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Abstract: This paper is dealing with the dissolution mechanism of crystalline sulindac into amorphous
Polyvinylpyrrolidone (PVP) upon heating and annealing at high temperatures. Special attention is
paid on the diffusion mechanism of drug molecules in the polymer which leads to a homogeneous
amorphous solid dispersion of the two components. The results show that isothermal dissolution
proceeds through the growth of polymer zones saturated by the drug, and not by a progressive
increase in the uniform drug concentration in the whole polymer matrix. The investigations also
show the exceptional ability of temperature Modulated Differential Scanning Calorimetry (MDSC) to
identify the equilibrium and out of equilibrium stages of dissolution corresponding to the trajectory
of the mixture into its state diagram.

Keywords: dissolution; solubility; drug; polymer; crystal; amorphous; temperature modulated
DSC; diffusion

1. Introduction

Amorphous drugs have generally much better dissolution properties than their crys-
talline counterparts [1,2]. That is why the formulation of drugs in the amorphous state is
expected to be one of the best options to improve the solubility of the many poorly soluble
drugs [3-5]. However, this kind of formulation require to develop strategies to stabilize
the amorphous state which is naturally prone to recrystallization [6]. This can be achieved
by dispersing the drug molecules into an amorphous polymer matrix [7-14]. If the drug
concentration is lower than the solubility of the drug in the polymer, the amorphous solid
dispersion is stable and can be used without any risk of recrystallization of the drug [15-19].
On the other hand, if the drug concentration is above the solubility limit, a recrystallization
of the excess drug fraction is expected [20]. However, if the glass transition temperature
(Tg) of the supersaturated dispersion is high, the molecular mobility of the dispersed drug
will be weak and the recrystallization process very slow. Due to this apparent kinetic
stabilization, the life time of the supersaturated amorphous dispersion can be long enough
to make it exploitable.

Several processing techniques can be used to transform a physical mixture drug/
polymer in an amorphous solid dispersion: spray drying [21], freeze-drying, extrusion [21],
comilling [18,21,22], heating [23-27]. In the case of spray drying [28] and freeze-drying [27,29],
the drug and the polymer are first dissolved in a common solvent to obtain a homogeneous
liquid solution. Then, the removal of the solvent by evaporation or freezing followed
by sublimation is expected to provide a homogeneous solid dispersion. In these two
processes, the homogeneity of the materials is preserved from start to end. In the cases
of extrusion [30,31], comilling [18,22,32] and heating, the situation is much more complex
since the transformation of the initial physical mixture into a homogeneous solid dispersion
is obtained directly in the solid state. This requires that the drug molecules forming the
initial drug crystallites diffuse progressively in the polymer matrix. Such an evolution
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implies passing through a multitude of heterogeneous states in non-equilibrium situations.
While the final solid dispersions have been intensively studied in the last decade, the
complex evolutions which drive the physical mixture to a homogeneous solid dispersion
in the solid state are much less documented.

The objective of this paper is to enlighten the structural and microstructural evolutions
of a physical mixture drug/polymer during heating, until a homogeneous dispersion of the
drug molecules in the polymer is reached. In particular, it will be a question of identifying
the equilibrium and out of equilibrium processes involved in the transformation, and to
better understand the diffusion pattern of the drug molecules into the polymer matrix.

The investigations will be carried out on using crystalline sulindac (Cy0H17FO3S)
which is a nonsteroidal anti-inflammatory drug and amorphous PVP (polyvinylpyrroli-
done) which is a polymer commonly used to produce amorphous solid dispersions. The
investigations will be performed by temperature Modulated Differential Scanning Calorime-
try (MDSC).

2. Materials and Methods

Crystalline sulindac (CyoH;7FO3S) was provided by SIGMAZ® life science and used
without any further purification.

Amorphous PVP K12 PF (Mw = 2000-3000 g/mol ') was kindly provided by BASF
and was used without purification.

The ball milling was performed in a high energy planetary mill (Pulverisette 7-Fritsch)
at room temperature. We used ZrO, milling jars of 43 cm?® with seven balls (diameter
15 mm) of the same material. The rotation speed of the solar disk was set to 400 rpm which
corresponds to an average acceleration of the milling balls of 5 g (g = 9.81 m/s~2 is the
acceleration of gravity). The milling times (t,) ranged between 0 min (non-milled material)
and 50 h.

Differential Scanning Calorimetry (DSC) and temperature Modulated DSC (MDSC)
experiments were performed with the DSC Discovery of TA Instruments. For all experi-
ments, the sample was placed in an open aluminum pan (container with no cover) and was
flushed with highly pure nitrogen gas. All MDSC scans were performed at 5 °C/min using
a modulation amplitude of 0.663 °C and a modulation period of 50 s which corresponds to
a heat-only mode. Temperature and enthalpy readings were calibrated using pure indium
at the same scan rates used in the experiments.

