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A B S T R A C T

The use of a mixture of polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) was investigated for micro-
wave-induced in situ amorphization of celecoxib (CCX) inside compacts. Such amorphization requires the
presence of a dipolar excipient in the formulation to ensure heating of the compact by absorption of the
microwaves. Previously, the hygroscopic nature of PVP was exploited for this purpose. By exposing PVP-
based compacts for set time intervals at defined relative humidity, controlled water sorption into the com-
pacts was achieved. In the present study, PEG was proposed as the microwave absorbing excipient instead of
water, to avoid the water sorption step. However, it was found that PEG alone melted upon exposure to
microwave radiation and caused the compact to deform. Furthermore, CCX was found to recrystallize upon
cooling in PEG-based formulations. Hence, a mixture of PEG and PVP was used, where the presence of PVP
preserved the physical shape of the compact, and the physical state of the amorphous solid dispersion. To
study the impact of the polymer mixture, different compact compositions of CCX, PEG and PVP were pre-
pared. When exposing the compacts to microwave radiation, it was found that the PEG:PVP ratio was critical
for in situ amorphization and that complete amorphization was only achieved above a certain temperature
threshold.
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

The formation of the amorphous form of a drug is a promising
approach to overcome a poor solubility and a slow dissolution rate,
which is often associated with the crystalline state of a drug.1,2 How-
ever, due to the thermodynamical instability of the amorphous from,
recrystallization occurs over time3 and hence, formulation
approaches such as co-amorphization, loading onto mesoporous sil-
ica or formulation as an amorphous solid dispersion (ASD) are gener-
ally necessary to stabilize the amorphous form.4−7 ASDs are mostly
produced by solvent evaporation (e.g. spray-drying) or melt-quench-
ing (e.g. hot-melt-extrusion) techniques.6,8,9 In an ASD, the drug is
molecularly dispersed in a polymeric carrier such as hydroxypropyl
methylcellulose acetate succinate, polyvinylpyrrolidone (PVP) or
polyethylene glycol (PEG).9−12 ASDs are usually physically stable at
relatively low drug loadings (up to ~20−30 wt%), however, the
hygroscopicity of hydrophilic polymers can still cause phase separa-
tion and recrystallization at timescales within the shelf life of the
drug product, as the sorption of water can lead to a mobility increase
of the ASD.3,4,6,13 Besides the shelf life stability problem, the
manufacturing of an ASD can be difficult due to e.g. the poor flow
properties of the ASD.14 Furthermore, manufacturing of an ASD
requires additional processing steps related to the formation of the
ASD compared to direct compaction, i.e. higher costs are associated
with the manufacturing.14

In situ amorphization is a recently introduced concept, which
potentially can overcome the manufacturing and stability issues asso-
ciated with ASDs.15 Using in situ amorphization, the ASD is formed
within the final dosage form, e.g. a compact, either as a final
manufacturing step or immediately prior to administration.16,17 The
use of in situ amorphization allows for processing of a physical mix-
ture, consisting of a crystalline drug and polymer, which enables the
use of direct compaction. Presently, in situ amorphization has been
described by: (i) immersion in water, (ii) heating using a convection
oven and (iii) exposure to microwave radiation.16−25 Of these
approaches, only (iii) has successfully been utilized to prepare a
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completely amorphous ASD.22,23,25 Recently, the preparation of
completely amorphous ASDs after exposure to microwave radiation
at 2.45 GHz was presented. Here, compacts containing physical mix-
tures of 30 wt% celecoxib (CCX) and PVP were stored under humid
conditions to gain 20−30 wt% of sorbed water. The compacts were
subsequently exposed to microwave radiation for 10 min to achieve
a completely amorphous ASD. In these compacts, the sorbed water
acted as a plasticizer and enabling excipient absorbing the micro-
wave radiation and producing heat.22

Microwaves range from the frequencies 0.03 GHz to 300 GHz of
the electromagnetic spectrum,26 with a typical household microwave
operating at a fixed frequency of 2.45 GHz. During the exposure of a
material to microwave radiation, the response of the material is
determined by its dielectric properties, i.e. its ability to absorb micro-
wave radiation.27 Molecular dipoles couple to microwave radiation
and heat is generated by their resulting oscillations,28 which means
the approach is only limited suitable for thermolabile drugs, as high
temperatures are reached during exposure to microwave radiation.
Since many drugs and polymers, such as PVP, either have weak
dipoles or not sufficient molecular mobility, their impact on the in
situ amorphization is usually negligible.29 Therefore, the addition
of a suitable (enabling) excipient is necessary. Previously, water
and glycerol have been used as enabling excipients for in situ
amorphization.22,23 However, it is desirable to keep the complexity of
the formulation low and avoid additional excipients where possible.

During in situ amorphization, it is suggested that the amorphiza-
tion follows a dissolution process of the drug into the polymeric net-
work at temperatures above the glass transition temperature (Tg) of
the polymer.16,22 Due to the high Tg of polymers used for in situ
amorphization so far, it has been necessary to lower the Tg of the
polymers to a temperature that can be reached during exposure
to microwave radiation using a suitable plasticizer, such as e.g.
sorbed water or glycerol, which are also dielectric enabling
excipients.16,18,19,22 Nevertheless, sorbed water inside compacts can
be impractical, as it requires long conditioning periods prior to expo-
sure to microwave radiation and can, potentially, also lead to the
hydrolysis of the drug.3,30 In order to avoid the use of sorbed water
when preparing compacts for in situ amorphization, it was suggested
to include an enabling polymeric excipient.

In this study, the polymer PEG was introduced as an enabling
excipient for in situ amorphization. PEG is available in a large range
of molecular weight grades. Common to all grades is that they are
semi-crystalline polymers that exhibit a Tg far below 0 °C.31 In addi-
tion, they all exhibit an onset of melting below 65 °C.32 At tempera-
tures below its melting point (Tm), PEG only absorbs microwave
radiation to a small extent. However, at temperatures above its Tm
the absorption of microwave radiation increases strongly33,34 as its
mobility increases, which allows it to couple its dipoles more effec-
tively to the alternating electromagnetic field.35 PEG has previously
been used to obtain an ASD from physical mixtures upon microwave
radiation.36 Furthermore, PEG is known to form monotectic mixtures
(special case of a eutectic mixture) with drugs that are miscible with
PEG. In case of the formation of a monotectic mixture, the Tm of a
compound (here: drug) is suppressed to the Tm of another compound
(here: PEG), i.e. in the present study both solid phases will melt at
the Tm of PEG. By the formation of a monotectic mixture, PEG holds
the potential of dissolving drugs at the Tm of the respective grade of
PEG, i.e. at lower temperatures than other polymer excipients, such
as Soluplus� and PVP, which were used in previous publications
describing in situ amorphization.37,38 Based on this, the use of PEG is
expected to allow for a faster onset and rate of amorphization. Hence,
the inclusion of a polymeric enabling excipient of sufficient mobility,
and with suitable dipole moment, which can form a monotectic mix-
ture and an ASD with the drug, is a promising strategy for in situ
amorphization using microwave radiation.36
However, above the Tm of PEG, the compacts will greatly deform
as the viscosity of PEG decreases. Additionally, the recrystallization
tendency of PEG was high upon cooling, which can be followed by
the recrystallization of the drug, i.e. phase separation occurs.

