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ARTICLE INFO ABSTRACT

Keywords: In this paper, we employed Broadband Dielectric Spectroscopy (BDS) in order to determine the effect of the high
ASD pressure on the solubility limits of the amorphous flutamide within Kollidon VA64 matrix. In order to achieve
Dielectric spectroscopy this goal, drug-polymer systems have been examined: (i) at ambient pressure and both isothermal and non-

S‘?lubility isothermal conditions by means of BDS as well as Differential Scanning Calorimetry (DSC), to validate proposed
;fi-gzzsure method; (ii) at high pressure conditions (20 and 50 MPa) and elevated temperatures (343 K, 353 K and 363 K) by

means of dielectric spectroscopy. Our studies revealed that regardless of applied pressure the solubility of the
flutamide within the co-polymer matrix increases with increasing temperature at isobar conditions. Moreover,
our results clearly indicate that with increasing pressure the solubility of the drug within the polymer matrix is
decreasing at isothermal conditions. Therefore, during the solubility limit studies one should consider the si-
tuation in which by increasing the pressure (at constant temperature) would achieve an effect similar to the

Kollidon VA64

lowering of the temperature (at constant pressure).

1. Introduction

Polymers in the pharmaceutical industry have a wide range of ap-
plications. The number of reports confirms their ability to increase the
drug’s solubility in water [1-4]. Furthermore, due to rising popularity
of the extrusion-based amorphous products polymers are also used to
improve both processing conditions (e.g. during Hot Melt Extrusion
(HME) manufacturing) [5-7] and physical stability of the Active
Pharmaceutical Ingredients (APIs) in the amorphous form [8-15]. Fo-
cusing on the latter, the source of their ability to enhance the physical
stability of the amorphous materials has not yet been fully understood,
except several commonly approved viewpoints. On the one hand, it is
generally accepted that the capability to form drug-polymer inter-
molecular interactions (e.g. ionic interaction, dipole-dipole interactions
or hydrogen bonding) is one of the most crucial factors during forma-
tion of the stable Amorphous Solid Dispersion (ASD) composition
[16-20]. On the other hand, the addition of the polymer, characterized
by glass transition temperature (Tg) higher than that of the amorphous
material, will eventually increase the T, of the system — so called an-
tiplasticization effect — which corresponds to the reduction of the mo-
lecular mobility necessary for the cold crystallization at certain tem-
perature [21-24]. However, above statements requires one assumption:
that the two components, drug and polymer, are miscible — forms single

phase, homogeneous amorphous system. This assumption is of a great
significance due to the fact that thermodynamic part of the physical
stability — thermodynamic stability — can be obtained only if the
amount of the drug dissolved within the polymer does not exceed its
solubility limits [25,26].

Over the past years the solubility of the drug molecules within the
polymer matrix was one of the main concerns of the pharmaceutical
scientist [27-29]. Throughout this period, time and time again re-
searchers made discoveries revealing the true nature of this phenom-
enon from both experimental and theoretical point of view [30-35].
One can experimentally determine the solubility of the API-polymer
ASD systems at elevated temperatures utilizing one of the methods well
established in this field: (i) recrystallization method [32] (ii) melting
point depression [31,33] and various annealing methods proposed
throughout the years [28,36-38]. However, it has to be pointed out,
that experimental determination of the solubility limits of the systems
containing polymers has some limitations considering the fact that at
temperatures close to or below T, the viscosity of this composition
becomes too high to reach equilibrium state and its determination is
very-time consuming [32,36,39,40]. Due to this fact numbers of ana-
lytical models were introduced in order to determine the solubility
limits at lower temperatures. To this day determination of the API-
polymer solubility limit can be predicted utilizing one of the following
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approaches: (i) Flory-Huggins (FH) theory [30,41-44]; (ii) Hansen’s
solubility parameter [29,34,45]; (iii) Perturbed-Chain Statistical Asso-
ciating Fluid Theory (PC-SAFT) [35,46,47].

