of the α-re-
laxation peak intensity was observed. In Fig. 7c we presented the ar-
bitrary chosen dielectric loss spectrum of FL+7wt% PVP, which was
recorded just remaining after observed re-crystallization of a part of the
volume i.e. at T= 343 K. As can be seen the displayed spectrum exhibit
three features: dc conductivity associated with translational motion of
ions as well as two loss peaks. High contribution of dc conductivity to
the dielectric loss spectra, during BDS measurements was already re-
ported in cases of celecoxib and bicalutamide mixtures containing PVP
[25,43]. Peak with maximum at higher frequencies represent structural
– α′ – relaxation process of newly formed drug-polymer concentration.
We suppose that peak located at lower frequency side reflects the γ-
relaxation of PVP polymer. This would be consistent with the data re-
ported for the secondary relaxation process in neat polymer [44]. It
should be noted that the presence of an additional relaxation process set
at low frequency side of the structural relaxation was also observed in
case of bicalutamide-PVP system [45]. In recalled example, it was
found, that this additional process is in fact secondary relaxation pro-
cess originating from a neat polymer.

Dielectric loss spectra of fully amorphous FL+ 7wt% PVP, which
have been registered above the glass transition temperature, were fitted
in similar way like in case of FL+ PVAc mixtures i.e. by means of single
HN function (see Eq. (3)). While the spectra of partially re-crystallized
sample, due to presence of more than one loss peak, were analyzed by
fitting a sum of HN functions as follow:

∑= +
+

∗
∞ε ω ε ε

iωτ
( ) Δ

[1 ( ) ]k

k

HNk
a bk k (6)

where k is sums over the different relaxation processes, ε∞ is high
frequency limit permittivity of the real part ε′(ω), Δε is dielectric
strength of the process under investigation, ω is the angular frequency
ω=2πf, τHN is the HN relaxation time, which is related to the fre-
quency of maximum loss fmax, a and b represents symmetric and
asymmetric broadening of relaxation peak. Moreover, DC conductivity
effects were taken into account by adding a contribution (σDC/ε0ω) to
the imaginary part of the fit function. ε0 is the permittivity of vacuum,
while σDC is the dc conductivity of the sample.

From fitting parameters we calculated, according to Eq. (4), the
relaxation times of: structural relaxation of fully amorphous sample
(τα), structural relaxation of partially re-crystallized sample (τα′), as
well as secondary γ relaxation, which is visible on the spectra of par-
tially re-crystallized sample. However, due to the high DC contribution
additional analysis based on the derivative formalism according to the
following formula [45,46] was required:

= −
′

ε π dε f
d f2

( )
lnder

(7)

This procedure allowed us to eliminate the dc contribution and
made the relaxation processes narrower and as a consequence easier to
fit (Fig. 7C, blue solid line). As can be seen in Fig. 7C, maxima of the εder
peaks corresponds with the results of fitting by sum of HN functions
(Fig. 7C, γ and α′ process) which confirms our assumption. Due to the
fact that our aim is to determinate the physically stable concentration of
FL+PVP system, in the following discussion we will concentrate only
on structural (α and α′) relaxation processes. In Fig. 7b one can see the
temperature dependences of both τα and τα′ marked as filled orange and
red circles, respectively. Similarly to the case of FL+PVAc we mea-
sured partially re-crystallized FL+ 7wt% PVP again. During this, ad-
ditional experiment the dielectric spectra were examined on the cooling

Fig. 6. Glass transition temperatures of FL – PVP mixtures. Points correspond to
the experimentally determined Tg values. The dashed line represents the
Gordon-Taylor/Kelley-Bueche equation. Ring is the value obtained by using Tg

related to the τα′ process (Tg obtain when crystallization ceased).