To (i) minimize the deformation of the compacts and (ii) increase
the physical stability of the obtained ASD, PVP was incorporated into
the compact formulation in a step-wise fashion. To study the mecha-
nism of in situ amorphization using an enabling polymeric excipient,
the aim of this study was two-fold: Firstly, to identify a PEG:PVP ratio,
which would (i) allow for sufficient dielectric heating by the polymer
PEG to achieve complete amorphization of the drug, (ii) stabilize the
physical shape of the compacts and ensure physical stability of the
obtained ASD upon cooling, and (iii) achieve complete amorphization
for a drug load of 30 wt% or 50 wt% CCX after a maximum of 600 s of
exposure to microwave radiation. Secondly, two different grades of
PEG, 2000 and 3000, were tested, to study the influence of the poly-
mer on the rate of amorphization of the drug.
Methods and Materials

Materials

Celecoxib (CCX, Mw = 381.37 g/mol) and magnesium stearate
(MgSt, Mw = 591.27 g/mol) were purchased from Fagron Nordic A/S
(Copenhagen, Denmark). Polyethylene glycol (PEG) 2000
(Mw = 2000 g/mol) and PEG 3000 (Mw = 3000 g/mol) were a kind gift
from Merck KGaA (Darmstadt, Germany). PEG 4000 (Mw = 4000 g/
mol) was purchased from Honeywell Fluka (Vallensbæk, Denmark).
Kollidon� 17PF (PVP, Mw = 7000-11000 g/mol) was kindly gifted by
BASF (Ludwigshafen, Germany). Silica gel was purchased from
Sigma-Aldrich A/S (St. Louis, MO, USA). All chemicals were used as
received.
Thermal Analysis

Thermal analysis was performed using a Discovery differential
scanning calorimeter (DSC) from TA Instruments Inc. (New Castle,
DE, USA). The experiments were performed under a nitrogen gas
purge of 50 mL/min and conducted as single runs (n = 1). The results
were analyzed using the TRIOS software (version 4.1.1) from TA
Instruments Inc. (New Castle, DE, USA). The Tm were determined as
the onset of melting for PEG 2000, PEG 3000, CCX-PEG, CCX-PVP and
PVP-PEG, and as the temperature of the maximum peak height of the
melting endotherm for the CCX-PEG and CCX-PEG-PVP mixtures
(where the dissolution rate is highest), whilst the Tg were determined
at half height of the transition. In the experiments described below,
samples of 3−5 mg were placed into Tzero aluminium pans with her-
metic lids. The lids were perforated for mixtures containing PVP to
allow for water evaporation.
Binary PVP-PEG Mixtures
To evaluate the solubility of PVP in PEG, physical mixtures, of

100 mg each, were prepared by mortar and pestle containing 10-
90 wt% PVP and PEG 2000 or PEG 3000 in 10 wt% increments. A mod-
ulated heating scan was applied from 0°C to 180°C at a heating ramp
of 3°C/min with a modulation amplitude of 1°C every 50 s.
Binary CCX-PEG Mixtures
To evaluate the solubility of CCX in PEG, physical mixtures of

100 mg, containing 10−90 wt% CCX and PEG 2000 or PEG 3000 in
10 wt% increments, were prepared using mortar and pestle. These
mixtures were analyzed using a heating rate of 10°C/min from 0°C to
180°C without modulation.
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Binary CCX-PVP Mixtures
To determine the melting-point depression for CCX in PVP,

100 mg physical mixtures containing 10−90 wt% CCX in PVP in incre-
ments of 10 wt% were prepared by mortar and pestle. A modulated
heating run was applied from 20°C to 190°C at a rate of 3°C/min with
an amplitude of 1°C every 50 s.

Ternary CCX-PEG-PVP Mixtures
To obtain the data points for ternary contour plots of CCX, PEG,

and PVP physical mixtures, containing CCX, PEG 2000 or PEG 3000
and PVP (see Table 1) were analyzed using the modulated DSC
method as described for the binary PVP-PEG mixtures.

Pure PEG 2000 and PEG 3000
To characterize the pure substances, samples of PEG 2000 and PEG

3000 were measured by DSC at a heating rate of 10°C/min from 20°C
to 100°C and their respective Tm were determined.

Compact Preparation

Physical mixtures, containing either 30 wt% or 50 wt% CCX, PEG
2000 or PEG 3000, PVP and 1 wt% magnesium stearate (lubricant),
were prepared by mortar and pestle. The composition of the physical
mixtures can be found in Table 1. Following preparation, 100 § 2 mg
of each physical mixture was compacted into flat-faced cylindrical
compacts with a diameter of 6 mm using an instrumented single
punch tablet press GTP-1 from Gamlen Instruments (Nottingham,
UK) fitted with a 500 kg load cell (CT6-500-022) at a compression
pressure of 35 MPa. The compacts were stored over dried silica at
ambient temperature until use to avoid water sorption.

In situ Amorphization

The compacts were exposed to microwave radiation to induce in
situ amorphization using a household-microwave oven, NN-
DF383BGPG from Panasonic (Hamburg, Germany). Due to the pres-
ence of hotspots caused by standing waves in multimode cavities,
such as the microwave oven used, the compacts were placed on the
same hotspot (which was larger than the compact) in each experi-
ment to ensure uniformity and reproducibility. To reduce passive
heating of the compacts from the bottom plate of the microwave
oven, each compact was placed on a polypropylene watch glass with
only minor contact areas to the bottom plate of the microwave oven.
The watch glass was then placed in the location of the selected
Table 1
Composition of Physical Mixtures/Compacts Containing CCX, PEG 2000 or PEG 3000
and PVP. All Compacts Were Prepared With 1 wt% MgSt as a Lubricant. Compacts Indi-
cated With Asterix Liquefied Upon Exposure to Microwave Radiation and Only Their
Physical Mixtures are Used for the Thermal Analysis Discussion. Compacts Indicated
With two Asterix Became Completely Amorphous Within 600 s of Exposure to Micro-
wave Radiation.

Compact name CCX [wt%] PEG 2000 or
PEG 3000 [wt%]

PVP [wt%]

30 wt% CCX, 10 wt% PEG 30 10 59
30 wt% CCX, 20 wt% PEG 30 20 49
30 wt% CCX, 30 wt% PEG** 30 30 39
30 wt% CCX, 40 wt% PEG** 30 40 29
30 wt% CCX, 50 wt% PEG** 30 50 19
30 wt% CCX, 60 wt% PEG* 30 60 9
30 wt% CCX, 69 wt% PEG* 30 69 0
50 wt% CCX, 10 wt% PEG 50 10 39
50 wt% CCX, 20 wt% PEG 50 20 29
50 wt% CCX, 30 wt% PEG** 50 30 19
50 wt% CCX, 40 wt% PEG* 50 40 9
50 wt% CCX, 49 wt% PEG* 50 49 0
hotspot. Polypropylene is microwave transparent and therefore
reduces any effects due to additional heating of the compacts from
microwave radiation.

