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A B S T R A C T

In spite of the large research efforts in the past two decades, it is still difficult, if possible at all, to predict what
manufacturing technology will lead to the best amorphous solid dispersions (ASDs) in terms of drug to polymer
ratio (“drug loading”) and physical stability. In general, ASDs can be prepared by solvent based methods, heat
based methods and mechanochemical activation. In the current study, one manufacturing technique per cate-
gory was selected: spray drying, hot melt extrusion and cryo-milling, respectively. These processes were com-
pared for their capability to formulate high drug loaded ASDs. High drug loadings may allow decreasing the pill
burden and/or reducing dosage size, which both increase the therapeutic compliance. A fast crystallizer, na-
proxen, in combination with PVP K25, PVP-VA64, HPMC and HPMC-AS was used as a model system. Clear
differences in the physical structure of the ASDs were observed. Our data indicate that not only the drug loading
is dependent on the manufacturing process, but also the carrier that is able to incorporate the highest drug
loading. This suggests that a carrier should be selected not only as function of the API, but also as function of the
manufacturing process. Overall, hot melt extrusion showed to be most suited to reach high drug loadings for
these naproxen-polymer combinations. This was in agreement with our finding that heat is an important energy
input for mixing.

1. Introduction

A drawback of the current drug selection procedures is their high
output of drug candidates with unfavorable physicochemical properties
[1]. More specifically, ca. 70% of new drug candidates are poorly water
soluble [2,3]. Formulation of amorphous solid dispersions (ASDs) of
compounds belonging to class II and IV of the biopharmaceutics classi-
fication system (BCS) is considered as a potential strategy to tackle their
solubility and dissolution rate limited bioavailability issues [1,4].
Amorphization of drug compounds results in a higher free energy com-
pared to their crystalline form. The advantage of this higher energetic
state is a higher dissolution rate and solubility, but at the same time, it is
also responsible for physical stability issues like crystallization of the
amorphous form. These physical stability issues can be overcome by
molecularly dispersing the active pharmaceutical ingredient (API) in a
polymer matrix, and thus stabilizing the API by the presence of drug–-
polymer interactions and by lowering the molecular mobility [5].

In general, ASDs can be prepared by solvent based methods, heat
based methods, mechanochemical activation or a combination of these.
Most manufacturing techniques are solvent based, such as spray drying
(SD), freeze drying, electrospraying, super critical fluids based proces-
sing and bead coating. Heat based methods include melt/quench
cooling and hot melt extrusion (HME), which uses both heat and shear
forces as energy input [6,7]. All kinds of high energy milling are con-
sidered as mechanochemical activation. An example of such a milling
technique is cryo-milling (CM) [8]. In pharmaceutical industry, both SD
and HME are most commonly used. The main reason is that they are
relatively easy to scale up. An additional advantage of SD is that
compounds with thermal and shear instability can be formulated. On
the other hand, hot melt extrusion is a solvent-free continuous process
and the extrudates do not necessarily require a lot of downstream
processing when a calendering step is applied [6,7,9].

Independently of the manufacturing technique used, mainly rela-
tively low drug loadings are utilized for the development of ASDs due to
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potential physical stability issues. When the drug weight fraction in-
creases, phase separation resulting in amorphous or crystalline drug
precipitations may occur [7]. The importance of attaining a higher drug
loading is reflected in the present-day push for a lower pill burden. By
increasing the drug loading it may become possible to lower the pill
burden and/or reduce the dosage size, thereby increasing the ther-
apeutic compliance [10].

The highest drug loading possible can be predicted by calculating
the maximum amount of active pharmaceutical ingredient that can be
dissolved in the polymer at a certain temperature. Perturbed-Chain
Statistical Associating Fluid Theory (PC-SAFT) is a thermodynamic
model using the thermodynamic solid-liquid equilibrium to calculate
the solubility of the API in the polymer. The liquid phase is made up of
the polymer together with the dissolved API, while the solid phase is
the crystalline API. Combining the calculated solubilities and the ex-
perimentally determined glass transition temperatures (Tgs), state
diagrams for the solubility of the API in a specific polymer can be es-
tablished [11,12].

An ASD is thermodynamically stable as long as the drug loading
does not exceed the solubility of the API in the polymer, meaning that
the API will never crystallize. On the other hand, higher drug loadings
than the solubility limit can be reached due to kinetic stabilization. By
kinetically trapping the API in the polymer matrix, the molecular mo-
bility of the API is reduced [5,12]. The phenomena by which kinetic
trapping is achieved differ between manufacturing techniques. Both
rapid solvent evaporation and rapid cooling can kinetically trap the
API, using solvent based and heat based methods, respectively [7,13].
Therefore, it should be possible to reach higher drug loadings experi-
mentally than the ones predicted with a thermodynamic model.

Although the research in ASDs already started in the mid-sixties of
the previous century [6,14], today it is not clear what manufacturing
technology is the most suited for a given API-polymer combination.
This is an important observation in the light of high drug loaded ASDs.
In this paper, the differences between manufacturing techniques for
their capability to obtain high drug loadings are described. Three
technologies were selected: spray drying, hot melt extrusion and cryo-
milling. With this selection, all categories of manufacturing techniques
are covered. The novelty of this paper clearly lies in the comparison of
the most relevant technologies from all three categories of manu-
facturing techniques.

Next to the manufacturing technique, the API-polymer combination
is a critical factor for reaching high drug loadings [6]. Naproxen, which
is a fast crystallizer [15], in combination with PVP K25, PVP-VA64,
HPMC and HPMC-AS was used as a model system. These polymers
belong to the most commonly used carriers for the formulation of ASDs.

Their structural formulas are shown in Fig. 1. As becomes clear from the
state diagrams generated with PC-SAFT, the mutual solid miscibility
needs to be taken into account. Thus, the state diagrams of naproxen
and PVP K25, PVP-VA64 or HPMC-AS served as a starting point for
determining the highest drug loading experimentally (Fig. 2) [11,12].
The diagram of naproxen and HPMC was not yet described in literature.

