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Abstract: Several literature publications have described the potential application of active phar-
maceutical ingredient (API)—polymer phase diagrams to identify appropriate temperature ranges
for processing amorphous solid dispersion (ASD) formulations via the hot-melt extrusion (HME)
technique. However, systematic investigations and reliable applications of the phase diagram as a risk
assessment tool for HME are non-existent. Accordingly, within AbbVie, an HME risk classification
system (HCS) based on API-polymer phase diagrams has been developed as a material-sparing
tool for the early risk assessment of especially high melting temperature APIs, which are typically
considered unsuitable for HME. The essence of the HCS is to provide an API risk categorization
framework for the development of ASDs via the HME process. The proposed classification system
is based on the recognition that the manufacture of crystal-free ASD using the HME process funda-
mentally depends on the ability of the melt temperature to reach the API's thermodynamic solubility
temperature or above. Furthermore, we explored the API-polymer phase diagram as a simple tool
for process design space selection pertaining to API or polymer thermal degradation regions and
glass transition temperature-related dissolution kinetics limitations. Application of the HCS was
demonstrated via HME experiments with two high melting temperature APIs, sulfamerazine and
telmisartan, with the polymers Copovidone and Soluplus. Analysis of the resulting ASDs in terms of
the residual crystallinity and degradation showed excellent agreement with the preassigned HCS
class. Within AbbVie, the HCS concept has been successfully applied to more than 60 different APIs
over the last 8 years as a robust validated risk assessment and quality-by-design (QbD) tool for the
development of HME ASDs.

Keywords: amorphous solid dispersion; hot-melt extrusion; HME risk classification system; HME
process design space; quality-by-design; telmisartan; sulfamerazine; copovidone; soluplus; APC™

1. Introduction

The concept of solid dispersions to improve the solubility and bioavailability of poorly
water-soluble active pharmaceutical ingredients (APIs) and drugs was first introduced
in 1961 by Sekiguchi and Obi [1]. A solid dispersion is typically defined as an intimate
dispersion of one or more APIs in an ideally inert carrier, usually a hydrophilic matrix,
e.g., a polymer [2]. The high API surface area and improved wettability are substantial
contributing factors that lead to the increased dissolution and consequently enhanced
bioavailability of solid dispersion formulations. Primarily, there were, and still are, two
main methods of preparing solid dispersions, namely melting and solvent-based processes,
and extensive reviews have been published [2-10].

Fast forward approximately 40 years (early 2000) after the introduction of the solid
dispersion formulation concept, the terminology amorphous solid dispersion (ASD) was
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coined to specifically describe solid dispersions in which the API is amorphously em-
bedded in a polymer matrix [11-13]. Besides the increased dissolution described above,
ASDs enhance the bioavailability of poorly water-soluble drugs that belong to the bio-
pharmaceutical classification system (BCS) classes II and IV via two effects. First, the
amorphous drug exhibits higher apparent solubility compared to its crystalline counterpart.
Second, the polymer hinders the thermodynamically non-stable amorphous API against
crystallization [14].

Around the same decade, Breitenbach and coworkers started emphasizing the phar-
maceutical application of the hot-melt extrusion (HME) technology in the manufacturing of
ASDs [15]. Essentially, the HME process involves feeding an API-polymer powder blend
into a co-rotating twin-screw extruder. Melting or softening of the polymer matrix occurs
due to heating of the barrel housing or viscous dissipation from the shear imparted by the
conveying and mixing screw elements. As a result, the API dissolves into the polymer melt
through the temperature increase and mixing to form a homogeneous single-phase melt
that is extruded through the die and cooled to form an ASD [16,17]. Several published
studies have detailed applications of the HME technology in pharmaceutical manufac-
turing [18,19]. According to recent records, about twelve HME ASD commercial drug
products have been approved by the US Food and Drug Administration (FDA) within the
last two decades, with about half of them being developed by AbbVie [20].

