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Influence of Carbon Dioxide on the Phase Behavior of
Pharmaceutical Drug-Polymer Dispersions

Jana Klueppelberg, Ulrich A. Handge, Markus Thommes, and Judith Winck*

The formulation as amorphous solid dispersion (ASD) addresses recent
challenges in the oral administration of poorly-soluble drugs by embedding
them in highly-soluble carrier polymers. In this context, utilizing CO2 as a
processing agent is an innovative strategy to facilitate the dissolution of the
drug in the polymer at comparatively low temperatures without the use of any
organic solvents. Within this study, the influence of CO2 on the phase
behavior of ASD formulations is investigated. Therefore, high-pressure
differential scanning calorimetry is applied to evaluate the dissolution of the
drugs in the polymers and the glass transition temperatures under CO2 of
four formulations containing the drugs acetaminophen and itraconazole as
well as the polymers Soluplus and vinylpyrrolidone/vinyl acetate copolymer.
The glass transition temperatures of the ASD formulations decrease with CO2

fraction dissolved in the polymer. The extent of Tg reduction is related to the
spatial structure and intermolecular interactions of the polymers.
Furthermore, the sorption of CO2 accelerates the diffusion of the drugs in the
plasticized polymers. However, phase separation is observed in some
formulations under CO2 loading which has an impact on the stability of the
ASD and has to be considered in process design.

1. Introduction

The formation of amorphous solid dispersions (ASD) is a promis-
ing technique in pharmaceutical applications to overcome the
low bioavailability of orally administered drugs.[1] According to
that, the solubility of drugs is increased by molecularly dis-
persing them in amorphous and highly soluble carrier poly-
mers. The advantages of manufacturing ASD formulations by
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hot melt extrusion (HME) are the solvent-
free production method, the possibility
to easily scale up the process, and the
potential to be implemented in a con-
tinuous process.[2] A major disadvantage,
on the other hand, is the high pro-
cess temperatures that are required to
plasticize the polymer and dissolve the
drug in a molecularly dispersed form.[3]

The temperature-sensitive drug can subse-
quently degrade and, in addition to reduced
effectiveness, form decomposition products
that are harmful to the patient’s health.[4]

One way to reduce the required tem-
peratures during polymer extrusion is to
use carbon dioxide (CO2) as a plasticiz-
ing agent.[5,6] The molecules diffuse into
the polymer, increasing the free volume
between the polymer chains and allowing
plastification at lower temperatures.[7] This
effect is more pronounced with increas-
ing hydrostatic pressure. CO2 is particularly
suitable as a swelling gas, as its chemical
structure facilitates a high solubility in most

polymers.[8] It is used in many process engineering applications
as a largely inert and non-toxic substance.[9] Accordingly, CO2 is
in particular suitable for use in pharmaceutical technology and
can be removed from the product without any harmful residues
by subsequent decompression.[10]

In ASD manufacturing, CO2− assisted extrusion of various
drug-polymer systems showed less degradation of the product[11]

and faster drug release,[12] which can be explained by the in-
creased surface area of the porous extrudates.[13] The porous
structure also improved the further processing of the extrudates,
since during the subsequent grinding, higher efficiency and com-
paratively small particle sizes can be achieved with lower energy
input.[14a,b,16] Furthermore, the hardness and tensile strength of
tablets produced on the basis of porous extrudates are increased
and their friability is reduced.[15,17] In storage tests, the products
extruded with CO2 showed the same stability as extrudates pro-
cessed without.[16]

Another application of CO2 in the preparation of ASD for-
mulations is the impregnation of polymers with drugs, using
supercritical CO2 (scCO2) as a transport agent.[18] The dissolved
CO2 increases the free volume and enhances the chain mobility
so that it facilitates the diffusion of the drug through the poly-
mer. As an example, various commonly used pharmaceutical
excipient polymers were successfully impregnated with the
drugs ibuprofen,[19] indomethacin,[20] and carvedilol[21] far be-
low temperatures that are reasonably necessary for solvent-free
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Figure 1. Molecular structure of drugs a) acetaminophen, b) itraconazole and polymers c) Soluplus d) vinylpyrrolidone/vinyl acetate copolymer.

processing, using scCO2 technology. Although the application
studies highlight the potential of optimizing solvent-free ASD
processing through utilizing CO2 as a processing agent, there is
a lack of fundamental knowledge concerning the effect of pres-
surized CO2 on the interaction and phase behavior of polymer
and drug.