Since interactions can also have an influence on the physical sta-
bility, the model system was selected based on its interaction potential.
Formation of hydrogen bonds between the molecularly dispersed API
and the polymer is of great importance for the stabilization of ASDs [5].
Naproxen is well known for its capability to form hydrogen bonds
[16,17]. Its carbonyl group and methoxy group are hydrogen acceptors
for the hydroxyl groups of HPMC and HPMC-AS. On the other hand, its
hydroxyl group can hydrogen bond with both the carbonyl groups of
PVP, PVP-VA and HPMC-AS and the hydroxyl groups of HPMC and
HPMC-AS. The hypothesis is that the physical structure resulting from
different manufacturing processes, and thus the contribution of hy-
drogen bonds to solid state miscibility will vary. Therefore, the varia-
tions in phase behavior were investigated by preparing the same model
system with all three techniques.

To the best of our knowledge, a study where the most relevant
technologies from solvent based, heat based and mechanochemical
activation techniques are compared, has never been carried out before.
The objective of this study was to prepare the same API-polymer
combinations with spray drying, hot melt extrusion and cryo-milling.
Hereby, the differences in capability of reaching high drug loadings
were investigated. Since the API-polymer combination is a crucial
factor in attaining high drug loadings, it was evaluated for four dif-
ferent polymers.

2. Materials & methods

2.1. Materials

Naproxen (NAP) was purchased from SA Fagron NV (Waregem,
Belgium) and both polyvinylpyrollidon K25 (PVP K25, Kollidon®) and
polyvinylpyrollidon vinyl acetate 64 (PVP-VA64) were obtained from
BASF® ChemTrade GmbH (Ludwigshafen, Germany).
Hydroxypropylmethycellulose acetate succinate (HPMC-AS) grade LF is
a micronized grade of HPMC-AS, which was purchased from Shin-Etsu
(Plaquemine, USA). The fourth polymer, hydroxypropylmethylcellulose
(HPMC), was obtained from Colorcon (Dartford, UK). Methanol
(MeOH) and dichloromethane (DCM) 99.9% were purchased from
ACROS Belgium (Geel, Belgium). All materials were used as received.

E

D

CBA

Fig. 1. Structural formulas of naproxen (A), PVP (B), PVP-VA (C), HPMC (D) and HPMC-AS (D, E).
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2.2. Preparation methods

2.2.1. Spray drying
Diverse ratios of NAP and polymer were spray dried using a Buchi

mini spray dryer B-190 (Buchi, Flawil, Switzerland). In all cases, a 10%
m/v solid content was used. For the batches with PVP, PVP-VA and
HPMC-AS, MeOH was used as a single solvent. For the ones with HPMC,
a binary solvent mixture of MeOH:DCM (1:1; v:v ratio) was needed. The
following conditions were applied: drying air temperature of 65 °C,
drying air flow rate of 33 m3/h, feed solution flow rate of 5 mL/min and
an atomization air flow rate of 10 L/min. Immediately after spray
drying, the ASDs were further dried in a vacuum oven for 4 days at
40 °C. Afterwards, the samples were analyzed and further stored at
-28 °C in the presence of phosphorus pentoxide.

2.2.2. Hot melt extrusion
2.2.2.1. Batch extruder. Physical mixtures of the NAP-polymer
combinations were prepared using a mortar and pestle and extruded
using a Mini extruder (DSM Xplore, Sittard, The Netherlands). This is a
fully intermeshing recirculating 5 cm3 extruder consisting out of two
co-rotating screws. The barrel temperature was set at 160 °C, which is
above the melting point (Tm) of NAP (155 °C). For every batch, about
6 g was fed into the extruder and mixed for 5 min with a screw speed of
100 rpm. The extrudates were cooled on aluminum foil and milled
using a laboratory cutter mill (Kika, Staufen, Germany). The milled
ASDs were analyzed and further stored at −28 °C in the presence of
phosphorus pentoxide.

The effect of the barrel temperature on the phase behavior of the
ASDs was explored by applying a temperature of 20 °C above the glass
transition temperature (Tg) of the polymer involved. The Tgs of the four
polymers were determined using modulated differential scanning ca-
lorimetry (MDSC) (3.1). To take into account possible water evapora-
tion during extrusion, the glass transition temperatures (Tgs) obtained
in the second heating cycle were used as a starting point for de-
termining the new processing temperature.

2.2.2.2. Continuous extruder. To evaluate the influence of additional
kneading zones on the phase behavior, a ThermoFisher process 11 twin
screw extruder (ThermoFisher Scientific, Karlsruhe, Germany) was
used. This is a co-rotating, fully intermeshing twin screw extruder
with a functional length of 40 L/D. Two kneading zones were applied.
The screw speed was set at 25 rpm and the barrel temperature was kept
constant at 160 °C. Herewith, 55% of NAP was extruded in combination
with PVP-VA. The same combination was extruded with the Mini

extruder, using the same screw speed and temperature. These
extrudates were also milled using a laboratory cutter mill (Kika,
Staufen, Germany), analyzed and further stored at -28 °C in the
presence of phosphorus pentoxide.

2.2.3. Cryo-milling
Cryogenic grinding was performed using a CryoMill (Retsch,

Düsseldorf, Germany). Physical mixtures of NAP-polymer combinations
were prepared using a mortar and pestle before milling. Stainless steel
grinding jars of both 5 and 25 mL with two 7 mm beads and one 15 mm
bead of the same material were used, respectively. To maintain a
constant ball to powder ratio the amount of sample was adapted:
200 mg in case of the 7 mm beads and 1 g in case of the 15 mm one. The
samples were pre-cooled for 1 min at 5 Hz, cryo-milled for 30 min at
25 Hz and intermediately cooled for 5 min at 5 Hz to avoid heating of
the system. In total, six such cycles were applied. The ASDs were ana-
lyzed and further stored at −28 °C in the presence of phosphorus
pentoxide.

