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Abstract
Amorphous solid dispersions (ASDs) are widely used to enhance the solubility of poorly water-soluble drugs. 
Among commercial manufacturing approaches, hot melt extrusion (HME) is increasingly favored over spray drying 
due to its smaller environmental and physical footprint, low cost, continuous nature, and scalability. However, HME 
remains underutilized in early drug development due to the mismatch between minimum batch size requirements 
and availability of active pharmaceutical ingredient (API). To address this gap, we developed and evaluated a 
material-sparing workflow which could be applied in early development for HME feasibility using encorafenib (ENC) 
as a model compound, targeting API consumption below 1 g. Perturbed-chain statistical associating fluid theory 
(PC-SAFT) was first applied as an in silico technique to predict polymer compatibility, leading to the selection of 
appropriate polymer systems defined within a suitable process operating design space. Vacuum compression 
molding (VCM) was then utilized as a material-sparing technique to prepare several formulations, which 
experimentally validated PC-SAFT predictions through solid state characterization (amorphous/crystalline), chemical 
purity (thermal degradation), and non-sink dissolution performance. Four polymers were evaluated: Soluplus 
(SP), polyvinylpyrrolidone-vinyl acetate (PVPVA), hydroxypropyl methylcellulose acetate succinate (HPMCAS), and 
Affinisol hydroxypropyl methylcellulose (HPMC). PC-SAFT and VCM screening identified PVPVA and SP as the most 
compatible polymers which enable ENC processing at lower temperatures, thereby reducing the risk of thermal 
degradation of the drug or polymer. Degradation analysis revealed that HPMCAS-based ASDs had the lowest 
thermal stability. Non-sink dissolution performance ranked the ASDs prepared from the corresponding polymer 
as PVPVA > HPMCAS > HPMC > SP. Based on overall performance, PVPVA was selected as the optimal polymer, 
consistent with the current commercial ENC ASD formulation. Importantly, this workflow required < 500 mg API, 
demonstrating its suitability for early-stage development. The integrated computational-experimental approach can 
enable API-sparing HME feasibility assessments, facilitating earlier adoption of HME in the development process 
and potentially accelerating timelines toward scalable commercial ASD manufacturing.
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Introduction
Two leading technologies for manufacture of amorphous 
solid dispersions (ASDs) are spray drying and hot melt 
extrusion (HME) (Moseson et al.  2024; Vasconcelos et 
al. 2016). Spray drying has a distinct advantage in early 
development, as its material-sparing nature enables for-
mulation feasibility to be easily conducted (Mosquera-
Giraldo et al. 2021; Friesen et al. 2008; Anane-Adjei et 
al. 2022). However, in light of external drivers such as 
sustainability goals, accelerated clinical development 
timelines, and the push for co-location of manufactur-
ing facilities of active pharmaceutical ingredients (API) 
and drug product, solvent-free manufacturing technolo-
gies such as HME become attractive alternatives (Ding 
2018; Domokos et al. 2021; Fernando et al. 2022). Beyond 
being solvent-free, HME is inherently continuous, high-
throughput, inexpensive, scalable, and occupies a small 
footprint on the manufacturing floor (Patil et al. 2024). 
Additionally, HME equipment is versatile, capable of per-
forming other unit operations such as melt or wet granu-
lation and in producing various drug delivery systems 
such as multiparticulates, implants, or powders/gran-
ules (Patros Zagaja et al. 2025; Kittikunakorn et al. 2020; 
Maniruzzaman et al. 2012).

The HME process to prepare an ASD involves mixing 
powdered components (e.g. API, polymer), and apply-
ing heat and shear to obtain a homogeneous molecular 
dispersion of amorphous drug and polymer (Crowley et 
al. 2007; Huang and Williams 2018). Two primary criti-
cal quality attributes of a successful HME process are 
the avoidance of thermal degradation and absence of 

residual crystallinity (Censi et al. 2018; Moseson and Tay-
lor 2023). High temperatures may result in degradation 
of drug and/or polymer, and amorphous materials have 
accelerated kinetics of degradation in comparison to their 
corresponding crystalline forms (Moseson et al. 2020; 
Huang et al. 2017; Gupta et al. 2016, 2014; Meena et al. 
2014; Parikh et al. 2014). Furthermore, polymers may be 
protective or destabilizing due to intermolecular interac-
tions or reactivity (Alvarenga et al. 2022; Ben Osman et 
al. 2018; Jelić et al. 2019). To achieve the balance of mini-
mal degradation and full crystalline-to-amorphous phase 
transformation, temperatures below the drug’s melting 
point may be employed, bounded by the formulation crit-
ical temperature (Tc), also called the solubility tempera-
ture, identified on the temperature-composition phase 
diagram (Moseson and Taylor 2018; Davis et al. 2021). 
Additionally, ternary formulation components such as 
plasticizers or surfactants may be required to facilitate 
adequate rheological properties of the molten material 
during the HME process or to improve in vitro dissolu-
tion performance (Saboo et al. 2021; Yang et al. 2023; 
Badruddoza et al. 2024).

There is a practical difficulty in assessing formulation 
attributes relevant to HME processing during early clini-
cal development due to the limited availability of API and 
minimum batch size requirements of processing equip-
ment, or the need for specialized equipment (Pluntze et 
al. 2024). For this reason, formulation design during early 
clinical phases may be biased toward solvent-based pro-
cessing techniques (Moseson et al. 2024). In such cases, 
it is only later that manufacturing process selection can 
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be performed, which may result in a need to change the 
formulation (such as switching to a more HME-friendly 
polymer, adjusting the drug loading or adding a plasti-
cizer/surfactant). Furthermore, particle properties are 
distinctly different when formulations are prepared by 
different processing methods, which may result in differ-
ent dissolution or crystallization kinetics (Trenkenschuh 
et al. 2024). Each of these changes may lead to differences 
in in vitro dissolution performance or physical stability, 
and ultimately to differences in in vivo bioperformance 
(Trenkenschuh et al. 2024; Schönfeld et al. 2021; Agrawal 
et al. 2013). To avoid later significant formulation or pro-
cess changes, manufacturing process selection in early 
clinical development may be advantageous for the long-
term acceleration of clinical development activities.

Use of computational formulation screening methods 
can help guide material-sparing formulation and process 
design (DeBoyace and Wildfong 2018). Models to pre-
dict drug-polymer miscibility, like the Hansen Solubility 
Parameter (Greenhalgh et al. 1999; Forster et al. 2001) 
and Flory–Huggins Interaction Parameter (Huggins 
1942; Marsac et al. 2006; Flory 1942) have been used for 
decades to predict drug-polymer compatibility; however, 
these models can fail to account for intermolecular inter-
actions, such as hydrogen bonding. More advanced com-
putational tools utilizing molecular simulations (Turpin 
et al. 2018), quantum mechanics (Maniruzzaman et al. 
2013), machine learning (Han et al. 2019), or perturbed-
chain statistical associating fluid theory (PC-SAFT) 
(Gross and Sadowski 2001; Prudic et al. 2015) have 
recently become popular for their ability to encompass 
more complicated systems and better prediction for ASD 
miscibility and long-term stability. PC-SAFT, in compari-
son to the other techniques, is computationally simple for 
the user while maintaining the tunability through many 
input parameters (Trenkenschuh et al. 2024; Pavliš et al. 
2023; Deac et al. 2024; Dohrn et al. 2020, 2021; Kerkhoff 
et al. 2025; Gottschalk et al. 2022; Castro et al. 2025). This 
model has been successful in ranking polymers for selec-
tion in ASDs (Prudic et al. 2014) and generating temper-
ature-composition diagrams (Luebbert et al. 2021) with 
applications to formulation and process development for 
HME.