Due to their small volume, the compacts absorb only a small pro-
portion of the microwave radiation. In order to avoid damaging the
microwave oven, a beaker filled with 500 mL of distilled water and
glass beads, sealed inside a Quick CleanTM microwave steam bag
from Medela AG (Baar, Switzerland), was placed in the microwave
oven to absorb the residual microwave radiation. The steam bag con-
tained the steam created by the water upon exposure to microwave
radiation for approx. 5 min. The steam was then released through a
small opening of the steam bag towards the microwave oven door,
where a paper was located to absorb (most of) the steam. Neverthe-
less, another beaker (150 mL) was placed upside down over the poly-
propylene watch glass with the compact, to protect the compact
from the increasing humidity inside the microwave chamber during
exposure to microwave radiation. (The increasing humidity is caused
by evaporation of water from the beaker in the microwave steam
bag.) Due to the increasing humidity in the microwave oven from the
steam, it cannot be excluded that convective heat transfer was possi-
ble from the (hot) air to the compact (passive heating). It was not
possible to completely exclude the contribution of convective heat
transfer to the heating upon exposure to microwave radiation.

The surface temperature of the compact was monitored every sec-
ond during exposure to microwave radiation, with a resolution of
0.1°C, using a fiber optic temperature probe OTG-A from OpSens Sol-
utions (Qu�ebec, Canada). The generated signal was transferred using
a Pico-M signal conductor and further analyzed using the Softsense
Software from OpSens Solutions (Qu�ebec, Canada). Each compact
was exposed to microwave radiation for 120 s, 240 s, 360 s, 480 s or
600 s at a power output of 1000 W. Each experiment was conducted
in triplicate (n = 3).

Quantification of Amorphous Content of Celecoxib

Transmission Raman spectroscopy was used as an in-line, non-
destructive measurement to quantify the degree of amorphization of
CCX before and after exposure to microwave radiation. Prior to trans-
mission Raman spectroscopy analysis, the compacts were allowed
to cool down to room temperature, i.e. the analysis was performed
1−2 min after exposure to microwave radiation. The quantification
was performed using a Kaiser RXN1 Microprobe from Kaiser Optical
Systems (Ann Arbor, MI, USA) equipped with a PhAT-probe (Pharma-
ceutical Area Testing). The setup was described in detail by Hempel
et.al. (2020).22 In short, the compacts were placed on an excitation
fiber with a power output at the fiber of 200 mW connected to an
AD127NT diffuser from Thorlabs Inc. (Newton, NJ, USA). Using the
PhAT-probe, the inelastically scattered light was collected at a dis-
tance of 20 mm using a 5x objective. The total acquisition time was
20 s, which is equal to an average of 5 measurements with an expo-
sure time of 4 s each. The wavelength of the excitation laser was
785 nm. The Raman spectra were recorded in the range of 150
−1900 cm�1 at a resolution of 5 cm�1. Dark frames were subtracted
from each measurement and the analysis was conducted using a par-
tial-least-squares regression (PLS) model from a calibration space
described by Edinger et al. (2018).19 The PLS model was obtained
from the spectral region from 705 cm-1 to 845 cm�1, which shows
distinguishable features of crystalline and amorphous CCX. The PLS
model, which was initially only designed for compacts containing
CCX and PVP, was validated for the additional excipients PEG 2000
and PEG 3000 (section S1 in Supplementary Material (SM)). Based on
the results in Figure S1a and Figure S1b, the PLS model was applicable
for compacts containing PEG next to CCX and PVP, as only CCX is
active in the chosen spectral region. Pre-processing of the data was
performed using Savitzky-Golay (SG) smoothing and standard
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normal variate transformation (SNV). The data pre-processing was
performed using the PLS toolbox 8.1.1 from Eigenvector Research Inc.
(Manson, WA, USA) in MatLab from MathWorks (Natick, MA, USA).

Results and Discussion

During exposure to microwave radiation compacts with CCX and
PEG 2000 or PEG 3000 will melt due to the formation of a monotectic
mixture at temperatures above the Tm of the polymers, and recrystal-
lize upon cooling. Hence, the incorporation of a polymer that can sta-
bilize the physical shape of the compacts and the amorphous state of
the drug, such as PVP, was required to produce a shape- and physi-
cally stable ASD. In order to determine the solubility of CCX in the
polymers PEG and PVP, as well as the necessary temperature to
obtain an ASD upon exposure to microwave radiation, thermal analy-
sis was performed. For this, ternary mixtures of CCX, PEG 2000 or
PEG 3000 and PVP as well as binary mixtures of CCX:PEG, PVP:PEG
and CCX:PVP, were analyzed and ternary phase diagrams were
plotted.

The temperature threshold as determined by thermal analysis, i.e.
the Tm of the mixture, was linked to the measured surface tempera-
ture of the compact that was obtained during exposure to microwave
radiation. This approach allowed for the determination of an optimal
ratio between CCX:PEG:PVP for in situ amorphization. The ratio
between PEG and PVP was considered critical. For example, insuffi-
cient amounts of PEG will result in inefficient heating and insufficient
amounts of PVP will result in deformed compacts that are limited by
their high drug recrystallization tendency.

The Determination of the Solubility of CCX in the Polymer Mixtures and
the Temperature Threshold for in Situ Drug Amorphization

Binary Systems of CCX in PEG 2000 and PEG 3000
The solubility of CCX in PEG 300 (liquid at room temperature, i.e.

20°C) was recently determined to be approximately around
40 wt%.39 It was suggested that the solubility in molten PEG 2000
and PEG 3000 is comparable to the reported value for liquid PEG 300,
as the drug-polymer solubility is only influenced by the molecular
weight of the polymer to a minor extent. For example, the indepen-
dence of the drug-polymer solubility on the polymer grade has previ-
ously been described for drug-PVP systems.40 Fig. S2 shows the
phase diagrams for CCX in PEG 2000 and PEG 3000 as determined by
thermal analysis. It can be seen that a monotectic behavior is present
and the solubility limit is reached at a weight ratio of 40:60, CCX to
PEG (2000 or 3000). Fig. S3 shows the thermograms of mixtures for a
weight ratio of 40:60 and 50:50, CCX to PEG 2000 and PEG 3000,
respectively. These data confirmed that the solubility limit was
exceeded at a 50:50 wt% as an additional endothermic event can be
observed at higher temperatures. The temperature for the onset of
melting in a mixture of 40:60 CCX to PEG (2000 or 3000) was slightly
lower compared to the pure compound PEG 2000 and PEG 3000, indi-
cating the formation of a monotectic (Fig. S2a and b).