2.3. Analytical methods

2.3.1. Modulated differential scanning calorimetry (MDSC)
Modulated differential scanning calorimetry was performed using a

Q2000 MDSC (TA Instruments, Leatherhead, UK), equipped with a re-
frigerated cooling system (RCS90) and applying a dry nitrogen purge
with a flow rate of 50 mL/min. Calibration for temperature, enthalpy
and heat capacity was carried out using indium and sapphire standards.
Optimization of the modulation parameters was performed based on
the quality of the Lissajous figures and the shape of the modulated heat
flow. The final parameters were as follows: a linear heating rate of 2 °C/
min combined with a modulation amplitude of 0.5 °C and a period of
30 s. Approximately 1–5 mg of the sample was accurately weighed into
aluminum DSC pans (TA Instruments, Zellik, Belgium). For all samples,
a heat-cool-heat procedure was performed to explore the influence of
additional heating on the mixing efficiency. All heating cycles were
executed with the above described parameters from −15 °C to 180 °C,
while the cooling rate was set at 20 °C/min. DSC thermograms were
analyzed using the Universal Analysis software (Version 5.5, TA
Instruments, Leatherhead, UK).

2.3.2. Thermogravimetric analysis (TGA)
For determining the polymer degradation temperature, a thermo-

gravimetric analyzer SDT Q600 (TA-Instruments, Leatherhead, UK) was
used. The samples were heated at 5 °C/min to 230 °C in ambient

Fig. 2. State diagrams of NAP with PVP K25 (A), PVP-VA64 (B) and HPMC-AS (C). The black squares indicate the Tgs and the triangles the solubility of NAP in the
polymer. The solubilities were determined experimentally (A, C) or taken from literature (B). Here, the white triangles were derived from Kyeremateng et al. [29] and
the black ones from Prudic et al. [30]. For PVP and PVP-VA, Flory-Huggings and an empirical model were applied as well. The lines with the red squares represent the
solubilities calculated with PC-SAFT. These indicate the solubility of NAP in the polymer at RT. Reprinted (adapted) with permission from Lehmkemper et al. [11]
‘Impact of Polymer Type and Relative Humidity on the Long-Term Physical Stability of Amorphous Solid Dispersions’, Molecular Pharmaceutics, 14(12), pp. 4374–4386.
Lehmkemper et al. [12] ‘Long-Term Physical Stability of PVP- and PVPVA-Amorphous Solid Dispersions’, Molecular Pharmaceutics, 14(1), pp. 157–171). Copyright 2017
American Chemical Society. (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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atmosphere, where the recorded weight loss as a function of time was
due to degradation. All TGA curves were analyzed using the Universal
Analysis software (Version 5.5, TA Instruments, Leatherhead, UK).

2.3.3. X-ray powder diffraction (XRPD)
The solid state of the ASDs was characterized using a X’Pert PRO

diffractometer (PANalytical, Almelo, the Netherlands) with a Cu tube
(Kα λ = 1.5418 Å) and a generator set at 45 kV and 40 mA. In most
cases, the XRPD measurements were executed at room temperature
(RT) and in transmission mode using Kapton® Polyimide Thin-films
(PANalytical, Almelo, Netherlands). In case of temperature resolved X-
ray diffraction, an Anton Paar sample stage (TTK450 Sample Stage) was
applied. In that case, diffractograms were recorded every 10 °C between
room temperature and 180 °C. The following experimental parameters
were applied in all cases: continuous scan mode from 4° to 40° 2θ with
0.0167° step size and 400 s counting time. The diffractograms were
analyzed using X’Pert Data Viewer (Version 1.7, PANalytical, Almelo,
The Netherlands).

3. Results & discussion

3.1. Spray drying

3.1.1. Influence of NAP-polymer combination on physical structure
In a first step, the same drug loading of NAP was spray dried in

combination with all four polymers. Using a drug loading of 35%, the
phase behavior varied for the different NAP-polymer combinations. A
single Tg was detected for the ASD with PVP-VA, while the one with
PVP resulted in two Tgs (Fig. 3A). In case of a one phase amorphous
system, the Tg is situated in between the Tg of the pure amorphous drug
and the one from the polymer. For example for the ASD of NAP and
PVP-VA, the Tg was situated at 57.1 °C, which is in between the 5 °C for
amorphous NAP and 110 °C for PVP-VA (Table 1) [18].

Since the distinction between two Tgs is not always clear in the
reversing heat flow (RHF) signal, we also used the derivative of this
signal (Fig. 3B). In that case, a peak is generated with a maximum value
corresponding to the inflection point in the RHF signal. The presence of
two Tgs, reflected in two distinct peaks in the derivative RHF, indicates
amorphous-amorphous phase separation in a drug-rich and a polymer-
rich phase. Although the NAP-PVP system is amorphous in case of a
drug loading of 35%, its immiscibility can be a precursor of crystal-
lization, which will most likely start from the drug-rich amorphous
phase. Next to its advantage for distinguishing Tgs, the derivative of the
RHF signal was used for determining the Tg width. The broader this Tg

width, the more heterogeneous the ASD is. Therefore, it can be stated
that the broader this range, the sooner phase separation and thereby
crystallization may occur.

For both the combinations with HPMC and HPMC-AS, a Tg and a
Tm were observed. Here, the RHF signal is shown, but the Tms were
detected in the total heat flow and non-reversing heat flow signal (data
not shown). These Tms indicated the presence of a crystalline phase of
NAP next to the amorphous one (Fig. 3A).

These results were in agreement with the ones obtained using XRPD.
Both PVP-VA and PVP were X-ray amorphous, while both HPMC and
HPMC-AS showed Bragg peaks characteristic for crystalline NAP
(Fig. 4).
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Fig. 3. A: MDSC thermograms of 35% NAP spray dried with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS (green). The arrows indicate the positions of the
Tgs. The RHF signals are shown as arbitrary units. B: MDSC thermogram of 35% NAP spray dried with PVP. The derivative (blue) of the reversing heat flow (red)
shows peak maximums at the Tgs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Tgs from second heating cycle, derived processing temperatures and degrada-
tion temperatures for PVP, PVP-VA, HPMC and HPMC-AS.

