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A B S T R A C T

One of the applications of Hot-Melt Extrusion (HME) is the stabilization of amorphous drugs through its incorpo-
ration into polymeric blends in the form of Amorphous Solid Dispersions (ASDs). In this study, HME was applied
to solve a real problem in the development of an ibrutinib product, stabilizing the amorphous form. A systematic
approach was followed by combining theoretical calculations, high-throughput screening (HTS) focused on phys-
ical stability and Principal Components Analysis (PCA). The HTS enabled the evaluation of 33 formulations for
physical stability and the PCA was key to select four promising systems. The low relevance of drug loading on
the drug crystallization supported the HME tests with a very high drug load of 50%. Milled extrudates were char-
acterized and demonstrated to be fully amorphous. The thermal analysis detected a glass transition temperature
much higher than the predicted values. Along with several weak intermolecular interactions detected in Raman
spectroscopy, a dipolar interaction involving the α, β unsaturated ketone was also noticed. The additive effect of
these intermolecular interactions changed markedly the performance of the ASDs. The physical strength of the
prepared systems was corroborated by stability studies until 6 months at long-term and accelerated conditions.

1. Introduction

The poor water solubility of Biopharmaceutical Classification Sys-
tem (BCS) class II and IV molecules are the rate-limiting steps for ab-
sorption, which generally leads to low bioavailability (BA) and to their
failure as therapeutic agents (Ghadi and Dand, 2017; Gupta et al.,
2013). The amorphization of crystalline drugs is often seen as a solu-
tion to this problem, due to the enhanced apparent solubility caused
by the disruption of the crystal lattice and its high energy state (No-
vakovic et al., 2018; Skrdla et al., 2019; Tran et al., 2019).
Although these forms exhibit an increased rate of dissolution due to
high thermodynamic activity, they have also a potential to revert to
the more stable crystalline form (Karagianni et al., 2018; Lin et
al., 2018). This is, in fact, the main issue associated with the amor-
phous state: the physical instability on aging in the form of phase separa

tion and recrystallization, which can eventually affect the dissolution
(Becker et al., 2015; Gao and Shi, 2012; Sarode et al., 2013) and
lead to the therapy failure. This justifies at least partially, why there are
only a few amorphous drugs and formulations in the market (Lu et al.,
2014; Stankovic et al., 2015). Thus, improved strategies for the sta-
bilization of amorphous compounds in pharmaceutical development are
still needed.

Hot-melt extrusion (HME) has been revealed as a successful technol-
ogy for a large spectrum of applications in the pharmaceutical indus-
try. One of the most recently reported applications of HME is the sta-
bilization of amorphous drugs through its incorporation into polymer
blends in the form of Amorphous Solid Dispersions (ASDs) (Repka et
al., 2018). In spite of the promising performance of HME to enhance
the physical stability of amorphous compounds, there are only a few
studies reporting this application (Lakshman et al., 2008; Miller et
al., 2007). Solid dispersions are systems where one component is dis
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Polarized Light Thermal Microscopy; PVOH, polyvinyl alcohol; PVP, Poly(vinylpyrrolidone; PVPVA, Poly(vinyl pyrrolidone–vinyl acetate) copolymer; RH, Relative Humidity; RT, Room
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persed in a carrier (usually polymeric), and where the whole system is
solid (Becker et al., 2015; Gao and Shi, 2012; Lu et al., 2014;
Repka et al., 2012; Sarode et al., 2013). These systems are able
to increase the physical stability of drugs through fundamentally two
main approaches, as reviewed by Janssens and Mooter (Janssens and
Van den Mooter, 2009) and by Baghel and colleagues (Baghel et al.,
2016a). In one, polymeric carriers with high glass transition tempera-
tures (Tg) can kinetically stabilize amorphous systems by reducing mole-
cular mobility and thus ‘‘freezing’’ the amorphous drug in a metastable
state. The other is related to intermolecular bonds, which decrease the
molecular mobility of the compound within the polymeric matrix and
provide stability to the composition (Janssens and Van den Mooter,
2009; Repka et al., 2018), through the decrease of the overall ther-
modynamic energy. These interactions are weak, as H-bonding, van der
Waals, electrostatic, ionic, or hydrophobic, but enough to stabilize ASDs.

Preliminary formulation tests with the amorphous form of ibrutinib,
hereafter known as IBR, failed to demonstrate physical stability and re-
crystallized only after 1 month of stability at 40 °C/75% RH. Therefore,
there was the need to physically stabilize this drug and, as part of our
ongoing program where HME is applied to drug product development
(Simões et al., 2019; Simoes et al., 2019), a new formulation strat-
egy was pursued, where polymers were combined with this compound
by HME. A very recent study was published by Xu and colleagues (Shi
et al., 2019) reporting enhanced solubility and physical stability of a
coamorphous solid form of IBR and saccharin. However, as there is no
guidance available for coamorphous forms to date, and even the co-crys-
tals are still under implementation in pharmaceutical R&D units, a poly-
meric formulation strategy would be preferred to mitigate risks and in-
crease the chance of getting to patients (Sathisaran and Dalvi, 2018).
To our knowledge, there is no other published strategy to enhance the
physical stability of amorphous IBR.

IBR (Fig. 1) is chemically designated as
1-[(3R)-3-[4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrim-
idin-1-yl]-1-piperidinyl]-2-propen-1-one, and is an inhibitor of Bruton’s
tyrosine kinase through the formation of a covalent bond with a cysteine
residue in the active site, relevant in B cells. It is available in the mar-
ket under the brand name Imbruvica®, both in Europe and the USA
by Janssen, for the treatment of B cell diseases, such as Mantle Cell
Lymphoma, Chronic Lymphocytic Leukemia/Small Lymphocytic Lym-
phoma, Waldenström’s Macroglobulinemia, Marginal Zone Lymphoma,
and Chronic Graft versus Host Disease (Pharmacyclics & LLC, Revi-
sion: 08/2018). A summary of the physicochemical characteristics of
IBR is presented in Table 1.

Our study initiated by thermal characterization of amorphous IBR
to assess the viability of the proposed strategy. A comprehensive ther-
modynamic evaluation of the drug and possible carriers to predict poly-
mer-drug miscibility was then performed, followed by a high-through-
put screening (HTS) focused on physical stability. Physical stability was
evaluated by both Raman spectroscopy and polarized light microscopy
(PLM). After the selection of the most promising systems, HME tests
were performed and the extrudates characterized. Stability studies fo

cused on the physical stability of milled extrudates prepared by HME
were carried out for 6 months.