Powder X-Ray Diffraction (PXRD) experiments were performed with a PanAlytical
X’PERT PRO MPD (Almelo, The Netherlands) diffractometer (\CuKy = 1.5418 A for
combined K1 and K42), equipped with an X’celerator detector (Almelo, The Netherlands)
allowing the acquisition of diffraction patterns from 20 = 4° to 20 = 60° with a scan step of
0.0167°/s. Samples were placed into aluminum plates (13 mm diameter and 2 mm depth)
installed on a rotating (15 rpm) sample holder to avoid artifacts due to the preferential
orientations of crystallites.

3. Results and Discussion

An essential advantage of temperature-modulated DSC (MDSC) is the possibility to
separate the total heat flow induced by the heating of a sample, into a reversible and a
non-reversible heat flow (See Appendix A and Refs. [33,34] for an overview of the MDSC
technique). This makes it possible to distinguish reversible phenomena from non-reversible
phenomena occurring during physical state transformations. We have used this possibility
to analyze in detail the mechanisms of dissolution and recrystallization of sulindac (form
II) in PVP that can occur during heating. Three different situations were addressed:

3.1. Heating of a Molecular and Crystalline Dispersion (MCD)

A molecular and crystalline dispersion (MCD) of sulindac into PVP has been obtained
using the two-stage protocol presented in detail in reference [15]. In the first stage, a
physical mixture sulindac/PVP [85:15] has been comilled during 10 h in a high-energy
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planetary mill. The X-ray diffraction patterns of the mixture recorded before and after
milling are reported in Figure 1. Before milling, the diffractogram shows many Bragg peaks
characteristic of the crystalline form II of sulindac [35,36] superimposed to a halo pattern
due to amorphous PVP. After comilling, the Bragg pics have totally disappeared indicating
that the mixture has been coamorphized. In the second stage, the coamorphous sample
obtained by comilling has been annealed for 3 h at RT under an ethanol atmosphere and
then dried at 100 °C during 1 h to remove any trace of ethanol. The X-ray diffraction pattern
of the annealed material is reported in Figure 1. It shows many Bragg peaks characteristic
of form II [35]. However, these Bragg peaks are noticeably smaller than those of the
initial physical mixture, while the underlying halo pattern is slightly higher. This indicates
that the recrystallization of sulindac is partial and that a noticeable fraction of sulindac
remains dispersed at the molecular level in PVP. As a result, this two-stage protocol has
produced a heterogeneous material where crystallites of sulindac form II are dispersed into
a homogeneous amorphous matrix PVP/sulindac. Such structure and micro-structure are
expected to facilitate the dissolution of the remaining drug crystallites into the polymer
upon heating [15]. This facilitation is mainly due to the plasticizing effect of the drug
molecules already dispersed in the polymer which increase the molecular mobility in the
polymer matrix and thus the dissolution rate. It is also due to the fine dispersion of the drug
crystallites into the polymer which reduces the distances over which the drug molecules
coming from the crystallites must diffuse to invade homogeneously the amorphous matrix.
More detailed information concerning the production and the properties of MCD can be
found in reference [15].
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Figure 1. X-ray diffraction patterns of a physical mixture sulindac/PVP [85:15]y, recorded at RT.
From top to bottom: Before milling (black line); After milling for 10 h (green line); After milling for
10 h, annealing during 3 h under ethanol atmosphere and drying 1 h at 100 °C (red line).

The dissolution of the sulindac crystallites present in the MCD upon heating has
been analyzed by MDSC. Figure 2 shows the total, reversible and non-reversible heat
flows recorded upon heating the MCD at 5 °C/min while the inset shows the path of the
amorphous alloy expected in the state diagram during heating. The total heat flow shows
two main events:
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Figure 2. Total, reversible and non-reversible heat flow curves recorded during the heating MDSC
scan of a MCD (Molecular and Crystalline Dispersion) of sulindac/PVP [85:15],,. The scan was
performed at 5 °C/min using a modulation amplitude of 0.663 °C and a modulation period of 50 s.

(a—c) and ** mark the main thermal events discussed in the text. The inset illustrates the schematic

trajectory of the sample in the state diagram of the sulindac/PVP mixture during the heating process.

)

(i)

A Cpjump at Tg = 96 °C (denoted (a) in Figure 2) corresponding to the glass transition
of the PVP plasticized by the sulindac. This glass transition is, of course, also detected
in the reversible signal. Taking the Gordon Taylor curve of the sulindac/PVP mixture
determined in Ref. [15] as a calibration curve, the concentration of sulindac in the
vitreous solution can be estimated at 34%. This indicates that 9% of the sulindac is
dispersed at the molecular level in the PVP and the remaining 91% is dispersed as
crystallites.