Vacuum compression molding (VCM) has been iden-
tified as an HME-surrogate technique with material-
sparing API requirements. The VCM device applies 
even heating to a powder while under vacuum, causing 
the piston to apply pressure and create a melt devoid of 
air that is subsequently cooled. Polytetrafluoroethyl-
ene (PTFE) foils provide a non-stick surface preventing 
material loss (Treffer et al. 2015). Unlike HME, the VCM 
does not apply shear to the system, relying solely on dif-
fusion for mixing, necessitating pre-treatment of samples 
to enable the preparation of a homogeneous system. For 

high viscosity polymers where diffusion is limited, VCM 
may not be able to form homogeneous ASDs (Pöstges et 
al. 2023). Several studies have been conducted in litera-
ture, highlighting the predictive quality of the VCM tech-
nique for ASD formulation and characterization, as well 
as HME feasibility studies (Eggenreich et al. 2016; Shad-
ambikar et al. 2020; Evans et al. 2019; Kayser et al. 2022; 
Hörmann et al. 2018); however, a comprehensive work-
flow covering all critical quality attributes (CQAs) of a 
hot melt extruded ASD has yet to be developed.

In this study, several material-sparing methods were 
used to perform feasibility assessment of ASD prepara-
tion by HME, with the goal of developing a workflow 
which uses less than 1  g of API. Two critical quality 
attributes (thermal stability and crystalline-to-amor-
phous phase transformation) were assessed through 
material-sparing preformulation tests, as well as pro-
cessing studies using VCM. Non-sink dissolution test-
ing was conducted to assess formulation performance. 
Encorafenib (ENC) was selected as the model compound 
and the four HME-amenable polymers selected for this 
study were polyvinylpyrrolidone-vinyl acetate (PVPVA), 
Soluplus (SP), hydroxypropyl methylcellulose acetate suc-
cinate (HPMCAS), and hydroxypropyl methylcellulose 
(HPMC). PVPVA and HPMCAS are the most commonly 
used polymers for commercialized ASD formulations 
(Moseson et al. 2024), while SP and the Affinisol grade 
of HPMC are more recently developed polymers with 
improved stability and rheological properties suitable for 
HME processing (Gupta et al. 2016, 2014).

Materials and methods
Materials
Encorafenib (ENC) was provided by Pfizer (Groton, CT). 
Kollidon VA64 (PVPVA) and Soluplus (SP) were gifts 
from BASF (Ludwigshafen, Germany). Affinisol 15LV 
(HPMC) was a gift from IFF (New York, NY). AQOAT 
LMP (HPMCAS) was a gift from Shin-Etsu (Tokyo, 
Japan). All other materials used were of reagent grade.

Computational methods
Solubility data of crystalline ENC in various organic sol-
vents was used to determine PC-SAFT model parameters 
for ENC using the Solcalc® software. A detailed over-
view of PC-SAFT framework is provided in the literature 
(Gross and Sadowski 2001), and its applications to ASDs 
have been demonstrated in many studies (Trenkenschuh 
et al. 2024; Deac et al. 2024; Dohrn et al. 2021; Lehm-
kemper et al. 2017; Paus et al. 2015; Luebbert et al. 2018). 
Model parameters for the polymers used in this work 
were either obtained from the literature or independently 
determined by amofor GmbH (Dortmund, Germany). 
Detailed information on the model fitting procedure 
and the pure-component parameters of all substances is 
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provided in the Supporting Information (Tables S1–S3, 
Figure S1). Solcalc® software was used to generate phase 
diagrams for Tc and Tg predictions.

Preformulation characterization methods
Thermogravimetric analysis (TGA) was performed to 
assess the thermal degradation of drug-polymer physi-
cal mixtures and neat materials using a TA Discovery 
TGA 6 (New Castle, DE) with a 1 °C/min heating rate up 
to 250  °C. Degradation onset temperatures were deter-
mined as the temperature at which the tangent of the 
baseline intersected the tangent of the mass loss curve, 
and by 0.1%, 0.5%, and 1.0% mass loss thresholds. Data 
were normalized to 140  °C for all polymers and ASD 
samples and just above the melting point (Tm) for crystal-
line ENC as described by Moseson et al. (Moseson et al. 
2020).

Differential scanning calorimetry (DSC) experiments 
were performed using a TA Discovery DSC 2500 (New 
Castle, DE) to construct an experimental phase dia-
gram. Melting point offset temperatures and enthalpies 
of fusion in duplicate were determined from neat ENC 
and physical mixtures at a 25% and 50% DL using a 1 °C/
min heating rate. Neat ENC and 50% DL physical mix-
tures with PVPVA and HPMCAS were also assessed with 
heating rates varying from 0.5 to 10 °C/min. Melting off-
set temperatures at a 0 °C/min heating rate were extrap-
olated using a quadratic polynomial fitting of melting 
offset temperatures at different heating rates. Modulated 
DSC experiments were performed by heating to 200 °C at 
a rate of 5 °C/min with modulation of 0.79 °C every 60 s 
to determine Tg of raw materials, amorphous API, and 
ASDs.

Sample preparation methods
Cryomilling was used to prepare physical mixtures 
using a 6775 Freezer/Mill (SPEX, Metuchen, NJ) under 
liquid nitrogen for 2 cycles of 2  min at 10  Hz. Samples 
composed of ENC and one of four polymers (PVPVA, 
SP, HPMCAS, and HPMC) were prepared. Disks were 
made using the cryomilled physical mixtures in a VCM 
(MeltPrep, Graz, Austria) at 180 °C or below for 10 min 
with diameters ranging from 5 to 20 mm depending on 
sample quantity. Disk diameter was selected to produce 
disks thinner than 1 mm to ensure uniform heating while 
maintaining structural integrity. Disk height was calcu-
lated using the online calculator provided by MeltPrep™, 
and the densities of the corresponding polymer were 
used for the ASD formulations. For preparation of 10% 
DL ASDs, 200 mg of material was prepared using 20 mm 
diameter as this formulation required the most material 
for characterization. The 10  mm diameter die was used 
to prepare 100 mg of 25% and 50% DL ASDs. Disks spe-
cifically for release studies were prepared with the 5 mm 

die as these required the least material although die sizes 
down to 0.3 mm are available if a smaller target dose was 
required. Disks of 25% DL ENC in SP, PVPVA, and HPM-
CAS were prepared at temperatures between 140–180 °C 
to determine the lowest temperature in which a com-
pletely amorphous sample could be generated. ASD pow-
ders were prepared by cryomilling the VCM disks using 
a 6775 Freezer/Mill (SPEX, Metuchen, NJ) under liquid 
nitrogen for 2 cycles of 2 min at 10 Hz.

Drug-polymer blends for hot melt extrusion of 20% 
(w/w) crystalline ENC and 80% (w/w) PVPVA were 
mixed through manual tumble blending for 200 rota-
tions, sieving through a 1  mm screen, and blending for 
another 200 rotations using a Turbula blender (WAB, 
Allendale, NJ). Blends were then fed into a ThermoScien-
tific Pharma Mini HME Micro Compounder (Waltham, 
MA) equipped with a force feeder operated at a 30% 
speed level. Extrudates for further analysis were pro-
cessed at 200  °C and 25  rpm then milled using a 6775 
Freezer/Mill (SPEX, Metuchen, NJ) under liquid nitrogen 
for 2 cycles of 2 min at 10 Hz. A 20% DL was selected for 
the HME scale-up experiment as a compromise between 
release performance, material constraints, and relevance 
to commercial drug loadings of HME products.