Due to a decrease in viscosity, and the resulting increase in molec-
ular mobility,32,41,42 the dissolution rate of CCX in PEG 2000 and PEG
3000 increases at temperatures above the Tm of the PEGs. This means
that the dissolution of CCX into the polymers takes place (i) relatively
more slowly in the amorphous domains of the polymer at tempera-
tures above the Tg of PEG but below Tm of PEG, and (ii) at a higher dis-
solution rate above the Tm of PEG. Temperatures exceeding Tg are
required for the dissolution process as the translational motions
required for diffusion and subsequent molecular mixing between
drug and polymer in the solid-state are not possible at lower temper-
atures. The Tg of PEGs with low molecular weights are reported to be
below -70°C (e.g. PEG 4000 has a reported Tg of -76.6°C),43 whilst
with decreasing molecular weight, the Tg is usually lower.31 The Tm
of PEG 2000 and PEG 3000 were found to be at 50.3°C and 57.5°C,
respectively (Figure S4).

The monotectic behavior of CCX-PEG was confirmed by exposing
compacts containing only 30 wt% CCX and 69 wt% PEG 2000 or PEG
3000, or 50 wt% CCX and 49 wt% PEG 2000 or PEG 3000 without the
addition of PVP to microwave radiation (Table 1). As predicted, the
compacts deformed/liquefied (Figure S5a-b). The compacts contain-
ing only CCX and PEG 2000 or PEG 3000 were at first completely liq-
uid. However, upon cooling to room temperature PEG and CCX
recrystallized quickly into separate phases.
Binary Systems of PVP in PEG 2000 and PEG 3000
Mixtures of PEG and PVP are commonly used to prepare ASDs.12,44

It is hypothesized that small amounts of PVP can sterically hinder the
recrystallization upon cooling, both of CCX and PEG, as it also dis-
solves in the PEGmelt, which allows for the formation of larger amor-
phous domains inside the compacts, which in turn will stabilize the
ASD.45

PVP can dissolve into the PEG melt until the solubility limit is
reached. It has been reported that the solubility of PVP and PEG in
each other depends on the molecular weight of both polymers and
their respective ratio.46,47 Hence, the solubility of PVP in PEG 2000
and PEG 3000 was determined.

The solubility for PVP : PEG 2000 and PVP : PEG 3000 was deter-
mined using binary mixtures of the polymers (phase diagram Figure
S6). PVP dissolved into the molten PEG 3000 at the Tm of PEG 3000
until a 50:50 wt% mixture was reached. At higher concentrations of
PVP, a Tg for a PVP polymer-rich phase was observed at temperatures
above the Tg of the mixed polymer phase (Note: the Tg of PVP is low-
ered with increasing amount of PEG), indicating complete solubility
between PVP and PEG 3000 for mixtures within the range of ratios of
0:100 to 50:50 wt%. For PEG 2000, the solubility of PVP in PEG 2000
was higher, i.e. up to 90 wt% PVP could be dissolved in PEG 2000. At
higher concentrations of PVP, a separate Tg that was indicative of a
PVP polymer-rich phase was detected. Overall, it was found that PVP
has a higher solubility in PEG 2000 compared to PEG 3000.

The solubility limit of PVP in PEG 2000 is not reached in the com-
pact compositions investigated (Table 1). In the compacts containing
PEG 3000, the maximum amount of PVP was 59 wt% to 10 wt% PEG
3000 (85:15 wt% PVP to PEG 3000, Table 1), hence not all PVP was
able to dissolve into the PEG 3000 melt at the highest PVP content.
Binary System of CCX in PVP
CCX has a solubility of around 40 wt% in PVP at room temperature

and this was found to be independent of the molecular weight of the
PVP.48 Therefore, the drug could potentially also dissolve into the
pure PVP-rich phase above the Tg of PVP. The Tg of PVP (Lit.: 138 °C49)
corrected by the water content in the mixtures (Table S1 and S2),
was detected at around 100 °C. It has previously been suggested that
no considerable dissolution of CCX into the pure polymer phase of
PVP can take place until a temperature of Tg + 20°C has been reached,
as only above this temperature the viscosity is sufficiently low to
allow for dissolution in a time-frame relevant for in situ amorphiza-
tion, i.e. ≤ 20 min.50 As this temperature (i.e. 120 °C) is far above the
Tm of PEG it is highly unlikely that a dissolution process of the drug
into pure PVP is taking place as described for previous studies in the
field of in situ amorphization.16,19,22 Furthermore, in a recent publica-
tion, a lowerMw of PVP, i.e. PVP12, was used for in situ amorphization
utilizing microwave radiation. 22,25 As the Tg of PVP12 is lower than of
PVP used in this study, i.e. PVP17, it was observed that drug dissolu-
tion of CCX into PVP12 was possible at temperatures below 100°C. To
avoid drug dissolution into the PVP, and thereby only evaluate PVP's
function as a stabilizer with respect to the physical form, PVP17 was
chosen for the present study. Based on this consideration, both the
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model drug CCX and the polymer PVP17 of the present system are
expected to predominantly dissolve into the molten PEG.
Ternary Systems of CCX in PVP-PEG 2000 and PVP-PEG 3000 Blends
Figure 1a shows the ternary phase diagram for CCX, PEG 2000 and

PVP and Figure 1b shows the ternary phase diagram for CCX, PEG
3000 and PVP. For the ternary phase diagram, the temperature of the
last endothermic event (Tm or Tg) was determined as this is consid-
ered equivalent to the minimum temperature needed to achieve
complete amorphization upon exposure to microwave radiation. The
compact compositions used for in situ amorphization are marked in
the ternary phase diagram as black dots (Figure 1). Following the bot-
tom-axis (celecoxib content) at a drug load of 30 wt% and 50 wt%, the
compositions were chosen by increments of 10 wt% PEG 2000 or PEG
3000 (see also Table 1). The drug load of 30 wt% was chosen, as this
represents the recently reported highest drug load achieved using
CCX and PVP by in situ amorphization. The drug load of 50 wt% was
chosen to represent a drug load above the solubility limit of CCX in
molten PEG and PVP at room temperature, respectively (both were
approximately 40 wt%). As temperatures above room temperature
are reached during exposure to microwave radiation, higher drug
loadings were considered possible.
The Role of the Amorphous Polymer PVP in the Compacts

PVP is an amorphous polymer, which does not liquefy under the
applied conditions. PVP was incorporated into the compacts (i) in
order to stabilise the physical shape and to decrease the softening of
the formulation and the subsequent deformation of the compacts
upon exposure to microwave radiation; and (ii) as an amorphous sta-
bilizer for the obtained ASD to prevent recrystallization of CCX upon
cooling to room temperature.51,52

In order to identify a suitable ratio of PVP:PEG 2000 and PVP:PEG
3000, which would (i) allow for sufficient dielectric heating by the
polymeric enabling excipient PEG, (ii) stabilize the physical shape of
the compacts and the obtained ASD upon cooling by the polymer PVP
and (iii) achieve complete amorphization for a drug load of 30 wt% or
50 wt% CCX after latest 600 s of exposure to microwave radiation, the
amount of PVP was increased by 10 wt% steps, with the remaining
PEG content being at least 10 wt% (Table 1), while the physical
Figure 1. Contour plots obtained by thermal analysis (DSC) reporting the temperature thre
PEG and PVP for a) PEG 2000 and b) PEG 3000. The content of each component is given in w
compact compositions used for microwave-induced in situ amorphization (Table 1). The red
600 s of exposure to microwave radiation. The thermal events were obtained in the total hea
stability and the degree of CCX amorphization of the compacts were
studied. A maximum exposure time of 600 s was chosen, as this was
the exposure time needed to obtain a complete amorphous ASD of
30 wt% CCX and PVP using water as an enabling excipient.22