A large endotherm ranging from 110 °C to 180 °C which corresponds to the dis-
solution of sulindac crystallites in the PVP. This endotherm is clearly structured in
two components (denoted (b) and (c) in Figure 2). The first one ranges from 110 to
140 °C and appears entirely in the non-reversible signal. This indicates that this first
endotherm corresponds to a dissolution occurring under non-equilibrium conditions.
It corresponds to step (b) in the insert in Figure 2, i.e., to the enrichment of the PVP
matrix with sulindac until the solubility curve is reached. The second stage extends
from 140 to 185 °C and is found, contrary to the previous one, entirely in the reversible
signal. This indicates that this second endotherm corresponds to a dissolution process
occurring under quasi-equilibrium conditions. It corresponds to step (c) in the insert
of Figure 2, i.e., the dissolution is carried out by following the solubility curve until
the complete dissolution of the sulindac present in the sample.

The non-reversible heat flow also shows some additional events:

An endotherm at the level of the glass transition which results from two simultaneous
contributions. The first one corresponds to the relaxation peak of the sample. This
well-known event [34,37] is due to the recovery at Tg, of the enthalpy lost by the
sample during its excursion below Tg. The second contribution is an artifact intrinsic
to the mode of calculation of the non-reversible signal [34]. Indeed, the non-reversible
heat flow signal is obtained by the difference between the total heat flow and the
reversible heat flow which are two signals corresponding to different time scales. The
total flow is sensitive to the average heating rate (5 °C/min in our case) while the
reversible heat flow is sensitive to the modulation period (50 s in our case). Therefore,
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the Cp jump associated with the glass transition does not occur at exactly the same
temperature in the two signals as seen in Figure 2. A difference of a few degrees is
usually observed. The difference of the two signals therefore generates unavoidably a
small artificial endothermic peak in the non-reversible signal which is superimposed
on the relaxation endotherm.

- Spurious signals indicated by stars in Figure 2. They are due to the poor deconvolution
of the modulated heat flow in the temperature zones where the transformations are
rapid and sudden. This is the case at the end of the dissolution endotherm when the
dissolution rate is the highest, to finally end abruptly when there is no longer any
crystalline active ingredient that can be dissolved (**).

3.2. Heating of a Heterogeneous Mixture Made of a Small Fraction of Sulindac Crystallites
Dispersed into PVP

A heterogeneous sample consisting of a small fraction of sulindac crystallites (form II)
dispersed in PVP was obtained by co-milling a physical mixture sulindac (II)/PVP [20:80].
in a vibrating mill for 10 s at a frequency of 30 Hz. Such a milling is far too short to induce
a coamorphisation of the two components, but it induced a noticeable grain size reduction
and a homogeneous dispersion of sulindac crystallite in the PVP which is expected to
facilitate the dissolution of the drug into the polymer upon heating. Because PVP is not
plasticized by sulindac, the dissolution process upon heating can only be detected above
the glass transition temperature of pure PVP (Tg = 110 °C). At this temperature, according
to the solubility curve of sulindac in PVP determined in reference [15], the solubility of
sulindac is 33%w. As a result, the sample containing 20% of sulindac cannot reach the
solubility curve upon heating.

Figure 3 shows the total, reversible and non-reversible heat flows recorded during
heating (5 °C/min) the heterogeneous PVP/sulindac [80:20], sample. The total heat flow
shows two thermal events:
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Figure 3. Total, reversible and non-reversible heat flow curves recorded during the heating MDSC
scan of a physical mixture sulindac/PVP [20:80]sy. The scan was performed at 5 °C/min using a
modulation amplitude of 0.663 °C and a modulation period of 50 s. (a,b) mark the main thermal
events discussed in the text. The inset illustrates the schematic trajectory of the sample in the state
diagram of the sulindac/PVP mixture during the heating process.
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(i)

(ii)

A Cpjump (denoted (a) in Figure 3) at Tg = 110 °C corresponding to the glass transition
of pure PVP. This jump of Cp is found only in the reversible signal. However, as in the
previous case, the glass transition generates a slight endothermic contribution in the
non-reversible signal. It comes from the enthalpy recovery at Tg and from the artefact
generated by the shift of the Cp jumps in the total and reversible heat flows [34] as
explained in Section 3.1.

A weak and wide endotherm starting immediately after the glass transition and
extending up to 155 °C (denoted (b) in Figure 3). This endotherm is found entirely in
the non-reversible signal. It thus reflects a non-equilibrium dissolution of sulindac
crystallites in PVP. In the state diagram of the mixture (insert of Figure 3), this dissolu-
tion corresponds to a sliding of the system towards the solubility curve. However, the
low proportion of crystalline sulindac does not allow this curve to be reached during
heating. As a result, no reversible dissolution phenomenon can be observed. On the
other hand, a slight jump in the reversible signal is observed in the dissolution range,
which is an indirect consequence of the dissolution. This jump is due to the increase
in the specific heat of the sample, generated by the increase in the amorphous fraction
generated by the dissolution.