K. Chmiel et al. European Journal of Pharmaceutics and Biopharmaceutics 136 (2019) 231–239

236



from T=371 K to T=295 K, with step of 4 K. Data points obtained
from analysis of these newly registered spectra are marked in Fig. 7b as
an open red circles. In the next step both τα(T) and τα′(T) dependences
were parametrize by the VFT equations. The values of VFT fits para-
meters are equal to: log10(τ∞/s)=−14.2 ± 0.4; T0= 232.9 ± 2.9;
D=11.9 ± 1.8 and log10(τ∞/s)= 16.1 ± 1.8; T0= 216.1 ± 19.5
and D=17.8 ± 6.8 for τα(T) and τα′(T), respectively. From the ex-
trapolation of these VFT fits to τα/α′=100 s, we estimated the initial

and the final Tg values of the examined drug-polymer ASD. The glass
transition temperature corresponding to the initial, i.e. FL+ 7wt% of
PVP, drug-polymer concentration is equal to 275 K. It is worth noting
that this value is in good agreement with Tg obtained from the DSC (see
Fig. 5). The value of glass transition temperature determined from the
data obtained after the re-crystallization of the excess amount of the
drug, is equal to 308 K. Like in case of FL+ PVAc, in order to determine
this Tg value, we collected the sample after BDS experiment, and ex-
amined it via DSC technique. Obtained in this way, value of glass
transition temperature of newly achieved concentration of FL+PVAc
is in good agreement with Tg calculated based on BDS experiment
(TgDSC= 312 K). Taking into account that in case of FL+ PVP ASDs, we
observed deviation of the experimentally determined Tg values from the
GT prediction we cannot use the GT prediction to obtain the final drug-
polymer concentration. Therefore, to do that, we had to rely on ex-
perimentally determined concentration dependence of Tg presented in
Fig. 6 as a black dashed line. Comparing Tg value of the newly obtained
drug-polymer composition to aforementioned concentration depen-
dence of Tg, it can be clearly seen, that new system should have ap-
proximately 29 wt% of PVP polymer content (see open circle on Fig. 6).

To confirm that unstable concentrations of FL+ PVP system indeed
tends to reach the physically stable concentration containing 29wt% of
the polymer we: (i) prepared different initial – FL+15wt% PVP –
concentration, which according to DSC data also easily re-crystallizes,
and we studied it by similar methods as FL+7wt% PVP; (ii) prepared
ASD containing FL and exactly 29 wt% of PVP, measured it and finally
compare results to data obtained from the evaluation of the trans-
formed FL+7wt% PVP. Results obtained from these first experiments
(not presented due to many similarities to FL+7wt% PVP) indicate
that different than 7wt% of PVP polymer concentration of FL-based
ASD (with crystallization tendencies) also transforms to different than
initial, but having Tg at 308 K drug-polymer composition. Dielectric loss
spectra of potentially stable concentration of FL and PVP (FL+ 29wt%
PVP) are presented in Fig. 8a. As can be seen on the spectra collected at
T > Tg three main features can be distinguished: dc conductivity, and
two poorly separated from each other loss peaks. It is worth to recall
that the spectra of partially re-crystallized FL+ 7wt% of PVP ASD
exhibit the same main features. To compare the shapes of spectra of

Fig. 7. Dielectric loss spectra of FL+7wt% PVP
orange circles represents α-relaxation process,
black dashed line corresponds to the crystal-
lization process, red circles represents super-
position of the α′- process of the newly formed
concentration with the γ-process of the neat
polymer (a). Right panel shows relaxation map
of binary mixtures of FL+ 7wt% PVP as follows:
τα(orange circles), crystallization of FL+7wt%
PVP (orange stars), τα′(red circles) and τα′ ob-
tained during cooling (red open circles).
Temperature dependence of τα and τα′ in the
supercooled liquid has been described by VFT
equations (red solid lines) (b). Dielectric loss
spectrum of FL+ 7wt% PVP registered at 343 K
(red circles), fit of sum of the HN function (da-
shed line), secondary relaxation process of the
neat polymer (black solid line) and primary re-
laxation process of measured system after crys-
tallization (red solid line), spectrum analyzed
with derivative method (blue solid line) (c). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Fig. 8. Dielectric loss spectra of FL+ 29wt% PVP, red line corresponds to the
NCL while the red stars to the relaxation process (a). Temperature dependence
of FL+ 29wt% PVP τα(red stars) as well as FL+ 7wt% PVP τα′ (red circles) in
the supercooled liquid has been described by VFT equations (black solid lines)
(b). Dielectric loss spectra of FL+ 7wt% PVP (red circles) and FL+29wt%
PVP (red stars) registered at 343 K, secondary relaxation process of the neat
polymer (black solid line) and primary relaxation process of measured system
after crystallization (red solid line) (c). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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FL+29wt% PVP and partially re-crystallize FL+7wt% PVP we
plotted their representatives (both collected at T=343 K) together in
Fig. 8c. Visible similarity is the first suggestion that unstable FL+PVP
ASDs indeed transform to FL-based mixture having 29wt% of the
polymer. Since on the dielectric spectra, presented in Fig. 8a, two re-
laxation processes can be noted we analyzed them by fitting a sum of
HN functions (Eq. (6)). On the basis of the estimated from the fitting
procedure values of τHN, a and b, we determined the temperature de-
pendence of τα (see red circles in Fig. 8b). To parameterize this de-
pendence we fitted the data by VFT equation (Eq. (5)). From the ex-
trapolation of the fit to 100 s we subsequently estimated the glass
transition temperature of the investigated system as Tg= 308 K. Com-
parison of both: τα(T) of FL+ 29wt% PVP to τα′(T) of FL+7wt% PVP
(see Fig. 8b), and Tg value of FL+29wt% PVP to Tg value of partially
re-crystallize FL+7wt% PVP indicate that both these samples have a
lot in common. Consequently one can conclude that minimal amount of
PVP which is indeed required to fully stabilize amorphous form of FL is
equal to 29 wt% of the polymer.

