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ABSTRACT: A majority of drugs marketed in amorphous formulations have a
good glass-forming ability, while compounds less stable in the amorphous state still —
pose a formulation challenge. This work explores ternary solid dispersions of two %
model drugs with a polymer (i.e., hydroxypropyl cellulose) and a coformer as ’ J
stabilizing excipients. The aim was to introduce a computational approach by , ———
preselecting additives using solubility parameter intervals (i.e, overlap range of M
solubility parameter, ORSP) followed by more advanced COSMO-RS theory Computationalexcpient
modeling. Thus, a mapping of calculated mixing enthalpy and melting points is

proposed for in silico evaluation prior to hot melt extrusion. Following experimental

testing of process feasibility, the selected formulations were tested for their physical Bullans yos sl nano 4 \__
stability using conventional bulk analytics and by confocal laser scanning and i
atomic force microscopy imaging. In line with the in silico screening, pL-malicand- ~ vEEEE e
tartaric acid (20%, w/w) in HPC formulations showed no signs of early drug
crystallization after 3 months. However, L-tartaric acid formulations displayed few
crystals on the surface, which was likely a humidity-induced surface phenomenon. Although more research is needed, the conclusion
is that the proposed computational small-scale extrusion approach of ternary solid dispersion has great potential in the formulation
development of challenging drugs.

Hot melt extrusion

Angle (20)
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1. INTRODUCTION GFA appears to be an intrinsic drug property, relevant also for
Novel drug candidates are often poorly water-soluble, entailing amorphization processes other than cooling from a melt'* and
problems with erratic and variable drug absorption as well as for the storage stability of both the drug alone and when
possible food effects, which generally require so-called formulated with polymers as an amorphous solid disper-
bioenabling formulations.' > Commonly used are solid sion."*"*

dispersions, which are mostly about polymer-based amorphous The vast majority of amorphous solid dispersions (ASDs) on
dispersions, and excellent reviews have been written on this the market are good glass formers (ie., class IIT)."> It is
topic.”° The noncrystalline form of the active pharmaceutical therefore common that for GFA I and II compounds, other
ingredient (API) can generate supersaturation depending on bioenabling formulations than ASDs are considered.'®'” Class
the formulation matrix, which typically promotes drug II compounds could still be realistically stabilized in
absorption in the gastro-intestinal tract.7’8 Apart from thlS amorphous form, but thlS Strategy is risky and a Single
biopharmaceutical formulation performance, a solid dispersion matrix-forming excipient may not be sufficient to obtain a
must of course be physically stable for the entire shelf life of stable drug product. There are examples of using two polymers

the drug product, and compounds pose different challenges in
achieving this objective. A drug classification has previously
been introduced that differentiates compounds based on the
glass-forming ability (GFA) of their undercooled melt.” While -
some compounds are practically nonglass-forming (class I), at Recfnved: May 29, 2024

the other end of the GFA spectrum are so-called good glass Revised:  September 27, 2024
formers (class III). There is a further class between these AccePted: October 1, 2024
extremes for compounds that form glass from the melt but Published: October 10, 2024
display recrystallization in the second heating of the standard

differential scanning calorimetry method.'”'" This compound

instead of a single matrix former to achieve increased ASD
stability.'®'? Apart from stability considerations, such ternary
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ASDs can show further biopharmaceutical advantages.”””'

Ternary ASDs may not only comprise an additional polymer
but, instead, other excipients can be added, so a classification
according to composition has been given previously.””
Curiously, the addition of such a small-molecular excipient
with the primary aim of drug stabilization is a more recent
approach.”® This is similar to the neighboring field of so-called
coamorphous systems, but the latter formulations are different
in terms of composition and manufacturing process because
there is no polymeric matrix as it is otherwise present in
modern ternary ASDs.*** However, due to the biopharma-
ceutical advantages of polymers as drug precipitation
inhibitors,”**” recent work on coamorphous systems advo-
cated a small amount of polymer (5—10%, w/w) in the
mixtures, but the process was still ball-milling because there
was not enough polymer for hot melt extrusion that is actually
preferred for lean manufacturing.”*™*° Therefore, the use of
ternary ASDs with a small-molecular additive that exhibits
strong drug interactions, ie, a coformer, is an interesting
concept. This type of ternary ASD could be especially
interesting regarding GFA II drugs. However, such a tailored
formulation strategy with various combination options would
require either much additional experimentation compared to
ordinary ASD development or digital tools should be
harnessed to guide formulators. The present paper therefore
addressed this computational screening need as another main
objective.

Various digital methods have been tried for the development
of ASDs and an overview of methods ranging from solubility
parameters, Flory—Huggins theory, and molecular simulations
to machine learning can be inferred from a recent review.’'
Interesting is especially the conductor-like screening model for
real solvents (COSMO-RS) as it combines quantum-chemical
calculations with statistical thermodynamics.””**> The model
has been used for a modern estimation of solubility parameters,
solubility, and solvate and cocrystal prediction.”*”*® The
model has been further introduced to the field of coamorphous
systems, and most recently, entire drug-polymer phase
diagrams were predicted by COSMO-RS.”™*" However,
such modeling requires adaptations for solid dispersions of
multiple components in an industrial screening context and
regarding the specific manufacturing requirements of melt
extrusion.