Since the HME process exposes the API and polymer to high temperatures, it is
reasonable to assume that very high melting temperatures or thermally labile APIs bear
high risk, as often reported in the literature [21,22]. However, it must be emphasized that
dissolving an APl in a polymer is a thermodynamically driven process. The thermodynamic
phase behavior of API-polymer mixtures is well-described in the literature with the Flory—
Huggins [23,24] and PC-SAFT [14,25] models. Figure 1 shows a schematic phase diagram
of an API-polymer system from 0 to 100% drug load (DL) [14,26].
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Figure 1. Schematic phase behavior of an API-polymer system. The x-axis represents the DL,
“0” means 100% polymer and 0% API, and 100% means 0% polymer and 100% API. The solid curve
represents the solubility of the crystalline API in the polymer, while the dashed curve represents the
glass transition temperature of the ASD. The curves divide the phase diagram into the following
regions: red region: API supersaturated (thermodynamically unstable) semi-crystalline melt; green
region: thermodynamically stable crystal-free melt; blue region: thermodynamically stable crystal-
free glass; purple region: supersaturated (thermodynamically unstable) kinetically stable glass.
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Above the glass transition (T) region in Figure 1, the solubility line delineates the
phase diagram into two key regions: the thermodynamically stable crystal-free melt region
on the left of the solubility line (green region) and the semi-crystalline or supersaturated
melt region on the right of the solubility line (red region). In the latter, the API does not
fully dissolve in the polymeric matrix when heating the API-polymer powder blend or
can crystallize when cooling from the homogeneous crystal-free melt (green region). Also
notable is the glass transition region below the dashed line, where molecular mobility is
significantly reduced to the extent that a supersaturated (thermodynamically unstable)
system on the right of the solubility line is kinetically stabilized against API crystalliza-
tion [27]. Conversely, in the blue region, the API is kinetically hindered from dissolving in
the polymeric matrix when heating the API-polymer powder blend, although it is on the
left of the solubility line and soluble in the polymer from a thermodynamic perspective.

During the HME process, the melt temperature must reach the solubility temperature
or above to generate crystal-free ASD [17,28]. Hence, knowledge of the complete API-
polymer phase diagram and the API-polymer thermal liability (degradation temperature)
is the best approach to a holistic HME risk assessment (HME-RA). Whereas there are several
tools and analytical techniques to assess thermal liability and assign risk appropriately, a
reliable systematic assessment tool for phase diagrams is missing in the literature. This is
partly because the experimental requirements are time-consuming and may take several
days to accurately determine solubility temperatures for different API compositions to
construct the complete phase diagram [29]. Moreover, in the early phase of pharmaceutical
formulation development, the API material may be very limited. Consequently, routine
application of the API-polymer phase diagram as a holistic HME-RA tool across the
pharmaceutical industry is lacking.

A few years ago, we developed and reported on a reliable empirical model for generat-
ing API-polymer solubility curves based on the API melting temperature and an accurately
measured single solubility data point using differential scanning calorimetry (DSC) [30].
This provides a practical and fast option to estimate the solubility curves of a given APl in
different polymers with minimal experimental efforts, and the model is widely applied in
the literature [16,26,29,31-36].

Combining the established empirical model with established glass transition models
such as the Gordon-Taylor and Fox equations allows the complete generation of API-
polymer phase diagrams with minimal API material and experimental effort, thereby
enabling the routine generation and application of API-polymer phase diagrams in for-
mulation development. This paper introduces an HME-RA classification system (HCS)
based on an API-polymer phase diagram as a novel material-sparing early risk assessment
tool for HME ASD formulation development. Furthermore, the application of the API-
polymer phase diagram in identifying the HME process design space in relation to two key
HME ASD formulation critical quality attributes (CQAs), namely the residual crystallinity
and chemical-thermal stability, is demonstrated with high melting temperature (>200 °C)
model APIs.

2. Materials and Methods
2.1. Materials

Telmisartan was purchased from Molekula Limited (Darlington, UK) and sulfamer-
azine from Sigma-Aldrich (Steinheim, Germany). HPLC-grade tetrahydrofuran (THF) was
purchased from Sigma-Aldrich (Steinheim, Germany). Copovidone and Soluplus were
purchased from BASF (Ludwigshafen, Germany).

2.2. Preparation of API-Polymer Physical Mixtures for Thermal Analysis

The cryomill Freezer/Mill 6750 (SPEX SamplePrep, Metuchen, NJ, USA) was used for
preparing API-polymer physical mixtures for thermal analysis. The API and polymer with
a total mass of 200 mg were weighed into microvials for cryomilling. The samples were
pre-cooled for 5 min and then milled at 10 Hz for 10 min in five cycles. For sulfamerazine,
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physical mixtures containing 40 wt.% of the API in either Copovidone or Soluplus were
prepared. With telmisartan, physical mixtures containing 15 wt.% and 5 wt.% of the APl in
Copovidone and Soluplus, respectively, were prepared.