Polymer Tg 2nd heating cycle Tg + 20 °C T degradation

PVP 161.6 °C 180 °C 159.1 °C
PVP-VA 110.8 °C 130 °C 197 °C
HPMC 147.8 °C 167 °C 176 °C
HPMC-AS 115.8 °C 135 °C 166.8 °C
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Fig. 4. XRPD diffractograms of 35% NAP with spray dried PVP-VA (orange),
PVP (red), HPMC (blue) or HPMC-AS (green). The intensities are shown as
arbitrary units. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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The importance of using complementary analytical techniques be-
comes clear when comparing the DSC and XRPD results. Although the
same conclusions about the presence of amorphous/crystalline material
can be drawn, XRPD does not give information about the different
amorphous phases. Whereas the NAP-PVP system was X-ray amor-
phous, it was not a single amorphous phase in the MDSC thermogram.
Since amorphous-amorphous phase separation can lead to crystal-
lization, it should be avoided. Only in a one phase system the stabili-
zation of NAP by the polymer is maximized, though not guaranteed. To
get as much information about the phase behavior as possible, all
samples were analyzed using both MDSC and XRPD.

For all samples, a heat-cool-heat procedure was performed to in-
vestigate the influence of additional heating on the mixing efficiency.
For all of them, a single Tg was obtained in the second heating run,
independently of the phase behavior in the first heating run. In case of
35% NAP spray dried with PVP, two Tgs were detected in the first
heating cycle and a single Tg in the second (Fig. 5). For the combination
of 35% NAP with HPMC-AS, both a Tg and a Tm could be distinguished
in the first cycle and a single Tg in the second (Fig. 5). Next to this, the
Tg width decreased when there already was a single Tg attained in the
first heating run, indicating an increase in homogeneity of the system

(data not shown). This clearly points to the importance of heat as en-
ergy input for all these NAP-polymer combinations. All further reported
drug loadings were derived from the first heating cycle of the DSC
experiment.

3.1.2. Influence of drug loading on physical structure
Ideally, a single amorphous phase should be obtained, in which NAP

is molecularly dispersed in the polymer matrix. Since this phase beha-
vior was only detected for the NAP-PVP-VA system, PVP-VA was ap-
pointed the most promising polymer for increasing the drug loading
further. For the other combinations, the drug loading was lowered until
a one phase amorphous system was achieved. The drug loading for
which this ideal phase behavior was attained, was defined as ‘the
highest drug loading possible’. Taking into account the possible process
variability, the highest drug loading was not defined as an exact per-
centage but as a range.

The drug loading was lowered with intermediate steps of 5% for the
NAP-PVP, NAP-HPMC and NAP-HPMC-AS combinations. The MDSC
and XRPD results are only described for the NAP-HPMC-AS system
(Fig. 6), but the same principle has been applied for the other combi-
nations. The highest drug loadings using the three different manu-
facturing techniques are summarized in Table 4.

In case of the NAP-HPMC-AS system, from 25% on, both a Tg and a
Tm could be distinguished (Fig. 6A), and at 30%, Bragg peaks were
present in the XRPD diffractogram (Fig. 6B). Thus, the highest drug
loading for this NAP-HPMC-AS system in case of SD is in between 20%
and 25%.

The NAP-PVP-VA combination was the only one for which the drug
loading could be increased above 35%. It was increased from 35% until
60% with intermediate steps of 5%. Until 40% a single Tg was detected,
but starting from 45% a Tm was detected next to the Tg (Fig. 7A). The
MDSC results were in good correlation with the ones from XRPD,
showing Bragg peaks starting from 45% drug loading (Fig. 7B).
Therefore, the highest drug loading for the NAP-PVP-VA system in case
of SD was in between 40% and 45%.

The four polymers can be ordered for their capability to stabilize
high NAP loadings: PVP-VA > PVP > HPMC/HPMC-AS. With a drug
loading between 40% and 45%, PVP-VA was the best polymer for ob-
taining high drug loadings. In case of PVP, the highest drug loading was
between 30% and 35%, while for both HPMC and HPMC-AS it was
between 20% and 25% (Table 4). It is noteworthy that these drug
loadings only apply to spray drying and that variations are possible
when applying other manufacturing techniques (see below).
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It is expected that an API has a higher solid solubility in a polymer
where drug-polymer interactions are more pronounced [19]. Therefore,
this may be an indication of more favorable interactions between NAP
and PVP-VA.

In this study, the main investigated characteristic is the capability to
obtain high drug loadings. As described earlier, the API-polymer is a
critical factor for reaching these drug loadings. Other important prop-
erties to consider when selecting a suitable polymer for SD are the
common solvent solubility of API and polymer, solution state chem-
istry, interaction potential, antiplasticizing efficiency, dissolution rate
and ability to maintain supersaturation during dissolution. Although
Friesen et al. [20] described HPMC-AS as an ideal polymer for SD based
on these characteristics, the drug loadings reached in this study are
rather low [13]. This demonstrates that there is no ideal polymer per
manufacturing technique, but that a polymer should also be selected
according to the API that needs to be formulated. Other than that, it
indicates that the capability to reach higher drug loadings is another
important characteristic to investigate when selecting a polymer for the
formulation of an ASD.

3.2. Hot melt extrusion

3.2.1. Influence of NAP-polymer combination on physical structure
Physical mixtures of NAP with the different polymers were extruded

in a 35:65 (drug:polymer; w:w) ratio. The ASDs with PVP-VA and PVP
showed a single Tg, while for HPMC and HPMC-AS both a Tg and a Tm
could be distinguished (Fig. 8A). Both PVP-VA and PVP are thus pro-
mising polymers for increasing the drug loading above 35%. Although
the same NAP-polymer combinations and drug loading had been used
as for spray drying, two NAP-polymer combinations could be for-
mulated as a single phase amorphous system instead of one, showing
that the suitability of NAP-polymer combinations depends upon the
applied manufacturing technique.