The assigned sample name identifies the drug load-
ing (10, 20, 25, or 50 wt. %), polymer (S: SP, P: PVPVA, 
L: HPMCAS, or H: HPMC), and sample preparation 
method (physical mixture: PM, temperature (°C) of VCM 
processing: 140 to 180, or hot melt extruded: HME). To 
differentiate between samples prepared for release stud-
ies, the sample preparation methods are denoted as fol-
lows: 180-disk or 180-powder where both samples were 
processed at 180 °C.

Sample characterization methods
Modulated DSC was used to measure glass transition 
temperatures (Tg) of VCM-prepared powders at 10%, 
25%, and 50% DL. Tg inflection points were determined 
from the second heating cycle using a 5  °C/min heating 
rate and a modulation amplitude of 0.79 °C every 60 s.

VCM disks and extrudate were imaged using a Key-
ence VHX digital microscope (Itasca, IL) with a 20X 
objective. Crystalline ENC, physical mixtures, and 
ASD powders were characterized using polarized light 
microscopy (PLM) to assess crystallinity. Samples were 
prepared by dispersing powders in mineral oil on glass 
slides and examined for birefringence using an Olympus 
BX60 cross-polarized light microscope (20X objective) 
equipped with a Spot Insight camera.

X-ray powder diffraction (XRPD) patterns of the neat 
materials, physical mixtures, and representative ASD 
powders were measured using a Bruker D8 Advance (Bil-
lerica, MA) diffractometer with a Cu-Kα radiation source 
in Bragg–Brentano mode and a LYNXEYE_EX detector. 
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Samples were scanned with a step size of 0.02° at 0.35 s/
step from 15–25° 2θ. While not performed herein, VCM-
prepared disks can be directly scanned and may even 
provide optimal geometry for most XRPD instruments 
and could improve diffractogram quality and minimize 
sample loss upon recollecting powder samples where 
applicable.

ENC degradation was assessed in physical mixtures, 
milled VCM disks, and milled extrudate via high per-
formance liquid chromatography (HPLC) using a 1260 
Infinity II HPLC system (Agilent Technologies, Santa 
Clara, CA). A reversed-phase ZORBAX Eclipse Plus c18 
column (5  µm particle size, 4.6  mm × 150  mm, Agilent 
Technologies, Santa Clara, CA) was used as the station-
ary phase, and the mobile phase consisted of 10 mM pH 
6.5 phosphate buffer and acetonitrile (ACN) in equal 
parts by volume maintained at 30  °C with a 1  mL/min 
flow rate. Samples were prepared in 50:50 10 mM pH 6.5 
phosphate buffer:ACN and injected with a 10 µL injec-
tion volume resulting in a retention time of 3 min for the 
main drug peak. An ultraviolet (UV) detector was used 
with a wavelength of 290 nm. The calibration curve was 
linear from 0.1–100 µg/mL (R2 = 0.999). Degradation was 
evaluated as the sum of the relative degradant peak area 
(%).

Supersaturation maintenance, powder dissolution, and 
disk dissolution studies were performed using a Pion 
MicroDiss MB8 with Rainbow R2D fiber optic probes 
(Billerica, MA). A second derivative UV calibration curve 
was prepared in 50 mM pH 6.8 phosphate buffer in the 
presence of 1  mg/mL PVPVA, using 5  mm fiber optic 
probes over a wavelength range of 350–360  nm. The 
supersaturation maintenance study for ENC measured 
in 20 mL of 50 mM pH 6.8 phosphate buffer in the pres-
ence of 1 mg/mL SP, PVPVA, HPMCAS, and HPMC and 
in the absence of polymer at 37  °C with a 300  rpm stir 
speed. A dose concentration of 300 µg/mL was induced 
through anti-solvent addition of a concentrated stock 
solution of ENC in methanol. Concentrations were nor-
malized using the average concentration from the first 
15  min. In this study, the nucleation induction time, 
defined as the onset of crystallization, was determined 
as the time at 1% decline in concentration. Dissolution of 
powders and disks was performed under non-sink condi-
tions targeting a dose condition of 300 µg/mL in 50 mM 
pH 6.8 phosphate buffer at 37  °C with a 300  rpm stir 
speed. Disks remaining after 2 h were removed after dis-
solution for imaging using PLM. The dose concentration 
of 300 µg/mL was selected for these studies, as it is just 
below the amorphous solubility. The amorphous solubil-
ity was estimated to be between 350–400  µg/mL based 
on an increase in scattering over this concentration range 
during UV calibration curve development (results not 
shown).

Results
Predicted and experimental phase diagram
Four polymers suitable for HME (SP, PVPVA, HPMCAS, 
and HPMC) were selected for evaluating drug-polymer 
compatibility using PC-SAFT, and predicted and experi-
mental temperature-composition phase diagrams were 
generated (Fig. 1). To prepare the predicted temperature-
composition phase diagram, PC-SAFT parameters for 
ENC were derived from organic solubility data and rele-
vant physicochemical properties, while PC-SAFT param-
eters for the polymers were obtained from literature or 
provided by amofor. Using the Solcalc® software, tem-
perature-composition phase diagrams were generated 
by predicting the solubility of crystalline ENC (solute) 
in each polymer (solvent) at a given temperature based 
on drug-polymer interactions. Glass transition tempera-
tures, Tg, of the amorphous drug-polymer system were 
predicted using the Gordon-Taylor equation (used for 
PVPVA and SP) or the Fox equation (used for HPM-
CAS and HPMC). Predictions were performed without 
any further adjustment of binary interaction parameters 
to obtain a predictive ranking of polymer compatibility. 
The PC-SAFT predicted phase diagram (Fig. 1) suggests 
that the greatest melting point depression of ENC would 
be observed with SP and PVPVA followed by HPM-
CAS. In contrast, ENC was predicted to be immiscible 
with HPMC above ~ 40% DL, therefore no melting point 
depression would be observed between 40–100% DL.

A DSC method was used to experimentally determine 
the formulation critical temperature (Tc) of ENC in each 
polymer at 25% DL and 50% DL. Using a heating rate of 
1  °C/min, Tc values were identified as the melting point 
offset temperatures and compared to PC-SAFT predic-
tions (Fig. 1) for validation. Representative DSC thermo-
grams are provided in Figure S2.

Since initial Tc measurements were conducted at a 
single heating rate to conserve materials, the reliability of 
these values was further investigated using both PVPVA 
and HPMCAS systems. By scanning each sample using 
five different heating rates and extrapolating to zero heat-
ing rate, the equilibrium value can be calculated (Fig-
ure S3). This analysis confirmed that a 1 °C/min heating 
rate was deemed sufficient for accurate Tc estimation of 
these systems to minimize material use and time con-
straints, since extrapolated Tc values and those deter-
mined at 1  °C/min did not appreciably differ (Table  1). 
Additionally, the results indicated that polymer viscosity 
did not significantly hinder the determination of melting 
point depression measurements using the experimental 
method for these drug-polymer systems.