2. Materials and methods

2.1. Materials

Amorphous and crystalline IBR were acquired from a GMP-approved
drug supplier. Poly(vinyl pyrrolidone–vinyl acetate) copolymer (PVPVA
or copovidone, brand name Kollidon® VA64), Poly(vinylpyrrolidone)
(PVP or povidone of grade K12, brand name Kollidon® 12PF), and
Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer (brand name Soluplus®) were obtained from BASF (Lud-
wigshafen, Germany). Hypromellose Acetate Succinate (HPMCAS grade
MF, brand name AQOAT®) was kindly donated by Shin-Etsu (Totowa,
NJ), and polyvinyl alcohol (PVOH, brand name Parteck® MXP) was ob-
tained from Merck Millipore (Darmstadt, Germany). Polyethylene glycol
(PEG6000) grade 6000 was acquired from Clariant (Hoechst) (Muttenz,
Switzerland), and Poloxamer 407micro (P407), brand name Kolliphor®
P407, was also obtained from BASF (Ludwigshafen, Germany).

2.2. Methods

Thermal Analysis: Modulated Temperature Differential Scanning
Calorimetry (mDSC) analysis was performed in a Q100 (TA Instruments,
New Castle, Delaware). Samples of 2–4 mg were weighed and placed
in aluminum crimped pans. Modulated temperature mDSC analysis was
performed using a heating rate of 5 °C/min, from 0 °C to 220 °C, ampli-
tude ± 0.80 °C and a period of 60 s. Nitrogen purge gas was used with
a flow rate of 50 mL/min. Calibration was performed using indium and
tin. For each sample, measurements were performed at least in dupli-
cate. Thermogravimetric (TG) analysis was performed on a TG Q500 (TA
Instruments, New Castle, Delaware). Samples were placed in platinum
pans and heated from 25 °C to 220 °C at 5 °C/min under a nitrogen at-
mosphere (60 mL/min).

Polarized Light Thermal Microscopy (PLTM): PLTM images were
obtained through the combination of polarized light and wave compen-
sators, a hot stage DSC600 (Linkam Scientific Instruments Ltd. Surrey,
UK) with magnification power of 200x, attached to a Leica DMRB micro-
scope (Leica Microsystems GmbH, Germany), and to a Sony CCD-IRIS/
RGB video camera. The evaluation of images was performed with
Linkam Real-Time Video Measurement System software. Drug and HME
samples were heated to 250 °C at a rate of 10 °C/min and, subsequently,
let gradually cool until room temperature (RT).

Raman spectroscopy: All spectra were recorded with the Horiba
LabRAM HR Evolution, coupled to a confocal Olympus microscope
(HORIBA France SAS, France). Individual Raman spectra from various
random points of the samples were collected and averaged. The focus-
ing spot for this technique is around 1 μm, with a collection time be-
tween 5 and 60 s. Each spectrum was collected from 5 to 50 times and
averaged. The laser irradiation was performed at 633 nm wavelength,
with a power of 17 mW and a 50× magnification objective was used

Fig. 1. Chemical structure of IBR. Potential interaction sites are highlighted.
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Table 1
Physicochemical properties of IBR (CHMP & EMA, 2014; National Center for
Biotechnology Information & Medicine).

Characteristic Value

Molecular weight (MW) 440.51 g/mol
Molecular formula C25H24N6O2
Melting point (Tm) 152.2 ± 0.37 °C (form I, experimental data)
Glass transition temperature
(Tg)

79.1 ± 0.4 °C (amorphous, experimental data)

Polar Surface Area 99.2 Å 2

Log P 3.97
pKa (base) 3.74
BCS class II
Solubility 0.003 mg/mL in water

Practically insoluble in water
Freely soluble in N,N-dimethylformamide
(DMF)

Molar Volume 327.5 ± 7.0 cm 3

to focus on every sample. The spectra were collected in a wavenumber
range of 50–1800 cm−1.

Variable Temperature Raman spectroscopy: The Raman spec-
troscopy was carried out using the same spectrometer, irradiation source
conditions and microscope described above. A 10× magnification ob-
jective, with a laser spot around 1000 μm was used in order to analyze
the largest possible sample area. Samples were placed in a hot stage
THMS 600 (Linkam Scientific Instruments Ltd. Surrey, UK), controlled
by a T95-PE Linkpad controlling unit, heated up to 170 °C at a rate of
10 °C/min, and gradually let to cool until RT. For IBR samples, the col-
lection time was 10 s and each spectrum was collected 10 times, with a
delay time of 250 s; for HME systems, 5 s and 15 times, with 320 s of
delay. Raman spectra were recorded at 10 °C intervals, in a wavenum-
ber range of 50–1800 cm−1.

Calculation of Solubility Parameters: The thermodynamic solu-
bility/miscibility of IBR in each polymeric carrier was assessed using
Hansen solubility parameters δ (Greenhalgh et al., 1999), calculated
from their chemical structures using the van Krevelen and Hoftyzer con-
tribution group method (Van Krevelen and Te Nijenhuis, 2009). For
each molecule, the energy from dispersion forces between molecules
(δd); the energy from dipolar intermolecular forces between molecules
(δp); and the energy from hydrogen bonds between molecules (δh) were
calculated. The total solubility parameter (δt) was then determined as
follows:

(1)

Prediction of Tg through the Gordon-Taylor equation: The Tg of a
miscible blend (drug and polymer) is given by the Gordon–Taylor equa-
tion (Eq. (2) (Gordon and Taylor, 1952)), or the simplified form by
Fox (Eq. (3) (Brostow et al., 2008)):

(2)

(3)

where Tg, Tg1, and Tg2 are the glass transition temperatures of the blend
and the two different components, respectively; w represents the weight
fraction; K is calculated from the Simha–Boyer rule, where ρ indicates
the true density of the component (Wang and Porter, 1995):

(4)

Design of binary system studies: Solvent evaporation technique
(Simões et al., 2019) was applied to prepare small films in microscopic
slides of different combinations of polymers and IBR, to narrow down on
a few polymer-drug combinations. The study was designed to allow a set
of screening assays in high-throughput nature, miniaturization (mater-
ial sparing, small sample size), and prompt response, and encompassed
8 different polymers and drug in 5 charge levels, ranging from 10% to
50%. IBR and a panel of 8 polymers were dissolved in THF or DMF (so-
lutions of 10% polymer + drug) and dispensed onto microscopic slides.
The solvent was then evaporated. The experiments were evaluated in
what concerns physical stability over 2 months, under exposure to 60 °C
(oven), 40 °C/75%RH, 25 °C/60%RH and RT in the desiccator, and as-
sessed by PLM and Raman spectroscopy.