2.3. Differential Scanning Calorimetry (DSC)

A Mettler-Toledo DSC 1 instrument (Mettler-Toledo, GmbH, Giessen, Germany) with
a Huber TC100 (Huber Kiltemaschinenbau AG, Offenburg, Germany) immersion cooler
and auto-sampler was used for thermal analysis of the API, polymer, and API-polymer
physical mixtures. Nitrogen at a flow rate of 50 mL min~! was used as a purging gas, and
40 pL aluminum pans with pierced lids were used for the samples. To measure the melting
temperature and the T of pure API, 3-5 mg of the API was heated at 10 K min~! from 25 °C
to 250 °C and 280 °C for sulfamerazine and telmisartan, respectively. This was followed
by a fast cooling stage from 50 K min~! to —60 °C and then reheating at 10 K min~!. The
melting temperature of the API is reported as the peak temperature of the endothermic
melting signal during the first heating. The Ty of the amorphous API was determined
from the half-height of the transition step in the thermogram from the second heating. To
determine the solubility of the APIs in the polymers, 10-15 mg of the cryomilled physical
mixture was heated from 25 °C to 280 °C at a heating rate of 1.5 K min~!. Due to the
particle size reduction and homogenization via cryomilling, coupled with the slow heating
rate, kinetic limitations on the API dissolution process were minimized. Thus, the end-set
of the endothermic dissolution signal was considered the API’s solubility temperature. To
measure the Tg of the ASD, 10-15 mg of the cryomilled physical mixture was heated at
10 K min~! from 25 °C to 10 °C above the respective solubility temperature. The sample
was then cooled to —60 °C at a cooling rate of —50 K min~! and reheated. The glass
transition temperature of the ASD was determined from the half-height of the transition
step in the thermogram from the second heating phase.

2.4. Thermogravimetric Analysis (TGA)

Thermal degradation of the APIs and polymers was measured using a TGA/DSC1
instrument (Mettler-Toledo, GmbH, Giessen, Germany) at a heating rate of 10 K min~!
from 25 °C to 300 °C under nitrogen gas purging (50 mL min~') and with sample weights
of 1020 mg.

2.5. HME

For each formulation, the extrusion blend components (API and polymer) were indi-
vidually weighed and sieved through a 500 pm screen to ensure homogeneity and particle
size similarity. Subsequently, the components in their respective weight ratios with a total
mass of 250 g were weighed in a 1 L glass vessel and blended with an Inversina Tumbler
Mixer (Bioengineering AG, Wald, Switzerland) at 10 rpm for 2 min. The blend was then
hand-sieved through an 800 um screen to remove agglomerates and to ensure homogeneity,
before being blended for another 2 min with the Inversina Tumbler Mixer at 15 rpm. The
Rondol 10 mm microextruder (Rondol Industrie, Strasbourg, France) was used for extrusion
at a screw speed of 150 rpm and feed rate of 100 g h~! with a batch size of approximately
250 g. The extruder geometry and screw configuration are schematically shown in Figure 2.
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Figure 2. Extruder geometry and screw configuration. Note: Die and screw depictions are not to
scale. Drawings prepared with Ludovic® v.6.0 software (SC-Consultants, Saint-Etienne, France).
Green kneading blocks are 60° forward, while red kneading blocks are 60° backward.
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The barrel of the extruder contained four temperature zones and a die: zone 1 was set
to 80 °C, while zones 2—4 and the die were set to 140 °C, 160 °C, 180 °C, 200 °C, 220 °C, or
230 °C across.

2.6. Polarized Light Microscopy (PLM)

Extrudate splinters were obtained by grinding the extrudates in an agate mortar. The
splinters were spread onto a glass slide, and PLM images were taken with a Leica DMLM
microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) equipped with N
Plan 10x/0.25 objective, transmitted light, polarizers, and a Leica DFC 320 camera.

2.7. X-Ray Powder Diffraction (XRPD)

An Empyrean X-ray powder diffractometer from Malvern Panalytical, fitted with a
copper tube and a Pixel 3D Medipix3 detector, was used to measure the crystallinity of
the extrudates in reflection geometry mode. The extrudates were briefly cryomilled and
placed in the XRPD backloading sample holder. The measurements were performed in
Bragg Brentano geometry with Cu K« radiation (45 KV x 40 mA). The diffraction pattern
was recorded in the range of 5-25°26 with a step size of 0.026°26 and a measurement time
of 4000 s per step.