The PC-SAFT model correctly rank-ordered the poly-
mers in agreement with experimental measurements 
with no additional fitting of binary interaction parame-
ters or other system-specific adjustments. Both PC-SAFT 
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predictions and DSC data indicate that ENC/HPMC sys-
tems exhibit the least melting point depression followed 
by ENC/HPMCAS. SP did not depress the melting point 
of ENC to the degree predicted by PC-SAFT, instead 
experimental Tc values were similar to PVPVA-based 
systems. Measured and predicted Tc values for the ENC/
PVPVA system were most similar among the systems 
tested, indicating that the model describes PVPVA well. 
Measured Tc values through DSC for ENC/SP systems 
at both 25% and 50% DL were higher than predicted, 
likely due to PC-SAFT modeling overpredicting molecu-
lar interactions when applying no additional interaction 
parameter in the model (Fig. 1). Similar overpredictions 
of drug solubility have been previously reported (Pavliš 

et al. 2023), potentially due to self-interaction of SP not 
accounted for by the model.

Tg values for SP-, PVPVA-, and HPMCAS-based sys-
tems were consistent with the calculated values (Fig. 1). 
Representative thermograms measuring Tg values are 
shown in Figure S4. Measured Tg values for the HPMC-
based system are lower than predicted, aligning with 
the prediction that ENC and HPMC are immiscible. 
This immiscibility likely results in Tg values closer to 
that of neat ENC (Tian et al. 2016). A second Tg was not 
observed which would confirm that ASDs prepared of 
this composition are phase separated. However, this is 
not unexpected as HPMC Tg values are frequently dif-
ficult to observe in practice due to minor differences 

Table 1  Melting point (Tm) or formulation critical temperature (Tc) observed and predicted for neat ENC or ENC-polymer systems
Composition Tm or Tc observed using single heating 

rate (1 °C/min) (n = 2)
Tm or Tc observed using heating rate analy-
sis, extrapolated to 0 °C/min heating rate 
(n = 1)

Tc predicted 
by PC-SAFT

25% DL PVPVA 158.5 ± 0.5 °C – 148

25% DL SP 157 ± 5 °C – 140

25% DL HPMCAS 173.9 ± 0.9 °C – 175

25% DL HPMC 181.9 ± 0.8 °C – 185

50% DL PVPVA 172.33 ± 0.08 °C 169.9 °C 171

50% DL SP 175.8 ± 0.5 °C – 161

50% DL HPMCAS 182.2 ± 0.1 °C 181.4 °C 185

50% DL HPMC 185.98 ± 0.04 °C – – (immiscible)

100% ENC 188.74 ± 0.01 °C 188.1 °C –

Fig. 1  Temperature-composition phase diagram of ENC ASDs with HPMC, HPMCAS, PVPVA, and SP. The formulation critical temperatures (Tc) and glass 
transition temperatures (Tg) of each system predicted using PC-SAFT are shown in solid and dashed lines, respectively. Experimental Tm or Tc and Tg values 
are represented with circles and squares, respectively, with standard deviations for each value (n=2). Estimated Tc values for ENC in HPMC end at a drug 
fraction of about 40% drug loading due to predicted immiscibility. Regions above the Tc lines for each system represent the temperature and composition 
ranges in which ENC is predicted to become completely amorphous during processing through melting and dissolution into the polymer
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in heat capacity of the glassy and supercooled states 
(Mcphillips et al. 1999).

Sample preparation: drug loading and polymer type 
analysis
Samples of 10%, 25%, and 50% DL were prepared by 
VCM for evaluation of HME feasibility. Following imag-
ing, disks were cryomilled to produce powders for further 
analysis. Images of disks prepared through VCM are dis-
played in Fig. 2 and Fig. 3. Visual inspection of disks is a 
qualitative, preliminary determination of the amorphous-
to-crystalline transformation during VCM to identify 
suitable formulations and processing conditions. Clear, 
transparent disks suggest complete amorphous character 
while translucent or opaque disks suggest the presence of 
residual crystalline content or phase separation.

Disks prepared with SP and PVPVA were clear and 
transparent at all drug loadings when processed at 180°C 
for 10  min, indicating complete amorphization. Voids 
or cracking are artifacts of the VCM process and result 
from the higher hygroscopicity and relative brittleness of 
these materials. To determine the minimum processing 
temperature for full amorphization, 25% DL disks were 
processed for 10  min at lower temperatures until the 
disks became translucent, which occurred at 140°C for 
SP-based disks and 150°C for PVPVA-based disks. HPM-
CAS-based disks of 10% and 25% DL were transparent 

when processed at 180°C, while 50% DL was translucent. 
When lower temperatures were explored, 25% DL HPM-
CAS-based disks became translucent at 170°C. HPMC-
based disks had opaque regions at all DL when processed 
at 180°C; however, the 10% DL, 10/H/180, has some com-
pletely transparent regions. Lower temperature process-
ing of this polymer system was not explored, as 25/H/180 
(prepared at 180°C) was already opaque.

Additional imaging via PLM was performed to help 
characterize the crystalline-to-amorphous transforma-
tion during VCM processing (Figures S5-S7). Strain bire-
fringence from the polymers makes robust conclusions of 
the presence of crystallinity difficult in even low DL PMs. 
Although PLM images of VCM-processed ASD powders 
have less birefringence than the PMs, this technique is 
limited in distinguishing small levels of crystallinity or 
nanometer sized crystals from birefringence due to poly-
mer contributions for this system (Inoue 2021), as well as 
the optical diffraction limit.

XRPD further characterized the crystallinity of samples 
before and after VCM processing (Figures S8-S10). XRPD 
patterns of neat ENC after cryomilling and in physical 
mixtures reveal that cryomilling results in some disor-
dering of crystalline ENC, as demonstrated by significant 
peak broadening (Figure S8). The extent of disordering of 
ENC varied based on the polymer. Mixtures with PVPVA 
and HPMCAS produced the greatest amount of peak 

Fig. 2  Images of vacuum compression molding (VCM) disks with 10% (a), 25% (b), and 50% DL (c) of ENC in SP, PVPVA, HPMCAS, and HPMC (left to right) 
processed at 180 °C for 10 min. Fully transparent disks suggest amorphous character while cloudy/opaque disks indicate residual crystallinity, phase 
separation, or immiscibility. Voids evident in the PVPVA- and SP-based disks in (b) and (c) are shrinkage artifacts of the VCM process. (Scale bar = 2 mm)
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broadening, while mixtures with HPMC, SP, and the neat 
drug produced less disordering (Figure S8). Characteris-
tic ENC peaks were not detected in any of the VCM pro-
cessed samples (Figure S9 and S10). A diffraction peak 
at 16° 2θ appeared across several samples; however, it 
could not conclusively be attributed to the solid form of 
ENC. Scans of the 10/S/180 powder resulted in 3 distinct 
peaks which were inconsistent with the starting crystal-
line form of ENC. XRPD requires minimal sample and 
is a quantitative method of detecting crystallinity; how-
ever, for this system, the LOD was high and unable to 
differentiate between samples with low levels of residual 
crystallinity.