Nevertheless, none of the aforementioned approaches considers the
outcome of the applied elevated pressure on the solubility limits which
is surprising since — from the experimental point of view — it would
mimic manufacturing conditions i.e. tableting or HME. It has to be
pointed out, however, that even though the effects of high pressure
(HP) on the solubility limits has not been tested its consequence on the
recrystallization tendencies of the amorphous pharmaceuticals were
frequently reported. The result of enforced HP is the densification of the
molecular packing of the system. This in turn leads not only to the
decrease of the molecular mobility or conformational changes of mo-
lecules [48,49] but can also be a source of the improvement of drug-
polymer interactions [50] or vice versa the weakening of hydrogen
bonding between drug and polymer [51]. Therefore, the overall effect
on the physical stability is not universal. From the one hand, one can
observe the improvement of the physical stability of the amorphous
materials at elevated pressure [52] yet from the other hand the esca-
lation of the molecular packing can result in increased nucleation
[53,54]. Due to this lack of unified response, the attempt to predict
changes in solubility limits is extremely difficult and requires attention
from the pharmaceutical point of view.

Due to the fact that dielectric spectroscopy was already employed as
a technique for testing amorphous materials under the influence of high
pressure [55,56] and at the same time, it has been shown recently that
it can be successfully used to determine the solubility limit at ambient
pressure [57-59] we decided to combine these two features in order to
determine solubility limits at both elevated temperature and high
pressure.

In this paper, binary amorphous mixtures of flutamide (FL) — syn-
thetic nonsteroidal drug, currently utilized in antiandrogen therapy —
and Kollidon VA64 (PVP/VA) — copolymer used widely in pharma-
ceutical industry - in different weight concentration were prepared by
quench cooling from the melt. The aim was to determine solubility
limits of FL within the PVP/VA matrix in both ambient and elevated
pressure, starting from the supersaturated conditions. Thermal prop-
erties of drug-polymer systems containing different concentrations of
FL and PVP/VA as well as determination of the supersaturated condi-
tions have been investigated via Differential Scanning Calorimetry
(DSC). To examine the molecular mobility, at both ambient an elevated
pressure, of the investigated drug-polymer mixtures we measured them
by means of Broadband Dielectric Spectroscopy (BDS). Furthermore,
performed isothermal and nonisothermal measurements provide the
information on the sample during recrystallization as well as allowed us
to determine the concentration dependencies of the glass transition
temperature of FL + PVP/VA systems. As a result of the overall BDS
studies we were able to determine the solubility of the flutamide within
the polymer matrix at certain temperature and certain pressure.
Moreover, on the basis of DSC data, we confirmed the solubility limits
determined by BDS method for ambient pressure.

2. Experimental Section
2.1. Materials

Flutamide drug of molecular mass My = 276.21 gmol ™' and
purity = 99% was purchased from Sigma-Aldrich and used as received.
Kollidon VA64 - vinylpyrrolidone-vinyl acetate copolymer — (PVP/VA)
of molecular mass My = 45 000-47 000 g mol ~! was purchased from
BASF SE (Germany) and used as received.

2.2. Preparation of binary system

The flutamide-based amorphous solid dispersion systems were
prepared at different weight concentrations of PVP/VA in each sample.
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To acquire homogeneous samples, we mixed compounds with polymer
at appropriate ratios in mortar for approximately 20-30 min. Prepared
in this way mixtures were then melted at T = 410K - during the first
DSC scan — and vitrified — by fast cooling (20 K/min) during second DSC
scan — in case of calorimetric measurements. Samples preparation for
the BDS and high pressure BDS measurements involved melting at
T = 410K followed by vitrification 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 pL). All
measurements were carried out in range from 260.15K to 410.15K
with 10 K/min heating rate.

2.4. Broadband dielectric spectroscopy

The dielectric measurements of FL-based ASDs were carried out
using Novocontrol GMBH Alpha dielectric spectrometer, in the fre-
quency range from 10" Hz to 10° Hz at temperatures from 153.15K to
373.15K 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 15 mm,
and a 0.1 mm gap with quartz spacers).

For the high pressure BDS (HP BDS) measurements, we additionally
employed a high pressure Unipress U111 setup. Herein, the sample was
measured in a similar, made of stainless steel, parallel-plate cell (dia-
meter of 15mm and a 0.1 mm gap with Teflon spacers). It was sealed
and mounted by a Teflon tape to separate it from the silicon liquid.
Temperature was adjusted with a precision of 0.1K by the Julabo
heating circulator.