The phase behavior of an ASD is usually evaluated based on
phase diagrams that present the solubility temperature of the
crystalline drug in the polymer and the glass transition temper-
ature of the ASD depending on the drug weight fraction.[22,23]

Here, the solution equilibrium of a crystalline drug in a polymer
describes the state in which the chemical potential for constant
pressure and temperature in the solid phase is equal to the chem-
ical potential in the liquid phase. The glass transition of an amor-
phous polymer-drug solution describes the temperature range
that characterizes the transition from the glassy state at low tem-
peratures to the rubbery state at higher temperatures which is
associated with an increased molecular mobility.

So far, no studies have been published about the effect of CO2
loading on the solubility temperature of drugs in polymers and
how the glass transition temperatures change in these ternary
systems. Therefore, it is of particular interest to investigate the
phase behavior of polymer-drug systems under CO2− pressure
to draw conclusions about intermolecular interactions that are
relevant for process design and product performance. In this
study, the effect of CO2 on the phase behavior of pharmaceuti-
cal polymer-drug dispersions is investigated with regard to the
solubility and glass transition temperatures using high-pressure
differential scanning calorimetry (HP-DSC). Phase diagrams of
four polymer-drug formulations are evaluated at various CO2−
pressures, representing different states of gas sorption, in order
to interpret the ternary systems. Based on the proposed method-
ology of considering varying heating rates in HP-DSC, kinetic
effects as the diffusivity are extracted from the data representing
the equilibrium state and assessed separately.

2. Experimental Section

2.1. Materials

Two model drugs were selected to prepare ASD formulations
with two commonly used amorphous excipient polymers, respec-
tively (Figure 1).

Table 1. Material data of drugs and polymers.

Substance Mw
[g/mol]

𝜌true
[g/cm3]

Δhm
[J/g]

Tg[°C] Tm[°C]

ACE 151.2a) 1.29b) 179.2 22.5 170.0

ITR 705.6c) 1.27d) 85.8 57.6 164.9

SOL 118 000e) 1.08f) – 78.2 –

PVPVA 57 500e) 1.19f) – 109.0 –
a)

Lehmkemper et al.[24] b)
Nair et al.[25] c)

Wolbert et al.[26] d)
Six et al.[27] e)

Altamimi
and Neau[28] f)

Gottschalk et al.[29]

The drugs Acetaminophen (ACE) (Caelo, Caesar & Loretz
GmbH, Hilden, Germany) and Itraconazole (ITR) (BASF SE,
Ludwigshafen, Germany) differ in their molecular weight
whereas exhibiting similar melt temperatures (Table 1). Fur-
thermore, as polymers a vinylpyrrolidone-vinyl acetate copoly-
mer (PVPVA) Kollidon VA64 (BASF SE) and an ethylene
glycol- vinylcaprolactam-vinyl acetate copolymer Soluplus (SOL)
(BASF SE) were selected.

2.2. High-Pressure Differential Scanning Calorimetry

Calorimetric measurements were performed under elevated
pressure in a CO2 atmosphere to determine characteristic tem-
peratures of the phase diagrams using a high-pressure DSC 204
HP Phoenix (NETZSCH-Gerätebau GmbH, Selb, Germany).
Prior to the measurements, physical polymer-drug powder
mixtures were ground in order to reduce the average particle
size and generate intimate contact so that complete dissolution
of the drug in the polymer is achieved during the heating cycle
in the HP-DSC apparatus. Therefore, formulations containing
ACE were ground at 50 Hz for 9 min in three cycles using a
Pulverisette 23-ball mill (Fritsch GmbH, Idar-Oberstein, Ger-
many). For formulations containing ITR, a SPEX CertiPrep 6850
cryomill (SPEX CertiPrep, Metuchen, USA) was utilized at 10 Hz
for 16 min in 8 circles since ITR tended to aggregate during
ball milling. For each measurement, Concavus sample crucibles
(NETZSCH-Gerätebau GmbH) were filled with a sample of mass
between 7 and 15 mg and sealed with the crucible press. The
crucible lids were perforated with three holes, respectively, in
order to allow a sufficient change of atmosphere in the crucible.
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Figure 2. A heating protocol was applied to determine the solubility tem-
perature of the crystalline drug in the polymer and the glass transition
temperature of the ASD at elevated pressure.

The measuring cell was continuously purged with CO2 at a flow
rate of 180 mL min−1.