Polarized Light Microscopy: Glass slides were examined directly
for birefringence with polarized reflected light by Motic BA310MET-T
equipped with Moticam 5 (both by Motic Europe, S.L.U.). Crystalline
structures were evaluated qualitatively, a scale from 1 to 5 in terms of
both crystals size and quantity.

Preparation of ASDs: HME was performed using a co-rotating
twin-screw extruder Thermo Scientific HAAKE MiniLab II (Thermo Sci-
entific, UK). Temperature and screw speed were optimized based on ex-
trudate appearance, extrudability, and torque, using batch sizes of 10 g.
The powder blends were added manually in small amounts. A round die
with a diameter of 2 mm was attached to the extruder. The screw is con-
ical with conveying elements only. All the glassy material was cooled in
a conveyor belt and ground at 20,000 rpm in IKA M20 to a fine powder.
This powder was collected to glass bottles and stored in a desiccator.

X-Ray Powder Diffraction (XRPD): XRPD analysis was performed
at ambient temperature using a Bruker D8 powder diffractometer
(Bruker Corporation, Massachusetts, USA), in a Bragg-Brentano geom-
etry (reflection geometry), equipped with a Ni monochromator and
LYNXEYE TE energy-dispersive detector. The X-ray source used was
Cu Kα1/2 (1.54 Å) with lambda1 = 154.056 pm and
lambda2 = 154.439 pm. Spectra were collected from scans within the
range 5.0°–35.0° at 2θ with a step size of 0.02° (2θ) and time per step of
0.5 s.

Stability studies: ASDs were stored in closed glass bottles of 30 mL
at defined conditions (two climatic chambers, 25 °C/60%RH, and 40 °C/
75%RH) and investigated from time to time with respect to crystalliza-
tion (1, 3, 6 months) by XRPD. Raman spectroscopy was also performed
at 6 months of stability. To evaluate by PLM, unmilled samples were
preferred.

Statistical analysis: Performed using the commercial software pack-
age JMP® 14.0 from SAS Institute, Inc.

3. Results

3.1. Solid-state characterization of ibrutinib

3.1.1. Thermal analysis
TG and mDSC were used to evaluate the thermal stability of amor-

phous IBR during a heating process (Fig. 2A). There is an endothermic
event in the 15–70 °C region, probably due to the loss of volatile com-
ponents, which was also detected in the TG analysis (mass loss of ap-
proximately 0.6%). This likely represents water and residual solvents,
also reported at the same level by the drug manufacturer. Moreover,
the Tg of amorphous IBR was detected as 79.1 ± 0.4 °C, as observed
in the reversing heat flow curve. An exothermic event in the region
100–175 °C is related to a solid–solid transition from the amorphous to
a crystalline phase, as no loss of mass was detected in the TG analysis.
No other significant enthalpy changes are visible in the studied range
of temperature and, therefore, no degradation of amorphous IBR was
observed in the mDSC or in the TG analysis. IBR is thermally stable
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Fig. 2. Modulated Temperature Differential Scanning Calorimetry and Thermogravimetric analysis of IBR. A: amorphous; B: crystalline. Black line: Total heat flow; Red line: reversing heat
flow. Equipment: Q100 (TA Instruments). Aluminum capsules. Method: from 0 °C to 220 °C at 5 °C/min, amplitude ± 0.80 °C and a period of 60 s. Blue line: Thermogravimetric analysis
of IBR. Equipment: TG Q500 (TA Instruments). Method: from 25 °C to 220 °C at 5 °C/min.

at least up to 220 °C. This working temperature is quite high and was
never applied during IBR extrusion.

The crystalline IBR is characterized by an endothermic event at
152.2 ± 0.37 °C (onset), which corresponds to the melting point, as sug-
gested by the reverse heat flow curve (Fig. 2B). This is immediately fol-
lowed by an exothermic signal between 160 and 200 °C, which is related
to material decomposition with a loss of mass of 0.4% reported in the
TG analysis.

The amorphous drug was also characterized by PLTM, where the
amorphous sample was heated up to 250 °C and then cooled gradually
until RT. The results are portrayed in Fig. 3. It is possible to conclude
that at 90 °C the sample already has visible morphologic changes, com-
patible with a glass transition, more pronounced the higher the tem-
perature as it evolves towards a less viscous state. The recrystallization
is clearly visible from 115 °C and became more evident until 150 °C.
At 157 °C, the whole sample is molten, i.e. both the crystalline and
the amorphous form. No changes were observed above this temperature
and, after cooling, the sample returns to the initial amorphous state.
These results are in agreement with the mDSC. The slight differences
in the reported temperatures are essentially due to method (modulated
heating rate at 5 °C/min or non-modulated at 10 °C/min) and sample
quantity. Moreover, mDSC experiments were performed under inert at

mosphere and hermetically sealed pan, which did not happen in the case
of PLTM. Also proven by the PLTM experiment, no further relevant ther-
mal event is detected in the amorphous IBR.

3.1.2. Raman spectroscopy
The Raman analysis demonstrated different spectra between the

crystalline IBR and the amorphous form, with marked differences
throughout the whole spectra, and in particular in the spectral regions
where the most intense bands are observed, i.e., below 150 cm−1, be-
tween 700 and 800 cm−1, and between 1400 and 1650 cm−1. Relatively
pronounced frequency shifts are also perceived for the bands appear-
ing at 1471 and 1557 cm−1 in the spectrum of the crystalline material,
which are observed at respectively 1476 and 1564 cm−1 in the spectrum
of the amorphous material (Fig. 4). The three spectral sections where
the amorphous material demonstrates the greatest divergence from the
crystalline form are highlighted in the figure. These changes in the Ra-
man spectra are caused by the destruction of the crystal lattice, as well
as by the disorganized molecular orientation (Heinz et al., 2009). Ra-
man spectroscopy is able to control the solid-state of IBR, with several
regions identified and marked differences between the amorphous and
crystalline forms, as also reported by Zvoníček and his group (Zvoníček
et al., 2017).