All four NAP-polymer combinations were X-ray amorphous for a
drug loading of 35% (Fig. 8B). Despite the fact that a Tm could be
detected in the thermograms of the combinations with HPMC and
HPMC-AS, there were no Bragg peaks present in the diffractograms,
pointing again to the importance of using complementary analytical
techniques.
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3.2.2. Influence of drug loading on physical structure
In case of HME, the drug loading was increased for the NAP-PVP-VA

and NAP-PVP systems, but decreased in case of the NAP-HPMC and
NAP-HPMC-AS systems to obtain a one phase amorphous system. A full
comparison of the highest drug loadings reached per polymer and per
manufacturing technique is shown in Table 4.

3.2.3. Impact of polymer-dependent-barrel temperature on the physical
structure

Critical process parameters for HME are the screw speed, screw
configuration, feeding rate and barrel temperature. The interested
reader is referred to excellent reviews for further information [21,22].
In view of using different NAP-polymer combinations, the barrel tem-
perature is a crucial parameter. Since a polymer needs to be extruded
above its Tg but below its degradation temperature, different tem-
peratures should be applied for the different NAP-polymer combina-
tions. The temperature is also of importance for processing of the API,
but it can be processed below or above its Tm, resulting in solubiliza-
tion or miscibility of the API in the polymer, respectively [22,23].

First, the degradation temperatures of the four polymers were de-
termined using TGA (Table 1). Next to this, the Tgs of the polymers and
Tm of pure NAP were taken into account. The Tgs of the polymers were
determined from the second heating cycle of the MDSC run to take
possible water evaporation during HME into account (Table 1). The Tm
of NAP was established at 155.2 °C (data not shown).

Since the degradation temperature and Tg of PVP are comparable to
each other, PVP is known to be a difficult polymer for extruding. When
heated to 150 °C, darkening of PVP is described [24]. On the other
hand, when increasing the temperature from 160 °C to 230 °C, only 2%
degradation of PVP was measured during the TGA experiment. Thus,
only a very small amount of PVP was degraded at 160 °C. For the other
polymers, the degradation temperatures were well above their Tgs.

All NAP-polymer combinations were processed both at 160 °C and at
20 °C above the Tg of the polymer in question (Table 1). The barrel
temperature of 160 °C was installed as a common processing tempera-
ture. For PVP-VA and HPMC-AS the Tg-dependent-temperature was
below the Tm of NAP, while for PVP and HPMC it was even higher than
160 °C. By using these barrel temperatures, the influence of processing
below or above the Tm of NAP on the final phase behavior was eval-
uated.

The results from both processing at 160 °C and at the Tg-dependent-
temperature are shown in Table 2. For the cases with a barrel tem-
perature of 160 °C, the values for the Tgs and Tms correlate with the
MDSC thermograms shown in Fig. 5A. In view of the clear differences in
phase behavior for the NAP-PVP-VA combination, these MDSC results
are discussed more comprehensively (Fig. 9).

When processing above the Tm of NAP, no clear differences in phase
behavior could be detected. Despite the fact that there was a shift of the
Tg towards a lower temperature, a single Tg remained in case of PVP.
With HPMC, a Tg and a Tm were detected for both 160 °C and 167 °C.

When processing below the Tm of NAP with HPMC-AS, almost no dif-
ferences in phase behavior were detected. At both processing tem-
peratures, 160 °C and 135 °C, a Tg and a Tm could be distinguished. On
the other hand, in case of PVP-VA, the phase behavior clearly differed.
The amorphous-amorphous phase separation indicated that extruding
at temperatures lower than the Tm of NAP did not give the system its
full capability of both mixing and solubilizing the API in the polymer
matrix. This is an important observation in the light of reaching high
drug loadings. It is clear that for some API-polymer combinations it is
important that the barrel temperature is installed above the Tm of the
API. Therefore, all other batches were processed at 160 °C to give the
systems their full potential to mix and thereby reach high drug load-
ings.

3.2.4. Impact of kneading zones on amorphization
In a HME process, the combination of mixing and melting makes the

generation of ASDs possible. For this, two important energy inputs need
to be taken into account. First, the heat conduction from the barrel will
have an influence on the melting and softening process, which is de-
termined by the installed barrel temperature. Second, the rotation of
the screws will result in shear forces that will generate additional heat.
This energy input can be altered by changing the screw configuration.
Thus, the screw configuration is another critical process parameter.
Several studies investigated the need for one or more kneading zones
during HME. Nakamichi et al. [25] concluded that at least one mixing
zone was needed to make amorphization possible. Saerens et al. [26]
showed that addition of a second or third kneading zone did not have
an additional advantage for the formulation of ASDs. Hence, one
kneading zone at two third of the barrel length is in many cases con-
sidered sufficient for mixing at molecular level [22].

In contrast to a continuous extruder, a typical lab-scale batch ex-
truder has no additional kneading zones, but exists out of two conical
screws with conveying elements. Therefore, there is no alteration of the
screw configuration possible. To evaluate the addition of kneading
zones on the final phase behavior of the ASDs, a continuous extruder
was used.

The reasoning behind the addition of kneading zones for reaching
higher drug loadings becomes clear when comparing the different
MDSC heating cycles. Every MDSC experiment existed out of two
heating cycles separated by a cooling cycle. As described for spray
drying, the second heating cycle resulted in ideal phase behavior.
Despite the fact that there were two Tgs or a Tg and a Tm in the first
heating cycle, a single Tg was detected in the second one. A

Table 2
Influence of HME processing temperature below/above Tm NAP on the phase
behavior of the ASD. The ‘X’ indicates that there was no second Tg or a Tm
present.