2.8. Advanced Polymer Chromatography™ (APC™)

The APC™ system from Waters Corporation (Milford, MA, USA) was employed to
simultaneously monitor the thermal stability of the polymers and APIs post-extrusion.
The ACQUITY PDA detector (190-400 nm, resolution 1.2 nm) of the system was used to
monitor the elution of the polymers, sulfamerazine, and telmisartan at wavelengths of
210 nm, 250 nm, and 295 nm, respectively, using THF as the mobile phase at a flow rate of
0.9 mL min~!. The column setup in the system consisted of a 0.2 uL pre-column filter, one
ACQUITY APC™ XT 200 A 2.5 um 4.6 mm x 150 mm column, and two ACQUITY APC™
XT 45 A 2.5 um 4.6 mm x 150 mm columns. The sample concentration was 1 mg/mL and
10 pL sample volume was injected. Measurements were performed at 40 °C in triplicate.
A 5-point calibration curve for the API was generated for each formulation composition.
Data acquisition and analysis were performed using Empower 3 (Waters Corp., Milford,
MA, USA).

3. Modeling
3.1. Modeling API Solubility in Polymer

The presented empirical approach for calculating the solubility of an APl in a polymer
was developed by Kyeremateng et al. [30]:

T = — A 7000 4 T gy + C )

where Tg,IAPI is the melting temperature of the APT; T is the solubility temperature for
a specific API load wap; (wt. %) in the polymer; A and C are fitting parameters [26,30],
which are fitted to experimental data. Table 1 lists the measured melting temperature, Ty
(Section 2.3), and thermal degradation temperature (Section 2.4) of the studied APIs and
polymers. Table 2 lists the measured solubility temperature, ASD Ty, and fitting parameters
from Equation (1) of the API-polymer systems.

Table 1. Melting temperature, degradation temperature, and Ty values of APIs and polymers
investigated in this work.

Melting Temperature/°C Thermal Degradation Temperature/°C Tg/°C
Telmisartan 269 280 129
Sulfamerazine 236 246 129
Copovidone - 230 107

Soluplus - 250 70
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Table 2. DSC-measured solubility temperatures of the API-polymer mixtures and Tg values of
corresponding ASDs. Dimensionless A and C parameters applied in Equation (1) for the solubility
curve fitting.

API-Polymer System Drug Load (DL)/wt.% Solubility Temperature 1/°C Tg/°C Parameter A Parameter C
Sulfamerazine-Copovidone 40 206.0 83.8 231.7 1
Sulfamerazine-Soluplus 40 217.0 66.0 150.4 1
Telmisartan-Copovidone 10 212.7 107.8 91.2 0
Telmisartan-Soluplus 5 203.7 70.7 825 0

1L APC analysis confirmed no API degradation at solubility temperature.

3.2. Modeling Glass Transition Temperature

The glass transition of APl-polymer ASDs (Tg mix) was predicted using the Fox
Equation (Equation (2))) [37]:

1/Tg,mix = Zi wi/Tg,i (2)

4. Results and Discussions

The two essential critical quality attributes (CAQs) of ASD drug products that must
be fulfilled for a successful HME process are avoiding residual crystalline API in the melt
and thermal degradation. Figure 3 schematically illustrates how the API-polymer phase
diagram can be applied in defining the HME process design space to meet these CQAs.

Initially, the API-polymer powder blend mixture is fed into the extruder via the hopper
at ambient conditions. Within the extruder, the mixture must be processed at temperatures
within the defined green region to obtain a crystal-free melt without degradation, as
exemplified for a 20 wt% drug load (DL) (Figure 3a). It must be emphasized that the API
can practically dissolve into the polymer matrix when the polymer transitions into the melt
phase well above its T, which defines the lower boundary of the design space. Within
this lower boundary, the API dissolution kinetics is significantly slow due to the high melt
viscosity, such that the dissolution process cannot be completed within the residence time
scale of the extrusion process. The upper limit of the process design space is bound by
the thermal degradation temperature, as depicted in Figure 3a. Figure 3b schematically
illustrates the relation between the design space and the HME process.