Fig. 3. Polarized light thermal microscopy images collected in the IBR heating process from 25 to 170 °C at a rate of 10 °C min−1, and magnification of 200x.
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Fig. 4. Raman spectra of crystalline and amorphous IBR. The spectra were recorded in the 50–1800 cm−1 wavenumber range, during 20 s with 20 accumulations, and excitation at 633 nm.
The highlighted areas correspond to where most pronounced differences were detected. The graph inset depicts the spectra zone from 1450 to 1580 cm−1, where band shifts are highlighted
by the vertical red dashed lines (see text for discussion).

3.1.3. Variable temperature Raman spectroscopy
The Raman spectra were collected at different temperatures on heat-

ing to verify the potential for structural changes. IBR amorphous sam-
ple was heated up to 170 °C (well above Tg and other thermal events)
and then cooled until RT. The results are portrayed in Fig. 5. Visible
changes are noticed with temperature, in particular in the intensity of
Raman peaks, for instance in the relative intensities of the bands at 1436
and 1476 cm−1. Moreover, shifts of the 1476 and 1564 cm−1

bands to 1469 and 1557 cm−1 respectively, are observed when heated
above 120 °C, as well as changes in the area below 150 cm−1, denot-
ing clear solid state changes compatible to conversion from amorphous
to the crystalline phase. This is related to the drug recrystallization
as it matches the typical bands of crystalline IBR (compare the spec-
tra shown in Fig. 5 with the reference spectra for the amorphous and
crystalline IBR presented in Fig. 4), expected due to what was already
observed in the PLTM and reported in the mDSC experiment. Impor

Fig. 5. Raman spectra of amorphous IBR with thermal analysis (25, 80, 120, 170, and 25 °C (after cooling)). The spectra were recorded in the 50–1800 cm−1 wavenumber range, during
20 s with 20 accumulations, and excitation at 633 nm.
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tantly, the Raman spectra of IBR before the experiment and after re-cool-
ing are very similar, excluding drug degradation or structural changes
on heating, and supporting mDSC and PLTM conclusions.

3.2. Prediction of drug-polymer miscibility

Van Krevelen and Hoftyzer group contribution method (Eq. (1)) was
used to calculate the Hansen solubility parameters. Eight structurally
different polymers were considered at this stage. To determine the solu-
bility parameters for SLP, which is composed of polyvinyl caprolactam:
polyvinyl acetate: PEG at a ratio of 57:30:13, the average number of the
three monomers was calculated. The δ for each component and the dif-
ference between the drug and each polymer (Δδ) are provided in Table
2. It is known from the literature that a difference in solubility para-
meter of less than 7 MPa0.5 indicates good miscibility, whereas if the
difference is above 10 MPa0.5, the system is expected to be immiscible
(Forster et al., 2001; Greenhalgh et al., 1999; Lang et al., 2014;
Shah et al., 2013).

IBR has a solubility parameter (23.62 MPa0.5) closer to HPMCAS,
as well as to PEG, PVPVA, and SLP, whereas HPC and PVOH had
the most different results, very close or higher than the recommended
cut-off limit of 7.0 MPa0.5, predicting poor miscibility. According to
the results in Table 2, the miscibility between IBR and each poly-
mer is likely to follow the order: HPM-
CAS > PVPVA > PEG > SLP > PVP > HPMC > HPC > PVOH. Here,
PVOH is suggested to have the lowest solubility capacity to dissolve IBR
and to produce a solid solution. However, it is important to keep in mind
that the miscibility estimated by this approach is likely to be an under-
estimation (Lang et al., 2014; Shah et al., 2014) for complex systems
involving long-range orders (such as ionic) or highly directional (as hy-
drogen bonding) (Baghel et al., 2016b; Pina et al., 2014; Shah et
al., 2014; Trivino et al., 2019). In this work, HPMCAS, PVPVA, PEG,
SLP, PVP, and HPMC were identified as the polymers with the high-
est potential to be miscible with IBR. PVPVA, SLP, PVP, and HPMC are
usual carriers for HME immediate-release formulations, whereas PEG is
preferred as a solubility-enhancer or plasticizer, and HPMCAS as a re-
lease-modifying agent or stabilizer.

3.3. Prediction of Tg of the ASD through Gordon-Taylor equation

It is well known that the Tg is related to the physical stability of
amorphous systems (Hancock et al., 1995; Janssens and Van den
Mooter, 2009; Repka et al., 2018). Table 3 presents the results of
calculated Tg based on the Gordon-Taylor equation (Eq. (2)) as well as
on the simplified form by Fox (Eq. (3)).

Overall, all the compositions should have neglected molecular mo-
bility at least until 25 °C, which is the usual storage restriction

Table 2
Estimated solubility parameter of the drug and HME polymers using Hansen parameters.

Compound/Polymer
Solubility Parameter δ
(MPa 0.5)

Δδ = δdrug − δPOL
(MPa 0.5)

IBR 23.62 –
PEG 21.25 2.37
PVP 27.19 3.57
PVPVA 25.26 1.64
SLP 21.03 2.59
HPMC 27.28 3.66
HPC 29.71 6.10
HPMCAS 24.63 1.02
PVOH 32.52 8.90

Δdrug solubility parameter of the drug; δPOL solubility parameter of the polymer; Δδ solu-
bility parameter difference between the drug and polymers.

Table 3
Prediction of Tg of the ASD through the Gordon-Taylor and Fox equations, considering a
mixture of IBR and polymer of 1:1.

Compound/Polymer a
Tg
(°C) b

Δ Tg
(°C) = TgDS − Tg
POL

Tg (°C) of the
blend –
Gordon-
Taylor
equation

Tg (°C) of
the blend
– Fox
equation

IBR 79.1 c – – –
PVP K12 90 −10.9 84.2 84.2
PVPVA 101 −21.9 89.1 88.7
SLP 70 9.1 73.9 74.3
HPMC 178 −98.9 110.5 109.5
HPC 0 79.10 0.0 0.0
HPMCAS - MG 130 −50.9 98.1 98.4

a PEG was not evaluated due to its crystalline nature. PVOH was also not considered
in this evaluation due to being semi-crystalline.

b Tg values of polymers were extracted from suppliers’ technical datasheet.
c Determined experimentally by mDSC.

for pharmaceuticals, as the lowest predicted Tg was around 75 °C (in ac-
cordance with the ‘Tg – 50 °C’ rule proposed by Hancock, et al.) (Han-
cock et al., 1995; Yoshioka et al., 1995). It is important to keep
in mind that these conclusions rely on the assumption of complete mis-
cibility between the drug and the polymer(s) (Lang et al., 2014) and
that it ignores the β-relaxation and potential intermolecular interactions.
However, it is still considered guidance for determining the storage tem-
perature and predicting the physical stability of amorphous systems.