With the addition of low amounts of PVP (9 wt%), i.e. for the com-
pacts 30 wt% CCX, 60 wt% PEG 2000 or PEG 3000 and 50 wt% CCX,
40 wt% PEG 2000 or PEG 3000 (Table 1), no sufficient physical stabili-
zation was obtained, resulting in a recrystallization of PEG and CCX
upon cooling as revealed by XRPD. Diffractograms of the compacts
without PVP and with low amounts of PVP, after exposure to 600 s of
microwave radiation, indicate complete amorphization only in some
cases, as CCX recrystallized before, during or following the measure-
ment (Fig. S7). The initially transparent visual appearance of the com-
pacts (Fig. S5) supports that the compacts were initially completely
amorphous as a melt, meaning CCX was completely dissolved in the
molten PEG. However, CCX and PEG showed a high tendency to
recrystallize in the compacts (Fig. S7). Most likely this is a result of
the high tendency of PEG to recrystallize upon cooling to room
temperature.45,53 The recrystallization of PEG subsequently resulted
in the recrystallization of CCX since it could only stay amorphous in
the remaining amorphous areas of the semicrystalline PEG polymer.

The quantification of the amorphous content after exposure to
microwave radiation using transmission Raman spectroscopy could
not be conducted on molten transparent compacts (directly after
exposure to microwave radiation), i.e. compacts containing only the
PEG and not a polymer mixture of PEG and PVP due to the insufficient
laser scattering from the transparent compacts.

It was found that a minimum of 19 wt% PVP was necessary to
obtain compacts that did not deform to a high degree upon exposure
to microwave radiation (visually evaluated, Fig. S5c−e). Hence, com-
pacts containing 9 wt% PVP were excluded from any further studies.
Rate and Degree of in Situ Amorphization of CCX in PEG-PVP Compacts
During Exposure to Microwave Radiation

Figure 2 shows a plot of the degree and rate of CCX amorphization
obtained in the compacts exposed to microwave radiation for differ-
ent amounts of time.

Figure 2a and b show the degree of amorphization for compacts
prepared with a 30 wt% drug load and PEG 2000 or PEG 3000,
shold in each binary (CCX:PEG, PVP:PEG, CCX:PVP) and in the ternary systems of CCX,
t%. The temperature scale is shown to the right hand side. The black dots indicate the
circles indicate the compact formulations, which became completely amorphous after
t flow.



Figure 2. Degree of CCX amorphization quantified by transmission Raman spectroscopy for compacts prepared with: a) 30 wt% CCX, PEG 2000 and PVP, b) 30 wt% CCX, PEG 3000
and PVP, c) 50 wt% CCX, PEG 2000 and PVP, and d) 50 wt% CCX, PEG 3000 and PVP, after 120 s, 240 s, 360 s, 480 s and 600 s of exposure to microwave radiation (Mean § SD, n = 3).
Straight lines connecting each data point were drawn to guide the eye. PEG 2000 graphs are colored blue and PEG 3000 graphs are colored red. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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respectively. Generally, the rate of amorphization decreased with
decreasing content of PEG (i.e. increasing content of PVP). A slightly
faster increase in forming amorphous CCX was found for PEG 2000
compacts compared to PEG 3000 compacts. Complete in situ amorph-
ization was achieved for compacts containing 30 wt%, 40 wt% and
50 wt% PEG 2000 or PEG 3000 after 600 s of exposure to microwave
radiation. The data obtained from the PLS quantification of the spec-
tra from transmission Raman spectroscopy was supported by XRPD
diffractograms (Fig. S8). Some of the compacts became amorphous
even at exposure times lower than 600 s, e.g. 30 wt%, 40 wt% and
50 wt% PEG 2000 compacts were completely amorphous already
after 420 s (Figure 2a). However, compacts containing 10 wt% or
20 wt% PEG 2000 or PEG 3000 did not become completely amorphous
after 600 s of exposure to microwave radiation (Figure 2a/b).

Similarly, Figure 2c and d show plots of the rate and degree of CCX
amorphization obtained with a 50 wt% drug load in PEG 2000 com-
pacts or PEG 3000 compacts, respectively. Not surprisingly, the rates
of amorphization were slower for the compacts with 50 wt% CCX as
compared to compacts containing 30 wt% CCX (Figure 2 c/d vs a/b).
The formation of a completely amorphous ASD was possible for a
drug load of 50 wt% using 30 wt% PEG 2000 or PEG 3000 and an expo-
sure time of 600 s of microwave radiation (Figure 2c/d).

As can be seen in Figure 2, the initial degree of amorphization at
t = 0 min varied from around −2% with PEG 3000 (Figure 2 b and d),
to around 8% with PEG 2000 (Figure 2a and c). Furthermore, for
compacts with high PEG content, a higher degree of amorphization of
CCX was observed before exposure to microwave radiation compared
to compacts with a lower PEG content. This can be explained by the
low Tg of PEG and a possible short melting of PEG on the surface of
the compact upon compression of the compacts. As the Tg of PEG is
below room temperature partial dissolution of the drug into PEG was
already possible during mixing and compaction.22,54 This effect was
more pronounced for compacts containing PEG 2000. This is not sur-
prising given the lower viscosity of PEG 2000 due to the shorter chain
length and lower overall crystallinity,53 making it more mobile than
PEG 3000 at room temperature.50,55 Furthermore, when comparing
Figure 2a/b and 2c/d, the initial degree of amorphization was lower
for systems containing 50 wt% CCX. The change in initial degree of
amorphization for 30 wt% to 50 wt% CCX was due to a smaller ratio of
CCX to PEG for compacts with 50 wt% CCX.

Analysis of the Temperature of the Compacts During in Situ Drug
Amorphization and the Amorphization Kinetics

It has been suggested previously, that the amorphization process
of a drug in a polymer, at temperatures above the Tg of the polymer,
follows a dissolution process and is enhanced with increasing tem-
perature above this temperature threshold.22,56 Additionally, it was
suggested that the temperature of the compact increases faster
above, than below the Tm of PEG due to the increased mobility of
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liquid PEG, as compared to solid PEG. In the present study, the tem-
perature was measured on the surface of the compacts during expo-
sure to microwave radiation in order to correlate it to the obtained
rate and degree of amorphization. Figure 3 shows the compact sur-
face temperature recorded during exposure to microwave radiation,
as a function of time.