3.3. Heating of a Supersaturated Glass Solution

A homogeneous amorphous PVP/sulindac [15:85], solution rich in sulindac was ob-

tained by co-milling the corresponding physical mixture during 10 h. The X-ray diffraction
pattern of the comilled sample is shown in Figure 1 and the absence of Bragg peaks proves
its amorphous character. This sample was then analyzed by MDSC. Figure 4 shows the
total (black), reversible (blue) and non-reversible (red) heat flows recorded upon heating
(5 °C/min). During heating, the total heat flow shows three main events:

<--exo Heat Flow (a.u.) endo -->

Ta solubility 4T \/
Total
) (c)
: Reuv.
*%*
Non Rev.

artefact
+

relax. peak (b)
I I I I I I I

60 80 100 120 140 160 180 200
Temperature (°C)

Figure 4. Total, reversible and non-reversible heat flow curves recorded during the heating MDSC
scan of a homogeneous glass solution sulindac/PVP [85:15],. The scan was performed at 5 °C/min
using a modulation amplitude of 0.663 °C and a modulation period of 50 s. (a—c), * and ** mark the
main thermal events discussed in the text. The inset illustrates the schematic trajectory of the sample

in the state diagram of the sulindac/PVP mixture during the heating process.
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(i) A unique Cp jump characteristic of a glass transition at Tg = 78 °C (denoted (a) in
Figure 4). This glass transition temperature is intermediate between that of pure
sulindac (75 °C) and that of pure PVP (110 °C). This confirms that the sample is
a homogeneous amorphous molecular dispersion with a glassy character at room
temperature. Since the glass transition is essentially a reversible phenomenon, the
associated Cp jump only appears in the reversible signal.

(ii) An exotherm corresponding to the recrystallization of excess sulindac (denoted (b) in
Figure 4). In the state diagram of the mixture (inset of Figure 4), this event corresponds
to a decrease in the sulindac concentration in the molecular dispersion sulindac/PVP.
The crystallization continues until the molecular dispersion reaches the solubility
curve. This evolution corresponds to a non-equilibrium path in the state diagram.
It is therefore found in the non-reversible signal (Figure 4). It can be noted that the
recrystallization seen in the non-reversible signal is accompanied by a drop in the
reversible heat flow signal. This drop reflects the slight decrease in the specific heat of
the sample generated, mainly, by a decrease in the amorphous fraction at the favor of
the crystalline sulindac fraction characterized by a lower Cp.

(iii) A wide endotherm (denoted (c) in Figure 4) occurring upon further heating and corre-
sponding to the re-dissolution of the crystalline fraction produced by the preceding
crystallization event. This endotherm is found entirely in the reversible signal, which
indicates that the re-dissolution occurs in a state of quasi-equilibrium. This means
that, during this step, the glassy solution follows the solubility curve of sulindac (II)
in PVP as illustrated in the insert of Figure 4.

It must be noted that a few spurious endothermic events (indicated by stars in Figure 4)
can be detected in the thermograms. They are due to the poor deconvolution of the
modulated heat flow in the temperature zones where the transformations are rapid and
sudden. This is the case for instance at the end of the re-dissolution endotherm which ends
abruptly when there is no longer any crystalline drug that can be dissolved (**). This is
also the case during the transition from recrystallization to re-dissolution (*) where the
exothermic heat flow becomes suddenly endothermic.

3.4. Dissolution Mechanism of Sulindac into PVP

To better understand the mechanism of dissolution of sulindac into PVP, we en-
deavored to determine the temporal development of the plasticized zones as well as the
evolution of their concentration in sulindac during an isothermal dissolution process. For
this, a physical mixture sulindac/PVP [41:59],, was heated up to 130 °C in the DSC and
annealed at this temperature for 17 h to allow the dissolution of the sulindac in the PVP
matrix. The solubility curve of sulindac in PVP determined in reference [15] indicates that,
at the annealing temperature (130 °C), the solubility of sulindac into PVP is slightly lower
than 41%w. As a result, the dissolution of the sulindac in the PVP during the annealing
of the sample could be monitored until saturation. The structural composition of the
mixture during the dissolution of the drug was analyzed by DSC. To do this, the annealing
was regularly interrupted by cooling rapidly (20 °C/min) the sample down to 20 °C and
rescanning it (5 °C/min) up to 130 °C where the annealing is continued. We chose this
annealing temperature because it is located just above the Tg of PVP (110 °C), so that the
expected dissolution kinetics of sulindac is very slow. Moreover, under these conditions,
recrystallizations and dissolutions that could potentially occur during the intermediate
cooling and reheating steps are extremely weak and can be neglected.