The Tg values of the amorphous polymers are very different, from 0
to 178 °C. In terms of blend Tg predicted by the Gordon-Taylor equation,
HPMC should provide the lowest molecular mobility, followed by HPM-
CAS, but very high processing temperatures are needed to extrude these
pure compositions. The ΔTg values between the drug and the polymers
are quite low for PVP, SLP, and PVPVA, but not for the cellulose-based
polymers. Since the Tg value indicates the temperature above which the
polymer chains become flexible, more interactions are expected to oc-
cur in the HME process if the components have similar Tg values (Liu
et al., 2013). On this ground, SLP, PVPVA, and PVP should be the
most promising polymers for interacting with IBR and are considered
for testing by HME. Five combinations (IBR with PVP k12, PVPVA, SLP,
SLP + HPMCAS, and HPMC) were selected to proceed to the next stage,
where they were evaluated experimentally in terms of physical stabil-
ity to rank order performance. A binary combination with PEG was also
considered as a negative control for physical stability, due to its high
molecular mobility at RT.

3.4. High-throughput screening of carriers

Solvent-evaporation is usually applied to verify the solubility en-
hancement of ASDs. In this study, solvent evaporation (Simões et al.,
2019) was employed to study physical stability over 2 months, assessed
both by PLM and Raman spectroscopy, used as a validation of PLM ob-
servations. Small films of different combinations of polymers and IBR
were prepared in microscope slides and analyzed to narrow down on a
few polymer-drug combinations. High drug loads and high surface area
of thin films in contact with ambient humidity lead to a lack of thermo-
dynamic equilibrium, which promotes rapid drug crystallization and the
fast failure of unstable systems. With this method, it is possible to read-
ily select promising systems by promoting the failure of doomed compo-
sitions. The study design and detailed results may be found in the Sup-
plementary Material.

In total, 33 systems were stored in 4 different conditions and eval-
uated over 2 months, where at least 5 evaluations per system by PLM/
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Raman were performed. This led to a total of around 600 results to han-
dle. To analyze this amount of data, a multivariate statistic was applied,
namely Principal Components Analysis (PCA), where the level of crystal-
lization, time and drug load (variables) were analyzed by storage condi-
tion. The aim was to compare the evolution of each binary composition
against a hypothetically perfect system, where no crystallization would
be seen throughout the stability time, no matter the condition it was
exposed to. PCA is usually applied as a dimension-reduction technique,
but in this case, a different application was considered, as it was ap-
plied as a means to measure the distance to the ideal amorphous system.
The higher the distance, the worst the composition would be in what
concerns physical stability. Two principal components were generated
with statistical significance (p < 0.0001, calculated through the Bartlett
Test), which explain almost the total results variability in the performed
analysis, namely 86.1% for the storage at 60 °C (oven), 96.0% for the
40 °C/75%RH, 98.6% for 25° C/60%RH and 99.2% for the storage at RT
(Table 4).

This deviation was quantified based on the Euclidean distance,
which was calculated per system. Then, a weighted mean value of

the distance was calculated in order to rank order performance. The
weighted mean was preferred over an arithmetic one in order to lend
higher importance to higher loadings. This was performed by condition,
to check discrepancies in systems’ behavior by temperature or humidity.
Fig. 6 portrays an overview of these results.

It is clear that the storage at high temperature and humidity lead
to more discriminant results, as the oven and the climatic chamber
40 °C/75%RH led to a generally higher distance from the perfect sys-
tem. Although all the systems seem to be stable at low temperature
and humidity, storage at 25 °C/60%RH and RT are clearly not discrim-
inative after 2 months. PVP-based systems seem not to provide stabil-
ity when exposed to high temperatures, which is expected due to in-
creased chain mobility, whereas for PVPVA the humidity seems to be
key, as the 40 °C/75%RH triggered higher crystallization than in the
oven (60 °C, dry – approximately 8%RH). HPMC compositions seem to
be one of the least stables, probably due to the lack of intermolecular
interactions (very discrepant Tg from IBR, as seen in Table 3). In what
concerns SLP-based compositions, it seems that it is an adequate poly-
mer for physical stabilization, mainly if HPMCAS is added as a stabilizer.

Table 4
Eigenvalues table with results of the Bartlett test.

Condition Component Eigenvalue
Percent
(%)

Cumulative
Percent
(%) Prob > ChiSq

60 °C (oven) 1 124.27 47.0 86.1 <0.0001
2 103.6 39.1 <0.0001

40 °C/75%RH 1 461.3 68.3 96.0 <0.0001
2 186.6 27.6 <0.0001

25 °C/60%RH 1 454.12 69.9 98.6 <0.0001
2 186.34 28.7 <0.0001

Room temperature 1 454.03 70.4 99.2 <0.0001
2 185.5 28.8 <0.0001

Fig. 6. Euclidean distance from the perfect system based on PCA results.
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A level of 20% of HPMCAS seems to be beneficial for IBR stabilization,
mainly protecting against the effect of heat in the molecular mobility of
polymers. This effect is not that clear in high humidity (40 °C/75%RH),
where water causes a drastic decrease of Tg of HPMCAS, leading to in-
creased chain mobility freedom.

To conclude on the effect of individual factors such as temperature,
humidity, drug load and time on crystallization, an additional multi-
variate statistical analysis was performed. Each polymeric composition
was assessed again through PCA, in order to identify what is the un-
derlying cause of crystallization for each system and, ultimately, what
should we avoid in order to have a stable product. This may be ob-
served by the loading plots depicting the variables (level of crystal-
lization, time, temperature, humidity, and drug load) and the compo-
nents (1 and 2). The details of this analysis, results and additional con-
clusions may be found in Supplementary material. Is was concluded
that humidity is the most important factor that triggers IBR crystalliza-
tion and, surprisingly, drug load seems not to be relevant for the phys-
ical stability of an ASD of IBR. Therefore, a high drug load of 50%

Table 5
Formulations, extrusion parameters, appearance, and extrudability.