Polymer Temperature Tg1 Tg2 Tm

PVP 160 °C 80.4 °C X X
Tg + 20 °C 56.2 °C X X

PVP-VA 160 °C 63.6 °C X X
Tg + 20 °C 45.4 °C 80.4 °C X

HPMC 160 °C 27.8 °C X 127.9 °C
Tg + 20 °C 26.5 °C X 126.5 °C

HPMC-AS 160 °C 24.3 °C X 128.1 °C
Tg + 20 °C 25.2 °C X 126.5 °C
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Fig. 9. MDSC thermograms of 35% NAP in combination with PVP-VA at 130 °C
(green) and 160 °C (red). Tgs are indicated with arrows. The RHF signals are
shown as arbitrary units. (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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representative example of HME is shown for which 55% NAP was ex-
truded in combination with PVP-VA. Here, two Tgs and a Tm were
detected in the first heating cycle and a single Tg was observed in the
second (Fig. 10). This implies that heat is a very important energy input
to obtain ASDs of NAP.

Since the energy input can be increased by the addition of kneading
zones next to the conveying zones, we evaluated the use of a continuous
extruder to prepare ASDs made up of 55% NAP and PVP-VA. The screw
speed was set at 25 rpm and the process temperature at 160 °C. An
additional batch was prepared with the lab scale extruder, using the
same screw speed and process temperature to compare the two pro-
cesses. In both cases, a Tg and a Tm were detected (Fig. 11). The
amount of crystallinity was calculated from the heat of fusion, resulting
in 0.6% crystallinity in both cases. Thus, it was not possible to reach
higher drug loadings using the continuous extruder. This suggested that
the addition of kneading zones did not result in enough energy input to
increase the amorphization capability.

Lang et al. [27] compared a single screw extruder, a small twin
screw extruder and a continuous twin screw extruder with kneading
zones for the formulation of ASDs. They observed that only the

continuous twin-screw extruder with additional kneading zones re-
sulted in ASDs of itraconazole with HPMC-AS and PEO. In this study,
similar results were obtained with the lab-scale extruder and the con-
tinuous extruder, pointing to the potential of the former. However,
another explanation for the comparable results could be the remaining
differences in processing time, e.g. the mixing time/residence time of
5 min in the batch extruder compared to that in the continuous process.
No exact measurements of the residence time in the continuous ex-
truder have been made, but it is clear that the total time inside the
extruder is far less than 5 min. Therefore, it can be stated that a full
comparison of a batch and a continuous extruder requires optimization
of both processes to make the correct conclusions about their capability
of reaching high drug loadings.

3.3. Cryo-milling

3.3.1. Influence of NAP-polymer combination on physical structure
Physical mixtures of 35% NAP in combination with all four poly-

mers were cryo-milled. The experiments were performed with small
grinding jars of 5 mL, 200 mg powder mass and 2 beads of 7 mm per
grinding jar. The MDSC results showed two Tgs for the combination
with PVP-VA and one Tg for the one with PVP (Fig. 12A). This indicates
that in case of CM, PVP is the most promising polymer for increasing
the drug loading higher than 35%. For SD this was PVP-VA, while for
HME it were both PVP and PVP-VA. This shows again that the success
rate of an API-polymer combination clearly depends upon the manu-
facturing technique used. For both combinations with HPMC and
HPMC-AS, a Tg and a Tm were detected (Fig. 12A).

Despite the fact that the thermograms of the combinations with
PVP-VA and PVP did not show crystallinity (only glass transitions could
be observed), the corresponding diffractograms showed diffraction
peaks that are characteristic for crystalline NAP (Fig. 12B). This is in
contradiction with the higher sensitivity of MDSC compared to XRPD
for the detection of crystallinity. For the other two combinations, the
MDSC and XRPD results were in good agreement with each other, in-
dicating the presence of crystalline NAP (Fig. 12B).

The hypothesis to explain this discrepancy between MDSC and
XRPD results was that by cryo-milling the particle size was reduced
significantly, leading to improved particle-particle contact. Hence, only
a small amount of heat was necessary to dissolve NAP in the polymer.
This was further confirmed by performing temperature resolved XRPD
for the NAP-PVP combination, where the temperature was increased
from RT to 185 °C and a diffractogram was assessed every 10 °C. At RT,
Bragg peaks indicating the presence of crystalline NAP were present.
The intensity of the peaks was identical at 75 °C, but decreased at 85 °C.
From 95 °C, the Bragg peaks completely disappeared, indicating that
the sample was X-ray amorphous (Fig. 13). This validated the hypoth-
esis that heating up the sample resulted in dissolving NAP particles in
the polymer matrix. The need for complementary analytical techniques
becomes clear when comparing these MDSC and XRPD results. When
MDSC would have been used as the only analytical technique, CM
might have seemed as promising as SD. A drawback of MDSC is that the
sample needs to be heated, which can alter the characteristics of the
analyzed sample. Thus, in this case XRPD is a more trustworthy tech-
nique to draw conclusions about the phase behavior of the cryo-milled
samples at RT. Bikiaris et al. [28] reported a similar case, where Fe-
lodipine dissolved in PEG during the DSC experiment, while diffraction
peaks were present in the diffractograms.

A comparison of the obtained drug loadings using MDSC or XPRD is
shown in Table 3. In case of MDSC, the highest drug loading was de-
fined as the one for which a one phase amorphous system was attained,
while for XRPD the sample had to be X-ray amorphous. Although the
obtained drug loadings were clearly lower using XRPD, PVP was in both
cases the most suited polymer for obtaining high drug loadings. For
comparison with spray drying and hot melt extrusion, the drug loadings
based on XRPD results were used (Table 4).
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Fig. 10. MDSC thermograms of 55% NAP extruded in combination with PVP-
VA. Both the reversing heat flow (blue) and the total heat flow (red) are shown.
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On the other hand, these MDSC results show that heat is a very
important energy input for these NAP-polymer combinations. Together
with the observations form the second heating cycles, where in all cases
a single Tg was detected (Figs. 5 and 10), the MDSC experiments were a
strong prove that these NAP-polymer combinations do not reach their
full potential of miscibility yet. This may be reached by performing a
full optimization of the process parameters.