To provide a streamlined early risk assessment of APIs, especially high melting tem-
perature (>180 °C) APIs being considered for the HME process, we have developed a novel
classification scheme based on API-polymer phase diagrams. Figure 4 introduces the HME
risk classification system (HCS), which is categorized into three classes, namely class I,
class II, and class III.

The proposed HCS is based on the recognition that the successful manufacturing of
crystal-free ASD by HME fundamentally depends on the ability to reach a melt temperature
close to or above the solubility temperature of the API in the excipient matrix. From a
thermodynamic perspective, residual API crystals will be present if the melt temperature
is lower than the solubility temperature. The implementation of HCS in the development
of ASDs offers an advantage in conserving resources and minimizing the number of
experimental trials required to produce ASD drug products that meet CQAs.

Most commercial ASD oral drug products contain 10 to 20 wt.% DL relative to the
polymer [38—42], and most excipients used for ASD formulations, besides Copovidone
and Soluplus, tend to be thermally unstable beyond 180 °C [19,43]. Based on that premise,
15 wt.% DL and 180 °C were adopted as reference baselines for the HCS.

HCS class I refers to an API with significant solubility below the Ty of the polymer.
Such an APl is described as having high solubility in the polymer. Class I systems are gen-
erally classified as low risk for HME. They are less likely to encounter extrusion challenges
in generating crystal-free extrudate at melt temperatures well below 180 °C for 15 wt.%
DL. Technically, this class also includes APIs with melting temperatures well below 180 °C,
such as ibuprofen, fenofibrate, and naproxen, to mention a few [30].
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Figure 3. Schematic API-polymer phase diagram in relation to the HME process design space.
(a) API-polymer phase diagram with the solid curve representing the API solubility in the polymer
and the dashed curve the glass transition temperature. The red dashed region defines the upper
boundary temperature limit of the HME process due to thermal degradation; the green dashed region
defines the lower boundary of the HME process due to the high viscosity of the melt at temperatures
close to the glass transition temperature. The green region above the solubility line represents the
HME process design space. The two open circles represent the HME process pathway in relation to
the phase diagram for an exemplary ASD with a 20 wt.% DL. The API-polymer powder blend fed
into the extruder must be processed at melt temperature within the design space and cooled back to
ambient temperature as schematically depicted (b) to manufacture a crystal-free ASD.
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Figure 4. Schematic HME risk classification system (HCS) based on API-polymer phase diagrams.
The solid curve represents the API’s solubility in the polymer, while the dashed curve represents the
Tg of the ASD. Class I: Low HME risk with significant API solubility below polymer’s Ty. Class II:
Moderate HME risk since 15 wt.% DL solubility temperature is <180 °C. Class III: High HME risk
since 15 wt.% DL solubility temperature is >180 °C.

HCS class II describes systems where the API has insignificant solubility below Tg of
the polymer but shows a significant solubility close to and above Ty of the polymer with
the solubility temperature for 15 wt.% DL <180 °C. HCS class II systems are, therefore,
described as having moderate HME risk in generating crystal-free extrudate.

HCS class III refers to systems with the API showing low solubility in the polymer. For
such systems, significant API solubility in the polymer is only achievable at temperatures
far above the Ty of the polymer and usually close to the melting temperature of the APL
Hence, HCS class III systems have a high HME risk in generating crystal-free extrudate, as
the solubility temperature for 15 wt.% DL is >180 °C.

4.1. HCS Class I System

Due to the high melting temperature of sulfamerazine (236 °C), coupled with the fact
that Copovidone thermally degrades above 230 °C, it is reasonable to assume that HME is
not a suitable technology for sulfamerazine-Copovidone ASD manufacturing. However,
Figure 5a shows that the sulfamerazine-Copovidone phase diagram belongs to HCS class I,
thus, showing significant API solubility below T of the polymer resulting in low HME risk.

The predicted HME process design space (green region in Figure 5a) is bound on the
upper limit by the thermal stability limit of Copovidone at 230 °C (sulfamerazine thermally
degrades at 246 °C). As previously mentioned, the lower limit of the design space in this
case is bound by the limiting slow API dissolution kinetics due to the high viscosity of
the polymer melt in the region just above Tg. The dissolution kinetics typically improves
around Tg + 50 °C.