Description
Speed
(rpm)

Temperature
(°C)

Torque
(Ncm)

ΔP
(bar) Appearance

SLP + 50%
IBR + 10%
PEG6000

120 200 45 1 Yellowish and
cloudy.
Smooth
extrusion.

SLP + 50%
IBR + HPMCAS

Not extrudable. HPMCAS loads from 20% to 5% were
investigated, but extrusion was not possible considering 50% of
drug loading.

PVPVA + 50%
IBR + 15% P407

250 205 55 2 Yellowish and
opaque.
Smooth
extrusion.

PVP k-12 + 50%
IBR + 10%
PEG6000

260 195 50 1 Yellowish and
opaque.
Smooth
extrusion.

was selected to proceed to extrusion tests with the following systems:
SLP, SLP + 20%HPMCAS, PVPVA, and PVP.

3.5. HME tests

The selected systems were subjected to HME in order to assess ex-
trudability and physical state. The results of the extrusion of different
formulations and the appearance of extrudates are detailed in Table 5.
HME parameters were optimized to lead to the best appearance (clear
and transparent), and to the smoothest process. High temperatures were
needed to extrude these systems, which was quite unexpected due to
the predicted Tg. Moreover, all the systems required a plasticizer, which
type and amount were selected based on the manufacturability of the
system. The three binary systems were easily extrudable and led to yel-
lowish and cloudy systems. This appearance is due to the high drug load-
ing, not completely miscible, leading to amorphous IBR suspensions.

3.6. Characterization of the ASDs manufactured by HME

3.6.1. XRPD analysis
A halo was observed in all the systems studied, which is the typical

XRPD spectrum of amorphous materials (Fig. 7). In two of the systems,
there are two small crystalline peaks that seem to be emerging, but they
are not related to the crystalline drug. Instead, they represent the crys-
talline plasticizers (PEG6000 or P407), with 2θ peaks observed at 19
and 23°, as described in the literature (Fulop et al., 2015; Kianfar et
al., 2014). Both components are known as fast re-crystallizers (Baird et
al., 2010). These peaks were not detected in the SLP composition due
to the complete miscibility of PEG within the formulation and in all the
systems IBR was considered fully amorphous as no relevant crystalline
peaks were detected.

3.6.2. PLM characterization
The surface of unmilled extrudates was characterized by PLM. All

the systems display birefringence, but not similar to a typical crystal-
lization pattern. Therefore, and also supported by the XRPD results,

Fig. 7. Overlay of XRPD patterns of solid dispersions manufactured by HME: SLP + 50% IBR + 10% PEG6000, PVPVA + 50% IBR + 15% P407, PVP + 50% IBR + 10% PEG6000.

8



UN
CO

RR
EC

TE
D

PR
OO

F

M.F. Simões et al. International Journal of Pharmaceutics xxx (xxxx) xxx-xxx

the observed mesh is related to the used plasticizers, which are clearly
and homogenously dispersed within the matrix.

3.6.3. Raman spectroscopy
The Raman spectra of IBR and the three ASDs manufactured by HME,

SLP + 50% IBR + 10% PEG6000, PVPVA + 50% IBR + 15% P407,
and PVP + 50% IBR + 10% PEG6000, are depicted in Fig. 8. The three
sections where the different solid-state forms demonstrate the greatest
divergence from the crystalline form are highlighted and were already
discussed in the drug characterization section. In general and besides the
observation of the characteristic Raman bands of amorphous IBR, broad-
ening of the bands is observed in the ASDs, which corroborate with a
fully amorphous dispersion of IBR.

The broader bands obtained in the ASDs may also reflect a differ-
ent local environment due to a tither binding with the polymer, due to
the existence of weak intermolecular interactions (Meng et al., 2015),
such as Van der Waals, electrostatic or hydrophobic. Therefore, pos-
sible interactions between drug and polymers in the extrudates were

also investigated, as IBR has eight H-bond acceptors, one donor, and sev-
eral moieties capable of establishing π-interactions (Fig. 1) (Zvoníček
et al., 2017). Changes in the Raman shift or shape of specific bands
may indicate a drug-polymer interaction in these sites, as reflected
in spectral features associated with C O stretching at 1610 cm−1, C

C aromatic ring chain vibrations at for instance 1475, 1587, and
2869 cm−1, and C H stretching modes of the alkene group at 2948 and
3066 cm−1.

In fact, there are slight shifts in the position of specific peaks, as
the 858 cm−1 shifted to 843 cm−1, the 1254 cm−1 to 1260 cm−1, or
the 1308 cm−1 moved to 1305 cm−1, common to the three ASDs (Fig.
9A). These may represent the formation of weak intermolecular inter-
actions affecting the two aromatic rings, through Van der Waals or π
interactions. Moreover, a decrease in the intensity of some bands was
noticed between 1150 and 1650 cm−1, specifically in the case of the
band observed at 1164 cm−1, assigned to the asymmetric stretching
of the ether group, 1254 cm−1, due to C N stretching modes, 1437
and 1520 cm−1, related to C C vibrations (aliphatic and aromatic),

Fig. 8. Raman spectra of crystalline and amorphous IBR, SLP, PVPVA and PVP compositions. The spectra were recorded in the 50–1800 cm−1 wavenumber range, during 20 s with 20 ac-
cumulations, with the delay time of 1500 s and excitation at 633 nm. The highlighted areas correspond to where most pronounced differences from the crystalline structure were detected.

Fig. 9. Detail of Raman spectra amorphous IBR, and SLP, PVPVA and PVP compositions. A: Detail of 1100–1750 cm−1, where the decrease in the intensity of some bands was noticed,
namely at 1164, 1254, 1437, 1520, and at 1610 cm−1. B: Spectra of IBR, SLP system and its placebo collected between 2000 and 4000 cm−1 to highlight the decrease of the 3066 cm−1

peak in the system prepared by HME.
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and 1610 cm−1, assigned to the stretching of the C O group (Fig. 9A)
(Zvoníček et al., 2018). These changes may also be related to the in-
volvement of these molecular fragments in new Van der Waals or π in-
teractions in the formulations. To investigate other possible interactions,
Raman spectra until 4000 cm−1 of a representative composition was col-
lected (SLP), and is depicted in Fig. 9B. The most notable change is also
a drastic decrease of the 3066 cm−1 peak, which is attributed to the C
H stretching of the vinylic hydrogens. These findings suggest a dipolar
interaction with the α, β unsaturated ketone of IBR, stabilized by elec-
tronic resonance, which decreases the π character of the terminal C
C bond. This is corroborated by the simultaneous decrease of the fre-
quency of the 1610 cm−1 band, attributed to the C O. Noteworthy, the
primary amine bands are usually of low intensity in Raman spectra, thus
the H-bond interactions likely involving this function are not easily evi-
denced. Along with several weak interactions pointed out, this is likely
the stronger interaction identified that enhanced significantly the phys-
ical stability of IBR through the inhibition of molecular mobility, and is
the major effect responsible for its surprising behavior on extrusion.