The heating and pressurization protocol was adopted in a way
to evaluate both, the solubility temperature of the crystalline drug
in the polymer and the glass transition temperature of the ASD
(Figure 2). After placing the sample crucible in the measuring
cell, it was flushed with CO2 for 5 min to remove the remaining
air. This was followed by a saturation step for the CO2 sorption
at elevated pressure. The saturation was performed at Tmin, i.e.
50 °C below the glass transition temperature of the polymer for
60 min which was assessed as sufficient for the CO2− sorption of
the finely ground powder.[30] The sample was then heated to Tmax,
i.e. 50 °C above the melting temperature of the drug. The heat-
ing rate was varied from 3 to 5 to 10 °C min−1 in order to subse-
quently extrapolate the measuring data linearly to a zero heating
rate to be able to determine the phase equilibrium of crystalline
drug and polymer based on the endpoints of melting from the
melting point depression method.[23,31] After a holding time of
10 min, the sample was cooled down to Tmin at 10 °C min−1. This
was followed by a 15 min isothermal segment. Finally, the sample
was heated at 20 °C min−1 to analyze the glass transition temper-
ature of the ASD according to the inflection point method.[32]

3. Results and Discussion

3.1. Solubility of Drugs in Polymers under Carbon Dioxide

The solubility temperatures of drug-polymer systems are equiva-
lent to the depressed melting points of the crystalline drug in the
polymer at specific drug weight fractions. In this context, the sol-
ubility temperature decreases with increasing polymer fraction
in a drug-polymer system as shown exemplarily in the DSC ther-
mograms for the ACE/PVPVA formulation in Figure 3, left. Fur-
thermore, there is a clear trend from a sharp melting peak of the
pure drug to broader peaks for increasing polymer fractions. This
is attributed to a shift from a melting process to the dissolution
of the drug in the polymer which already is initiated at tempera-
tures lower than the melting temperature and is characterized by
mass transport phenomena.

The comparative presentation of HP-DSC thermograms at 1
and 4 MPa CO2− pressure (Figure 3, right) shows the effect of
the CO2 fraction on the dissolution of the crystalline drug in the
polymer. All HP-DSC measurements were performed in the sub-
critical region of CO2, as the supercritical state is only reached at
7.4 MPa. The dissolution peaks of ACE in PVPVA are shifted to
lower temperatures and appear flatter with increasing CO2− pres-
sure. This implies that the CO2 is dissolved in the drug-polymer
system, which, in turn, influences the dissolution of the drug
in the polymer. However, when comparing the HP-DSC mea-
surements at a heating rate of 10 °C min−1, the thermograms
could be overlaid by kinetic effects. This is attributed to the fact
that dissolved CO2 accelerates the diffusion of small molecules,
such as drugs, in polymers and the strength of this effect differs
with the fraction and pressure of the gas.[33] In order to remove
the impact of this kinetic effect and to make the data at differ-
ent CO2− pressures comparable, all solubility temperatures are
presented hereinafter at a theoretical heating rate of 0 °C min−1

to represent the equilibrium state. Therefore, the end of melt-
ing, measured at three different heating rates, is linearly extrap-
olated to a zero heating rate to obtain the solubility temperatures
(Figure 4, left).

The solubility temperatures of the drug-polymer system ACE
in PVPVA are depicted in Figure 4, right. The melting tempera-
ture of the pure drug does not show a dependency on the CO2−

Figure 3. HP-DSC thermograms of the drug dissolution/melting of ACE/PVPVA with drug weight fractions of 30 to 100 wt.% at 1 MPa CO2− pressure
and a heating rate of 10 °C min−1 (left). HP-DSC thermograms of the drug dissolution/melting of ACE/PVPVA with drug weight fractions of 30, 50, and
70 wt.% at 1 and 4 MPa CO2− pressure and a heating rate of 10 °C min−1 (right).
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Figure 4. End of melting temperatures of ACE/PVPVA at 1 MPa CO2− pressure measured at three different heating rates (diamonds), linearly extrapolated
to a zero heating rate (squares) (left). Solubility temperatures of ACE/PVPVA depend on the drug weight fraction and the CO2− pressure (right). Error
bars represent confidence intervals (significance level 𝛼 = 0.05) for the solubility temperature when extrapolating the three different heating rates to a
zero heating rate (see Section S.1, Supporting Information).

pressure when taking into account measurement uncertainties.
It is thus concluded that the dissolution of CO2 in the crystalline
drug is negligibly small under the experimental conditions con-
sidered in this study so that no depression of the melting point
was observed.

