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Hot-melt extrusion (HME) is a technology increasingly common for the commercial production of pharmaceu-
tical amorphous solid dispersions (ASDs), especially for poorly water-soluble active pharmaceutical ingredients
(APIs). However, recrystallization of the APIs during dissolution must be prevented to maintain the supersatu-
ration state enabled by ASD. Unfortunately, the amorphous formulation may be contaminated by seed crystals
during the HME manufacturing process, which could lead to undesirable crystal growth during the dissolution
process. In this study, the dissolution behavior of ritonavir ASD tablets prepared using both Form I and Form IT
polymorphs was examined, and the effects of different seed crystals on crystal growth rates were investigated.
The aim was to understand how the presence of seed crystals can impact the dissolution of ritonavir, and to
determine the optimal polymorph and seeding conditions for the production of ASDs. The results showed that
both Form I and Form II ritonavir tablets had similar dissolution profiles, which were also similar to the reference
listed drug (RLD). However, it was observed that the presence of seed crystals, particularly the metastable Form I
seed, led to more precipitation compared to the stable Form II seed in all formulations. The Form I crystals that
precipitated from the supersaturated solution were easily dispersed in the solution and could serve as seeds to
facilitate crystal growth. On the other hand, Form II crystals tended to grow more slowly and presented as ag-
gregates. The addition of both Form I and Form II seeds could affect their precipitation behaviors, and the
amount and form of the seeds had significant effects on the precipitation process of the RLD tablets, as are the
tablets prepared with different polymorphs. In conclusion, the study highlights the importance of minimizing the
contamination risk of seed crystals during the manufacturing process and selecting the appropriate polymorph
for the production of ASDs.

1. Introduction acidic and basic drugs (Jermain et al., 2018; Thakral et al., 2016; Zan-

nou et al., 2007). Other methods, such as co-crystals and complexation,

For oral dosage forms, the improved solubility of poorly water-
soluble drugs is critical to reaching desirable systemic exposure (Ami-
don et al., 1995). Several strategies have been developed to improve the
solubility and bioavailability of those drugs, such as co-crystals,
complexation, salt formation, nanonization, liposomes, pH
micro-environmental modifiers, soft gel capsules, amorphous solid
dispersion (ASD), etc. (Choi et al., 2017; Fenske et al., 2008; Moham-
madian et al., 2019; Proietti et al., 2014; Reggane et al., 2018; Ser-
ajuddin, 2007; Stephenson et al., 2011; Wong et al., 2018). Salt
formation to improve solubility only works with 20-30% of weakly
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may increase crystalline solubility at the expense of decreasing apparent
permeability, negating the solubility advantages (Miller et al., 2012).
Although there are studies highlighting that ASDs may not always be
advisable for improving permeation when solubilization occurs (Raina
et al., 2015), ASD is still an attractive option for enhancing both solu-
bility and absorption due to its high thermodynamic activity in super-
saturated states (Dahan et al., 2013). Therefore, ASD is widely used to
improve drug dissolution and absorption for poorly water-soluble
compounds. Over 20 drugs using ASD technology have been
approved, according to data from the FDA database (Tambe et al.,
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2022). ASD is commonly formulated into a single-phase amorphous
mixture that inhibits the recrystallization of the amorphous drug by
dispersing it within an amphiphilic polymeric matrix. The molecular
dispersion of the drug in a polymer matrix enables a negligible amount
of energy to be consumed on lattice disruption during dissolution, as the
system finds itself already in a high energy state (Brouwers et al., 2009).
Several methods have been documented for the preparation of ASDs,
such as spray drying, melting, solvent evaporation, melting solvent,
supercritical fluid, and hot-melt extrusion (HME), etc. (Singh and Van
den Mooter, 2016; Abuzar et al., 2018; Alzahrani et al., 2022; Goldberg
et al., 1966; Sekiguchi and Obi, 1961; Tachibana and Nakamura, 1965).
In comparison with other technologies, HME has multiple inherent ad-
vantages, including the elimination of organic solvents, homogeneity of
mixture, and reduction of processing steps. Therefore, HME is becoming
an increasingly commonly used method to produce ASD with twin-screw
extruders.