3.6.4. mDSC analysis
mDSC profiles of pure polymers and solid dispersions are depicted

in Fig. 10 (only reversing heat flow curves are represented, to sim-
plify). PEG6000 and P407 were again detected as crystalline in the
three systems, as an endothermic event is observed in the mDSC pro-
file at the typical melting range of these materials (40–60 °C). The Tgs

Fig. 10. Modulated Temperature Differential Scanning Calorimetry profiles for pure poly-
mer and milled extrudates of SLP + 50% IBR + 10% PEG6000; PVPVA + 50%
IBR + 15% P407; PVP k12 + 50% IBR + 10% PEG6000. Method: From 0 °C to 220 °C
at 5 °C/min, amplitude ± 0.80 °C and a period of 60 s. Blue lines: solid dispersions; Black
lines: pure polymer. Details of glass transition detected for the SLP and PVPVA systems are
depicted as insets.

were detected, both for the polymers and the solid dispersions. How-
ever, in the ASDs they are very weak, hardly detected and they were not
consistent in all measurements. This is also an indication that HME sam-
ples may be characterized as between amorphous dispersions and solid
solutions, where each IBR molecule is completely dispersed and embed-
ded in the polymer, with some minor dispersed amorphous clusters. In
addition, no indication of drug degradation was detected in any of the
three IBR compositions.

mDSC results are in line with the observations from the PLM: the
drug is dispersed within the polymer, and the plasticizer is at least
partially crystalline. Another important conclusion from these measure-
ments comes from the comparison of the theoretical Tg with the exper-
imental values. As observed in Table 6, the experimental glass transi-
tions are well above the predicted values, with an increment of 83 °C
for the SLP system, 65 °C for the PVPVA composition, and 50 °C for the
PVP dispersion. The high Tg of these systems should be the reason for
the required high extrusion temperatures, much higher than expected.
In addition, the theoretical predictions lack the plasticizer contribution,
as well as residual moisture, which decreases the Tg, and thereby in-
creases the real difference between predicted and experimental values.
Nevertheless, the real values are still well above the predictions, and this
is another indication of very strong intermolecular interactions between
the drug and the polymers.

3.7. Stability studies

Accelerated and long-term stability studies were carried out to vali-
date the thermodynamic predictions. The extruded ASDs were stored in
ICH climatic chambers at 25 °C/60%RH (long-term conditions) and at
40 °C/75%RH (accelerated stability study). Samples were investigated
for recrystallization by XRPD and PLM imaging periodically, namely
after 1, 3 and 6 months of storage in these conditions. Raman spec-
troscopy was also performed after 6 months of storage in all samples.
The results, including XRPD, and Raman, are summarized in Table 7.
Additional information may be found in Supplementary Material.

The IBR drug samples crystallized right after 3 months at 40 °C/
75%RH, as demonstrated by XRPD, whereas at 25 °C/60%RH the drug
was kept in the amorphous form during the whole stability study, as
observed in the Raman spectra, as well as in the XRPD diffractogram.
When formulated (preliminary IBR formulation), the physical stability
of IBR was lower and IBR crystallized only after one month at 40 °C/
75%RH, and after 6 months at 25 °C/60%RH. This demonstrates, in-
deed, the need for a stabilization strategy of amorphous IBR. When in-
cluded in any of the three HME systems, no recrystallization of IBR was
observed whatever the storage condition was, even at 40 °C/75%RH.
The samples exhibit two identifiable XRPD peaks at 19 and 23 2θ, but
they do not match the patterns of IBR in 2θ. They are attributed to
crystalline PEG6000 and P407, as reported (Fulop et al., 2015; Kian

Table 6
Prediction of Tg of milled extrudates through the Gordon-Taylor equation and comparison
with experimental values.

Component

Experimental Tg
(°C) of pure
components

Calculated Tg
(°C) of the
blend a (1:1)

Experimental Tg
(°C) of milled
extrudates b

Δ
Tg
(°C)

IBR 79.1 ± 0.4 – – –
SLP 70.2 ± 2.1 74.1 157.16 ± 9.6 83.1
PVPVA 110.0 ± 0.2 92.6 157.52 ± 4.4 64.9
PVP K12 113.6 ± 4.2 93.3 142.97 ± 1.9 49.7

a Based on the Gordon-Taylor equation, based on experimental Tg determination of
individual components.

b Equipment: Q100 (TA Instruments). Aluminum capsules. Method: From 0 °C to
220 °C at 5 °C/min, amplitude ± 0.80 °C, period of 60 s.
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Table 7
Analytical results of extrudates of IBR amorphous drug and ASDs manufactured by HME on stability.

Formulation Storage – 25 °C/60%RH 40 °C/75%RH

Time
points
(months) 0 1 3 6 1 3 6

Amorphous drug Appearance Loose Loose Loose Loose Lumps Lumps Lumps
XRPD A – – A A C C
Raman A – – A – A

Preliminary IBR formulation XRPD A A A C C C C
SLP + 50% IBR + 10% PEG6000 Appearance Loose Loose Loose Loose Loose Loose Loose

XRPD A – – – A* A* A*
Raman A – – A – – A

PVPVA + 50% IBR + 15% P407 Appearance Loose Loose Loose Loose Loose Loose Loose
XRPD A* – – – A A A
Raman A – – A – – A

PVP + 50% IBR + 10% PEG6000 Appearance Loose Loose Loose Loose Loose Loose Loose
XRPD A* – – – A* A* A*
Raman A – – A – – A

Abbreviations: A – amorphous; C – crystalline; – not performed; *diffraction peaks at 19 and 23 2θ are found in XRPD pattern but attributed to PEG6000 or P407 (Fulop et al., 2015;
Kianfar et al., 2014).

far et al., 2014). They were used in the formulations as plasticizers,
and these peaks occurred already after preparation.