For all four groups of compacts, i.e. with both drug loadings in
both PEG 2000 and PEG 3000, the PEG content did not affect the time
to reach the Tm of the PEG (p > 0.05), i.e. approximately 200 s for PEG
2000 and 250 s for PEG 3000 (Figure 3a−d). Additionally, for all com-
pacts, the maximum temperature reached after 600 s of exposure to
microwave radiation increased with increasing PEG content
(Figure 3a-d). As PEG melts, it absorbs the microwave radiation to a
higher extent,34,35 corresponding to the steeper temperature increase
above its Tm as indicated by the dotted lines in Figure 3. The faster
temperature increase is especially evident in compacts with high PEG
content. This can be explained by the mobility increase of the dipoles
in the liquid state compared to the solid state, and hence a change in
the dielectric properties causing a better adaptability to the alternat-
ing electromagnetic field.34,35 As there is not a strict correlation
between the PEG content and the temperature increase, it is sug-
gested that convective heating contributed to the heating to some
extent.

When comparing Figures. 2 and 3, it is apparent that the amorph-
ization of CCX also occurred at temperatures below the Tm of the
Figure 3. (Surface) temperature recorded during exposure to microwave radiation for 600 s
30 wt% CCX, PEG 3000 and PVP, c) 50 wt% CCX, PEG 2000 and PVP and d) 50 wt% CCX, PEG 3
indicate the Tm of the respective PEG. Straight lines connecting each data point were drawn
red. (For interpretation of the references to color in this figure legend, the reader is referred t
pure PEG, which can be assigned to a dissolution process of the drug
into the amorphous fraction of the semicrystalline polymer PEG.

It has previously been shown that large amounts (20−30 wt%) of
sorbed water can be used to achieve in situ amorphization upon
exposure to microwave radiation.16,19,22 It is therefore important to
consider the effect of water on the temperature profile described in
Figure 3. All compacts contained small amounts of water (< 5 wt%),
mainly due to the bound water in the bulk PVP (Tables S1 and S2).
The water content before and after exposure to microwave radiation
in the compacts was considered constant. Even though the water
content was found constant, a dynamic process is suggested, where
the compacts desorb and re-absorb water (from the steam) over the
course of exposure to microwave radiation. Small amounts of water
(here the water of the bulk polymer PVP), in contrast to large
amounts of sorbed water in PVP (e.g. 20−30 wt%), is less mobile and
more bound to PVP (both water species are less mobile than free
(bulk) water).57 Therefore, the small amounts of water originating
from bulk PVP are suggested to only contribute to a minor extent to
the heating of the compacts during exposure to microwave radiation.
Overall, the first part of the heating of the compact below the Tm of
PEG is suggested to be generated by the amorphous fractions of solid
PEG. Above the Tm of PEG, the molten PEG was responsible for the
majority of the heating of the compacts.

Figure 1 revealed which temperatures are needed to achieve com-
plete amorphization (temperature of black dots), which can be
as a function of time for compacts prepared with: a) 30 wt% CCX, PEG 2000 and PVP, b)
000 and PVP using a fiber optic temperature probe (Mean § SD, n = 3). The dotted lines
to guide the eye. PEG 2000 graphs are colored blue and PEG 3000 graphs are colored

o the web version of this article.)
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compared to the temperature plots shown in Figure 3. As PEG func-
tioned as the dielectric heating source, lower temperatures were
obtained for compacts with lower wt% PEG. For the 50 wt% CCX,
30 wt% PEG 2000 compacts, the temperature threshold was between
114 °C and 124 °C (Figure 1a). Figure 3a shows that this temperature
was indeed obtained (119.8°C § 16.7°C; Mean § SD, n = 3) along with
complete amorphization (Figure 2a). For the 30 wt% CCX, 20 wt% PEG
2000 compact, the temperature threshold was around 104°C. How-
ever, this temperature was not reached during 600 s of exposure to
microwave radiation (87.1°C § 9.2°C (Mean § SD, n = 3)) (Figure 3a)
and hence, complete amorphization was not achieved (Figure 2a). It
is suggested that the use of PEG and PVP as a binary polymer mixture
is suitable for microwave-induced in situ amorphization also for other
drugs apart from CCX, which are soluble in PEG. Furthermore, to the
best of our knowledge, chemical instabilities of the drug CCX are not
reported in the presence of PEG or PVP, which provides potentially
another advantage over the use of sorbed water.

Conclusions

The influence of a mixture of PEG and PVP on the microwaved-
induced in situ amorphization was studied using PEG 2000 and PEG
3000, and drug loadings of 30 wt% and 50 wt%. A polymeric blend of
PEG and PVP in the compact was found favorable for the formation of
a completely amorphous ASD to (i) allow sufficient dielectric heating
by the polymer PEG and (ii) maintain the physical shape of the com-
pact by PVP and (iii) hinder recrystallization of the obtained ASD
upon cooling by PVP. Using compacts containing mixtures of PVP and
PEG, completely amorphous solid dispersions were obtained after
600 s of exposure to microwave radiation. Compacts containing PEG
2000 showed a slightly faster rate of amorphization than compacts
with PEG 3000. Overall, the use of a mixture of PEG and PVP was
found superior over the use of the individual polymers and suitable
for in situ amorphization with a drug load of up to 50 wt%, which is
the highest, so far reported.
Acknowledgement

This project was funded by the Independent Research Fund Den-
mark (Grant no. DFF-7026-00052B).
Supplementary Materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.xphs.2021.05.010.
References

1. Alonzo DE, Zhang GGZ, Zhou D, Gao Y, Taylor LS. Understanding the behavior of
amorphous pharmaceutical systems during dissolution. Pharm Res. 2010;27
(4):608–618.

2. Pan X, Julian T, Augsburger L. Increasing the dissolution rate of a low-solubility
drug through a crystalline-amorphous transition: a case study with indomethicin.
Drug Dev Ind Pharm. 2008;34(2):221–231.

3. Grohganz H, L€obmann K, Priemel P, Jensen KT, Graeser K, Strachan C, Rades T.
Amorphous drugs and dosage forms. J Drug Deliv Sci Technol. 2013;23(4):403–408.

4. He Y, Ho C. Amorphous solid dispersions: utilization and challenges in drug discov-
ery and development. J Pharm Sci. 2015;104(10):3237–3258.

5. Laitinen R, L€obmann K, Strachan CJ, Grohganz H, Rades T. Emerging trends in the
stabilization of amorphous drugs. Int J Pharm. 2013;453(1):65–79.

6. Ma X, Williams RO. Characterization of amorphous solid dispersions: an update. J
Drug Deliv Sci Technol. 2019;50:113–124.

7. Liu J, Grohganz H, Lobmann K, Rades T, Hempel NJ. Co-amorphous drug formula-
tions in numbers: recent advances in co-amorphous drug formulations with focus
on co-formability, molar ratio, preparation methods, physical stability, in vitro and
in vivo performance, and new formulation strategies. Pharmaceutics. 2021;13
(3):389.
8. Lenz E, Lobmann K, Rades T, Knop K, Kleinebudde P. Hot melt extrusion and spray
drying of co-amorphous indomethacin-arginine with polymers. J Pharm Sci.
2017;106(1):302–312.