Degradation analysis
TGA was used as a material-sparing method to screen 
ENC-polymer systems for their relative stabilizing or 
destabilizing effects on the degradation of ENC, thereby 
informing their suitability for HME (Moseson et al. 2020; 
Alvarenga et al. 2022). Thermal degradation tendencies 
of neat materials and 10% DL physical mixtures were 
analyzed using a non-isothermal heat ramp up to 250 °C 
(Figure S11). Degradation onset temperatures are sum-
marized in Fig. 4. The 10% DL ASD was selected for this 
experiment, as the high polymer-drug ratio would result 
in greatest sensitivity to potential polymer-mediated 
degradation events. Among the tested systems, neat 

HPMCAS and its corresponding physical mixture exhib-
ited the lowest degradation onset temperature, highlight-
ing the general thermal-reactivity of HPMCAS (Sarode 
et al. 2014). The degradation onset of crystalline ENC 
begins above its melting temperature. The other poly-
mers and their corresponding physical mixtures with 
ENC experienced degradation onset around 230 °C, indi-
cating that ENC-based ASDs are likely processable by 
HME at common extrusion temperatures (140–180  °C) 
(Kyeremateng et al. 2022). Under the most stringent cri-
teria (0.1% wt. loss threshold), HPMC and HPMCAS 
polymers and their ASDs degraded between 150–160 °C, 
suggesting a greater chemical stability risk upon high 
temperature processing. In contrast, the degradation 
onset temperatures of PVPVA and SP polymers and their 
corresponding ASDs were near or beyond the upper limit 
of common extrusion temperatures, suggesting adequate 
chemical stability upon thermal processing. It is impor-
tant to note that as TGA only measures mass loss, the 
actual extent and nature of ENC degradation is not quan-
tified and potentially confounded by degradation of the 
polymer itself.

To evaluate ENC degradation, HPLC analysis on VCM 
processed samples was performed to quantify the deg-
radation profile of ENC (Fig.  5 and Figure S12). HPLC 
analysis demonstrated that ENC experienced thermal 
degradation at VCM processing temperatures as low 

Fig. 3  Images of vacuum compression molding (VCM) disks with a 25% DL of ENC in SP (a), PVPVA (b), and HPMCAS (c) processed at different tempera-
tures ranging from 140–170 °C (left to right) for 10 min to determine at what temperature disks became cloudy/opaque. Fully transparent disks suggest 
amorphous character while cloudy/opaque disks indicate residual crystallinity, or phase separation. or immiscibility. (Scale bar = 2 mm)
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as 140  °C. Polymer impact on degradation levels sug-
gests that HPMCAS would be the least suitable polymer 
choice for HME with ENC, based on degradation levels 
of the 10% DL samples (Fig. 5a). Furthermore, HPMCAS-
based ASDs showed a dependence on the polymer level 
or drug loading, with the 10% DL samples showing nearly 
a threefold higher degradation than the 50% DL sample. 
For the 25% DL samples produced at a range of tempera-
tures, degradation levels increased with temperature as 
expected (Fig.  5b). In addition to the thermal exposure 
during VCM, it should be noted that cryomilling may 
accelerate drug degradation, likely due to the disorder-
ing that may occur forming solid-state reactive species or 
amorphous content (Zanolla et al. 2018; Adrjanowicz et 

al. 2011; Xu et al. 2025). Compared to TGA, HPLC degra-
dation assays can better capture non-volatile degradation 
products and is more representative of simulating actual 
processing conditions (Moseson et al. 2020; Huang et al. 
2017; Alvarenga et al. 2022). TGA tends to underpredict 
the extent of degradation and cannot provide specificity 
on the degradation profile. Even though VCM involves 
longer exposure times at high temperatures than typical 
HME residence times (Winck et al. 2023; Wesholowski 
et al. 2019), it serves as a valuable preliminary screening 
tool for identifying potential drug-polymer and tempera-
ture incompatibilities.

Fig. 5  Degradation profiles of VCM samples represented by the sum of degradant peaks (%) as a function of drug loading (DL) for samples unprocessed 
or processed at 180 °C (a) and processing temperature (b) for 25% DL samples. Error bars represent the average distance from the mean of duplicate 
preparations and are too small to see for several samples

 

Fig. 4  Degradation onset temperatures of neat materials (a) and 10% DL physical mixtures (PM) (b) of encorafenib (ENC) with SP, PVPVA, HPMCAS, and 
HPMC. Onset temperatures were calculated by the tangent intersection method using 0.1%, 0.5%, and 1% mass loss thresholds of thermogravimetric 
analysis (TGA) traces heated at 1 °C/min (n = 1)
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In vitro dissolution
The ability of SP, PVPVA, HPMCAS, and HPMC to 
maintain supersaturation (and inhibit crystallization) 
was evaluated by monitoring the solution concentra-
tions over time (Fig.  6). In the absence of pre-dissolved 
polymers, a supersaturated solution of ENC underwent 
crystallization within approximately 1  h. Pre-dissolved 
HPMC appeared to have no impact on stabilizing super-
saturation of ENC. In contrast, crystallization initiated in 
approximately 5  h for supersaturated solutions contain-
ing pre-dissolved PVPVA or HPMCAS. No desupersatu-
ration was observed in the presence of SP after 15  h in 
buffer; however, the solution appeared visually cloudy for 
the extent of the experiment. The long supersaturation 
profile and turbid appearance is likely due to the forma-
tion of SP micelles that drug can partition into, prevent-
ing crystallization.

Next, the release performance of ENC from 10% DL 
ASDs containing PVPVA, SP, HPMCAS, and HPMC 
were assessed (Fig.  7). Both disks and powders were 
evaluated. Disks were used directly as a material-sparing 
technique to minimize material loss from cryomilling 
and avoid potential powder wetting artifacts (Fig.  7a). 
Additionally, a VCM disk is more akin to the surface-
normalized intrinsic dissolution method, which would 
allow for comparative dissolution rate assessment (Hiew 
et al. 2022; Saboo et al. 2020). Powders were used to 
compare dissolution performance under conditions 
more relevant to a formulated, disintegrating ASD drug 
product (Fig.  7b). Disks, if intact after 2  h, or aliquots 
from the solution were imaged after 2 h to detect crys-
tallization (Fig.  7c-f ). Among the ASD formulations, 
ENC released the fastest from the PVPVA-based disks 

reaching over 90% release within 20  min. On the other 
hand, ENC released more slowly from HPMCAS-based 
disks but was still able to achieve 90% release within 2 h. 
Birefringence observed in the HPMCAS-based disk is 
likely strain birefringence from the polymer rather than 
matrix crystallization given the blue and yellow color 
and near complete release (Fig. 7e). Birefringence in the 
HPMC-based disk appeared to undergo matrix crystalli-
zation (Fig. 7f ) resulting in slow and incomplete release. 
Interestingly, ENC minimally released from the SP-based 
disk. Based on PLM imaging, minimal crystallization was 
observed (Fig. 7c), suggesting that the poor release may 
be due to strong ENC-SP complexation within the ASD 
matrix, which was further investigated below.

The release of ENC from powders was also evaluated 
as it may be more reflective of a drug product than VCM 
disks (Figs.  7b and  8). As expected, due to the increase 
in available surface area, 10% DL ENC in HPMCAS and 
PVPVA released completely within 10 min. For 10% DL 
ENC/HPMC powders, approximately 60% of drug was 
released within 60  min, then desupersaturation was 
observed. As observed in the VCM disks, minimal release 
was observed from 10% DL ENC/SP powders only releas-
ing less than 15% after 60 min.