The solubility of the drugs in compressed CO2 highly depends
on pressure and temperature, while there are significant differ-
ences between the subcritical and supercritical states.[34] How-
ever, literature data on the solubility of the drugs used in this
study in compressed CO2 is only available for the supercritical
state above 7.4 MPa.[35] Consequently, the solubility of ACE and
ITR in subcritical CO2 at 1 and 4 MPa is not known.

For the formulations containing drug and polymer, the solu-
bility temperatures shift to lower temperatures with increasing
pressure. The extent of the effect depends on the polymer frac-
tion of the formulation. If the fraction of PVPVA increases, the
reduction in the solubility temperatures between 1 and 4 MPa
CO2− pressure also increases. At 70 wt.% polymer, the solubil-
ity temperature is reduced from 110 °C at 1 MPa to 101 °C at
4 MPa. However, statistically significant differences between 1
and 4 MPa values could not be observed due to the comparatively
high uncertainty of HP-DSC measurements (see Section S.1,
Supporting Information).

The reduction of the solubility temperature in drug-polymer
formulations is related to the dissolution of CO2 in the polymer
fraction at elevated pressure. With a larger amount of polymer
and a higher pressure, more CO2 is dissolved in the drug-polymer
formulation. The dissolved CO2 in turn promotes the dissolution
of a larger amount of drug in the polymer. It is concluded that
the dissolving CO2 creates additional cavities in the polymer, as-
sociated with an increase in free volume as well as a higher mo-
bility of the polymer chains. Due to the high affinity of ACE to
PVPVA,[36] this free volume in the polymer is subsequently occu-
pied by the drug molecules. This mechanism is already known in
the context of CO2− assisted impregnation of polymers with ad-
ditives. Even if an additive is not sufficiently soluble in CO2 to be
transported directly with the CO2 phase into the polymer, a suc-
cessful impregnation is achieved via partitioning of the additive
between polymer and CO2 phases in case of a high affinity of the
additive to the polymer.[33,37]

3.2. Glass Transition of Amorphous Solid Dispersions under
Carbon Dioxide

In case the drug is completely dissolved in the polymer during
the first DSC heating cycle, a single glass transition is found in
the thermograms of the second heating cycle (Figure 5, left). This
glass transition temperature of the ASD is then located between
the glass transition temperatures of pure drug and polymer.

The glass transition of the ASD formulations is shifted to lower
temperatures by increasing the CO2− pressure from 1 to 4 MPa
(Figure 5, right). Depending on the ASD composition, differ-
ences in this decrease of the glass transition temperature are rec-
ognizable. For higher polymer fractions, the effect of the CO2−
pressure is stronger which is attributed to the higher dissolu-
tion of the CO2 in the polymer and the resulting plastification.
The gas diffuses into the intermolecular spaces, contributing to
the spatial separation of the polymer chains and thus ensuring
greater mobility at relatively low temperatures.[38] Particularly in
the case of polar polymers, the mobility of the chain segments
can also be restricted by dipole forces. The dissolved CO2 inter-
acts as a Lewis acid with the functional groups of the polymer.[39]

Hydroxyl, ether, and carbonyl groups seem to interact predomi-
nantly with the molecule as electron donors. As a result, the in-
tramolecular interactions can be weakened, which further con-
tributes to the plastification of the polymer.[5]

The decreasing glass transition temperatures of the ASD for-
mulations were attributed primarily to the interaction of CO2
with the polymer rather than the interaction with the drug. How-
ever, the glass transition temperatures of pure PVPVA and pure
ACE were not accessible with the measurement setup used in
this study. The HP-DSC apparatus was not equipped with a cool-
ing unit so the glass transition temperature of ACE is too close to
ambient temperature to be measured. When analyzing the pure
polymer, the DSC signal of the glass transition is less pronounced
at elevated CO2− pressures and reaches finally the measurement
limit. For other amorphous polymers, this limit was found in the
range of 3 MPa.[40] Nevertheless, the reduction of the glass tran-
sition temperature of the ACE/PVPVA formulation under CO2
was compared to literature data for pure PVPVA. At 30 wt.% drug
weight fraction, the ASD glass transition is reduced by 13 °C
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Figure 5. HP-DSC thermograms of the ASD glass transition of ACE/PVPVA with drug weight fractions of 30, 50, and 70 wt.% at 1 and 4 MPa CO2−
pressure (left). Glass transition temperatures of ASD formulations containing ACE/PVPVA depending on the drug weight fraction and the CO2− pressure
(right).