Figure 5 shows some DSC scans recorded after different cumulative annealing times.
Run 1 corresponds to the first heating of the PVP/sulindac physical mixture. It shows a Cp
jump characteristic of the glass transition of pure PVP at Tg = 110 °C. Run 10 corresponds
to the last heating of the mixture, which totals a cumulative annealing time at 130 °C
of 17 h. It shows a single Cp jump at Tg = 89 °C (93 °C on the reversible signal) which
shows that the PVP has been homogeneously plasticized by sulindac. The report of the Tg
on the Gordon Taylor curve determined in reference [15] indicates that the concentration
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of sulindac dispersed at the molecular level in the PVP is 41%, which corresponds to
the expected saturation concentration at 130 °C [15]. Moreover, the complete absence of
glass transition at 110 °C. associated with pure PVP indicates that all of the PVP has been
plasticized. It therefore appears that, after 17 h of annealing at 130 °C, the sulindac has
dissolved throughout the PVP matrix to give a saturated homogeneous amorphous solution.
For intermediate cumulative annealing times, a close inspection of the thermograms reveals
a structuration of the Cp jump consisting of two consecutive smaller Cp jumps. This subtle
structuration of the thermograms is seen much more clearly on the derivative signals, which
are also shown in Figure 5. We clearly see the presence of two peaks revealing two inflection
points in the thermograms, that is to say two glass transitions. The peak located at the
highest temperature corresponds to the glass transition of pure PVP. Its intensity gradually
decreases as the annealing time increases, but its position remains fixed. This reflects a
gradual decrease in the PVP fraction which has not yet been invaded by the molecules of
sulindac. On the other hand, the peak located at the lower temperature corresponds to the
glass transition of the fraction of PVP already plasticized by the molecules of sulindac. Its
growth reflects the development of PVP zones plasticized by the dissolution of sulindac.
The Tg associated with these zones is almost constant and is around 89 °C (93 °C on the
reversible signal). The report of this Tg on the Gordon Taylor curve [15] indicates that
the concentration of sulindac in the plasticized zones is 41%, which corresponds to the
concentration at saturation at 130 °C [15]. This indicates that the development of plasticized
zones during dissolution takes place with an almost constant sulindac concentration very
close to saturation.
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Figure 5. Heating (5 °C/min) DSC scans of a physical mixture sulindac/PVP [41:59],, recorded
after different annealing times at 130 °C ranging from 0 to 17 h (run 1 to run 10) (full lines). The
corresponding derivative signals are also shown (dotted lines). Tg; is the glass transition of PVP
regions already invaded by sulindac molecules while Tgj is the glass transition of PVP regions which
remain free of sulindac molecules. ACp; and ACp, are the amplitudes of the Cp jumps, respectively,
associated with these two glass transitions. The arrows indicate the evolutions of the temperature
and the amplitude of both glass transitions.

As a result, the dissolution of sulindac in PVP does not lead to a gradual shift in the
glass transition of the polymer from the Tg of pure PVP to that of PVP saturated with
sulindac. It is manifested, on the contrary, by the gradual disappearance of the Cp jump
characteristic of pure PVP and the concomitant development of a Cp jump characteristic



Pharmaceutics 2023, 15, 1505

9o0f12

of PVP saturated with sulindac. These observations make it possible to propose the
dissolution mechanism schematized in Figure 6. Sulindac molecules diffuse into the PVP
providing a concentration close to the saturation in the invaded areas. As a result, during
dissolution, the sample is made up of sulindac crystallites which disappear, zones of pure
PVP in regression and zones of PVP saturated in sulindac which develop. Therefore, the
dissolution of sulindac do not proceed through an increasing homogeneous plasticization
of the PVP. This behavior is likely to be due to the fact that the molecular mobility of
sulindac molecules is much higher in the plasticized polymer areas than in the polymer
areas not yet invaded by drug molecules.

| Time
0 (Annealing at 130°C)

>

Figure 6. Schematic representation of drug molecules migration in the polymer during the dissolution
process at 130 °C. Blue and white disks represent, respectively, a crystalline drug grain embedded in
the polymer matrix. The blue dots represent diffusing drug molecules and the arrows symbolize the
growth of the saturated polymer zone.

4. Conclusions

In this paper, we investigated the dissolution mechanism of a drug in a polymer
during heating and annealing of a physical mixture of the two compounds. The drug and
the polymer are, respectively, sulindac and PVP.

The results enlightened the advantage of MDSC to analyze the dissolution of drugs
into polymers upon heating. We have shown in particular that this technique is able to
follow the trajectory of a drug/polymer binary mixture in its state diagram upon heating. It
makes it possible for instance to distinguish out of equilibrium dissolution processes which
leads the drug loaded polymer toward its solubility line, from quasi equilibrium dissolution
processes during which the system follows the solubility line of the mixture. The results
also provide a better understanding of the structuration of dissolution endotherms often
reported in the literature, which is due to the combination of these equilibrium and out of
equilibrium dissolution stages.