Since ENC/PVPVA and ENC/SP systems are consid-
ered to be fully amorphous at 25% and 50% DL based 
on visual analysis and phase diagram predictions (Figs. 1 
and 2), they were selected for further dissolution studies 
(Fig. 8). For PVPVA-based ASDs, both the rate and extent 
of drug release declined with increasing DL, with approx-
imately 80% and 60% of ENC released within 60 min for 
the 25% and 50% DL, respectively (Fig. 8b). This trend is 
expected based on decreased release rates corresponding 

Fig. 6  Representative supersaturation maintenance profiles (a) and average nucleation induction times (b) for encorafenib (ENC) in the presence of 
1 mg/mL SP, PVPVA, HPMCAS, or HPMC or in the absence of polymer in pH 6.8 phosphate buffer. Error bars represent the standard deviation (n = 3). The 
dosed concentration of ENC was 300 µg/mL. Decreases in concentration of ENC indicate desupersaturation through crystallization
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to higher DL, as well as a greater propensity for crystal-
lization as polymer content declines. For SP-based ASDs, 
the opposite trend was observed (Fig. 8a), where release 
rate and extent increased with higher drug loads. Com-
plete release was not achieved for any of the SP-based 
ASDs, but the 50% DL released around 30% compared 
to the 25% DL at 15% release. In previous work, SP has 

reduced solubility and strong gelation behavior in ASDs 
influenced by the presence of kosmotropic salts (such 
as in the phosphate buffer used in the dissolution media 
in this study), which can result in reduced dissolution 
rates (Hughey et al. 2013). This effect is supported by 
the release trend observed in Fig. 8a, where higher poly-
mer content samples show greater release impairment. 

Fig. 8  Release of ENC from VCM powders of 10 (circles), 25 (triangles), and 50% (squares) DL ENC in SP (a) and PVPVA (b) in pH 6.8 phosphate buffer (n = 2). 
A target concentration of 300 µg/mL was used

 

Fig. 7  Release of ENC from vacuum compression molding (VCM) disks (a) and powders (b) of 10% DL ENC in SP (10/S/Disk), PVPVA (10/P/Disk), HPMCAS 
(10/L/Disk), and HPMC (10/H/Disk) in pH 6.8 phosphate buffer (n = 2). A dose concentration of 300 µg/mL was used. Polarized light microscopy (PLM) 
images of undissolved disks of the (c) SP-, (e) HPMCAS-, and (f) HPMC-based ASDs. As the PVPVA-based disk completely dissolved before 2 h, an aliquot 
from the solution for sample 10/P/Disk (d) was taken for imaging (d). 10/L/Disk (e) and 10/H/Disk (f) had birefringence, indicating polymer-based strain 
birefringence and matrix crystallization while the rest remained substantially amorphous

 



Page 12 of 19Benson et al. AAPS Open           (2026) 12:26 

Further investigation of the SP system was not per-
formed, as this finding would sufficiently eliminate this 
polymer system from consideration in a material-sparing 
workflow.

HME scale-up
ENC/PVPVA was selected for HME scale-up based on its 
superior performance during preformulation screening. 
A 20% DL was selected to maximize drug loading while 
maintaining rapid and complete release. The produced 
extrudate was visually amorphous which was also con-
firmed by XRPD analysis (Fig. 9). Its release profile was 
rapid, similar to the 10% DL (Fig. 9). The extrudate also 
displayed low levels of degradation with approximately 
0.9% degradant peak area as measured by HPLC.

Discussion
Early-stage formulation is biased toward spray drying 
over HME during formulation screening. This prefer-
ence is largely driven by material constraints, as even the 
smallest benchtop extruders require at least 3  g batch 
sizes (Thermo Fisher Scientific Pharma mini HME Micro 
Compounder n.d.), while spray dry batches can be made 
with milligram quantities of API (Anane-Adjei et al. 2022; 
Ousset et al. 2019; Schmid et al. 2011). Novel approaches 
in modeling the HME process to minimize material 
requirements are being explored, such as in silico tools 
(Trenkenschuh et al. 2024; Forster et al. 2001; Turpin 
et al. 2018; Maniruzzaman et al. 2013; Han et al. 2019; 
Gottschalk et al. 2022) and HME surrogate techniques 
(Pluntze et al. 2024; Shadambikar et al. 2020; Evans et al. 
2019; Kayser et al. 2022; Hörmann et al. 2018; Lauer et al. 
2018). In this work, we sought to combine two strategies, 
PC-SAFT modeling and VCM, to develop a comprehen-
sive workflow to evaluate the feasibility of successfully 
producing ASDs via HME, alongside investigating pre-
liminary formulation and process design parameters, 
using 1 g or less of API. The 1 g API target was selected 

as an amount that could likely be available during late 
preclinical or early clinical development, at which such 
a workflow could be executed. Upon completion of this 
workflow, key experimental indicators would be available 
to enable decision making and selection of a formulation 
and process appropriate to support production of both 
pre-clinical supplies for toxicology studies and phase 1 
clinical trial materials.

There were three prioritized characteristics included in 
this workflow:

(1)	Assessment of the crystalline-to-amorphous phase 
transformation using the temperature-composition 
phase diagram as a theoretical framework

(2)	Thermal degradation risk, rank ordered based on 
polymer selection

(3)	In vitro non-sink dissolution profiles, which would 
indicate potential for improved bioavailability based 
on creation and maintenance of supersaturation.

Physical stability studies were not conducted as part of 
this workflow, which was intentionally designed to be 
completed within a 2–3-week timeframe, with a focus 
on evaluating HME feasibility and bioperformance 
characteristics. Given the substantial material require-
ments typically associated with stability testing, it is rec-
ommended that such studies be initiated only after key 
experimental indicators, such as results from non-sink 
dissolution testing, are available.

Vacuum compression molding as a screening tool
VCM has numerous advantages for enabling key assess-
ments for HME. First, multiple mold sizes are available 
to prepare disk samples as small as just a few milligrams 
(< 3  mm diameter), up to approximately 1  g (25  mm 
diameter). Next, visual inspection of these disks was 
proven to be a helpful tool to assess drug-polymer 
miscibility and the crystalline-to-amorphous phase 

Fig. 9  Characterization and release of ENC from 20% DL ENC/PVPVA processed at 200°C and a screw speed of 25 rpm through HME processing. XRPD was 
performed to confirm the amorphous state (a). A representative extrudate was imaged in (b), and release (c) of the milled extrudate (circles) is shown in 
comparison to release from VCM powders (10, 25, and 50% DL ENC in PVPVA shown as solid lines) in pH 6.8 phosphate buffer (n = 2). A target concentra-
tion of 300 µg/mL was used
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transformation (residual crystallinity), as DSC and XRPD 
measurements were inconclusive or below the LoD for 
certain samples (Figs.  2  and  3, Figures S8-S10). Such a 
visual assessment is not possible with powdered material. 
Additionally, the rapid preparation time (just a few min-
utes per disk) enables efficient throughput, with a single 
individual unit capable of producing 20–30 disks within 
a four-hour period. The main disadvantage of the VCM 
method is its lack of active mixing and the need for lon-
ger heat treatment to achieve complete amorphization. 
Unlike an extruder, the VCM requires pre-treatment of 
samples to facilitate the crystalline-to-amorphous phase 
transformation by reducing the diffusion path length. In 
these experiments, cryomilling was used to premix drug-
polymer blends prior to molding. This step did result in 
more material loss, but only on the order of ~ 50 mg per 
sample, as shown in Fig. 11. Additionally, as viscosity of 
different polymer systems may vary significantly, and vis-
cosity increases with lower temperatures, these factors 
will impact the time required for complete diffusion and 
homogenization during VCM processing (Badruddoza et 
al. 2024; Pöstges et al. 2023). For example, neat HPMC 
disks were prepared, which were unsuccessful at form-
ing amorphous disks, despite the polymer itself being 
amorphous, since this polymer exhibits shear-thinning 

behavior (images not shown) (Gupta et al. 2016; Huang et 
al. 2016). However, the addition of ENC acted as a plasti-
cizer, enabling successful formation of ENC-HPMC disks 
across all drug loadings (Fig.  2). Without shear, VCM 
required longer residence time than typical for an HME 
process (~ 10 min vs. ~ 2 min (Winck et al. 2023; Wesh-
olowski et al. 2019)). This extended thermal exposure 
resulted in higher degradation of ENC (Fig. 5), although 
the potential impact of the cryomilling process wasn’t 
specifically investigated and may have contributed to the 
degradation of the system. While VCM is not a perfect 
surrogate for HME and is limited to systems with suit-
able formulation critical temperatures (Tc), it nonetheless 
enables rapid preparation of ASD samples across a range 
of polymers and drug loadings and effectively simulates 
the high-temperature environment encountered during 
extrusion.