3. Results and discussion
3.1. Thermal properties of the flutamide-based ASD systems

DSC traces of the FL-PVP/VA mixtures in various weight con-
centrations are presented in Fig. 1. All tested mixtures are characterized
by single step-like thermal event that corresponds to the glass transi-
tion. This result imply the homogeneity of the samples.[22,60] Fur-
thermore, it has been demonstrated by Baird et al. that when the phase
separation occurs, two separate thermal events (Tg) should be well
visible on DSC thermogram [61]. Values of the glass transition tem-
perature for the following compositions: FL + 55wt% PVP/VA,
FL + 41 wt% PVP/VA, FL + 27 wt% PVP/VA and FL + 13 wt% PVP/
VA are equal to 326 K, 313K, 295K and 281 K respectively.

With increasing amount of the polymer in the mixture, the glass
transition temperature of the system is rising. This common phenom-
enon can be easily explained by either the antiplasticization effect ex-
erted by the addition of the polymer characterized by high T, value or
the specific interactions between components [62]. Therefore, in order
to check whether or not the antiplasticization effect is dominant one
should compare experimental T, to the theoretically determined values
according to the Gordon-Taylor equation [63]. It is worth mentioning
that aforementioned analysis was reported recently (for different con-
centrations) and accordingly one can conclude that there are no
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Fig. 1. Thermograms of amorphous: a) FL + 55wt% PVP/VA (violet), b)
FL + 41 wt% PVP/VA (wine), c) FL + 27 wt% PVP/VA (royal), d) FL + 13 wt%
PVP/VA (green). (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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Fig. 2. Upper panel (a) presents the representative dielectric loss spectra of
amorphous binary mixture of FL + 27 wt% PVP/VA above its glass transition
temperature collected at ambient pressure (0.1 MPa). Royal lines indicate the a
process. Blue shaded area corresponds to the fit acquired by HN function to the
spectrum presented as the royal circles. Lower panel (b) shows relaxation map
of binary mixtures of FL with following amount of polymer addition: 55 wt%
(violet circles), 41 wt% (wine circles), 27 wt% (royal circles), 13 wt% (green
circles). Star indicates the crystallization onset. Temperature dependence of
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.)

significant molecular interactions between FL and PVP/VA [57].
Moreover, glass transition temperatures obtained during calorimetric
measurements (see Fig. 1) were in the perfect agreement with the re-
ported dependence (data not shown). In Fig. 1, one can observe, that
during standard calorimetric measurements with heating rate of 10 K/
min, samples with polymer concentration higher or equal to 27 wt% did
not reveal any tendency towards recrystallization.

It has to be pointed out that the method of determination of the

10
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solubility limit used in this manuscript is built on the Mahieu’s ap-
proach [32]. Method proposed by Mahieu et. al. is based on 3 steps: (i)
scanning during heating of the supersaturated sample to determine
initial glass transition temperature; (ii) annealing of the supersaturated
sample at certain temperature; (iii) rescanning of the sample after an-
nealing to determine the final glass transition temperature after the
excess of the drug recrystallize from the solution and then identification
of this newly obtained concentration by comparing its glass transition
to the Gordon-Taylor prediction. Therefore, sample’s tendency towards
recrystallization is crucial in determination of the solubility limits.
Based on the calorimetric data FL + 13 wt% PVP/VA system has the
lowest physical stability (amongst tested) thus it seems to be the perfect
concentration to begin the solubility limits determination. However,
due to the fact that molecular dynamics was frequently found to be the
crucial factor affecting physical stability of disordered pharmaceuticals,
in the following Section 3.2 of this manuscript we investigated the
molecular mobility of the amorphous samples via dielectric spectro-
scopy in order to assess their recrystallization tendencies.

3.2. Molecular dynamics studies of the flutamide-based ASDs systems at
ambient pressure

In order to determine molecular dynamics of each prepared sample
at ambient pressure (0.1 MPa) we performed series of BDS measure-
ments. The representative dielectric loss spectra of FL + 27 wt% PVP/
VA mixture which were obtained during heating of the amorphous
sample are shown in Fig. 2a. Presented spectra exhibit one well re-
solved loss peak corresponding to the structural — a - relaxation. In-
tensity of this peak slightly decrease with the increasing temperature, as
it moves towards higher frequencies. Due to the fact that no significant
decrease of the dielectric strength (Ae) which corresponds to the major
drop in the intensity of the structural relaxation peak — visible on di-
electric loss spectra — was observed up to the 365K, one can assume
that the recrystallization process did not occur (see Fig. 2a). Con-
sidering the fact that the dielectric strength (Ae) is proportional to the
number of units involved in structural relaxation, sudden drop in the
intensity of the structural relaxation would reflect the onset of the
sample re-crystallization [64,65]. Thus confirming that the physical
stability of the sample with the PVP/VA wt. concentration equal to or
higher than 27% is high enough to prevent the recrystallization process
during nonisothermal experiments.