3.5. Comparison of the stabilization effect of three different polymers on
amorphous FL

From all performed experiments and analysis, we were able to ob-
tain the “stability map” presenting concentration dependence of glass
transition temperature of FL+PVAc and FL+PVP compositions (see
Fig. 9). Because similar dependence had been recently determined by us
for other FL-based ASDs (containing co-polymer made of PVAc and PVP
i.e. Kollidon VA64), we also plotted these data in the same graph to
compare the effect of FL stabilization by all three polymers. As can be
seen, the concentration needed to stabilize amorphous FL varies from
each investigated excipient. The minimal amount of PVAc polymer that
is required to obtain physically stable FL-based ASD is equal to 65 wt%
To stabilize the examined antiandrogen by PVP, we need to use at least
29 wt% of this polymer. While, as Fig. 9 presents, the required amount
of Kollidon VA64 that can eliminate FL re-crystallization is equivalent
to 41 wt% Moreover, it is worth to mention that described high physical
stability of FL-PVP/VA system, prepared in this way, has been

confirmed by means of long-term XRD measurements. Evaluated
sample did not exhibit any tendency towards crystallization, during
long-term stability studies measured at room temperature for over
450 days (up to date). Taking these numbers into account we might
conclude that PVP is the best stabilizer of FL, while the PVAc shows the
weakest stabilizing effect on this API. Based on presented results we
might ranked polymers from the better FL’s stabilizer in the following
order PVP > Kollidon VA64 > PVAc. Interestingly, the greater Tg

value of polymer, the lower the concentration of excipient is needed to
stabilize FL.

4. Conclusions

In this article we employed two different polymers: PVP and PVAc
to improve the physical stability of the amorphous form of FL. Prepared
drug-polymer compositions containing various amount of polymeric
additive were investigated by means of differential scanning calori-
metry as well as broadband dielectric spectroscopy. We found that both
polymers can effectively inhibit re-crystallization of the investigated
antiandrogen. Lack of deviation of experimentally obtained con-
centration dependence of Tg value from the GT perdition suggests that
in case of FL+ PVAc mixtures the antiplasticization effect is the main
reason of FL stabilization. Probably the opposite situation exists in case
of FL+ PVP ASDs i.e. presence of deviation of experimentally obtained
Tg values from GT predictions suggests that between drug and polymer
might occur some interactions. Due to the fact that during non-iso-
thermal dielectric measurements of both: FL+ PVAc and FL+PVP
systems, the transformation from supersaturated to saturated ASDs
could be registered, we were able to determine the border – drug-
polymer – concentration, which guarantee high physical stability of the
investigated systems. According to our analysis the minimal amount of
the polymeric excipient, which is required to fully stabilize FL drug is
equal to: 65 wt% and 29wt% of PVAc and PVP, respectively. These
results clearly indicate that PVP polymer is much better stabilizer of the
investigated antiandrogen than PVAc. Another word, to fully stabilize
FL we need definitely less PVP than PVAc. Because, PVP and PVAc
polymers are a components of co-polymer Kollidon VA64, we compared
obtained in this paper results to already published data. This compar-
ison confirmed our expectations that the system made of PVP and PVAc
has intermediate, in comparison to its individual parts, effect on sta-
bilization improvement of FL. To fully stabilize FL by Kollidon VA64 we
need 41wt% of the excipient.
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