This paper introduces the concept of an overlap range of
solubility parameter (ORSP) to preselect coformers that are
then further evaluated calculating (COSMO-RS) excess
enthalpy, H,,, of the drug and coformer. These latter values
are then mapped against the melting points of the coformers
by considering the process temperature interval of the
preferred polymer. Hydroxypropyl cellulose was selected here
as a model together with the challenging GFA II drugs of
bifonazole (basic pK, = 6.28; log P = 5.23) and cinnarizine
(basic pK, 7.75; log P 5.88).""*" Following the
computational preformulation, selected ternary solid dispersion
candidates were studied for their stability by differential
scanning calorimetry (DSC) and powder X-ray diffraction
analysis (XRPD). Moreover, confocal laser scanning and
atomic force microscopy were employed as further analytics
because of their known sensitivity to early on detect possible
recrystallization during storage.*>**
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2. MATERIALS AND METHODS

2.1. Materials. The pharmaceutical active ingredients
bifonazole and cinnarizine, as well as L-ornithine hydro-
chloride, were obtained from Biosinth Ltd. (Compton, Great
Britain). Citric acid (99%), pL-malic acid, and L-tartaric acid
were purchased from Sigma-Aldrich Chemie Ltd. (Steinheim,
Germany). The polymers HPC L grade (~140 kDa), grade SL
(~100 kDa), and grade SSL (~40 kDa) were kindly donated
by Nippon Soda Co., Ltd. (Tokyo, Japan). All materials were
used as received.

2.2, Methods. 2.2.1. Quantum-Chemical and Thermody-
namic Modeling to Determine Mixing Enthalpies. The
theory of COSMO-RS was introduced by Prof. A. Klamt, and
it is based on a solute embedded in a (conducting)
continuum.’”*®> A three-dimensional molecular geometry
with respective surface charges is determined by means of
quantum chemical calculations. Accordingly, the electron
density is converged to its energetically optimal state in the
assumed conductor to obtain surface screening charge
densities o that are used for further calculations.®

COSMO-RS considers a solvent S as an ensemble of
pairwise-interacting surface segments. The interaction energies
of the surface pairs are defined in terms of the screening charge
densities ¢ and ¢’ of the respective surface segments. The so-
called o profile is used for each component and is essentially a
histogram of the respective screening charge densities p*(o).
Subsequent thermodynamics calculations require equations for
the relevant electrostatic, hydrogen bonding, and van der
Waals interactions, whereby a pseudochemical potential 4" of a

compound X; in the system S can be calculated by integration
of u,(6) over the surface of the compound:***>*!

W+ /p" (0)u(o)do

X _
o (1)

There are of course differences in the size and shape of the
molecules in the system, so an area- and volume-dependent

combinatorial term " is further considered in the equation

above; the required molecular surface areas and volumes are
taken from the COSMO cavities.

Because quantum chemical calculations based on density
functional theory (DFT) are computationally intensive, the
present work utilized a fragment-based approach to estimate
sigma surfaces based on a large database of DFT results at a
valence triple-{ polarization (TZVP) level of theory.46
Accordingly, the program COSMOquick (v.2020, Biovia,
Dassault Systémes) was used for all of the COSMO-based
calculations in the present work. In line with the outlined
workflow of thermodynamic property calculations, the mixing
enthalpy was finally determined by the following equation:

AHmix = Z kaI]:lix - Z ka}’:ure
k k

)

where x; stands for the mole fraction of a component k, Hxl;ix is
the enthalpy of compound k in the mixture, and Hll;ure
represents the enthalpy of the pure component k. Thus, AH,
denotes the enthalpy change during mixing of components as
compared to their pure liquid state and, in the case of solid
components, this can be viewed as an intermediate state of
supercooled liquid components.*>*" A 1:1 molar ratio of the
drug and coformer and 25 °C were selected for calculating

AH,;, that is used in the following interchangeably with the

https://doi.org/10.1021/acs.molpharmaceut.4c00592
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o Information on typical values for
mixtures of drugs and excipients can be found in the
literature.”>*”

2.2.2. Calculation of Solubility Parameters. The concept of
solubility parameters has been used extensively in pharma-
ceutical sciences, and the different methods as well as relevant
applications have been reviewed previously.” COSMO-RS
also provides a framework to estimate solubility parameters,
either via an empirical relationship using COSMO moments or
via solubility value calculations under different conditions.”*
The latter computational method is close to a common
experimental approach except that solubility values are
calculated in silico. Accordingly, a virtual solubility screening
using 29 reference solvents provides an initial estimate of the
partial solubility ?arameters to compute the activity coeflicient
In(y) as follows:™*

term excess enthalpy, H

" V.
I, amsen) = aEH(ﬁM -8 +(5,,—6,)

+ (B — 8,71 3)

where x refers to the solute (i.e., active compound), i stands for
a reference solvent, a is the universal (Hansen) parameter, and
V, is the molar volume of the solute. Subsequently, activity
coefficients are computed via COSMO-RS and partial
solubility parameters in eq 3 are varied to minimize squared
differences according to eq 4:>*

Z [f(lno/i,xHansen)) _f(ln(]/i,xCOSMO»RS))]2 = min (4)

The function f(In(y)) is sigmoidal, and it was introduced to
discriminate between good (when the function takes values
close to unity) and bad solvents (for which values are close to
zero); more information on the accuracy of the method to
characterize drugs can be inferred from the literature.”

2.2.3. Hot Melt Extrusion. The experimental extrusion was
then conducted on a small-scale ZE9 ECO twin-screw extruder
by ThreeTec Ltd. (Birren, Switzerland) with corotating screws
of 9 mm in diameter and 180 mm in length with the standard
configuration consisting of a conveying zone, a melting and
mixing zone, and a discharging zone. The screws were encased
in the extrusion barrel, which contained three individual
heating zones. The extrusion temperature was set to 150 °C
and 15—20 °C higher for the formulations with the coformer
tartaric acid. After stable temperatures were reached, the screw
speed was set to 50 rpm, all ingredients were premixed with a
pestle and mortar, and the blend (minimum of S g) was then
added manually to the extruder in small portions. The
extrudates were cooled, sealed in aluminum bags, and stored
at 25 °C, 60% relative humidity, and RH.