HME experiments were conducted with 15 wt.% and 25 wt.% sulfamerazine in Copovi-
done for conditions within and outside the design space to verify the process design space.
As seen in the PLM images in Figure 5b (full PLM images are provided in Figure S1), the ex-
trudate samples processed at temperatures outside the design space showed birefringence
due to residual API crystals. In contrast, samples processed within the design space were
completely amorphous. Examination of the PLM image of the 15 wt.% sample extruded
at 140 °C indicated relatively fewer residual API crystals, while the XRPD diffractogram
(Figure S2) revealed only an amorphous halo because XRPD is comparatively less sensitive
to residual API crystals than PLM [25]. The observed minimal residual crystals in the
15 wt.% formulation processed at 140 °C agree with the fact that the API is thermodynam-
ically soluble in the polymer (above solubility curve) at this temperature. However, the
anticipated slow API dissolution kinetics in the lower boundary of the design space leads to
incomplete API dissolution. APC™ results confirmed that API degradation did not occur,
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(a)

as the APl assays of all extrudates were in the range of 98-100%. Overall, the HME process
design space predicted for this HCS class I system agrees well with the extrusion results.

(b)

15 wt.% drug load 25 wt.% drug load

E N

200
150

100 |

lemperature / °C

50

2777772

200 °C 20m

drug load / wt.%

Figure 5. (a) Sulfamerazine-Copovidone phase diagram. The solid curve represents the solubility
line calculated using the empirical model proposed by Kyeremateng et al. [30]. The dashed curve
represents the glass transition temperature calculated using the Fox equation. The black symbols are
experimental data points of the solubility temperature (squares) and glass transition temperature
(circles) used for the modeling. The green region indicates the HME process design space, while
the green and red shaded regions represent the lower and upper boundaries of the design space,
respectively. The green circle and orange star symbols reflect PLM amorphous and crystalline
extrudates, respectively (b), after HME of 15 wt.% and 25 wt.% DL formulations at 140 °C, 160 °C,
180 °C, and 200 °C.

4.2. HCS Class 11 System

Paring the polymer Soluplus with sulfamerazine leads to an HCS class II phase
diagram, as shown in Figure 6a. The API has insignificant solubility below the T¢ of the
polymer but shows significant solubility above the polymer’s Tg.

The system has moderate HME risk because the solubility temperature readout from
the phase diagram for 15 wt.% DL is less than the HCS high risk defined threshold tem-
perature of >180 °C. Specifically, the solubility temperature of 15 wt.% sulfamerazine in
Soluplus is 166 °C, which is higher than the corresponding Copovidone-based HCS I
system (Figure 5a).

The predicted HME design space is bound narrowly on the lower limit by the antic-
ipated slow API dissolution kinetics at temperatures close to Tg, while the upper limit
is defined by the thermal degradation temperature of sulfamerazine of 246 °C (Soluplus
thermally degrades at 250 °C). The HME of 15 wt.% and 25 wt.% DL formulations was
performed to verify the design space, and the results are shown in Figure 6b. As expected,
extruded formulations below the solubility temperature and outside the design space
exhibited residual API crystals in the PLM images and were confirmed by XRPD (Figure
52). Conversely, all extruded formulations within the design space appeared completely
amorphous in the PLM images. Additionally, APC™ results confirmed that the API assays
of the extrudates were in the range of 98-100%, indicating that API degradation did not
occur during HME. In essence, the extrusion results indeed confirmed the predicted HME
process design space.
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Figure 6. (a) Sulfamerazine-Soluplus phase diagram. The solid curve represents the solubility
line calculated using the empirical model proposed by Kyeremateng et al. [30]. The dashed curve
represents the glass transition temperature calculated using the Fox equation. The black symbols
are the experimental data for the solubility temperature (squares) and glass transition temperature
(circles) used for the modeling. The green region indicates the HME process design space, while
the green and red shaded regions represent the lower and upper boundaries of the design space,
respectively. The green circle and orange star symbols reflect PLM amorphous and crystalline
extrudates, respectively (b), after HME of 15 wt.% and 25 wt.% DL formulations at 140 °C, 160 °C,
180 °C, and 200 °C.