9. Vasconcelos T, Marques S, das Neves J, Sarmento B. Amorphous solid disper-
sions: rational selection of a manufacturing process. Adv Drug Deliv Rev.
2016;100:85–101.

10. Vasconcelos T, Sarmento B, Costa P. Solid dispersions as strategy to improve oral
bioavailability of poor water soluble drugs. Drug Discov Today. 2007;12(23
−24):1068–1075.

11. Baghel S, Cathcart H, O'Reilly NJ. 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(9):2527–2544.

12. Barmpalexis P, Koutsidis I, Karavas E, Louka D, Papadimitriou SA, Bikiaris DN.
Development of PVP/PEG mixtures as appropriate carriers for the preparation
of drug solid dispersions by melt mixing technique and optimization of disso-
lution using artificial neural networks. Eur J Pharm Biopharm. 2013;85(3 Pt
B):1219–1231.

13. Huang Y, Dai WG. Fundamental aspects of solid dispersion technology for poorly
soluble drugs. Acta Pharm Sin B. 2014;4(1):18–25.

14. Demuth B, Nagy ZK, Balogh A, Vigh T, Marosi G, Verreck G, Van Assche I, Brewster
ME. Downstream processing of polymer-based amorphous solid dispersions to
generate tablet formulations. Int J Pharm. 2015;486(1-2):268–286.

15. Priemel PA, Grohganz H, Rades T. Unintended and in situ amorphisation of phar-
maceuticals. Adv Drug Deliv Rev. 2016;100:126–132.

16. Doreth M, Hussein MA, Priemel PA, Grohganz H, Holm R, Lopez de Diego H, Rades
T, Lobmann K. Amorphization within the tablet: using microwave irradiation to
form a glass solution in situ. Int J Pharm. 2017;519(1-2):343–351.

17. Doreth M, L€obmann K, Grohganz H, Holm R, Lopez de Diego H, Rades T, Priemel PA.
Glass solution formation in water - In situ amorphization of naproxen and ibupro-
fen with Eudragit� E PO. J Drug Deliv Sci Technol. 2016;34:32–40.

18. Doreth M, Lobmann K, Priemel P, Grohganz H, Taylor R, Holm R, Lopez de Diego H,
Rades T. Influence of PVP molecular weight on the microwave assisted in situ
amorphization of indomethacin. Eur J Pharm Biopharm. 2018;122:62–69.

19. Edinger M, Knopp MM, Kerdoncuff H, Rantanen J, Rades T, Lobmann K. Quantifica-
tion of microwave-induced amorphization of celecoxib in PVP tablets using trans-
mission Raman spectroscopy. Eur J Pharm Sci. 2018;117:62–67.

20. Petry I, Lobmann K, Grohganz H, Rades T, Leopold CS. In situ co-amorphisation of
arginine with indomethacin or furosemide during immersion in an acidic medium
− a proof of concept study. Eur J Pharm Biopharm. 2018;133:151–160.

21. Petry I, Lobmann K, Grohganz H, Rades T, Leopold CS. In situ co-amorphisation in
coated tablets − the combination of carvedilol with aspartic acid during immersion
in an acidic medium. Int J Pharm. 2019;558:357–366.

22. Hempel NJ, Knopp MM, Berthelsen R, Zeitler JA, Lobmann K. The influence of drug
and polymer particle size on the in situ amorphization using microwave irradia-
tion. Eur J Pharm Biopharm. 2020;149:77–84.

23. Hempel NJ, Morsch F, Knopp MM, Berthelsen R, Lobmann K. The use of glycerol as
an enabling excipient for microwave-induced in situ drug amorphization. J Pharm
Sci. 2021;110(1):155–163.

24. Hempel NJ, Dao T, Knopp MM, Berthelsen R, Lobmann K. The influence of tempera-
ture and viscosity of polyethylene glycol on the rate of microwave-induced in situ
amorphization of celecoxib.Molecules. 2020;26(1):110.

25. Holm TP, Knopp MM, L€obmann K, Berthelsen R. Microwave induced in situ
amorphisation facilitated by crystalline hydrates. Eur J Pharm Sci. 2021.

26. Zhang X, Rajagopalan K, Lei H, Ruan R, Sharma BK. An overview of a novel
concept in biomass pyrolysis: microwave irradiation. Sustain Energy Fuels.
2017;1(8):1664–1699.

27. Grant E, Halstead BJ. Dielectric parameters relevant to microwave dielectric heat-
ing. Chem Soc Rev. 1998;27(3):213–224.

28. Heng PW, Loh ZH, Liew CV, Lee CC. Dielectric properties of pharmaceutical materi-
als relevant to microwave processing: effects of field frequency, material density,
and moisture content. J Pharm Sci. 2010;99(2):941–957.

29. McLoughlin CM, McMinn WAM, Magee TRA. Physical and dielectric properties of
pharmaceutical powders. Powder Technol. 2003;134(1-2):40–51.

30. Hancock BC, Zografi G. The relationship between the glass transition temperature
and the water content of amorphous pharmaceutical solids. Pharm Res. 1994;11
(4):471–477.

31. Faucher JA, Koleske JV, Santee ER, Stratta JJ, Wilson CW. Glass transitions of ethyl-
ene oxide polymers. J Appl Phys. 1966;37(11):3962–3964.

32. Liu C, Desai KG. Characteristics of rofecoxib-polyethylene glycol 4000 solid
dispersions and tablets based on solid dispersions. Pharm Dev Technol.
2005;10(4):467–477.

33. Sengwa RJ, Kaur K, Chaudhary R. Dielectric properties of low molecular weight
poly(ethylene glycol)s. Polym Int. 2000;49(6):599–608.

34. Porter C, Boyd R. A dielectric study of the effects of melting on molecular
relaxation in poly (ethylene oxide) and polyoxymethylene. Macromolecules.
1971;4(5):589–594.

35. Tanaka M, Sato M. Microwave heating of water, ice, and saline solution: molecular
dynamics study. J Chem Phys. 2007;126:(3) 034509.

36. Maurya D, Belgamwar V, Tekade A. Microwave induced solubility enhancement of
poorly water soluble atorvastatin calcium. J Pharm Pharmacol. 2010;62(11):1599–1606.

37. Van den Mooter G, Augustijns P, Blaton N, Kinget R. Physico-chemical characteriza-
tion of solid dispersions of temazepam with polyethylene glycol 6000 and PVP
K30. Int J Pharm. 1998;164(1−2):67–80.

https://doi.org/10.1016/j.xphs.2021.05.010
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0001
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0002
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0002
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0002
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0003
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0003
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0003
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0004
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0005
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0005
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0005
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0006
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0006
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0007
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0008
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0008
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0008
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0009
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0009
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0009
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0010
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0011
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0012
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0013
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0013
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0014
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0015
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0015
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0016
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0017
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0018
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0019
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0019
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0019
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0020
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0021
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0021
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0021
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0022
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0023
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0024
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0024
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0024
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0025
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0026
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0027
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0027
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0028
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0028
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0028
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0029
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0029
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0030
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0031
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0031
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0032
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0032
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0032
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0033
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0033
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0034
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0035
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0035
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0036
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0036
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0037
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0037
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0037


N.-J. Hempel et al. / Journal of Pharmaceutical Sciences 110 (2021) 3221−3229 3229
38. Baird JA, Taylor LS. Evaluation and modeling of the eutectic composition of various
drug-polyethylene glycol solid dispersions. PharmDev Technol. 2011;16(3):201–211.