From the analysis of loss spectra recorded above the glass transition
temperature we determined the temperature dependencies of the a-
relaxation time for all prepared systems (see Fig. 2b). In order to obtain
the values of 7, at various temperatures, the experimental data were
fitted using the Havriliak-Negami (HN) function (Eq. (1)): [66]

Ae

Sl =t [1 + (iwomyn )P

(€]
where ¢.. is high frequency limit permittivity, e, is the permittivity of
vacuum, Ae is dielectric strength, w is equal to 2xf, Ty is the HN re-
laxation time, a and b represents symmetric and asymmetric broad-
ening of relaxation peak. Representative fit of the HN function to the
dielectric spectrum is presented in Fig. 2a as a blue shaded area. Using
the fitting parameters determined above the values of t, were calcu-
lated by means of the following formula:

a ) a . ( mab ) a
sin
2+ 2b 2+ 2b

Relaxation times obtained from described above fitting procedure
are presented in Fig. 2b as a filled circles. Temperature evolution of the
structural relaxation time — in supercooled liquid region — usually shows
non-Arrhenius like behavior. Hence, in order to parameterize it Vogel-
Fulcher-Tamman (VFT) equation, that is defined as follows, was used:
[67-69]

Tajo’ = T sin
ala HN[ ( (2)
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Fig. 3. Data presented in this Figure was obtained at high pressure conditions — 0.1 MPa. Upper panels: (a), (b) and (c) presents the dielectric spectra obtained during
the isothermal crystallizations registered at 343 K, 353 K and 363 K respectively. t, indicate the first recorded spectrum at set temperature and it does not correspond
to the beginning of the crystallization. Panels in the middle: (d), (e) and (f) presents dielectric spectra obtained during additional measurements performed after
isothermal crystallization performed at 343 K, 353 K and 363 K as a orange, brown and dark green solid lines respectively. Lower panel (g) shows relaxation map of
all binary mixtures evaluated in previous — 3.2 — sections (grey diamonds) and temperature dependence of the relaxation times registered for the samples after
isothermal crystallization at 343 K, 353 K and 363 K (orange, brown and dark green circles respectively). Temperature dependence of 7, 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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where 7.., B and Ty are the fitting parameters. To determine T values,
we used well-known definition: Ty = T(t, = 1005). Accordingly, from
the extrapolation of VFT fit to 100 s we subsequently estimated T, of
FL + 55wt% PVP/VA, FL + 41 wt% PVP/VA, FL + 27 wt% PVP/VA
and FL + 13wt% PVP/VA as 329K, 316K, 297K and 280K respec-
tively, which is in good agreement with the calorimetric data con-
sidering different heating rate applied in both experiments. Moreover,
based on the dielectric measurements, as in the case of calorimetric
measurements, sample with the 13 wt% addition of the PVP/VA is the
system characterized by the lowest physical stability — the greatest
tendency towards recrystallization and was chosen for the solubility
limit studies.

By following Mahieu’s approach, one can obtain the information
about the sample’s concentration before and after the recrystallization
and not during the whole process (excluding the possibility of rescan-
ning the sample during the recrystallization, due to the fact that addi-
tional heating and cooling of the sample would affect the dynamic of
the recrystallization process). It is worth highlighting that following the
exact same procedure via BDS one can additionally obtain — aside from
the initial and final glass transition temperatures — the information
about the molecular dynamics of the examined system (in wide

3)

11

frequency and temperature range) not only before and after the re-
crystallization but also during the whole process. Consequently, the
progress of the recrystallization as well as the exact time when this
process ceased is determined considering the subtle changes in mole-
cular dynamics. Therefore, in the following Section 3.3 of this manu-
script approaches utilizing BDS and DSC (as a validation) will be em-
ployed.