2.2.4. Differential Scanning Calorimetry. Extrudate
samples were assessed by differential scanning calorimetry on
a DSC 3 instrument (Mettler Toledo, Greifensee, Switzer-
land). A 5 to 9 mg sample was placed in a 40 uL aluminum pan
with a pierced lid. A heating/cooling rate of 10 °C/min from
10 to 220 °C was applied under nitrogen purging at 200 mL/
min. A whole measurement included two cycles of heating and
cooling within the specified temperature range and rate. The
thermograms were analyzed with STARe evaluation software
version 16 (Mettler Toledo, Greifensee, Switzerland).

2.2.5. X-ray Powder Diffraction Analysis. To obtain a
powdered sample, extrudates were first cut into small pieces
and ground with a Freezer/Mill cryogenic grinder from Spex
SamplePrep LLC (Metuchen, USA). After filling the device

5621

with liquid nitrogen from Carbagas Plc (Muttenz, Switzer-
land), the cylindrical sample holder, including approximately 2
g of extrudate pieces and a metal rod for milling, was inserted
into the grinder. The precooling option was set to 10 min with
a milling rate of 10 counts per second for 2 cycles of 2 min
each. The resulting powder was immediately purged with
argon gas from Carbagas AG (Muttenz, Switzerland), packed
and sealed in airtight aluminum bags, and stored in a fridge at 4
°C.

The cryomilled extrudate samples were analyzed by X-ray
powder diffraction (XRPD) analysis and compared to the
untreated neat drug. The analytical X-ray diffraction patterns
were obtained using an X-ray diffractometer (D2 Phaser) from
Bruker AXS Ltd. (Karlsruhe, Germany) equipped with a Cu
KFL tube as a radiation source (30 kV, 10 mA, and a radiation
wavelength of 1.542 A) and a 1D Lynxeye detector. Each
sample was automatically rotated on a sample holder at 15
rpm, and the angular scanning range for each sample was from
6° (20) to 42° (20) with a 0.016° step size (260) at 2.0 s per
step.

2.2.6. 3D Laser Scanning Confocal Microscopy. Laser
scanning micrographs of the sample surfaces were collected by
means of a 3D laser scanning confocal microscope (LSM) VK-
X1100 (Keyence, Osaka, Japan) using a violet laser (404 nm)
and a 150X objective lens (Nikon Plan CF Apo, 150X/0.95,
WD 0.2 mm). While the surface was scanned at high speed in
X and Y, allowing image capture with high lateral resolution,
the lens moved in the Z direction and recorded the intensity of
the reflected light. A peak search technology was used as a
proprietary algorithm to calculate an appropriate I—-Z curve
from the obtained reflection intensity data, including the
reflection intensity between steps, and determined the height
position with the maximum intensity over the entire range of
the Z direction. The intensity of the laser light that passed
through a pinhole was determined by a very sensitive 16-bit
photomultiplier. Since the pinhole blocks most of the returning
light except that from the focal point, confocal LSM delivers
much sharper images than conventional microscopy techni-
ques. The lateral resolution was measured at 130 nm, whereby
the distances between black and white lines written on a flat
mirror surface were resolved. The general scan area measured
was 70 X 90 yum with a pixel size of 768 X 1024. Finally, a true
color image from the integrated second light source was
overlaid.

2.2.7. Atomic Force Microscopy. Atomic force microscopy
(AFM) images of extrudates were acquired under ambient
conditions in dynamic AC mode using a JPK NanoWizard 4
AFM instrument (Bruker Nano GmbH, Berlin, Germany).
Height and phase images were collected simultaneously using a
standard silicon tapping mode AFM cantilever (type 160AC-
NA, OPUS by MikroMasch, NanoAndMore GmbH, Wetzlar,
Germany) with a nominal length of 160 gm, a nominal
resonance frequency of 300 kHz, a nominal force constant of
26 N/m, and an aluminum reflective coating. Regarding AFM
resolution, this is generally the minimum motion that can be
controlled and measured in the x-, y-, and z-axes, but also the
geometry of the probe is decisive for lateral resolution. The
used AFM instrument typically achieves a lateral resolution of
a few nanometers and a vertical resolution in the range of a few
hundreds of picometers under the given conditions. A
representative scan area in this study was 10 X 10 ym at
512 X 512 pixels.

https://doi.org/10.1021/acs.molpharmaceut.4c00592
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Figure 1. Calculated solubility parameters (MPa®?) for a range of coformers that were selected based on the overlap range of solubility parameter
(ORSP) of the model drugs and hydroxypropyl cellulose (HPC). Limits of the ORSP are given both for a broader (dotted lines) or more restrictive
interval (dashed lines) for cinnarizine (in green) and bifonazole (in red).

3. RESULTS AND DISCUSSION

3.1. Computational Excipient Screening. This study
aimed to formulate unstable glass-forming (i.e., GFA II) model
drugs by means of ternary solid dispersions while introducing a
computational screening method to guide formulators.
Polymer-based solid dispersions are among the preferred
formulatlon principles if a compound has a good glass-forming
ability.'” Other GFA class I or I compounds rarely make it to
the market as an ASD because of the low probability of
stabilizing the drug in amorphous form during the entire shelf
life.