Moreover, we were able to characterize indirectly, the temporal evolution of the
plasticized polymer zones as well as the evolution of their drug concentration during
the isothermal dissolution of a drug/polymer physical mixture. This was achieved by
analyzing the evolution of glass transitions associated with different amorphous zones
developing or disappearing during isothermal dissolution. Interestingly, a gradual shift
in the glass transition of the polymer from the Tg of the pure polymer to that of the
saturated polymer was not observed. On the contrary, the Cp jump characteristic of the
glass transition of the pure polymer was found to disappear progressively while the Cp
jump characteristic of the glass transition of the polymer saturated with the drug was found
to develop. These antagonistic evolutions indicate that the molecules of sulindac diffuse in
the polymer, ensuring a concentration very close to the saturation in the invaded zones as
schematized in Figure 6.
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Appendix A

DSC is a thermal analysis technique which measures the difference of heat flow
between a sample and an inert reference during a linear temperature ramp. It allows to
determine several kinds of physical transformations in the sample (e.g., glass transition,
crystallization, melting, dissolution ... ) as well as the enthalpies of these transformations.
In the temperature modulated DSC technique, a small sinusoidal temperature variation
is superimposed on the usual linear temperature ramp used in conventional DSC. This
modulated temperature then in turn gives rise to a modulated heat flow which can be
divided in three signals:

(i) The total heat flow, which corresponds to the average of the modulated heat flow.
This signal is identical to that which would be obtained from a conventional DSC scan
carried out with the same average heating rate but without any modulation of the
temperature.

(ii) The reversible heat flow which corresponds to the variation in the amplitude of
the modulated heat flow. It is obtained by Fourier transformation of the latter and
is proportional to the specific heat of the sample. This signal thus reveals all the
reversible physical changes in the material such as glass transitions and Cp variations.

(iii) The non-reversible heat flow, which is the mere difference between the total heat flow
and the reversible heat flow. This signal reveals all non-reversible transformations in
the sample such as crystallizations, dehydration, enthalpic relaxation of glasses ...
It must however be noted that these non-reversible transformations have generally
a small repercussion in the reversible signal as they modify the specific heat of the
sample.

The possibility to discriminate reversible transformation from non-reversible ones
is one of the great advantages of temperature modulated DSC over conventional DSC.
Moreover, it makes it possible to distinguish different physical phenomena that occur in
the same range of temperature. It is these possibilities that are used in the present paper to
analyze the dissolution mechanism of a drug into a polymer upon heating.

1. Hancock, B.C.; Parks, M. What is the true solubility advantage for amorphous pharmaceuticals? Pharm. Res. 2000, 17, 397-404.

[CrossRef]

2. Murdande, S.B.; Pikal, M.].; Shanker, R.M.; Bogner, R.H. Solubility advantage of amorphous pharmaceuticals: I. A thermodynamic
analysis. J. Pharm. Sci. 2010, 99, 1254-1264. [CrossRef]

3. Craig, D.Q.M; Royall, P.G.; Kett, V.L.; Hopton, M.L. The relevance of the amorphous state to pharmaceutical dosage forms:
Glassy drugs and freeze dried systems. Int. |. Pharm. 1999, 179, 179-207. [CrossRef] [PubMed]

4. Gupta, P; Chawla, G.; Bansal, A K. Physical stability and solubility advantage from amorphous celecoxib: The role of thermody-
namic quantities and molecular mobility. Mol. Pharm. 2004, 1, 406—413. [CrossRef] [PubMed]


https://doi.org/10.1023/A:1007516718048
https://doi.org/10.1002/jps.21903
https://doi.org/10.1016/S0378-5173(98)00338-X
https://www.ncbi.nlm.nih.gov/pubmed/10053213
https://doi.org/10.1021/mp049938f
https://www.ncbi.nlm.nih.gov/pubmed/16028352

Pharmaceutics 2023, 15, 1505 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Babu, N.J.; Nangia, A. Solubility Advantage of Amorphous Drugs and Pharmaceutical Cocrystals. Cryst. Growth Des. 2011, 11,
2662-2679. [CrossRef]

Bhugra, C.; Telang, C.; Schwabe, R.; Zhong, L. Reduced crystallization temperature methodology for polymer selection in
amorphous solid dispersions: Stability perspective. Mol. Pharm. 2016, 13, 3326-3333. [CrossRef]

Wilodarski, K.; Sawicki, W.; Kozyra, A.; Tajber, L. Physical stability of solid dispersions with respect to thermodynamic solubility
of tadalafil in PVP-VA. Eur. |. Pharm. Biopharm. 2015, 96, 237-246. [CrossRef]

Newman, A.; Knipp, G.; Zografi, G. Assessing the performance of amorphous solid dispersions. J. Pharm. Sci. 2012, 101,
1355-1377. [CrossRef]

Jaskirat, S.; Manpreet, W.; Harikumar, S.L. Solubility enhancement by solid dispersion method: A review. J. Drug Deliv. Ther.
2013, 3, 148-155. [CrossRef]

Vasconcelos, T.; Sarmento, B.; Costa, P. Solid dispersions as strategy to improve oral bioavailability of poor water soluble drugs.
Drug Discov. Today 2007, 12, 1068-1075. [CrossRef]

Chiou, W.L.; Riegelman, S. Pharmaceutical applications of solid dispersion systems. J. Pharm. Sci. 1971, 60, 1281-1302. [CrossRef]
[PubMed]