3.3. Determination of the solubility limits of the FL-PVP/VA system

In order to determine the solubility limits of the FL-PVP/VA com-
positions series of isothermal BDS as well as DSC experiments were
performed. Moreover, dielectric data, collected during measurements
described in Section 3.2 of this manuscript, allowed us to establish the
concentration dependency of the glass transition temperature of
FL + PVP/VA systems (see Fig. 4b), which will be used to identify the
concentration after the recrystallization of the excess of the API from
the supersaturated sample. Based on both dielectric and calorimetric
measurements, we decided, to use the sample with 13 wt% addition of
polymer due to its ease of crystallization. Considering the fact that
solubility limit is a function of temperature we performed isothermal
measurements in three different temperatures 343K, 353K and 363K
(see Fig. 3a-c). One can observe in Fig. 1 that chosen temperatures are



K. Chmiel, et al.

Temperature [K]

260 280 300 320 340 360 380 400
T T T T T T

Z |
Z | B
= | =
= |5
g |&
= 1 1 1 1
: 290 300 310 320 330 340
= Temperature [K]
3 |
z [sample after
‘_% isothermal recrystallization at:
s [BBK e e = =
2 sk T L

363K ! 1

N oy 4
3_‘0 L] ] 1 1
335 [ Identification of concentrations m
330 | obtained after recrystallization by comparing their Q
325 [ T,.gps) to the concentration dependency -7
320 - of the glass transition temperature -7 b)
315 -
N 310 F 1
L 305 PLs
300 | & g at 353K:
295 o 38wt % PVP/VA
290 - -7
- at 363K

285 - -

s 0, VP/V
zso-mo’ 36 wt % PVP/VA
275 i " 1 " 1 " 1 " 1 " 1 N 1 " 1 " 1 . =

5 10 15 20 25 30 35 40 45 50 55 60

wt % of PVP/VA

Fig. 4. Upper panel (a) presents calorimetric measurements performed after
isothermal crystallization at 343 K, 353 K and 363 K. Panel a inset shows glass
transitions of the systems after annealing. Lower panel (b) presents experi-
mentally determined concentrations dependence of the glass transition tem-
perature of the FL-PVP/VA mixtures determined by BDS measurements as well
as identification of the concentration obtained after isothermal crystallization
performed employing BDS.

still below the melting point of the system (T,, = 373 K). However, it
has to be pointed out that first recorded dielectric spectrum at given
temperature (marked as ty in Fig. 3a—c) during the isothermal experi-
ments corresponds to the partially recrystallized sample due to the fact
that onset of crystallization — based on dielectric data — is equal to 313K
(marked as a star in Fig. 2b).

When the recrystallization of the sample ended one, well resolved
loss peak was still visible — a’-process (similarly to the case reported in
the literature [57]). To cover wide region of relaxation times needed to
determine the glass transition temperature related to the a’-process, we
cooled down the sample and then measured it again on heating. During
this, additional measurement the dielectric spectra of the examined
samples have been registered from T = 323K, 315K and 319K up to
the temperature of the isothermal measurements (343K, 353K and
363 K respectively, see Fig. 3d-f). Points obtained from the analysis of
these spectra are marked correspondingly in Fig. 3g as orange, brown
and dark green circles. Once the temperature dependencies of the o’-
relaxation time (to(T)), after isothermal measurements, were obtained
it was possible to determine the origin of this additional process. Based
on the fact that t,(T) exhibits nonlinear behavior and follows VFT
equation one can easily conclude that a’-process is either the primary
relaxation process of different than initial concentration of FL in the FL-
PVP/VA mixture or segmental relaxation of neat PVP/VA polymer,
which remained amorphous after recrystallization of FL from the mix-
ture. Extrapolation of the VFT fit to 100s, allowed us to determine the
T, value of this additional process. Glass transition temperature values
for the systems obtained after isothermal crystallization at 343 K, 353 K
and 363K are equal to 315K, 311K and 309K respectively. Con-
sidering the fact that the added polymer has a T, = 376 K [57] while