There are different drivers of drug crystallization, starting
from thermodynamic, kinetic, and environmental factors, as
reviewed elsewhere.”” This mechanistic complexity certainly
poses a hurdle regarding absolute predictions of physical
stability, but for screening purposes, some approaches have still
been found useful. One such classical approach is the use of
solubility parameters to predict the likely miscibility of the
components.”® Thus, the difference of the total (i.e.,
Hildebrand) solubility parameter of the drug and excipient
should not be Sgreater than 10 MPa®3, as this is associated with
immiscibility.””" In an interval of +7 MPa®’, there is likely
full miscibility of the components,”" leaving the differences
between 7 and 10 MPa® for typically miscibility depending on
the specific ratios (i.e., partial miscibility). This work suggests
the use of the total solubility parameter for a preselection of
coformer candidates to reduce the computational burden for a
next step based on the more advanced COSMO-RS model.

For such a first screening, the present work introduces the
concept of the overlap range of solubility parameter (ORSP).
Although solubility parameters have been considered for
multicomponent solid dispersions,52 the concept of ORSP as
preselection for a subsequent more sophisticated excipient
selection is new to the best of our knowledge.

A recently published computational method was used to
predict the total solubility parameter:** 19 MPa®® was found in
the case of cinnarizine and 20 MPa®® for bifonazole. The
current work focused on HPC as a polymer based on recent
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biopharmaceutical interest in the field of hot melt-extruded
solid dispersions,”””" and the total solubility parameter of 24
MPa®® was inferred from the literature.”® Accordingly, any
excipient mixed with cinnarizine should have a total solubility
parameter within 9—29 MPa®®, while for HPC, the interval was
14—34 MPa’?, giving overlapping values at 14—29 MPa’® as
ORSP. Alternatively using the more restrictive solubility
parameter interval of +7 MPa’’, the ORSP yields 17-26
MPa%°. As for bifonazole, the broader and hence more
inclusive solubility parameter interval provides an ORSP of
14—30 MPa®3, whereas the more restrictive ORSP yields 17—
27 MPa’. In the next step, a series of 34 small-molecular
additives were selected based on oral acceptability and with the
requirement that the calculated total solubility parameter was
within the relatively broader limits of the ORSP (Figure 1).
Although, in principle, the ORSP is drug-specific, the high
similarity in the case of the selected model drugs led to the
same selection of excipient candidates. For further selection of
most promising coformers, the excess enthalpy, H,, was
calculated in the framework of COSMO-RS theory.”” A
fragment-based approach was employed, which makes use of a
database of molecular screening charge dlstrlbutlons obtained
from previous quantum chemical calculations.*® The estimated
excess enthalpy has been used before to screen excipients
regarding formation of cocrystals with the drug®® or
successful coamorphous mixtures.”” As the present work
focused on hot melt-extruded solid dispersions, a new
approach was to map H,, values of the excipient candidates
with the drug for a suitable temperature process range of the
given polymer. A high temperature value close to the thermal
decomposition temperature of the polymer may be selected, or
as in the present case, a more conservative upper limit (i.e., 225
°C). The lower temperature limit can be selected based on
glass transition temperature and extrusion experience with the
given polymer; here, a value of 100 °C was taken for HPC.>®
As a result, Figure 2 displays the mapping of H,, of the drug
and excipient vs their melting points. Several additives were
outside the targeted process range for hot melt extrusion of

https://doi.org/10.1021/acs.molpharmaceut.4c00592
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Figure 2. Predicted excess enthalpy, H,,, of the various coformers
with model drugs (equimolar mixtures) plotted versus the melting or
decomposition temperature of the additives. Most promising
coformers were found for a group of three acids in order of increasing
melting points: malic, citric, and tartaric acids. These preferred
coformers (filled symbols in blue) were further investigated together
with the negative control additive ornithine (filled symbols in red).
The dashed lines indicate a typical operating window for hot melt
extrusion with HPC.

HPC. With a lower temperature range, it makes sense to avoid
additives that are either liquid or waxy, which in larger
quantities are difficult to dispense into the extruder barrel.
Moreover, for compounds with high melting points outside the
process temperature range, drug interactions would only be
possible on the surface of suspended additive particles instead
of the desirable molecular-level mixture of the components. As
shown in Figure 2, the most pronounced interactions were
found for a group of three acids in order of increasing melting
points: malic, citric, and tartaric acids. The fact that the same
group of three acids had the highest interaction potential for
both drugs indicates that some similarity exists between
cinnarizine and bifonazole, which was already evident from the
very similar total solubility parameters. However, there were
also differences noted in the predicted H,, values in that the
interactions of excipients and bifonazole reached clearly more
negative values than the corresponding excipients with
cinnarizine. A slightly negative value of H,, may already result
in an amorphous product, as there is further contributing
mixing entropy for the relevant free energy of mixing. More
promising are certainly highly negative H,, values whereby
more negative values beyond —2 kcal/mol generally resulted in
amorphous products as sug%ested by a recent work on
coamorphous binary systems.”® Slightly negative H,, values
were shown to still result in amorphous 1:1 products in the
case that the coformer and drug had similar lipophilicity.*®
Great differences in lipophilicity would be reflected in
mismatches of the total solubility parameter, where the latter
parameter should be the more relevant characteristic than
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lipophilicity regarding miscibility and possibly also for physical
stability. As the present work used only preselected coformers
based on the ORSP, the slightly negative H,, values in the case
of cinnarizine and selected coformers still hold promise for a
subsequent experimental study of the ternary ASDs.

While malic, citric, and tartaric acids were identified as
preferred additives based on negative H,, values, a clearly
unfavorable excipient was ornithine as it showed even positive
excess enthalpy with both drugs and was accordingly selected
as a negative control additive.