when increasing the CO2− pressure from 1 to 4 MPa which is
in good accordance with the reduction of 4.7 °C MP−1 measured
for pure PVPVA in the pressure range of ambient to 6.1 MPa by
Liu.[41]

3.3. Polymer-Drug Phase Diagrams under Carbon Dioxide

The effect of CO2 on the solubility and glass transition temper-
atures of four drug-polymer formulations is evaluated based on
the phase diagrams depicted in Figure 6. For comparison of the
phase diagrams under 4 MPa CO2− pressure (unfilled symbols),

data from a previous study for measurements under nitrogen at
atmospheric pressure are presented (filled symbols).[36]

In the first DSC heating cycle, the CO2− pressure has no no-
ticeable effect on the melting temperatures of the pure crystalline
drugs ACE (Figure 6, top) and ITR (bottom). In the second heat-
ing cycle, the drug contains amorphous fractions formed in the
preceding cooling step. CO2 is dissolved in these amorphous frac-
tions so that the glass transition temperature of ITR is slightly
decreased. The glass transition temperature of pure ACE could
not be measured under elevated CO2− pressure as discussed in
the previous section.

Figure 6. Solubility temperatures (squares) and glass transition temperatures (circles) of solid dispersions containing the drugs acetaminophen (top),
itraconazole (bottom), and the polymers Soluplus (left), vinylpyrrolidone/ vinyl acetate copolymer (right). Data at 0 MPa CO2 pressure is taken from the
literature[36] for comparison with data at 4 MPa CO2 pressure obtained within this study.
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For all formulations containing drug and polymer, both the
solubility and the glass transition temperatures are reduced at
4 MPa CO2− pressure in comparison to the standard DSC mea-
surements under a nitrogen atmosphere. The extent of the effect
depends on the polymer content of the samples. As the fraction
of polymer increases, the reduction in the characteristic temper-
atures also increases. This behavior is related to the stronger in-
teraction of the polymer with CO2, as described before.

The PVPVA formulations (right) show a higher decrease of the
glass transition temperatures under CO2− pressure in compar-
ison to the SOL formulations (left). This is related to the spa-
tial structure and intermolecular interactions of the polymers.
Branching limits the mobility of the chains, but increases the
number of end groups and free volume respectively which de-
creases the glass transition temperature.[42] In this context, it
was also discussed by Li et al. that the solubility of CO2 in a
polymer and thus the swelling capacity can be lower for highly
branched structures.[43] The reason lies in the limited solubility
of the CO2 due to the limited ability to increase the mass-specific
volume. The increase in free volume and therefore the reduction
of the glass transition temperature of the triblock graft polymer
SOL seems to be limited due to its highly branched structure. In
comparison, PVPVA is a slightly branched polymer with a lin-
ear structure and has only about half the molecular weight. The
swelling of PVPVA due to the increase in free volume is therefore
structurally less hindered. Accordingly, it seems evident that the
change in the glass transition temperature with the CO2 pressure
is higher for the PVPVA formulations in comparison to the SOL
formulations.

In addition to the different degrees of change in the glass tran-
sition temperature of the ASD formulations due to the choice of
the polymer, there is also a correlation observed between the drug
and the resulting intermolecular interactions. Larger shifts in the
glass transition temperature under CO2 are observed for the for-
mulations containing ITR. The molecular weight of this drug is
more than three times higher than that of ACE. Therefore, ITR
is more subject to steric effects when interacting with and diffus-
ing into other molecules.[44] Here, the swelling of the polymer by
CO2 can have a particularly strong effect on the plasticizing of
the ASD formulations containing ITR. ACE, on the other hand,
can arrange itself more easily in intermolecular spaces due to its
comparatively small size. The effect of CO2 on lowering the glass
transition temperature seems to be limited as a result.

The decrease of the solubility temperature with the CO2− pres-
sure is more pronounced for the formulations containing the
drug ACE. For ITR, only a slight effect of the CO2 on the solu-
bility temperatures was detected. Based on this, it is concluded
that the change in glass transition temperature does not corre-
late with the change in solubility temperature of a formulation
under CO2− pressure. This can be observed in the fact that the
glass transition temperature in formulations with ITR decreases
more under CO2− pressure, yet shows hardly any changes in sol-
ubility temperature. Conversely, the glass transition temperature
in formulations with ACE decreases less compared to ITR, even
though a greater change in solubility temperature is observed.