Although considerable progress has been made in ASD technology
research, limited numbers of commercial products are found in the US
market currently (Li and Taylor, 2018; Solanki et al., 2019). As of 2021,
only 27 approved drug products in the US were based on ASD technol-
ogy (Walden et al., 2021). This may be primarily due to the supersatu-
ration stability of the targeted drugs during dissolution. When ASD
dissolves, a “spring effect” can occur, generating a fast supersaturation
related to the equilibrium solubility (Guzman et al., 2007). Drugs
dispersed in the bulk aqueous phase surpassing their amorphous solu-
bility separate into in situ amorphous drug-rich nanoparticles. This
phenomenon is also referred to as liquid-liquid phase separation (LLPS)
(Ilevbare and Taylor, 2013). The LLPS may serve as a reservoir in the
supersaturated state to replenish the depleted drug concentration due to
permeation (Xu et al., 2017). Meanwhile, LLPS is one of the precursors
for drug crystallization. Since both the solubility and absorption flux of
the drug are affected by the recrystallization during ASD dissolution, it is
necessary to inhibit the recrystallization of the supersaturated solution
to achieve a "parachute" state (Guzman et al., 2007). Therefore, research
on the mechanisms of crystal growth is necessary to maintain the su-
persaturation and bioavailability of the drug (Alonzo et al., 2012).

Ritonavir (Fig. 1A), a poor equilibrium solubility and low membrane
permeability drug, is a proteinase inhibitor used for the treatment of
human immunodeficiency virus (HIV). It was also used in combination
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with nirmatrelvir to treat coronavirus disease 2019 (COVID-19) (Lamb,
2022; Sherman and Steinberg, 2011). It is also a polymorphic drug with
metastable Form I (Fig. 1B), stable Form II (Fig. 1C), and a newly found
least stable Form III via melt crystallization (Yao et al., 2022). The main
physicochemical properties of ritonavir were shown in Table 1. Norvir®
is a commercially available product that contains ritonavir as API in the
form of ASD tablets. Although few publications describe the successful
development of Norvir® itself, some research has been directed toward
investigating the drug release from ritonavir ASD tablet formulation. Xu
et al. assessed in vitro dissolution and supersaturation behaviors of
Norvir® oral tablet by two biorelevant dissolution methods with pH
alteration, and revealed a high degree of supersaturation of ritonavir
from tablets by the occurrence of LLPS in biorelevant dissolution media
(Xu et al., 2017). Guo et al. reported that ritonavir tablets disintegrated
surprisingly poorly in acidic media when sodium lauryl sulfate (SLS) was
used to improve wetting (Guo et al., 2019). Best et al. studied the
pharmacokinetics of intact and crushed lopinavir/ritonavir tablets
(Kaletra®; Abbvie), which were also manufactured through HME tech-
nology, and revealed decreases in the area under the curve (AUC) of
45% and 47% for lopinavir and ritonavir, respectively, if administrating
the crushed tablets (Best et al., 2011).

We believe that the amorphous formulation might be contaminated
by seed crystals during the manufacturing process (Moseson et al., 2020,
2021). However, few studies have systematically examined the effect of
different seed crystals on the recrystallization of supersaturated solu-
tions of ritonavir ASD tablets prepared by HME. Understanding the

Table 1
Main Physicochemical Properties of Ritonavir.
Property Value/Description References
pKa 2.01 and 2.51 Guo et al., 2019
logP 5.6 Yu et al., 2020
BCS* v Sherman and Steinberg,
2011
Solubility pH-dependent solubility Xu et al., 2017
Crystalline Form I, Form II, Form III, and Yao et al., 2022
form Amorphous

@ Biopharmaceutical Classification System.

Fig. 1. Molecular structure of ritonavir (A); Molecular conformation of Form I (B) and Form II (C).
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impact of different seed crystals on the crystallization rate of the su-
persaturated solution generated by ritonavir ASD is vital. In this study,
two designs were used to systematically investigate the impact of
different seed crystals on the recrystallization of the supersaturated so-
lution generated by ritonavir ASD tablets.

The first investigation involved preparing ritonavir tablets with two
different polymorphic forms (Form I and Form II) and comparing them
with Norvir® ritonavir tablets. This study demonstrated the in vitro
equivalence of ritonavir tablets and RLD by dissolution profiles under
the sink and non-sink dissolution testing. The second investigation was
to study the effect of different seed crystals on the precipitation process
of supersaturated solution during the dissolution test by determining
particle size, zeta potential, powder X-ray diffraction (PXRD), and
polarized light microscope (PLM) observation.