Figure 3 shows the so-called sigma surface, which depicts the
surface screening charges from the DFT calculations. There

N

20—

-

Sl
Bifonazole

Citric acid

3

et

Malic acid Tartaric acid

&

Figure 3. Sigma surfaces obtained from density functional theory
(DFT) are shown for the model drugs and selected coformers. Low to
high screening charge is color-coded from blue to red with neutral
surfaces in green.

Ornithine

were similarities noted between the model drugs regarding a
high fraction of practically neutral (in green) surface charge
and with respect to distinct basicity, as shown by the highly
positive screening charge of the respective nitrogen atoms (in
red) corresponding to high electron density. The coformers
malic, citric, and tartaric acids shared together with ornithine
the similarity that all molecules were comparatively small and
showed hydrogen bonding as well as accepting qualities, but
there were still individual differences in geometry and extent of
very low and high screening charges on the molecular surfaces.

3.2. Experimental Feasibility Testing Using Hot Melt
Extrusion. Before embarking on more formal stability testing,
some technical feasibility trials were conducted on small-scale
manufacturing equipment (Figure 4) by considering different
HPC grades. Thus, first extrusion experiments used a process
temperature of 150 °C for pure polymer of grade SL (~100
kDa) and grade SSL (~40 kDa), which in both cases resulted
in extrudates with a smooth and mostly transparent
appearance. The HPC L grade (~140 kDa) required a higher
extrusion temperature of around 180 °C, and the extrudate
appearance obtained was like the other grades, although
transparency appeared to be lower and the yellowish color of
the HPC extrudates was slightly darker. The good technical
feasibility of HPC grades observed in hot melt extrusion
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Figure 4. Small-scale hot melt extruder (twin screw, 9 mm, ZE9 ECO
by ThreeTec Ltd.) and extrudates of a solid dispersion using HPC SL
and malic acid.

confirmed results of earlier studies, and the pioneering work of
Sarode et al.>* is worth noting. Given the previously measured
melting points of 120.6 °C for cinnarizine and 149.4 °C for
bifonazole,'' it would have been possible to select any of the
tested HPC grades. The SL grade was arbitrarily selected, as its
molecular weight was between the SSL and L grades.

As the computational screening focused on citric, malic, and
tartaric acids, each of these coforming excipients was first
explored for their technical processing feasibility at 20% (w/w)
additive with 5% (w/w) of API and HPC SL as a polymeric
matrix. The rationale for the compositional selection was that a
slight excess of the coformer relative to the drug was targeted
with a sufficient polymer matrix to enable an extrusion process.
Moreover, the initial feasibility trials used a lower drug
concentration than 15% (w/w) in the subsequent stability tests
for a screening purpose.

The process temperature was normally 150 °C but was
increased by at least 15 °C in the case of tartaric acid mixtures
because of the slightly higher melting point of this excipient.
The processability of the different mixtures was generally good,
and slightly yellow extrudates were obtained with different
levels of transparency. Extrudates with citric acid displayed a
tendency to become brittle, and although this technical issue
could be tackled by adding a plasticizer, the scope of the
present research was to keep the formulation simple with only
one polymer and coforming additive. Another asgect was that
citric acid had been shown to degrade at 168 °C,> so there is a
risk of initial degradation even at the lower process
temperature selected. Accordingly, the main stability experi-
ments focused only on malic and tartaric acids as preferred
additives. Moreover, ornithine was further included as a
negative control additive for which the calculated H,, value was
less favorable in the case of both model drugs (Figure 2). The
corresponding hot melt extrusion of ornithine at 20% (w/w) in

HPC SL demonstrated good processability. The extrudate
appearance was again slightly yellow, and some cloudiness was
noted. However, slight turbidity is rather unspecific, and
further bulk analytics would be needed to interpret such a
visual appearance, which was the scope of the subsequent
stability trials.

3.3. Physical Stability of Candidate Formulations.
Following computational excipient screening and initial melt
extrusion feasibility trials, the selected formulations were
manufactured and physically analyzed. Apart from common
bulk analytics using DSC and XRPD, the extrudates were also
studied by means of confocal laser scanning and AFM imaging.
Nanoimaging has been identified as a sensitive analytical
method, either to detect even small amounts of residual
crystallinity following manufacture or to detect early phase
separation before physical instability may be found by means
of conventional DSC or XRPD."”* The need for orthogonal
solid dispersion analytics has been emphasized by current
Taylor group research, which suggested that even low levels of
drug crystallinity below the detection limit of conventional
thermal analysis or X-ray diffraction can impact phase behavior
on release.’® Pioneering work on confocal laser scanning
microscopy in solid dispersion analytics has been published in
the past few years,”” and an advantage over AFM imaging is
the broader field of view in which crystals can be sampled.
Therefore, it is beneficial to combine confocal microscopy with
AFM as the former can serve as a screening tool for crystal
detection, while the latter’s more sensitive spatial resolution
may detect sensitively a beginning phase separation. Such
combined imaging methods have been reported to detect early
signs of physical instability in amorphous solid dispersions
before it became apparent using DSC of XRPD analysis.** As
the use of the latter methods is standard in the solid-state
analysis of amorphous formulations, these techniques are also
combined with the imaging methods in the present study.