39. Palmelund H, Andersson MP, Asgreen CJ, Boyd BJ, Rantanen J, Lobmann K. Tailor-
made solvents for pharmaceutical use? Experimental and computational approach
for determining solubility in deep eutectic solvents (DES). Int J Pharm X. 2019;1:
100034.

40. Knopp MM, Olesen NE, Holm P, Langguth P, Holm R, Rades T. Influence of polymer
molecular weight on drug-polymer solubility: a comparison between experimen-
tally determined solubility in PVP and prediction derived from solubility in mono-
mer. J Pharm Sci. 2015;104(9):2905–2912.

41. Liu C, Desai KGH, Liu C. Enhancement of dissolution rate of valdecoxib using solid
dispersions with polyethylene glycol 4000. Drug Dev Ind Pharm. 2005;31(1):1–10.

42. Crowley MM, Zhang F, Repka MA, Thumma S, Upadhye SB, Battu SK, McGinity JW,
Martin C. Pharmaceutical applications of hot-melt extrusion: part I. Drug Dev Ind
Pharm. 2007;33(9):909–926.

43. Feng L, Bian X, Li G, Chen Z, Cui Y, Chen X. Determination of ultra-low glass transi-
tion temperature via differential scanning calorimetry. Polym Test. 2013;32
(8):1368–1372.

44. Papadimitriou SA, Barmpalexis P, Karavas E, Bikiaris DN. Optimizing the ability of
PVP/PEG mixtures to be used as appropriate carriers for the preparation of drug
solid dispersions by melt mixing technique using artificial neural networks: I. Eur J
Pharm Biopharm. 2012;82(1):175–186.

45. Duong TV, Van Humbeeck J, Van den Mooter G. Crystallization kinetics of indo-
methacin/polyethylene glycol dispersions containing high drug loadings. Mol
Pharm. 2015;12(7):2493–2504.

46. Bairamov DF, Chalykh AE, Feldstein MM, Siegel RA. Impact of molecular weight on
miscibility and interdiffusion between poly(N-vinyl pyrrolidone) and poly(ethyl-
ene glycol).Macromol Chem Phys. 2002;203(18):2674–2685.

47. Feldstein MM, Roos A, Chevallier C, Creton C, Dormidontova EE. Relation of glass
transition temperature to the hydrogen bonding degree and energy in poly
(N-vinyl pyrrolidone) blends with hydroxyl-containing plasticizers: 3. Analysis of
two glass transition temperatures featured for PVP solutions in liquid poly(ethyl-
ene glycol). Polymer. 2003;44(6):1819–1834.

48. Knopp MM, Gannon N, Porsch I, Rask MB, Olesen NE, Langguth P, Holm R, Rades T.
A promising new method to estimate drug-polymer solubility at room tempera-
ture. J Pharm Sci. 2016;105(9):2621–2624.

49. Kolter K, Karl M, Gryczke A. Hot-melt extrusion with BASF pharma polymers.
Extrusion Compendium; 2nd Revised and Enlarged Edition BASF SE; BASF: Ludwigsha-
fen, Germany2012.

50. Roudaut G, Simatos D, Champion D, Contreras-Lopez E, Le Meste M. Molecular
mobility around the glass transition temperature: a mini review. Innov Food Sci
Emerg Technol. 2004;5(2):127–134.

51. Salih SI, Jabur AR, Mohammed TA. The effect of PVP addition on the mechanical
properties of ternary polymer blends. IOP Conference Series: Materials Science and
Engineering. 2018433.

52. Bley H, Fussnegger B, Bodmeier R. Characterization and stability of solid disper-
sions based on PEG/polymer blends. Int J Pharm. 2010;390(2):165–173.

53. Pielichowski K, Flejtuch K. Differential scanning calorimetry studies on poly(ethyl-
ene glycol) with different molecular weights for thermal energy storage materials.
Polym Adv Technol. 2002;13(10−12):690–696.

54. Hempel NJ, Knopp MM, Berthelsen R, Lobmann K. Convection-induced vs.
microwave radiation-induced in situ drug amorphization. Molecules. 2020;25
(5):1068.

55. Meste ML, Champion D, Roudaut G, Blond G, Simatos D. Glass transition and food
technology: a critical appraisal. J Food Sci. 2002;67(7):2444–2458.

56. Moseson DE, Parker AS, Gilpin CJ, Stewart AA, Beaudoin SP, Taylor LS. Dissolution
of indomethacin crystals into a polymer melt: role of diffusion and fragmentation.
Cryst Growth Des. 2019;19(6):3315–3328.

57. Oksanen CA, Zografi G. Molecular mobility in mixtures of absorbed water and solid
poly(vinylpyrrolidone). Pharm Res. 1993;10(6):791–799.

http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0038
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0038
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0039
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0040
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0040
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0040
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0040
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0041
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0041
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0042
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0042
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0042
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0043
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0043
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0043
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0044
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0044
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0044
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0044
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0045
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0045
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0045
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0046
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0046
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0046
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0047
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0047
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0047
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0047
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0047
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0048
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0048
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0048
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0049
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0049
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0049
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0050
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0050
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0050
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0051
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0051
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0051
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0052
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0052
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0053
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0053
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0053
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0054
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0054
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0054
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0055
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0055
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0056
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0056
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0056
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0057
http://refhub.elsevier.com/S0022-3549(21)00254-9/sbref0057

	Microwave-Induced in Situ Drug Amorphization Using a Mixture of Polyethylene Glycol and Polyvinylpyrrolidone
	Introduction
	Methods and Materials
	Materials
	Thermal Analysis
	Binary PVP-PEG Mixtures
	Binary CCX-PEG Mixtures
	Binary CCX-PVP Mixtures
	Ternary CCX-PEG-PVP Mixtures
	Pure PEG 2000 and PEG 3000

	Compact Preparation
	In situ Amorphization
	Quantification of Amorphous Content of Celecoxib

	Results and Discussion
	The Determination of the Solubility of CCX in the Polymer Mixtures and the Temperature Threshold for in Situ Drug Amorphization
	Binary Systems of CCX in PEG 2000 and PEG 3000
	Binary Systems of PVP in PEG 2000 and PEG 3000
	Binary System of CCX in PVP
	Ternary Systems of CCX in PVP-PEG 2000 and PVP-PEG 3000 Blends

	The Role of the Amorphous Polymer PVP in the Compacts
	Rate and Degree of in Situ Amorphization of CCX in PEG-PVP Compacts During Exposure to Microwave Radiation
	Analysis of the Temperature of the Compacts During in Situ Drug Amorphization and the Amorphization Kinetics

	Conclusions
	Acknowledgement
	Supplementary Materials
	References