In the second DSC heating cycle, all formulations showed a
single glass transition and no additional melting point of the re-
maining crystalline drug. It is concluded from this that a homo-
geneous and amorphous mixture was obtained for all formula-

Figure 7. HP-DSC thermograms of the drug dissolution/melting of ACE
and ITR as well as ASD formulations with drug weight fractions of 30 wt.%
at 4 MPa CO2− pressure and a heating rate of 10 °C min−1.

tions during the first heating cycle. This mixture is characterized
by the single glass transition without any further processes seen
in the HP-DSC thermograms. If no homogeneous mixture was
formed, either a second glass transition would be visible if it was
a second amorphous phase or a melting peak in the case of a
crystalline phase. Furthermore, under the present measurement
conditions in the subcritical region, practically no drug dissolves
in CO2.[34] From this, it is evident that the drug is completely em-
bedded in the polymer. Accordingly, the final drug loading in the
polymer matches the initially loaded fraction in the powder mix-
tures prepared for the HP-DSC measurements so both are re-
ferred to as drug weight fraction.

When evaluating the HP-DSC thermograms of the first
heating cycle in detail, it was observed that the dissolution
peaks at low drug fractions of 30 wt.% appeared subdivided into
two separate endothermic peaks under elevated CO2− pressure
(Figure 7). This indicates a phase separation where the drug is
not molecularly dispersed in the polymer as expected for ASD
formulations. Rather, in the phase-separated system, drug clus-
ters are formed. Accordingly, the second endothermic peak in the
HP-DSC thermograms at higher temperatures represents the
melting of these drug clusters close to the melting temperature
of the pure drug in the absence of the polymer. Consequently, the
polymer matrix around the drug clusters contains less drug than
originally weighed during the preparation of the formulation so
that the solubility temperature shifts to lower temperatures in
the phase diagram.

The outlined phase separation appears only if CO2 is dissolved
in the drug-polymer formulations and not in conventional DSC
measurements under atmospheric conditions as known from a
previous study.[36] The increase in free volume caused by the dis-
solved CO2 facilitates the formation of the drug clusters. The
second endothermic peak is very weak in the thermograms at
30 wt.% drug weight fraction. At higher drug fractions, both en-
dothermic peaks are superimposed and cannot be separated from
each other. For the construction of the phase diagrams (Figure 6),
the end of both superimposed peaks was evaluated, except for
the drug fractions of 40 wt.% and below where the first separated
peak was evaluated. The ITR/SOL formulation with 30 wt.% drug
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weight fraction showed a signal that was too weak to be analyzed
at heating rates of 3 and 5 °C min−1 so for this formulation the
data at 10 °C min−1 was combined with the slope of extrapolation
at 50 wt.% drug weight fraction.

Finally, the finding that a miscibility gap in the ternary system
under CO2 can be formed, although the binary drug-polymer sys-
tem is completely miscible, is crucial for the design of ASD man-
ufacturing processes. Local supersaturation potentially causes
nucleation and crystallization of the drug. As a result, the sta-
bility over a long storage time could be reduced. However, the
drug-polymer phase behavior after CO2 decompression has not
yet been studied.

3.4. Influence of Carbon Dioxide on Polymer-Drug Interactions

In addition to the phenomena already described, it was observed
that the area of the endothermic peak, i.e. the energy required
to melt the drug or dissolve it in the polymer, decreases with
increasing CO2 pressure. When considering pure drugs, the as-
sociated melting enthalpy is a constant substance-specific value.
However, in the present case, a ternary system of drug, polymer,
and CO2 is considered. Here, two superimposing dissolution pro-
cesses occur. First, during the initial saturation step in the DSC,
CO2 dissolves in the polymer. Second, during the first heating,
the drug dissolves in the polymer. As a result, the endothermic
peak observed during the first heating characterizes the enthalpy
change associated with the dissolution of the drug in the polymer.
However, unlike in the scenario of a pure drug where the asso-
ciated melting enthalpy remains constant, in the ternary system,
the presence of CO2 already dissolved in the polymer also influ-
ences the enthalpy change during the dissolution of the drug.
Therefore, in the ternary system, a constant enthalpy cannot be
assumed, as it is affected by both the drug and the dissolved CO2.
For further assessment of the underlying phenomena, the en-
thalpy change associated with the dissolution of the drug in the
polymer (Δhdiss) when increasing the CO2− pressure from 1 to
4 MPa is evaluated.