The Raman spectra were initially collected and they provided sup-
port to assess the physical state of IBR during the stability tests. The
Raman spectroscopy characterized all samples as amorphous, both drug
and polymeric systems, at T0 and 6 months (Fig. 11). The typical
amorphous IBR Raman shifts and band shapes were detected, and the
residual crystallinity of IBR when exposed to 40 °C/75%RH was not
detected. It seems that, in this case, XRPD is able to detect crys

talline traces sooner than Raman. Besides a complementary technique
for structural characterization, another important contribution of Ra-
man spectroscopy is the ability to detect chemical changes over time.
For the PVPVA and PVP systems, the Raman spectra are quite simi-
lar to the amorphous drug and to T0. However, there are three newly
identified bands in the SLP system when exposed to 40 °C/75%RH, de-
tected at 634, 984 and 1731 cm−1, highlighted in Fig. 11 with *. These
bands were not present neither at T0 nor at 6 months in the 25 °C/

Fig. 11. Raman spectra amorphous IBR, SLP, PVPVA, and PVP compositions after 6 months of stability exposed to 40 °C/75%RH and 25 °C/60%RH. The spectra were recorded in the
50–1800 cm−1 wavenumber range, during 20 s with 20 accumulations, with the delay time of 1500 s and excitation at 633 nm. A * marks new bands identified in the SLP system after
6 months of storage at 40 °C/75%RH.
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60%RH chamber. They are attributed to the chemical degradation of the
SLP system, where a storage restriction is needed.

Raman spectroscopy was also used to verify changes and intermol-
ecular interactions over time, in stressed conditions at various humid-
ity and temperature conditions. All the reported deviations of Raman
shifts at T0 and attributed to intermolecular interactions were main-
tained over time, for the three systems under study. In addition, in the
SLP composition, the 1437 cm−1 peak was also shifted to 1445 cm−1.
This may be a reflection of the reported minor chemical degradation,
but can also be attributed to C C vibrations, triggered by the typical
moisture uptake of these systems in such high humidity conditions.

4. Discussion

In this study, a real technical hurdle was resolved, the thermody-
namic instability of the amorphous IBR. The study initiated with a full
characterization of IBR by thermal analysis coupled with Raman spec-
troscopy, which was essential to exclude the possibility of drug degra-
dation with heat or other transformation that require enthalpy changes
during HME processing. Then theoretical thermodynamic predictions
were performed, namely miscibility based on the Hansen solubility para-
meters and the Tg with the Gordon-Taylor equation. Selected polymers
were subjected to a complete HTS focused on physical stability, where
PLM was complemented with Raman spectroscopy to select the most
promising systems. Multivariate statistics was key to extract useful con-
clusions from the HTS, namely the relevance of humidity in triggering
IBR crystallization and the low importance of drug load. The latest was
surprising taking into account the typical behavior of amorphous sys-
tems and the well-known correlation between thermodynamic stability
and drug load.

Three systems were manufactured, all characterized as amorphous
by thermal analysis, XRPD, and Raman spectroscopy. The HME process
required high temperatures to process these systems, which was unex-
pected due to the predicted Tg by the Gordon-Taylor equation. The ex-
perimental Tgs were determined with mDSC, and they were well above
the predicted values. In fact, it is known that this approach ignores po-
tential intermolecular interactions, and was, indeed, an underestimation
for these systems. Moreover, this was the reason for the required high
extrusion temperatures and an indication of strong interactions between
the drug and the polymers.

The Raman spectroscopy was used to investigate drug-polymer inter-
molecular interactions. There are shifts in the position of specific peaks,
common to the three ASDs and probably related to a weak interaction
affecting the aromatic rings of IBR, through a Van der Waals or π inter-
actions. Moreover, a decrease in the intensity of some bands between
1150 and 1650 cm−1 was noticed, assigned to the stretching of the ether
group, C N stretching, C C vibrations, and to the stretching of the
benzene groups, either caused by Van der Waals or π interactions. Amine
groups do not commonly lead to intense signals in Raman spectroscopy,
which are even less intense and broader when involved in hydrogen
bonds, as observed in the pure IBR amorphous. Therefore, hydrogen
bond interactions were not evidenced by Raman spectroscopy. Never-
theless, the decrease of the 3066 and 1610 cm−1 peaks was attributed
to a strong intermolecular dipolar interaction, involving the α, β unsat-
urated ketone. All these interactions between amorphous IBR and the
polymers justify the surprisingly high Tg of the prepared HME systems.
The additive effect of these intermolecular interactions changed brutally
the performance of the ASDs, observed latter in the stability studies.

Raman spectroscopy identified three new bands in the SLP system
when exposed to 40 °C/75%RH, detected at 634, 984 and 1731 cm−1

and likely attributed to chemical degradation. Although physically sta-
ble, the SLP composition should require a storage restriction to avoid
impurities, and this is considered for product development from the
very early. Overall, all these compositions were determined to be amor

phous until at least 6 months, both by XRPD and Raman spectroscopy,
which indicated that the molecular mobility of the IBR compound in the
prepared matrixes is slow enough to avoid crystallization, even when
stored in accelerated conditions. It revealed the physical strength of
these polymeric systems in the presence of high humidity and tempera-
ture.

5. Conclusion

A systematic approach for the stabilization of an amorphous IBR is
reported, a drug with a high tendency for crystallization. After a ther-
modynamic evaluation, a preliminary experimental assessment was per-
formed in a miniaturized and high-throughput manner. Promising sys-
tems were selected with the support of multivariate statistics, namely
PCA, and three ASDs prepared by HME. They were characterized as
amorphous by XRPD, mDSC, and Raman spectroscopy. It is known that
the theoretical Tg calculated from the Gordon-Taylor equation ignores
potential intermolecular interactions, and there was indeed a drastic
increase in the experimental Tg. This was caused by the additive ef-
fect of several interactions detected in the Raman spectra of the ASDs.
These findings were confirmed through stability studies of milled ex-
trudates until 6 months at long-term and accelerated conditions, where
no IBR crystallization was detected by XRPD and Raman spectroscopy.
The quite unexpected high physical stability of these systems at 40 °C/
75%RH is also attributed to these intermolecular interactions.
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