Leuner, C.; Dressman, J. Improving drug solubility for oral delivery using solid dispersions. Eur. |. Pharm. Biopharm. 2000, 50,
47-60. [CrossRef] [PubMed]

Serajuddin, A.T.M. Solid dispersion of poorly water-soluble drugs: Early promises, subsequent problems, and recent break-
throughs. J. Pharm. Sci. 1999, 88, 1058-1066. [CrossRef] [PubMed]

Baghel, S.; Cathcart, H.; O’Reilly, N.J. Polymeric Amorphous Solid Dispersions: A Review of Amorphization, Crystallization,
Stabilization, Solid-State Characterization, and Aqueous Solubilization of Biopharmaceutical Classification System Class II Drugs.
J. Pharm. Sci. 2016, 105, 2527-2544. [CrossRef]

Latreche, M.; Willart, J.E; Guerain, M.; Danede, F; Hédoux, A. Interest of molecular/crystalline dispersions for the determination
of solubility curves of drugs into polymers. Int. J. Pharm. 2019, 570, 118626. [CrossRef]

Knopp, M.M.; Gannon, N.; Porsch, I.; Rask, M.B.; Olesen, N.E.; Langguth, P.; Holm, R.; Rades, T. A Promising New Method to
Estimate Drug-Polymer Solubility at Room Temperature. J. Pharm. Sci. 2016, 105, 2621-2624. [CrossRef]

Bellantone, R.A.; Patel, P.; Sandhu, H.; Choi, D.S.; Singhal, D.; Chokshi, H.; Malick, A.W.; Shah, N. A method to predict the
equilibrium solubility of drugs in solid polymers near room temperature using thermal analysis. J. Pharm. Sci. 2012, 101,
4549-4558. [CrossRef]

Mabhieu, A.; Willart, J.-F.; Dudognon, E.; Danéde, F.; Descamps, M. A New Protocol To Determine the Solubility of Drugs into
Polymer Matrixes. Mol. Pharm. 2013, 10, 560-566. [CrossRef]

Marsac, PJ.; Li, T.; Taylor, L.S. Estimation of drug-polymer miscibility and solubility in amorphous solid dispersions using
experimentally determined interaction parameters. Pharm. Res. 2009, 26, 139-151. [CrossRef]

Blaabjerg, L.I; Bulduk, B.; Lindenberg, E.; Lobmann, K.; Rades, T.; Grohganz, H. Influence of Glass Forming Ability on the
Physical Stability of Supersaturated Amorphous Solid Dispersions. J. Pharm. Sci. 2019, 108, 2561-2569. [CrossRef]

Patterson, J.E.; James, M.B.; Forster, A.H.; Lancaster, R.W.; Butler, ].M.; Rades, T. Preparation of glass solutions of three poorly
water soluble drugs by spray drying, melt extrusion and ball milling. Int. . Pharm. 2007, 336, 22-34. [CrossRef] [PubMed]
Dudognon, E.; Willart, ].; Caron, V.; Capet, E; Larsson, T.; Descamps, M. Formation of budesonide/ x-lactose glass solutions by
ball-milling. Solid State Commun. 2006, 138, 68-71. [CrossRef]

Dedroog, S.; Huygens, C.; Van den Mooter, G. Chemically identical but physically different: A comparison of spray drying, hot
melt extrusion and cryo-milling for the formulation of high drug loaded amorphous solid dispersions of naproxen. Eur. J. Pharm.
Biopharm. 2019, 135, 1-12. [CrossRef] [PubMed]

Caron, V,; Tajber, L.; Corrigan, O.1.; Healy, A.M. A comparison of spray drying and milling in the production of amorphous
dispersions of sulfathiazole/polyvinylpyrrolidone and sulfadimidine/polyvinylpyrrolidone. Mol. Pharm. 2011, 8, 532-542.
[CrossRef]

Patel, R.C.; Masnoon, S.; Patel, M.M.; Patel, N.M. Formulation strategies for improving drug solubility using solid dispersions.
Pharm. Rev. 2009, 7, 1918-5561.

Bhujbal, S.V.; Mitra, B.; Jain, U.; Gong, Y.; Agrawal, A.; Karki, S.; Taylor, L.S.; Kumar, S.; Tony Zhou, Q. Pharmaceutical amorphous
solid dispersion: A review of manufacturing strategies. Acta Pharm. Sinica. B 2021, 11, 2505-2536. [CrossRef]

Vasconcelos, T.; Marques, S.; das Neves, J.; Sarmento, B. Amorphous solid dispersions: Rational selection of a manufacturing
process. Adv. Drug Deliv. Rev. 2016, 100, 85-101. [CrossRef]

Singh, A.; Van den Mooter, G. Spray drying formulation of amorphous solid dispersions. Adv. Drug Deliv. Rev. 2016, 100, 27-50.
[CrossRef]