3.3.2. Influence of drug loading on physical structure
For the NAP-PVP system, the drug loading was increased starting

from 35% to 60%. For the other combinations, the drug loading was

lowered from 35% to 5%. A full comparison of the highest drug load-
ings reached per polymer and per manufacturing technique is shown in
Table 4.

3.3.3. A small scale-up experiment: from 5mL to 25 mL grinding jar
All previously described experiments were performed using a small

grinding jar of 5 mL. The volume of these stainless steel grinding jars
can differ: 5, 10, 25, 35 or 50 mL are possible. When scaling up from a
5 mL to a larger grinding jar volume, the change of dimensions can have
an influence on the impact of the beads and thereby the final phase
behavior of the ASD. Here, 35% NAP in combination with PVP-VA was
cryo-milled in both the 5 mL and the 25 mL for 3 h. The ball to powder
ratio was kept constant. At first sight, there is not much difference
between the MDSC thermograms of the 5 mL and 25 mL. In both cases,
two distinct Tgs indicating amorphous-amorphous phase separation
were detected (Fig. 14A). However, the glass transition width was
broader when using the 5 mL grinding jar than when using the 25 mL
one, indicating that the amorphous phase was more heterogeneous in
case of using the 5 mL grinding jar.

Even though the DSC thermograms did not show melting transi-
tions, the diffractogram of the batch prepared with the 5 mL grinding
jar showed Bragg peaks characteristic for crystalline NAP (Fig. 14B). As
described above, this can be explained by the dissolution of NAP in
PVP-VA during the MDSC experiment. Interesting is that the batch
prepared with the 25 mL grinding jar was X-ray amorphous (Fig. 14B).
This difference was also reflected in the Tg width (Fig. 14A). The fact
that there was still some crystalline material present in case of the 5 mL
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Fig. 12. A: MDSC thermograms of 35% NAP extruded with PVP-VA (orange), PVP (red), HPMC (blue) or HPMC-AS (green). The arrows indicate the position of the
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Table 3
Comparison of obtained ‘highest drug loadings’ based on MDSC or XRPD results
in case of cryo-milling.

Polymer MDSC XRPD

PVP 50–55% 15–20%
PVP-VA 30–35% 10–15%
HPMC < 5% < 5%
HPMC-AS 10–15% 5–10%

Table 4
Comparison of highest drug loadings of NAP obtained per manufacturing
technique and per polymer.

Technique Polymer Drug loading

Spray drying PVP 30–35%
PVP-VA 40–45%
HPMC 20–25%
HPMC-AS 20–25%

Hot melt extrusion PVP 55–60%
PVP-VA 45–50%
HPMC 20–25%
HPMC-AS 15–20%

Cryo-milling PVP 15–20%
PVP-VA 10–15%
HPMC < 5%
HPMC-AS 10–15%
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grinding jar did not prevent dissolving of NAP in PVP-VA, but it re-
sulted in a broader Tg width. In case of the 25 mL grinding jar there was
no crystalline material left at the start of the MDSC analysis, resulting in
a more homogeneous system compared to the 5 mL one.

This small scale up experiment showed the potential of CM as a
manufacturing technique for ASDs. When the larger grinding jar was
used, it became possible to prepare systems that were already com-
pletely amorphous at RT. Therefore, it can be hypothesized that the
optimization of this manufacturing technique could result in higher
drug loadings than the ones that were obtained in this study. Next to
this, a deeper understanding of the underlying physics of this still non-
conventional technique is essential to predict possible changes during
scale up.

3.4. Comparison

The objective of this study was to prepare the same API-polymer
combinations with spray drying, hot melt extrusion and cryo-milling to
compare their capability of reaching high drug loadings. The same four
NAP-polymer combinations were prepared with all three techniques.
For SD and HME, the highest drug loadings were defined as the drug
loadings for which a one phase amorphous system was attained, while
for CM these were the drug loadings for which an X-ray amorphous ASD
was obtained. This distinction was made because of the discrepancy
between MDSC and XRPD results for CM, which were not present for SD
and HME. Therefore, MDSC can be considered as a reliable technique
for the interpretation of the phase behavior in case of SD and HME, but
not in case of CM. The drug loadings were determined as described
above and reported as a range to consider possible process variation. A
full comparison of the highest drug loadings reached per polymer and
per manufacturing technique is shown in Table 4.

From these results, it can be stated that HME was the most pro-
mising manufacturing technique for obtaining high drug loadings in
case of these NAP-polymer combinations. Since HME is a heat based
method, this finding is in line with the fact that heat is a very important
energy input for these combinations. The correct order of the techni-
ques is as follows: hot melt extrusion > spray drying > cryo-milling.
Based on the MDSC results (Table 3), it might have seemed that cryo-
milling was as promising as spray drying, but the heat applied during
these experiments led to dissolution of NAP in the polymer, leading to
the wrong conclusion. Therefore, the reported drug loadings in Table 4
are relatively low drug loadings based on XRPD results. Nevertheless,
the scale up from a 5 mL grinding jar to a 25 mL one showed the

potential of CM for reaching higher drug loadings than the ones ob-
tained in this study.

An interesting system to compare the three manufacturing techni-
ques was 35% NAP in combination with PVP-VA. Both in case of HME
and SD a single Tg was detected, while in case of CM two Tgs could be
distinguished (Fig. 15). The difference between HME and SD exists in
the variation of the Tg width. For HME this Tg width was 54.3 °C, while
for SD it was 68.1 °C. This shows that the spray dried ASD was more
heterogeneous than the extruded one. Although for all techniques 35%
NAP in combination with PVP-VA was formulated, clear differences in
phase behavior were detected. The most homogeneous system was
prepared using HME. This comparison supports the statement that HME
is the best manufacturing technique for obtaining high drug loadings in
case of these NAP-polymer combinations.