4.3. HCS Class 111 System

Figure 7a shows the phase diagram of the telmisartan—-Copovidone system, which is
an HCS class III system, because the API solubility in the polymer is only achievable at
temperatures well-above the Tg of the polymer, whereby the solubility temperature for
15 wt.% DL is >180 °C, indicating high HME risk. A narrow HME process design space
was identified, which is bound on the lower and upper limits by the minimum solubility
temperature (175 °C for a DL close to 0 wt%) and Copovidone’s thermal degradation
temperature (230 °C), respectively, as depicted in Figure 7a. It is wort noting that the
lower boundary of the design space in this case is defined by thermodynamics (minimum
solubility temperature) rather than API dissolution kinetics limitations at temperatures
close to Ty, which was the case for the HCS class I system and to a minimal extent the HCS
class II system.

The validity of the narrow process design space was explored by HME of 5 wt.% and
15 wt.% DL formulations. As shown in Figure 7b, residual API crystals were detected in
PLM images of all extrudates processed at temperatures outside the design space (Figure 7a)
and confirmed by XRPD (Figure S4). As expected, all extrudates processed within the
design space appeared completely amorphous, as evidenced by the lack of birefringence
in the corresponding PLM images shown in Figure 7b (full PLM images are provided in
Figure S3). Since the extrudates were manufactured at temperatures close to the upper
boundary of the design space, it is imperative in this case to assess the thermal stability of
both polymer and API post-extrusion. Figure 8a shows the APC™ chromatogram overlays
of the pre-extrusion blend of the 15 wt.% DL formulation and the corresponding extrudates
manufactured at 180 °C to 230 °C, while the resulting API assays are shown in Figure 8b.
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Figure 7. (a) Telmisartan-Copovidone phase diagram. The solid curve represents the solubility
line calculated using the empirical model proposed by Kyeremateng et al. [30]. The dashed curve
represents the glass transition temperature calculated using the Fox equation. The black symbols
are the experimental data for the solubility temperature (squares) and glass transition temperature
(circles) used for the modeling. The green region indicates the process design space, while the red
shaded region represents the upper boundary of the design space. The green circle and orange star
symbols reflect PLM amorphous and crystalline extrudates, respectively (b), after HME of 5 wt.%
and 15 wt.% DL formulations at 180 °C, 200 °C, 220 °C, and 230 °C.
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Figure 8. (a) APC™ overlay chromatograms of 15wt.% telmisartan—-Copovidone pre-extrusion blend
(black) and extrudates processed at 180 °C (blue), 200 °C (green), 220 °C (light blue), and 230 °C
(pink). (b) Telmisartan assay plot for extrudates processed at 180 °C, 200 °C, 220 °C, and 230 °C.

The APC™ chromatograms (Figure 8a) show the broad peak corresponding to Copovi-
done, which maintained its peak position and shape, suggesting that the polymer remained
stable under all extrusion conditions, indicating no significant polymer degradation. Like-
wise, the sulfamerazine assay remained on target (~100%) for all extrusion conditions, as
shown in Figure 8b, equally indicating no API degradation. Thus, the narrowly defined
process design predicted for this high-risk HCS class III system was validated.
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Switching the polymer to Soluplus still led to a high-risk HCS class III system for
telmisartan, as shown in Figure 9a. Similarly, a narrow HME process design space was
identified, which is bound on the lower and upper limits by the minimum solubility
temperature (186 °C) and Soluplus’ thermal degradation temperature (250 °C), respectively,
as depicted in Figure 9a. Compared with the minimum solubility temperature of the
telmisartan—-Copovidone system in Figure 7a, it appears telmisartan is less soluble in
Soluplus than in Copovidone.

(b)
5 wt.% drug load 15 wt.% drug load

—

- -
;-
—_—

drug load / wt.%

Figure 9. (a) Telmisartan-Soluplus phase diagram. The solid line represents the solubility line
calculated using the empirical model proposed by Kyeremateng et al. [30]. The dashed curve
represents the glass transition temperature calculated using the Fox equation. The black symbols
are the experimental data for the solubility temperature (squares) and glass transition temperature
(circles) used for the modeling. The green region indicates the process design space, while the red
shaded region represents the upper boundary of the design space. The green circle and orange star
symbols reflect PLM amorphous and crystalline extrudates, respectively (b), after HME of 5 wt.%
and 15 wt.% DL formulations at 180 °C, 200 °C, 220 °C, and 230 °C.