The blends of the polymer with the coformer were extruded
and analyzed; results can be inferred from Table 1. The use of
the preferred coformers malic and tartaric acids both resulted
in completely amorphous systems based on DSC and XRPD
analysis. The more sensitive imaging techniques confirmed the
homogeneous amorphous state of the formulation with malic
acid (Figure 5), while some small needles were detected on the
surface of the extrudates in the case of tartaric acid. These
needles had the identical habitus as pure tartaric acid; it is
possible that these crystalline traces below the limit of DSC
and XRPD detection reflected a surface phenomenon. These
traces of crystallinity appeared to be unchanged in extent over
the stability period, so there was no progressive crystallization
noted that could become detectable by bulk analytics.>®

Based on the DSC thermogram, the negative control
additive coformer ornithine was only partially amorphous as
it displayed at the initial time point some Bragg peaks in the

Table 1. Overview of Physical Characterization from Binary Mixtures of Polymer and Additives

HPC SL in binary

mixtures DSC & XRPD

pL-malic acid
(20%, w/w)

L-ornithine
(20%, w/w)

L-tartaric acid
(20%, w/w)

XRPD (initial and 3 M analysis)

amorphous with both analytical methods (initial and 3 M data)
DSC amorphous but small amounts of crystalline ornithine in

amorphous with both analytical methods (initial and 3 M data)
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laser scanning & AFM imaging

absence of any crystalline material initially and after 3 months

crystals found in the samples have the same habitus as ornithine (initial
and 3 M)

amorphous samples but very few small needles on the surface detected
like those of pure tartaric acid
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Figure S. Example of a completely amorphous system (e.g., the binary mixtures of HPC SL and malic acid) as analyzed by differential scanning
calorimetry (DSC), X-ray powder diffractometry (XRPD), confocal laser scanning microscopy, and atomic force microscopy (AFM) (after 3

months of storage at RT, sealed).

Table 2. Overview of Physical Characterization from Solid Dispersions including Bifonazole

HPC SL in binary or
ternary mixtures

bifonazole (15%, w/w)

DSC & XRPD

M, 25 °C), small Bragg peaks were observed

bifonazole (15%, w/w),
pL-malic acid
(20%, w/w)

bifonazole (15%, w/w),
L-ornithine (20%, w/w)

samples

preparation

bifonazole (15%, w/w),
L-tartaric acid
(20%, w/w)

initial analysis suggested an amorphous product, but following storage (3

DSC and XRPD indicated an amorphous mixture of initial and stored

DSC only detected crystallinity after storage using powdered samples;
XRPD already demonstrated a partially crystalline mixture following

DSC and XRPD also suggested an amorphous mixture after storage

laser scanning & AFM imaging
crystalline platelets of drug were revealed by both imaging
methods but only following storage (3 M, 25 °C)
both imaging techniques suggested the absence of crystals

both imaging techniques demonstrated partial crystallinity,
although distinction of the coformer and drug was

difficult

some crystals were detected that were assigned to tartaric
acid but not the drug

XRPD, primarily at 8.8, 20.8, 23.6, 23.8, and 29.0° (26), which
corresponded to the diffractogram taken from pure ornithine.
A vpartially amorphous matrix was also supported by laser
scanning and AFM imaging. It is worth noting that the
solubility parameter of ornithine was close to the lower limit of
the broader ORSP, while that of the preferred coformers malic
and tartaric acids was toward the center of the range and hence
close to that of HPC (Figure 1). The defined ranges of +10
MPa were taken from the literature regarding likely demixing
outside this solubility parameter interval, which is different
from expected full miscibility for the more restrictive interval of
+7 MPa.”' Figure 1 shows that ornithine was indeed outside of
the more restrictive ORSP. The broad range of +10 MPa still
appears reasonable for multicomponent mixtures, as ORSP
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considerations were followed by more advanced COSMO-RS
modeling. Finally, an added drug can also influence coformer
miscibility in the matrix, especially when strong molecular
interactions are targeted. It finally remains a strategic decision
in early formulation screening if the ORSP should be used with
the more restrictive or otherwise more inclusive solubility
parameter interval (Figure 1).

Next, extrudates of the model compound bifonazole were
prepared; an overview of the extruded products’ physical
studies is given in Table 2. Bifonazole has been previously
reported as an unstable glass-forming compound.'' Some
previous work did not even attempt to obtain a fully
amorphous product and focused rather on crystalline solid
dispersions of bifonazole while keeping the particle size
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Figure 6. Binary solid dispersion of bifonazole and HPC SL grade as an initial XRPD diffractogram (inset) and after 3 months of storage (RT,
sealed), together with confocal laser scanning microscopy and AFM imaging.
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Figure 7. Ternary solid dispersion of bifonazole, tartaric acid, and HPC SL grade as an XRPD diffractogram together with corresponding laser
scanning imaging and AFM imaging after 3 months of storage (RT, sealed).

small.>” The present result of the binary solid dispersion
bifonazole in combination with HPC SL alone showed an
initial DSC and XRPD analysis that suggested a fully
amorphous solid dispersion. The absence of crystals was also
confirmed by confocal laser scanning and AFM analysis. After
3 months, the DSC of the extrudates did not give a clear
endotherm, suggesting crystallization of bifonazole, but the
diffractogram showed small peaks above the amorphous halo
(Figure 6). The Bragg peaks between 1S5 and 19° (20)
corresponded to those of the pure drug diffractogram; this
agreed with laser scanning as well as with AFM images, in
which platelets of the crystalline drug were identified following
the storage time (3 M, 25 °C). Therefore, HPC alone as a
polymer matrix was insufficient to stabilize the binary solid
dispersions of bifonazole, which stresses the need for
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harnessing strong molecular interactions with a coformer to
achieve better physical stability.