Although there is a clear difference between the NAP-polymer
combinations for the drug loadings that could be obtained, there was no
ideal polymer for NAP nor per manufacturing technique. Thus, the se-
lection of a polymer depends upon both the API and the technique used.
Considering the results in Table 4, the capability to reach high drug
loadings is another important characteristic to evaluate when selecting
a polymer for the formulation of ASDs.
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Fig. 14. A: MDSC thermograms of 35% NAP cryo-milled in combination with PVP-VA using a 25 mL grinding jar (green) and a 5 mL grinding jar (red). The arrows
indicate the position of the Tgs. B: XRPD diffractograms of 35% NAP cryo-milled in combination with PVP-VA using a 25 mL (green) grinding jar and a 5 mL (red)
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Fig. 15. MDSC thermograms of 35% NAP-PVP-VA prepared with all three
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The distinction between thermodynamic stabilization and kinetic
stabilization becomes clear when comparing these drug loadings with
the ones calculated with PC-SAFT. As described earlier, the solubility of
the API in the polymer can be calculated using PC-SAFT. Lehmkemper
et al. [11,12] determined the thermodynamic solubility of NAP in PVP-
VA, PVP and HPMC-AS. This resulted in the following maximum drug
loadings at room temperature: 20.7% for PVP-VA, 31.4% for PVP and
3% for HPMC-AS (Figs. 2 and 16). Here, higher drug loadings were
reached with PVP-VA and HPMC-AS for both HME and spray drying,
because of kinetic trapping (Fig. 16). In a SD process, the feed solution
is atomized in droplets, followed by mixing of the droplets with the
drying gas. The drying rate can be a critical factor for amorphization.
The solvent evaporation should be rapid enough to kinetically trap the
API in the polymer matrix. Thereby the API does not have the time to
crystallize during processing. Thus, the drying kinetics should be con-
trolled to make preparation of completely amorphous ASDs feasible
[13]. In a HME process, both the installed barrel temperature and ap-
plied shear forces heat the sample. When exiting the die, the mixture is
rapidly cooled, which should be fast enough to kinetically trap the API
in the polymer matrix. These are two different mechanisms that both
result in kinetic trapping of the API in the polymer matrix. As becomes
clear from the results in Table 4, these mechanisms make it possible to
reach higher drug loadings than thermodynamically predicted. In case
of PVP, higher drug loadings could be reached using HME, but in case
of SD the calculated drug loading of 31.4% was in between the ex-
perimentally determined range of 30–35% (Fig. 16A). Here, it was not
possible to reach higher drug loadings, but at least the calculated drug
loading was reached. This shows that the thermodynamic solubility can
be considered as the minimum drug loading that should be achieved at
a certain temperature. Since this minimum drug loading was not yet
reached for the NAP-PVP and PVP-VA combinations using cryo-milling,
an optimization of the process is required.

This study showed clear differences between spray drying, hot melt
extrusion and cryo-milling for their capability to reach high drug
loadings. In all cases, the conventional process parameters were used.
Except for the alterations of the barrel temperature in case of HME, no
optimization was performed. This implies that the drug loadings re-
ported here may be increased when a full optimization of the process
parameters is carried out. For SD, the drying air temperature, drying air
flow rate, feed solution flow rate and atomization air flow rate should
be optimized. For HME the important process parameters are the screw
speed, screw configuration, barrel temperature and the feed rate. In
case of CM, the filling level in the milling chamber, the milling

frequency, the milling time and the beads combination should be op-
timized. Even though a full optimization may show even more potential
for reaching higher drug loadings for all manufacturing techniques, this
study defined the potential differences between the techniques. It can
be stated that although the starting material is chemically identical, the
final products will be physically different when applying a technology
from a different category of manufacturing techniques.

4. Conclusion

In this study, four NAP-polymer combinations were prepared using
spray drying, hot melt extrusion and cryo-milling. By comparing these
three technologies, all three categories of manufacturing techniques
were covered. The same drug loading of 35% was pursued for all NAP-
polymer combinations and every technique. Where PVP-VA was the
best polymer for SD, PVP and PVP-VA were both promising for HME
and PVP showed the best results in case of CM. This showed that there
is no ideal NAP-polymer combination that could be applied for every
manufacturing technique. The selection of carrier should be made per
API and per technique. More importantly, the highest drug loadings
feasible for all combinations were established per technique.
Therefrom, it can be concluded that HME was the best manufacturing
technique for reaching high drug loadings in case of these NAP-polymer
combinations. This is in agreement with the importance of heat as an
energy input for these systems. By full optimization of the process
parameters even higher drug loadings might be obtained than described
here in the article, yet robustness will need to be proven as the man-
ufacturing process is scaled and undergoes the full manufacturing
variation. Next to this, it was shown that higher drug loadings could be
reached by kinetically trapping NAP in the polymer matrix than was
predicted based on thermodynamics. Since this kinetic stabilization can
minimize the molecular mobility to an acceptable low level, it is also
essential for obtaining an appropriate shelf life. In addition, the bio-
pharmaceutical performance, manufacturability and chemical stability
should be considered.
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Fig. 16. State diagrams of NAP with PVP K25 (A), PVP-VA64 (B) and HPMC-AS (C). The black squares indicate the Tgs and the triangles the solubility of NAP in the
polymer. The solubilities were determined experimentally (A, C) or taken from literature (B). Here, the white triangles were derived from Kyeremateng et al. [29] and
the black ones from Prudic et al. [30]. For PVP and PVP-VA, Flory-Huggings and an empirical model were applied as well. The solubilities calculated with PC-SAFT
are indicated with red squares, showing the solubility of NAP in the polymer at RT. The highest drug loadings reached with spray drying (green), hot melt extrusion
(blue) and cryo-milling (orange) are indicated. Reprinted (adapted) with permission from Lehmkemper et al. [11] ‘Impact of Polymer Type and Relative Humidity on the
Long-Term Physical Stability of Amorphous Solid Dispersions’, Molecular Pharmaceutics, 14(12), pp. 4374–4386. Lehmkemper et al. [12] ‘Long-Term Physical Stability of
PVP- and PVPVA-Amorphous Solid Dispersions’, Molecular Pharmaceutics, 14(1), pp. 157–171). Copyright 2017 American Chemical Society. (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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