12
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Fig. 5. Upper panel (a) presents the representative dielectric loss spectra of
amorphous binary mixture of FL + 27 wt% PVP/VA above its glass transition
temperature collected at elevated pressure (20 MPa). Royal lines indicate the a
process. Blue shaded area corresponds to the fit acquired by HN function to the
spectrum presented as the royal diamonds. Lower panel (b) shows relaxation
map of binary mixtures of FL with following amount of polymer addition: 55 wt
% (violet diamonds), 41 wt% (wine diamonds), 27 wt% (royal diamonds), 13 wt
% (green diamonds). Star indicates the crystallization onset. Temperature de-
pendence of 1, 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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Fig. 6. Upper panel (a) presents the representative dielectric loss spectra of
amorphous binary mixture of FL + 27 wt% PVP/VA above its glass transition
temperature collected at elevated pressure (50 MPa). Royal lines indicate the a
process. Blue shaded area corresponds to the fit acquired by HN function to the
spectrum presented as the royal pentagons. Lower panel (b) shows relaxation
map of binary mixtures of FL with following amount of polymer addition: 55 wt
% (violet pentagons), 41 wt% (wine pentagons), 27 wt% (royal pentagons),
13 wt% (green pentagons). Star indicates the crystallization onset. Temperature
dependence of t, in the supercooled liquid has been described by VFT equa-
tions (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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Fig. 7. Data presented in this Figure was obtained at high pressure conditions — 20 MPa. Upper panels: (a), (b) and (c) presents the dielectric spectra obtained during
the isothermal crystallizations registered at 343 K, 353 K and 363 K respectively. t, indicate the first recorded spectrum at set temperature and it does not correspond
to the beginning of the crystallization. Panels in the middle: (d), (e) and (f) presents dielectric spectra obtained during additional measurements performed after
isothermal crystallization performed at 343 K, 353 K and 363K as a orange, brown and dark green solid lines respectively. Lower panel (g) shows relaxation map of
all binary mixtures evaluated in previous — 3.4 — sections (grey diamonds) and temperature dependence of the relaxation times registered for the samples after
isothermal crystallization at 343 K, 353 K and 363 K (orange, brown and dark green diamonds respectively). Temperature dependence of t,, 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
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this additional process is characterized by T, = 315K, 311K and 309 K
respectively, one can conclude that the newly appeared process does
not correspond to the segmental relaxation of the residual Kollidon
VA64. Thus, confirming the initial conclusion that a’-process reflects
the primary relaxation of the different than initial concentration (more
detailed analysis was reported in Ref. [57]).

To validate the proposed approach, a series of calorimetric mea-
surements were performed. During these experiments, according to the
method proposed by Mahieu et al. [32], samples were annealed at
343K, 353K and 363K for up to the 40h then cooled down and
scanned again during heating in order to determine the glass transition
temperature (see Fig. 4a). Glass transition temperature determined
after the recrystallization of the excess of the drug from the FL + 13 wt
% PVP/VA mixture is equal to 316 K, 312K and 310K for annealing at
343K, 353K and 363K respectively (see Fig. 4a), which is in a good
agreement with the dielectric data. Once the T, values after re-
crystallization were confirmed, we determined the concentrations of
the corresponding mixtures by comparing these results to the experi-
mentally determined (via BDS) concentrations dependency of the glass
transition temperature of FL. + PVP/VA systems (see Fig. 4b). Accord-
ingly, one can observe in Fig. 4b that the solubility limits of the FL
within the PVP/VA matrix are equal to 59 wt%, 62 wt% and 64 wt% at
the 343K, 353K and 363 K respectively.

Our results suggest that the solubility of the drug within the
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polymer matrix increases with increasing temperature which follows
the general trend in this kind of studies [25,32,36,70,71]. Moreover,
based on presented data, BDS proved to be self-sufficient technique in
terms of determining solubility limits. Additionally, this technique is
commonly used to investigate the effects of the high pressure on the
molecular dynamics of the glass forming liquids [52,72-75]. Therefore,
we suggest utilizing BDS to assess how the high pressure affects the
solubility limit of the drug within the polymer matrix (but not limited
to this example) as the most suitable approach.