Based on DSC and XRPD analysis, the ternary mixture of
HPC SL with malic acid and bifonazole was amorphous, both
on initial analysis as well as following 3 months of stability
testing. Moreover, no crystals were found by the confocal laser
scanning or in the AFM images. Thus, the thermograms,
diffractograms, and images looked essentially the same as those
for the binary mixture of polymer and malic acid (Figure 5). It
was notable that the challenging bifonazole was evidently
stable in this ternary system, whereas this was not the case for
the binary HPC SL and bifonazole solid dispersion, as outlined
in Figure 6. As predicted by the excess enthalpy calculations of
the coformer and drug, malic acid proved to be an excellent
stabilizing additive. The arbitrarily selected concentrations
targeted a slight excess of the coformer compared to the drug
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Table 3. Overview of Physical Characterization from Solid Dispersions including Cinnarizine

HPC SL in binary or

ternary mixtures DSC & XRPD

cinnarizine (15%, w/w)

initial DSC thermogram and XRPD both suggested minor crystallinity,

initially and more pronounced after storage (3 M, 25 °C)

cinnarizine (15%, w/
w), pL-malic acid
(20%, w/w)

cinnarizine (15%, w/
w), L-ornithine (20%,
w/w)

nor after storage (3 M, 25 °C)

storage (3 M, 25 °C)

cinnarizine (15%, w/
w), L-tartaric acid
(20%, w/w)

or storage (3 M, 25 °C)

DSC and XRPD showed no trace of crystallinity, either in the initial sample

drug-related Bragg peaks were clearly visible and grew over the 3 month
storage time; DSC did not show a clearly visible melt endotherm after

DSC and XRPD did not show signs of crystallinity after sample preparation

laser scanning & AFM imaging

Increasing crystallinity over storage time was supported by imaging,
with visible needles in confocal laser scanning and typical long
protrusions in AFM

laser confocal scanning and AFM imaging support the view of an
amorphous mixture, both initially and after storage (3 M, 25 °C)

laser microscopy and AFM imaging suggested partially crystalline
samples at time zero and after storage (3 M, 25 °C)

confocal scanning and AFM with the different samples showed
individual crystals smaller than the typical cinnarizine needles
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Figure 8. Binary solid dispersion of cinnarizine and HPC SL grade as an initial XRPD diffractogram (inset) and after 3 months of storage (RT,

sealed) together with corresponding laser imaging and AFM imaging.

in a formulation, unlike classical coamorphous systems that are
preferably formulated at the 1:1 molar ratio or that of their
corresponding eutectic mixture.”” Another difference of ternary
solid dispersions compared with coamorphous systems is that a
polymer is rarely added and, if so, only in a small amount of 5—
10% (w/w).”® These compositional differences are also
reflected in possible process technologies, as ternary solid
dispersions can be obtained by hot melt extrusion, which
enables continuous manufacturing with a low production
footprint.”

The ternary system of HPC SL, bifonazole, and the negative
control coformer ornithine already exhibited partial crystal-
linity in the initial samples by means of XRPD and imaging.
Most of the crystals identified in the confocal laser scanning
images could be assigned to the habitus of ornithine, and also
XRPD showed the aforementioned Bragg peaks of the
coformer, while it remained not clear if there was a small
peak of bifonazole, which showed as pure material most
predominant peaks at 10.5, 11.9, and 21.2° (26). Further
samples were stored under ambient conditions (i.e., not sealed
in aluminum bags) and analyzed using confocal laser scanning
and AFM; in those samples, it was possible to detect small
plates corresponding to the typical habitus of bifonazole. The
results obtained for these ternary mixtures suggested the
possible crystallinity of bifonazole, although this was difficult to
demonstrate clearly given that ornithine had apparently
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crystallized to some extent. In any case, and as expected
based on the prior in silico evaluation, the ternary mixture was
not pharmaceutically favorable for the negative control additive
of ornithine.

The formulation of HPC SL, bifonazole, and the tartaric acid
coformer was similar to that with malic acid, in that no
crystallinity was detected by means of conventional bulk
analytics, either in initial samples or those stored for 3 months
(Table 2 and Figure 7). Imaging suggested that some crystals
already existed in the initial samples, but even in the stored
samples, no crystals could be assigned to the drug as they all
showed the typical small needle shape of tartaric acid.
Therefore, malic and tartaric acids, selected based on
COSMO-RS calculations, also provided experimentally stable
amorphous mixtures at least during the study duration. This
was an encouraging result given prior efforts to stabilize the
unstable drug bifonazole in an amorphous solid dispersion.
The experimental findings of bifonazole solid dispersions
support the view that the use of small-molecular additives
combined with a suitable polymer can be beneficial for the
physical stability of solid dispersions. Unstable glass-forming
compounds pose a substantial formulation challenge for
amorphous drug products; the digital approach presented
here did indeed lead to promising candidate formulations of
ternary solid dispersions of bifonazole.

https://doi.org/10.1021/acs.molpharmaceut.4c00592
Mol. Pharmaceutics 2024, 21, 5619-5631


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.4c00592?fig=fig8&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.4c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

4000

3500 |

3000 |

2500 |

2000 |

Intensity (a.u.)

1500

1000

500

0 s L L L L

Angle (20)

Figure 9. Ternary solid dispersion of cinnarizine, malic acid, and HPC SL grade as an XRPD diffractogram together with corresponding laser

imaging and AFM imaging after 3 months of storage (RT, sealed).