Fong, S.YK,; Ibisogly, A.; Bauer-Brandl, A. Solubility enhancement of BCS Class II drug by solid phospholipid dispersions: Spray
drying versus freeze-drying. Int.-].-Pharm. 2015, 496, 382-391. [CrossRef]

Chan, S.-Y; Qi, S.; Craig, D.Q.M. An investigation into the influence of drug-polymer interactions on the miscibility, processability
and structure of polyvinylpyrrolidone-based hot melt extrusion formulations. Int. J. Pharm. 2015, 496, 95-106. [CrossRef]
Maniruzzaman, M.; Nair, A.; Scoutaris, N.; Bradley, M.S.A.; Snowden, M.].; Douroumis, D. One-step continuous extrusion process
for the manufacturing of solid dispersions. Int.-J.-Pharm. 2015, 496, 42-51. [CrossRef]


https://doi.org/10.1021/cg200492w
https://doi.org/10.1021/acs.molpharmaceut.6b00315
https://doi.org/10.1016/j.ejpb.2015.07.026
https://doi.org/10.1002/jps.23031
https://doi.org/10.22270/jddt.v3i5.632
https://doi.org/10.1016/j.drudis.2007.09.005
https://doi.org/10.1002/jps.2600600902
https://www.ncbi.nlm.nih.gov/pubmed/4935981
https://doi.org/10.1016/S0939-6411(00)00076-X
https://www.ncbi.nlm.nih.gov/pubmed/10840192
https://doi.org/10.1021/js980403l
https://www.ncbi.nlm.nih.gov/pubmed/10514356
https://doi.org/10.1016/j.xphs.2015.10.008
https://doi.org/10.1016/j.ijpharm.2019.118626
https://doi.org/10.1016/j.xphs.2016.02.017
https://doi.org/10.1002/jps.23319
https://doi.org/10.1021/mp3002254
https://doi.org/10.1007/s11095-008-9721-1
https://doi.org/10.1016/j.xphs.2019.02.028
https://doi.org/10.1016/j.ijpharm.2006.11.030
https://www.ncbi.nlm.nih.gov/pubmed/17174493
https://doi.org/10.1016/j.ssc.2006.02.007
https://doi.org/10.1016/j.ejpb.2018.12.002
https://www.ncbi.nlm.nih.gov/pubmed/30529295
https://doi.org/10.1021/mp1003674
https://doi.org/10.1016/j.apsb.2021.05.014
https://doi.org/10.1016/j.addr.2016.01.012
https://doi.org/10.1016/j.addr.2015.12.010
https://doi.org/10.1016/j.ijpharm.2015.10.029
https://doi.org/10.1016/j.ijpharm.2015.09.063
https://doi.org/10.1016/j.ijpharm.2015.09.048

Pharmaceutics 2023, 15, 1505 12 of 12

32.

33.

34.

35.

36.

37.

Romanini, M.; Lorente, M.; Schammé, B.; Delbreilh, L.; Dupray, V.; Coquerel, G.; Tamarit, J.L.; Macovez, R. Enhancement of
the Physical and Chemical Stability of Amorphous Drug-Polymer Mixtures via Cryogenic Comilling. Macromolecules 2018, 51,
9382-9392. [CrossRef]

Reading, M.; Luget, A.; Wilson, R. Modulated differential scanning calorimetry. Thermochim. Acta 1994, 238, 295-307. [CrossRef]
Bustin, O.; Descamps, M. Slow structural relaxations of glass-forming Maltitol by modulated DSC calorimetry. J. Chem. Phys.
1999, 110, 10982-10992. [CrossRef]

Koo, C.H.; Kim, S.H.; Shin, W. Crystal Structure of Antiinflammatory Sulindac. Bull. Korean Chem. Soc. 1985, 6, 222-224.
[CrossRef]

Latreche, M.; Willart, ].F.; Guerain, M.; Hédoux, A.; Danéde, F. Using Milling to Explore Physical States: The Amorphous and
Polymorphic Forms of Sulindac. J. Pharm. Sci. 2019, 108, 2635-2642. [CrossRef] [PubMed]

Jackle, J. Models of the glass transition. Rep. Prog. Phys. 1986, 49, 171-231. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.macromol.8b01271
https://doi.org/10.1016/S0040-6031(94)85215-4
https://doi.org/10.1063/1.478041
https://doi.org/10.5012/bkcs.1985.6.4.222
https://doi.org/10.1016/j.xphs.2019.03.017
https://www.ncbi.nlm.nih.gov/pubmed/30905700
https://doi.org/10.1088/0034-4885/49/2/002

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Heating of a Molecular and Crystalline Dispersion (MCD) 
	Heating of a Heterogeneous Mixture Made of a Small Fraction of Sulindac Crystallites Dispersed into PVP 
	Heating of a Supersaturated Glass Solution 
	Dissolution Mechanism of Sulindac into PVP 

	Conclusions 
	Appendix A
	References