2. Materials and methods
2.1. Materials

Norvir® ritonavir tablet (RLD) was supplied from AbbVie Inc. (North
Chicago, USA). Ritonavir (C37H4gN¢O5S2) Form I was purchased from
Hetero Drugs Limited (Andhra Pradesh, India), and Form II was ob-
tained from Anhui Biochem United Pharmaceutical Co., Ltd. (Anhui,
China) that was used without further purification. Ritonavir Reference
Standard (99.3%) was purchased from The United States Pharmacopeial
Convention (MD, USA). The ultrapure water was purified by the Milli-
Q® Advantage A10® water purification system (Millipore, MA, USA).
Acetonitrile of HPLC grade was provided by Thermo Fisher Scientific
(Newington, USA). Methanol was purchased from Adamas Pharmaceu-
ticals, Inc. (Shanghai, China). Potassium dihydrogen phosphate and
phosphoric acid were obtained from Tianjin Zhiyuan Chemical Reagent
Co., Ltd. (Tianjin, China). Polyoxyethylene 10 lauryl ether was obtained
by Shanghai Yiji Industrial Co., Ltd. (Shanghai, China). Film Coating
Premix (Opadry®, Stomach Dissolving Type) was purchased from Col-
orcon Inc. (PA, USA). All other experimental excipients were presented
in Table 2.

2.2. Determination of equilibrium solubility of Form I and II

To determine the effect of different crystal forms on the solubility of
ritonavir, the Form I and II equilibrium solubility were measured using
the miniaturized shake-flask solubility method (Guan et al., 2021). Ri-
tonavir powder (Form I or II) in excess amounts was dispersed in a 20 ml
volumetric flask containing 5 mL of the following aqueous media in each
volumetric flask: HCl solutions at pH 1.2, 2.0, and 3.0; 100 mM acetate
buffer at pH 4.0, 4.5, and 5.0; 50 mM phosphate buffer at pH 6.0, 6.8,
and 8.0; and water. For equilibrating drug solubility, vials were spun at
100 rpm in an incubator shaker (HNY-2102C, Tianjin Honour Instru-
ment Co., Ltd. Tianjin, China) for 24 h at 37 °C. The pH of suspensions
was measured using a pH meter (Five Easy Plus, Mettler Toledo, Zurich,
Switzerland) after equilibration. Afterward, the suspensions were
filtered through a 0.45 pm poly tetra fluoroethylene (PTFE) syringe
filters and saturate the filter with at least 2 mL before collecting a

Table 2
The list of ready-to-use excipients.
Excipient Name Type Source
PVPVA Kollidon® VA 64 BASF Corporation, New Jersey,

Germany

Croda Inc., East Yorkshire, UK
Evonik Degussa GmbH, Essen,
Germany

Fuji Chemical Industries Co.,
Ltd., Toyama, Japan

DuPont de Nemours, Inc.,
Delaware, USA

Sorbitan monolaurate
Colloidal Silicon Dioxide

Span 20-LQ-(AP)
AEROSIL® 200
Pharma

Dibasic Calcium Fujicalin® SG
Phosphate Anhydrous

Sodium Stearyl Fumarate Alubra® PG 100
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sample. Following appropriate dilutions with corresponding aqueous
media, HPLC was used to determine the concentrations of the drugs in
different solutions. The solubility studies were conducted in triplicate.

2.3. Preparation of ritonavir tablets

The quantitative composition of ritonavir 100 mg tablets was
following inactive ingredients: 493 mg polyvinylpyrrolidone/vinyl ac-
etate (PVPVA), 90 mg dibasic calcium phosphate anhydrous, 67 mg
sorbitan monolaurate, 14 mg colloidal silicon dioxide, 2 mg sodium
stearyl fumarate, and 22 mg film coating. Formulation 1 (F1) was pre-
pared from Form I as API, while Formulation 2 (F2) was prepared from
Form II. Ritonavir was blended with PVPVA, sorbitan monolaurate, and
colloidal silicon dioxide in the manufacturing formula. The blend was
extruded in Process 16 Twin-Screw Extruder (Eurolab Pharma 16,
Thermo Scientific, MA, USA), and a vacuum was applied to the extruder
barrel to degas the melt. The feeding rate of blend in the extruder was
5-10 kg/h, and the screws were rotated at 50-100 rpm at 120 + 10 °C.
The extrudates were calendered by passing through two counter-
rotating calender rollers, cooled before milling, and passed through
sieve #30 (600 pm opening). The milled extrudates were lubricated with
calcium phosphate anhydrous, colloidal silicon dioxide, and sodium
stearyl fumarate and compressed into tablets using Performa P rotary
press (GEA, Dusseldorf, Germany) to achieve a sufficient hardness
(minimum 15 kgf). The length of the punch in the tablet press was 17
mm and the width was 9 mm. The tablets were film coated using BGB-5F
Coater (Zhejiang Xiaolun Intelligent Manufacturing Co., Ltd., Zhejiang,
China) with film coating premix. The film coating premix were weighed
and dissolved in water to achieve a homogenous 10-12% (w/w) solids
solution, and finally the solution was filtered to remove any particles.
The tablets were placed in the rotating drum and the tablet bed rotated
at 5-10 rpm. The coating temperature was between 40 and 50 °C. The
coating solution was then atomized into fine droplets using air pressure
and sprayed onto the rotating tablet bed. The coating should be at least
3% of the weight of the tablet. After completion of coating solution, the
tablets were dried for 20 min at 40-50 °C.”