In line with the study aims, cinnarizine was selected as a
further model compound for an unstable glass-forming drug
(class II). As with bifonazole and based on total solubility
parameters, HPC was a suitable polymer selection for this
drug. However, this would mean only the expected miscibility
of the components. Lack of miscibility is a known indicator of
poor stability, as separation into drug-poor and drug-rich
polymer phases would lead to increased crystallization in the
latter.’” Thus, while the good miscibility of the formulation
components is generally targeted in solid dispersions,
crystallization is still often encountered, especially over time
in the case of unstable glass-forming compounds.”” Earlier
work on cinnarizine found that there was comparatively low
activation energy for the amorphous drug crystallization
kinetics. A rather high level of interaction with the matrix
would therefore be needed to overcome this inherent drug
instability. Table 3 shows that even the samples after hot melt
extrusion showed small amounts of crystallinity in DSC as well
as XRPD. The latter revealed a small initial peak at around
18.6° (20) (Figure 8), corresponding to the most pronounced
Bragg signal of pure reference cinnarizine. The latter pure
cinnarizine reference showed further weaker XRPD at 18.0,
17.7,10.1, 20.8, 13.2, 21.7, and 22.6° (20), here listed in order
of declining peak height. Figure 8 reveals that after storage, not
only did the 18.6° (20) peak grow slightly but also further
minor peaks appeared in these aged samples in line with what
could be expected for crystalline cinnarizine. The confocal laser
imaging showed many of the typical needle-shaped crystals,
and even in the AFM images, the needle-like protrusions were
individually visible.

It was subsequently of interest whether the digitally selected
additives could improve the physical stability as a ternary ASD.
Interestingly, malic acid at 20% (w/w) was successful
regarding the amorphous dispersion formulation in the initial
analysis (Table 3). Even the sensitive imaging techniques did
not show the typical cinnarizine crystals, either initially or after
3 months of storage (Figure 9). This positive result contrasted
with the experiments with the negative control additive
ornithine. In line with the previous findings of the binary
additive and HPC mixtures, much crystalline ornithine was
already present at the initial time point. XRPD showed the
dominant Bragg peaks of ornithine, but the 18.6° (26) of

cinnarizine was also visible, suggesting that not only the
coformer crystallized. This finding of a mixed crystalline
sample of the additive and drug was also supported by the two
imaging techniques in which many crystals were identified.
Following these negative control ornithine mixtures, it was
then of interest to learn whether tartaric acid would
successfully lead to a completely amorphous sample. The
tartaric acid solid dispersions were indeed amorphous based on
DSC and XRPD analysis, while the more sensitive imaging
techniques spotted individual crystals on the surface. These
were small needles and, therefore, they did not resemble the
habitus of pure cinnarizine crystals but rather looked like
tartaric acid as seen from reference crystals. Such an
occurrence of few coformer crystals could have been due to
surface crystallization in the presence of moisture, as on a bulk
level, the samples appeared to be homogeneous with the
amorphous drug even after storage.

The present finding of successful ternary solid dispersion
formation of cinnarizine can be compared to another recent
study on polymer-based solid dispersions of the same active
compound.” This previous work was on cinnarizine-soluplus
solid dispersions, as well as on the addition of the polymers
hydroxypropylmethyl cellulose (HPMC) and polyvinylpyrroli-
done (PVP), but also studied the small-molecular additives
sorbitol and citric acid. The selection of an additional polymer
to optimize drug release has often been tried, and such
additional excipients have been found to affect drug stability.'®
In the case of small-molecular additives, they can exert a kind
of plasticizer or antiplasticizer effect according to their melting
points and in line with the Gordon—Taylor equation.”® Such
additive selection is primarily aimed at local molecular mobility
and, hence, kinetic stabilization of amorphous drugs.64 The
aforementioned cinnarizine-soluplus solid dispersion study is
interesting, as the authors also tested sorbitol and citric acid in
solid dispersions with the same rationale.”® While no stabilizing
effect was observed for sorbitol, the addition of citric acid had a
clearly stabilizing effect on cinnarizine. The authors argued that
citric acid may act as a kind of molecular link between the
polymer and cinnarizine.”> However, the present COSMO-RS
study identified citric, tartaric, and malic acids as possible
conformers with the highest negative excess enthalpy values in
combination with the model drugs. Therefore, such con-
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formers would interact primarily as drug complexing agents
and perhaps also in configurations corresponding to the above-
mentioned drug-linking with the polymer.

The main progress achieved by the present study is that
identification of a stabilizing additive should no longer be
guided by serendipity or the assumption of an antiplasticizing
effect but rather via a computational approach. The ORSP
considerations presented, followed by mapping of excess
enthalpy values by COSMO-RS, are a way forward to avoid
a growing number of experiments in line with the need for
more complex solid dispersion formulations.

4. CONCLUSIONS

While unstable glass-forming compounds have remained a
challenge to formulate as amorphous solid dispersions, ternary
solid dispersions appear to be a versatile and highly promising
way to cope with the inherent tendency of challenging
compounds to recrystallize. Although sufficient kinetic stability
is dependent on a variety of factors, a particularly strong
molecular interaction with a coformer and, possibly, the
polymer matrix is certainly one of the most attractive strategies.
Targeting such strong specific interactions would be highly
resource-intensive if it relied exclusively on experimentation;
therefore, in silico screening must be a part of such a
formulation strategy. The proposed new approach, using
ORSP for subsequent mapping of melting points and
calculating excess enthalpy values of the coformer and drug,
was found to be useful for identifying preferred coformer
mixtures. Future work may expand on the complexity of the
COSMO-RS model by taking humidity into account, and a
biopharmaceutical study can follow up on the present research
on physical stability. The candidate formulations are expected
to have further advantages regarding drug release, given the
relatively high solubility of the conformers and possible
interactions with both the polymer and coformer, which can
stabilize drug supersaturation. Such biopharmaceutical work
was beyond the scope of the present study on stability but can
be part of future research. More research is expected over the
coming years focusing on in silico tools for finding more
complex solid dispersions or bioenabling formulations in
general.
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