Proposed HME formulation screening workflow
The proposed workflow is divided into three steps, pro-
viding sequential insight into HME feasibility as well 
as preliminary formulation and process assessment 
(Fig.  10). Each step requires increasing amounts of API 
to include additional formulations and characterization 

Fig. 10  Three-step workflow for HME feasibility assessment
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techniques (Fig. 11). Each of these steps will be described 
and interpreted using the ENC-polymer model system.

Step 1: computational formulation screening using PC-SAFT
In step 1, in silico modeling of drug-polymer compatibil-
ity can be performed using PC-SAFT to generate a set of 
polymers of interest and generate theoretical tempera-
ture-composition phase diagrams. PC-SAFT modeling 
relies on organic solubility data and several physicochem-
ical properties typically characterized during early-stage 
drug development; therefore, no additional API is needed 
to conduct this step (Fig. 11). A preliminary assessment 
of drug-polymer miscibility can inform a set of polymers 
of interest. Additionally, PC-SAFT can generate theoreti-
cal temperature-composition phase diagrams, useful for 
estimating Tc values to confirm that HME processing 
could be conducted in a suitable range (140  °C-180°C) 
(Kyeremateng et al. 2022). This analysis can quickly elimi-
nate incompatible polymers and inform initial processing 
temperature ranges to be investigated.

For the ENC-polymer system, four polymers were 
selected for this investigation: SP, PVPVA, HPMCAS, and 
HPMC. The PC-SAFT modeling analysis suggested that 
SP, PVPVA, and HPMCAS would provide sufficient melt-
ing point depression to ensure complete crystalline-to-
amorphous phase transformation within the extrudable 

temperature range (Fig. 1). As the melting point of ENC 
was found to be 189  °C, HME processing must be con-
ducted in the dissolution regime, and thus melting 
point depression is a key indicator of success (Moseson 
and Taylor 2018). Thermal degradation thresholds of 
the selected polymers should be compared to predicted 
Tc  values for degradation risk assessment of the poly-
mers themselves or potential for polymer-induced drug 
degradation (Moseson et al. 2020; Alvarenga et al. 2022). 
PC-SAFT modeling also suggested that HPMC would be 
incompatible with ENC due to immiscibility and limited 
melting point depression. For the purposes of developing 
the workflow, HPMC was included in the experimental 
matrix to validate the miscibility prediction and to serve 
as a “negative” control to create observations of incom-
plete crystalline-to-amorphous phase transformation. 
However, if this workflow were to be used as prescribed, 
HPMC would not be progressed into step 2.

Step 2: thermal degradation and non-sink dissolution 
performance of 10% DL ASDs
A drug loading of 10% is recommended for subsequent 
assessments. First, this level minimizes API require-
ments. Next, having a high polymer-to-drug ratio 
maximizes the impact of the polymer on thermal deg-
radation, whether protective or destabilizing. Lastly, in 

Fig. 11  API material requirements for the proposed workflow applied to ENC with SP, PVPVA, HPMCAS, and HPMC if all polymers are included in char-
acterization steps or if polymers are screened and eliminated according to the protocol. Sample preparation includes yield losses incurred during cryo-
milling, as losses during vacuum compression molding were minimal. Degradation assays include analysis using TGA and HPLC. Dissolution screen API 
requirements are representative of both powder and disk dissolution of 10% DL ASDs. DSC for processing conditions involves evaluation of Tg and Tc/Tm 
for phase diagram validation
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vitro non-sink dissolution assessments will be the most 
discriminatory towards identifying formulation failures. 
This is due to a few reasons. Low DL formulations (< 10% 
DL) are often: below the Limit of Congruency (for neu-
tral polymer-based formulations) or simply dissolution 
rate advantaged (for ionic polymer-based formulations) 
(Hiew et al. 2022; Saboo et al. 2020), are least likely to 
experience matrix crystallization (Moseson et al. 2023), 
and high polymer levels are most likely to inhibit nucle-
ation and crystal growth (Moseson et al. 2023). Thus, if 
poor dissolution performance occurs, there is a clear 
indication towards eliminating that polymer for further 
consideration and optimization. Additionally, depending 
on the drug’s melting point and drug-polymer miscibil-
ity, visual inspection of VCM disks, XRPD, and PLM to 
detect residual crystallinity can act as preliminary phase 
diagram validation.

For the VCM sample preparation of 10% DL ASDs, 
180  °C was selected as the processing temperature. This 
temperature represents a value just below the melt-
ing point of ENC, as well as the upper end of acceptable 
HME processing temperatures based on thermal stability 
of excipients (Kyeremateng et al. 2022). For a drug with 
a Tm > 180  °C, this temperature would be recommended 
for the workflow. However, for a drug with a Tm in the 
range of 140–180  °C, we would suggest reducing this 
temperature to a value just below the Tm. For a drug with 
a Tm < 140  °C, we would suggest a VCM temperature of 
140 °C, as temperatures below this level may be impracti-
cal towards expediting drug melting and diffusion in the 
VCM apparatus.

To assess degradation, TGA of the physical mixtures 
and HPLC analysis of the ASDs provide information of 
thermal sensitivity of the drug and drug-polymer system 
and the impact of the polymer on thermal degradation 
of the drug, respectively. Although both methods likely 
overestimate the degradation of the HME process due 
to longer exposure times at high temperature, they can 
serve to rank-order the selection of polymers based on 
this critical quality attribute (Moseson et al. 2020).

In vitro non-sink dissolution of powders would be per-
formed to determine the rank-order. Dose concentra-
tion using a sink index of 1 with respect to amorphous 
solubility (SIam = 1) is suggested in providing for the most 
challenging in vitro conditions, while minimizing analyti-
cal challenges associated with the potential formation of 
colloidal species (SIam < 1). This dose condition theoreti-
cally allows all amorphous drug to molecularly dissolve 
while also represent the highest possible supersaturation 
conditions and driving force for crystallization. If further 
differentiation in performance is required, release from 
VCM disks can be used for more challenging dissolu-
tion in terms of release and matrix crystallization. Poly-
mers with poor release and/or high degrees of thermal 

degradation should be eliminated at this step before 
moving onto step 3.

For the ENC system, both TGA and HPLC degradation 
indicate that HPMCAS-based ASDs are most susceptible 
to thermal degradation. Some degradation was observed 
for SP- or PVPVA-based ASDs as well, but differences 
between the two were relatively minimal in compari-
son to HPMCAS (Figs.  4 and 5). HPMCAS is known 
to be more sensitive to thermal degradation than SP 
and PVPVA and produces reactive byproducts that can 
induce drug degradation (Alvarenga et al. 2022; Sarode et 
al. 2014).