2.4. Sink dissolution testing

The sink dissolution testing of RLD, F1, and F2 was performed using
USP dissolution apparatus II (Model Symphony 7100, Distek Inc, North
Brunswick, USA) in 900 mL of medium with a stirring speed of 75 rpm at
37 £+ 1 °C. The dissolution media used were: 0.1 M hydrochloric acid
(pH 1.2), the acetate buffer with 0.06 M polyoxyethylene 10 lauryl ether
(pH 4.5), the phosphate buffer with 0.06 M polyoxyethylene 10 lauryl
ether (pH 6.8), and water with 0.06 M polyoxyethylene 10 lauryl ether
which was based on USP monographs (Law et al., 2004; Sun et al.,
2016). Aliquots (5 mL) were withdrawn at predetermined time points of
10, 15, 20, 30, 45, 60, 90, and 120 min to a sampling tube. All collected
aliquots from the dissolution apparatus were filtered through a PTFE
(0.45 pm) syringe filter to HPLC vials for analysis by HPLC with UV
detection. At least 2 mL should be allowed to saturate the filter before
collecting the sample. All the dissolution testing was done in triplicates.

2.5. Non-sink dissolution testing with seed crystals

RLD, F1, and F2 were tested for non-sink dissolution using USP
dissolution apparatus II in 900 mL of water pre-degassed treatment as
the medium with a stirred speed of 75 rpm at 37 & 1 °C. Aliquots (3 mL)
were withdrawn though a 45 micron filter discs (Quality Lab Acces-
sories, PA, USA) at predetermined time points of 10, 15, 20, 30, 45, 60,
90, 120, 150, 180, 210, 240, 270, and 300 min to a sampling tube that
contained 2 mL of methanol. The methanol was used to ensure that any
supersaturated solution was solubilized prior to analysis. The seed
crystals of Form I and Form II were added to the different vessels after
1.0 h of dissolution. Since Form I and Form II seed crystals are
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superhydrophobic and their surfaces are not easily wetted (Fig. S1), the
solution was immediately stirred with a glass rod after adding the seed
crystals to the vessel to disperse them and prevent them from floating on
the surface of the dissolution medium as dry powder. The amount of
seed crystals added to each dissolution vessels was shown in Table 3. All
collected aliquots from the dissolution apparatus were immediately
mixed by a mediation oscillator (Vortex-5, Haimen Kylin-Bell Lab In-
struments Co., Ltd., Haimen, China) and filtered through a 0.45 pm PTFE
syringe filter to HPLC vials for analysis by HPLC with UV detection. At
least 2 mL should be allowed to saturate the filter before collecting the
sample. After the dissolution test, the precipitates of remaining slurries
were collected by suction filtration through a 0.45 pm polyether sulfone
(PES) filter. All the dissolution testing was done in triplicates.

2.6. Dissolution profile comparison

The dissolution profiles of F1 and F2 are compared with RLD using a
model-independent similarity factor f 5. The similarity factor f 5 is a
logarithmic reciprocal square root transformation of the sum of squared
errors and measures the similarity between the two dissolution profiles.

I n , -0.5
1+H;(R‘ - T[)] }

where n is a number of time points, R; is the dissolution value of the RLD
at time t, and T is the dissolution value of the test (F1 and F2) at the t
time point, 1 < t< n. The logarithm in the equation is decadic with base
10. Only one time point was considered after 85% dissolution of tablets
in these five dissolution media.

fa= 50v10g{100-

2.7. Ritonavir analysis

Ritonavir concentrations were measured using a Thermo HPLC sys-
tem (Vanquish, Thermo Scientific, MA, USA). The mobile phase was a
mixture of acetonitrile and 30 mM potassium dihydrogen phosphate
(55:45 v/v, pH 4.0 + 0.1). It was degassed and filtered through a
membrane filter (47 mm x 0.45 pm) prior to use. The samples were
injected with a volume of 25 L at a flow rate of mobile phase 1.5 mL/
min. Chromatographic separation was performed at 25 °C using Inertsil
C18 column (4.6 x 250 mm). The data was collected and analyzed by
HPLC at wavelength 215 nm. A linear calibration curve was obtained in
the 10 — 140 pg/mL concentration range with a regression coefficient of
0.999. The standard working solution of ritonavir was prepared using a
mixture of methanol and water (50:50 v/v) as a dilution medium to 111
pg/mL.