3.4. Molecular dynamics studies of the flutamide-based ASDs systems at
elevated pressure

Similarly, to the case of measurements at ambient pressure one
should start with determination of the concentrations dependencies of
the glass transition temperature of FL + PVP/VA systems at each se-
lected pressure which will enable us identification of the concentration
formed after recrystallization. Therefore, in the following section of the
manuscript we performed series of HP-BDS measurements, in order to
determine molecular dynamics of each prepared sample as well as the
solubility limits of the measured system at elevated pressure (20 and
50 MPa). The representative dielectric loss spectra of FL + 27 wt%
PVP/VA mixture at 20 MPa are shown in Fig. 5a. Similarly, as in case of
the 0.1 MPa dielectric loss spectra exhibit one well resolved loss peak
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Table 1

Glass transition temperature values for the systems obtained after isothermal
crystallization of FL + 13 wt% PVP/VA sample at high pressure and elevated
temperatures.

Crystallization at: 343K 353K 363K
20 MPa 322K 320K 318K
50 MPa 331K 330K 329K

corresponding to the structural — a — relaxation which moves towards
higher frequencies with increasing temperature. According to the am-
bient pressure, sample did not exhibit tendency towards recrystalliza-
tion in examined region (see Fig. 5a). Dielectric loss spectra of fully
amorphous samples, which have been registered above the glass tran-
sition temperature, were fitted by means of single HN function (see Eq.
(1)). Representative fit of the HN function to the dielectric spectrum is
presented in Figs. 5a and 6a as a blue shaded area.

From fitting parameters, we calculated the relaxation times of the
structural relaxation of fully amorphous samples (t,), according to Eq.
(2). In Fig. 5b one can see the temperature dependencies of T, marked
as violet; wine; royal and green diamonds for FL + 55 wt% PVP/VA;
FL + 41 wt% PVP/VA; FL + 27 wt% PVP/VA and FL + 13 wt% PVP/
VA mixtures respectively. In the next step t,(T) dependencies were
parameterize by the VFT equations. From the extrapolation of these

14

VFT fits to t, = 100's, we estimated the T, values of the examined drug-
polymer systems as follows: 337 K — 55 wt% PVP/VA; 319K - 41 wt%
PVP/VA; 300K - 27 wt% PVP/VA and 283K — 13 wt% PVP/VA.

Accordingly, we performed similar measurements at 50 MPa con-
ditions (see Fig. 6). Fig. 6a presents the representative loss spectra of
the FL + 27 wt% PVP/VA collected at elevated pressure — 50 MPa.
Temperature dependencies of t, obtained from the fitting procedure of
the dielectric spectra by means of HN equation (Eq. (1)) are marked in
Fig. 6b as violet; wine; royal and green pentagons for FL + 55 wt%
PVP/VA; FL + 41 wt% PVP/VA; FL + 27 wt% PVP/VA and FL + 13 wt
% PVP/VA mixtures respectively. Next by extrapolating the VFT fits of
the 7,(T) dependences to T, = 100 s we determine the T, values of the
examined ASDs as follows: 343K — 55 wt% PVP/VA; 326 K — 41 wt%
PVP/VA; 306K - 27 wt% PVP/VA and 288K - 13 wt% PVP/VA. Ob-
tained values of glass transition finally constitute the concentrations
dependencies of the glass transition temperatures of FL + PVP/VA
systems at elevated pressure: 20 MPa and 50 MPa.

3.5. Determination of the solubility limits of the FL-PVP/VA system at
elevated pressure

Determination of the solubility limits was conducted similarly as at
ambient pressure. We performed isothermal and isobar measurements
at previously chosen: (i) temperatures: T = 343K, T = 353K and
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Fig. 10. Experimentally determined concentrations dependencies of the glass
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50 MPa. Orange, brown and dark green stars correspond to the concentrations
obtained after the recrystallization at isothermal — 343K, 353K and 363K re-
spectively — and isobar conditions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

T = 363K as well as (ii) pressure: 20 MPa (see Fig. 7) and 50 MPa (see
Fig. 8). Furthermore, it has to be pointed out that — as in case of 0.1 MPa
— due to the fact that onset of crystallization is equal to 307 K and 312K
for 20 MPa (marked as a star in Fig. 5b) and 50 MPa (marked as a star in
Fig. 6b) respectively (based on dielectric data), first recorded dielectric
spectrum at chosen pressures and temperatures (marked as to in
Figs. 7a—c and 8a—c) corresponds to the partially recrystallized sample.