Several different in vitro tests were performed to deter-
mine which tests should be prescribed by the workflow 
and to more fully characterize the supersaturation behav-
ior of ENC. First, the supersaturation maintenance test 
was performed, as it is highly material-sparing since 
supersaturation is induced through an anti-solvent 
based method, and no ASD preparation is required. The 
nucleation induction time measurements indicated that 
the SP polymer prevents crystallization for an extended 
time frame, however this finding may suggest micelles 
encapsulating the drug were formed (Lange et al. 2025). 
Crystallization did occur in the presence of PVPVA and 
HPMCAS after ~ 6 h, while HPMC was unable to inhibit 
crystallization.

Powder dissolution identified PVPVA and HPMCAS as 
high-performing polymers, and SP and HPMC as poorly 
performing polymers (Fig.  7). This result was generally 
consistent, but more differentiating than the nucleation 
induction time test (Fig. 6). Disk dissolution was subse-
quently performed to distinguish between PVPVA and 
HPMCAS polymer performance revealing that PVPVA 
provides faster release than HPMCAS (Fig. 7). Investigat-
ing release from VCM disks instead of powders was more 
material sparing since the VCM method involves very 
minor material losses from processing and reduces the 
potential for wettability issues associated with powders. 
Additionally, disk size can be customized to the dose 
requirement of the dissolution test. However, disks were 
more likely to stick to the stir bar or glassware during 
release studies. Release from disks also better differenti-
ated between fast releasing systems like the PVPVA- and 
HPMCAS-based ASDs and provided insight into systems 
susceptible to matrix crystallization, as seen with the 
HPMC-based ASD (Fig. 7a). Release from powders, while 
less challenging for these systems, may better reflect 
release from a formulated tablet or powder with disin-
tegrating characteristics. Additionally, the faster release 
from increasing the surface area enabled an assessment 
of solution-mediated crystallization tendency of the ASD 
systems, highlighted by the poorer performance from 
the HPMC-based ASD (Fig.  7b). Overall, evaluation of 
release performance, through powders or VCM disks, 
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clearly eliminates some polymers based on the potential 
bioperformance advantage for an ASD formulation. Later 
steps in the workflow prescribe preparation of ASDs of 
higher DL, and powder dissolution analysis would be 
suggested to investigate the impact of drug loading on 
supersaturation profiles.

Step 2 was performed for three polymers (SP, PVPVA, 
and HPMCAS) and required less than 150  mg of API 
(Fig. 11) with an additional 60 mg for nucleation induc-
tion time assessment if required. Degradation analysis 
required less than 20 mg each for TGA and HPLC, while 
release studies required slightly more (~ 50  mg for disk 
or powder each). The amount needed for step 2 would 
be variable depending on the dissolution method design, 
based on the amorphous solubility for a given drug, dose 
concentration selected, and vessel volume used.

Step 3: experimental validation of the temperature-
composition phase diagram with 25% and 50% DL ASDs
Experimental validation of the predicted temperature-
composition phase diagrams is essential to developing 
formulation and process understanding for HME feasibil-
ity. The DSC melting point depression method requires 
physical mixture samples of higher DL compositions 
to detect the formulation critical temperatures (Mose-
son and Taylor 2018). For the ENC system, we selected 
25% and 50% DL systems for this purpose, given that the 
predicted solubility temperatures at these compositions 
were in excess of ~ 140 °C. The viscosity/Tg of neat poly-
mer limits the temperature boundary where measure-
ments are likely to be accessible. For lower melting point 
drugs, measurements from 25% DL might not be accessi-
ble. Visual inspection of VCM disks and solid-state char-
acterization through XRPD and PLM can be combined 
to evaluate the predicted phase diagram and build out 
the formulation and process understanding of the HME 
design space.

For the ENC-polymers systems tested herein, reason-
able concordance of the PC-SAFT predicted phase dia-
gram, DSC measurements, and visual assessment of 

samples prepared at different temperatures was observed 
for all polymer systems (Fig.  12), highlighting the value 
of the orthogonal measurements as well as the usefulness 
of the PC-SAFT prediction. If just PVPVA and HPMCAS 
were selected for step 3, only an additional ~ 150  mg of 
API would be required to validate experimental phase 
diagrams. Experimental phase diagram validation 
through DSC and visual inspection for residual crystal-
linity agreed well with predicted PC-SAFT Tc values 
(Fig.  12). Visual inspection of disks proved to be more 
sensitive than XRPD and DSC in detecting residual crys-
tallinity and more comprehensible than PLM imaging for 
this system (Figs. 2 and 3, Figure S4, and Figures S8-S10). 
The relative usefulness of these techniques likely vary 
based on the drug and polymer system.

If the workflow had been directly followed, HPMC 
would have been eliminated after step 1 based on con-
siderations of immiscibility, and SP would have been 
eliminated after step 2 based on poor dissolution per-
formance. Of the two remaining polymers, the risk of 
selecting HPMCAS for an HME process is higher than 
PVPVA-based systems according to several factors. TGA 
and HPLC degradation assessments in step 2 found that 
HPMCAS samples experienced higher levels of degrada-
tion than that of all other systems, and HPMCAS itself 
is known to undergo thermal degradation at tempera-
tures around 160  °C (Sarode et al. 2014). Additionally, 
the temperature-composition phase diagram shows min-
imal melting point depression, so the selection of a DL 
and processing temperature profile for the HME process 
to generate fully amorphous samples is limited. Overall, 
PVPVA-based ASDs had lower Tc than HPMCAS-based 
ASDs, suggesting a larger formulation and temperature 
design space with less risk of thermal degradation. Selec-
tion of PVPVA as the optimal polymer for ENC is consis-
tent with the polymer used in Braftovi®, the commercial 
drug product which prepares the ASD by HME (Mose-
son et al. 2024).

Fig. 12  Experimental and PC-SAFT phase diagrams overlaid for SP (a), PVPVA (b), and HPMCAS (c). Amorphous or crystalline designations are based on 
visual assessment of VCM disks
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Conclusions
Hot melt extrusion remains underutilized in early drug 
development due to minimum batch size requirements 
that exceed typical API availability during early-phase 
formulation screening. This study developed and vali-
dated a material-sparing workflow integrating PC-SAFT 
modeling with vacuum compression molding to enable 
HME feasibility assessment using less than 500  mg of 
API. The systematic three-step approach successfully 
evaluated four polymers for encorafenib amorphous solid 
dispersions, assessing critical quality attributes includ-
ing drug-polymer miscibility, thermal degradation, and 
dissolution performance. PVPVA was identified as the 
optimal polymer based on favorable processing tempera-
tures, low degradation, and superior dissolution perfor-
mance (PVPVA > HPMCAS > HPMC > SP). Importantly, 
this selection was validated through successful HME 
scale-up and matches the polymer used in the commer-
cial Braftovi® formulation, demonstrating the predictive 
capability of this workflow. By enabling HME feasibility 
assessment during early development when API is lim-
ited, this approach can facilitate earlier manufacturing 
process selection, potentially avoiding late-stage formu-
lation changes and accelerating development timelines. 
Computational predictions accelerate decision-making 
and reduce experimental burden, providing a practical 
pathway for incorporating HME technology into early-
stage pharmaceutical development.
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