Δ
(
Δhdiss

)
=

(
1−

Δhdiss

(
4 MPaCO2

)
Δhdiss

(
1 MPaCO2

)
)

× 100 % (1)

In Figure 8, the percentage change in enthalpy from 1 to 4 MPa
CO2− pressure is shown for the ACE/PVPVA formulation as a
function of the drug weight fraction. The enthalpy change in-
creases with increasing polymer fraction in the ASD. Since the
dissolution of the CO2 mainly takes place in the polymer, it
can therefore be assumed that the decrease in the enthalpy un-
der higher CO2− pressure can be correlated with the CO2 sorp-
tion. Dissolved CO2 can cause a reduction in polarity and thus a
weakening of the intermolecular interactions as investigated by
Shukla et al. for deep-eutectic solvents.[45] A weakening of the hy-
drogen bonds of the crystalline drug would explain the decrease
in the enthalpy.

3.5. Kinetic Effects on Drug Dissolution

In addition to the maximum fraction of drug that can be dissolved
in the polymer, the rate of diffusion is another important param-

Figure 8. Enthalpy change of the drug dissolution of ACE in PVPVA from
1 to 4 MPa CO2− pressure and at a heating rate of 10 °C min−1.

eter for describing the dissolution process. Therefore, the extrap-
olation of the end of melting temperatures (Figure 4, left) at 3, 5,
and 10 °C min−1 to a zero heating rate is evaluated in more de-
tail. The slope of the extrapolation represents the dependency of
the diffusion on time. If the diffusion coefficient is low, the end
of melting in the DSC thermogram only appears at much higher
temperatures than the solubility temperature at equilibrium due
to the limitation in mass transport, which delays the dissolution
over time and thus the apparent temperature of the event during
heating in the DSC. This effect is accordingly more pronounced,
the higher the heating rate of the DSC. As a result, the slope of
the extrapolation increases with a decrease of the diffusion rate.
On the other hand, at an infinite high diffusion rate, the slope of
the extrapolation approaches zero.

When comparing the slope of the extrapolation at 1 and 4 MPa
CO2− pressure for the ACE/PVPVA formulation (Figure 9), it
is noticeable that this decreases with higher pressure for drug
weight fractions from 40 to 100 wt.%. As previously described,
the lower gradient characterizes the higher diffusion coefficient

Figure 9. The slope of the extrapolation to a zero heating rate of
ACE/PVPVA at 1 and 4 MPa CO2− pressure.

Macromol. Chem. Phys. 2025, 226, 2400359 2400359 (7 of 9) © 2024 The Author(s). Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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of the drug in the polymer under elevated CO2− pressure. Here,
the diffusion is accelerated by the dissolved CO2 that plasticizes
the polymer and leads to an increase in free volume. As a result,
the drug diffuses in a less hindered manner in the polymer than
in the absence of CO2 or at lower CO2 fractions.[33]

A consistent course of the slope of extrapolation over the drug
fraction was not determined. However, a decrease in the gradient
with higher CO2 pressure was found for all compositions, except
for that with the drug weight fraction of 30 wt.%. Here, a slight
increase in the gradient was detected.

4. Conclusion

The influence of CO2 on drug-polymer phase behavior was in-
vestigated utilizing high-pressure DSC measurements. There-
fore, quasi-binary phase diagrams at different CO2− pressures
were evaluated for four ASD formulations. Plastification already
occurs at lower temperatures when CO2 is dissolved since the
specific volume is increased and intermolecular interactions are
weakened so that the glass transition temperature is reduced. The
strength of this effect depends on the spatial and chemical struc-
ture of the components. Furthermore, the sorption of CO2 accel-
erates the diffusion of the drug in the plasticized polymer. The en-
ergy required to dissolve the drug in the polymer decreases under
CO2 due to its effect on the bonds in the crystalline structure of
the drug. On the one hand, there was a slight decrease in the sol-
ubility temperature of the drug in the polymer which means that
the CO2 promotes the dissolution of a larger amount of drug at
a certain temperature. On the other hand, phase separation was
detected in some formulations under CO2 which could have an
impact on the stability of the ASD formulations during storage.
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