Similarly, the validity of the process design space was explored by HME of 5 wt.%
and 15 wt.% DL formulations. Residual API crystals were detected in PLM images of all
extrudates processed at temperatures outside the design space, as seen in Figure 9b and
confirmed by XRPD results in Figure S4. All extrudates processed within the design space
appeared completely amorphous, as seen in the PLM images in Figure 9b (full PLM images
are provided in Figure S3). Like the Copovidone system, the thermal stability of Soluplus
and the API post-extrusion were assessed. Figure 10a shows the APC™ chromatogram
overlays of the pre-extrusion blend of the 15 wt.% DL formulation and the corresponding
extrudates manufactured at 180 °C to 230 °C. The broad peak corresponding to Soluplus in
the chromatograms shifted to a higher retention time for the extrudates manufactured at
220 °C and above, suggesting degradation of the polymer. Likewise, significant telmisartan
assay loss was observed, as seen in Figure 10b, leading to 95% and 93% assays for the
extrudates processed at 220 °C and 230 °C, respectively.
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Figure 10. (a) APC™ overlay chromatograms of 15 wt.% telmisartan-Soluplus pre-extrusion blend
(black) and extrudates processed at 180 °C (blue), 200 °C (green), 220 °C (light blue), and 230 °C
(pink). (b) Telmisartan assay plot for extrudates processed at 180 °C, 200 °C, 220 °C, and 230 °C.

It is apparently clear that Soluplus induced telmisartan’s degradation, since this
was not the case when telmisartan was extruded with Copovidone above 200 °C. Thus,
characterization of the ASD with chromatographic techniques such as APC™ is required to
identify the synergistic degradation of API and polymer below their respective degradation
temperatures, especially for high-risk HCS class III systems.

5. Conclusions

The rationale for the selection of hot-melt extrusion (HME) technology for manufac-
turing amorphous solid dispersion (ASD) formulations is commonly based on the API’s
melting temperature. As a result, the HME process is often ruled out for many APIs with
high melting temperatures due to the risk of thermally driven degradation of the API
and polymer at high temperatures. This ignores the fact that depending on the specific
API-polymer phase diagram, the thermodynamic temperature required to amorphously
embed the API in the polymer can be significantly lower than the API’s melting tempera-
ture. The introduced simple yet powerful HME risk classification system (HCS) provides a
framework for the early risk assessment of ASD manufacturability by HME as opposed
to API's melting temperature. Knowledge gained from the HCS can be applied using the
quality-by-design (QbD) approach to identify and select the HME process design space to
meet two key critical quality attributes (CQAs) of the ASD formulation—crystallinity and
degradation. The application of the HCS was successfully demonstrated with two high
melting point APIs, telmisartan and sulfamerazine, using two common HME polymers,
Copovidone and Soluplus. It was shown that residual API crystals and thermal degrada-
tion can be avoided during ASD manufacturing of these challenging APIs if the predicted
HME process design space is maintained. Nonetheless, characterization of the formulations
with chromatographic techniques such as the APC™ is required to identify the potential
synergistic degradation of API and polymer below their respective degradation tempera-
tures. The concepts presented here were applied to other high melting point APIs, such as
pibrentasvir, in the development of HME ASD by AbbVie.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics14051044 /s1: Figure S1: Polarized light microscopy
(PLM) images of extrudates; 15 wt.% and 25 wt. % sulfamerazine (a) in Copovidone and (b) in
Soluplus. The green circle and orange star symbols reflect PLM amorphous and crystalline extrudates,
respectively, after HME at 180 °C, 200 °C, 220 °C, and 230 °C. Figure S2: XRPD data for extrudates:
15 wt.% sulfamerazine (a) in Copovidone and (b) in Soluplus and 25 wt.% sulfamerazine in (c) Copovi-
done and (d) Soluplus. Figure S3: Polarized light microscopy (PLM) images of extrudates; 5 wt.%
and 15 wt. % telmisartan (a) in Copovidone and (b) in Soluplus. The green circle and orange star
symbols reflect PLM amorphous and crystalline extrudates, respectively, after HME at 180 °C, 200 °C,
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220 °C, and 230 °C. Figure S4: XRPD data for extrudates: 5 wt.% telmisartan (a) in Copovidone and
(b) in Soluplus and 15 wt.% telmisartan in (c) Copovidone and (d) Soluplus.
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A Dimensionless fitting parameter
APC™  Advanced Polymer Chromatography™
API Active pharmaceutical ingredient

ASD Amorphous solid dispersion
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HME Hot-melt extrusion
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