Once the crystallizations ended one could still observe a loss peak —
a’-process. To determine the relaxation times — related to the o’-process
— in wide temperature range, needed to determine the glass transition
temperature (T, = T(t, = 1005s)), we cooled down the sample and
then measured it again during heating. This additional procedure was
conducted from 333K, 341K and 337K in case of 20 MPa and from
339K, 347 K and 349K in case of 50 MPa, up to the temperature of the
isothermal measurements — 343 K, 353K and 363K respectively (see
Figs. 7d—f and 8d-f).

Relaxation times obtained by the analysis of these spectra are
marked in Figs. 7g and 8g as orange, brown and dark green diamonds
(20 MPa) and pentagons (50 MPa). In both cases of elevated pressure —
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besides the recrystallization at 20 MPa and 363 K — the number of the
experimentally determined relaxation times after recrystallization is not
sufficient in order to parameterize it well with the VFT equation.
However, due to the fact that obtained relaxation times are in close
proximity to well-parameterized data of FL + 41 wt% PVP/VA (see
Figs. 7g and 8g), we decided to use this extrapolation of the VFT and
transfer it horizontally to match the obtained points (orange, brown
and dark green lines in Figs. 7g and 8g). This approach was validated in
case of the points obtained after the recrystallization at 20 MPa and
363 K. As can be seen in the Fig. 7g, the horizontally transferred fit
(dark green line) is in very good agreement with the VFT fit of the
experimental points (red line).

Determined values of the glass transition temperature for the sys-
tems obtained after isothermal crystallization at high pressure are col-
lected in Table 1.

Based on the dielectric measurements described in Section 3.4 of
this manuscript, we were able to determine concentrations de-
pendencies of the glass transition temperatures at elevated pressure (see
Fig. 9a and b). Furthermore, one can identify the newly obtained con-
centration (solubility limit at certain temperature and certain pressure)
by comparing determined T, values to the presented in Fig. 9a and b
dependencies.

The solubility of the investigated drug within the polymer, increases
with increasing temperature, at isobar conditions — regardless of ap-
plied pressure (see Fig. 9). However, it is worth highlighting, that
mentioned solubility is decreasing with increasing pressure at iso-
thermal conditions. It has to be pointed out that observed phenomenon
suggest that increase of the pressure at isothermal conditions gives si-
milar results as the decrease of the temperature under the same pres-
sure (see Fig. 10). Thus, the correlation between the pressure and the
temperature during solubility limit studies can be presented as the
p=1/T.

These results are of a great importance from the pharmaceutical
industry point of view. Considering the increasing popularity of the
extrusion-based amorphous products, one has to acknowledge the fact
that due to the increased pressure, while the system is passing through
the dies, API can partially recrystallize. Formed crystallites, in turn, can
affect the viscosity of the system what might eventually disrupt the
extrusion process. This conclusion, however, still needs further ex-
ploration.

4. Conclusions

In this article we employed dielectric spectroscopy in order to
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determine the effect of high-pressure on the solubility limits of the API-
polymer systems. It is, to the best of our knowledge, the first time when
dielectric spectroscopy was used for this purpose. Throughout our
studies on the example of flutamide we confirmed that utilizing BDS
provides the results that are in very good agreement to those obtained
via DSC measurements in case of determining solubility limits.
Moreover, due to the fact that one can determine the glass transition
temperature using dielectric spectroscopy (T; = T(t, = 1005)) as well
as monitor in the real-time changes occurring in the molecular mobility
during recrystallization of the sample, this technique proved to be self-
sufficient in aforementioned solubility studies. Obtained results in-
dicate that with increasing pressure (from 0.1 MPa to 20 MPa and
50 MPa) the solubility of the FL within PVP/VA matrix is decreasing at
isothermal conditions (64, 60 and 57 wt% of FL at 363 K; 62, 58 and
55 wt% of FL at 353 K; 59, 56 and 54 wt% of FL at 343 K respectively).
Therefore, during the solubility limit studies one should consider the
fact that increasing the pressure — at constant temperature — would
result in effect similar to the lowering of the temperature — at constant
pressure.

We acknowledge the fact that utilizing BDS in these particular
studies requires additional investigation; however, due to its ease of
use, we believe that this method become an irreplaceable tool for the
determination of the high-pressure solubility limits
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