2.8. Particle size measurement

To analyze the particle size of any phase-separated or dispersed drug
in the non-filtration sample obtained from the dissolution testing, a
Dynamic Light Scattering (DLS) method was employed using the Mal-
vern Nano ZSP instrument (Malvern Instruments, Malvern, UK) at a
measurement angle of 173° The instrument was equipped with a He-Ne
laser that was set to 37 °C. Before the analysis, the instrument was
calibrated with Nanosphere™ size standards (Thermo Fisher Scientific,

Table 3
Amount of seed crystals added to dissolution vessels.

Dissolution vessel number Seed crystals Amount (mg)

Control
Form I
Form I
Form I
Form II
Form II
Form II

NO U wN =
N A= NDH=O
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Newington, USA) to ensure accurate results. The non-filtered sample
from the dissolution test was directly added to the cell without any
further preparation. Particle size measurement was initiated immedi-
ately after sample addition.

2.9. Zeta potential determination

The surface charge properties of the non-filtration sample withdraw
from non-sink dissolution testing were determined from their zeta po-
tential values. The values were measured with a Zetasizer Nano Series
from Malvern Instruments (Malvern Instruments, Malvern, UK) using a
clear zeta potential cell at 25 °C.

2.10. Polarized light microscope (PLM)

The morphology of the crystal form precipitated from non-sink
dissolution testing with 0 mg, Form I 7 mg, and Form Il 7 mg was
observed by an Axio Scope. A1 PLM (Zeiss, Oberkochen, Germany). The
non-filtration samples from non-sink dissolution testing at 2 h and 5 h
were dropwise on sliding glass. The polarized light birefringence cross of
the samples was observed under the PLM. The images were obtained by
the AxioVision Release 4.8.2 SP2 of Zeiss.

2.11. Fourier transform infrared (FTIR)

The intermolecular interactions among different crystal forms were
analyzed by Fourier transform infrared (FTIR) spectra. The data were
recorded by a Nicolet 6700 Fourier-Transform Infrared Spectroscopy
spectrometer (Thermo Scientific, Waltham, MA, USA) using a Potassium
Bromide pellets technique within the wave number range of 4000 to 500
cm ! at a resolution of 2 cm ™.

2.12. Scanning electron microscopy (SEM)

After being placed on a matrix and sputtered with gold, the structure
and morphology of Form I, Form II, and the milled extrudes of F1 and F2
were manifested by field emission scanning electron microscopy (SEM,
Thermo Fisher Scientific FIB-SEM GX4, 5KV).

2.13. Differential scanning calorimetry (DSC)

The thermal properties of Form I and Form II raw materials, tablets,
and precipitates from the dissolution testing were measured using dif-
ferential scanning calorimeters (DSC) (Discovery, TA Instruments, New
Castle, DE, USA) equipped with refrigeration. Calibration of tempera-
ture and enthalpy was performed using indium as a standard. 4 + 0.5 mg
of each sample was weighed accurately on an analytical balance
(MSA6-6S, Sartorius, Goettingen, GE) and placed in a hermetically
sealed aluminum pan with a pinhole. The samples were equilibrated at
0 °C in the sample pan. The DSC curves were recorded by heating the
samples at a rate of 10 °C/min from 0 °C to 180 °C in a dry nitrogen
atmosphere. The data were analyzed using the TRIOS software of TA
Instruments.

2.14. Powder X-ray diffraction (PXRD)

To determine the physical states of Form I, Form II, tablets, and
precipitates of non-sink dissolution testing, PXRD of the samples was
studied using an Ultima IV X-ray diffractometer (Rigaku Japan) with
CuKa radiation (1.541836 1°\) at room temperature. As samples were
prepared for analysis, scraped powders or ground tablets were placed on
glass sample holders and then pressed to provide smooth and uniform
surfaces. Diffraction patterns were measured using a tube voltage of 40
kV and a current of 40 mA. The divergence slit and anti-scattering slit
settings were set at 0.5 for the illumination on the 10 mm sample size.
Scans were performed between 3° and 40° in 26 with steps of 0.02° and a
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count time of 0.1 s per step.

2.15. Statistical analysis

Triplicates of every experiment were performed. Means and standard
deviations were used in expressing data. Data analysis and graphing
were undertaken using OriginPro 9.0 (OriginLab Corporation, North-
ampton, MA, USA).

3. Results
3.1. Characterization of ritonavir Form I and II

Though there have been several excellent studies on the properties of
Form I and II, some basic studies were primarily undertaken to ensure
the characteristics of the two crystal forms as seed crystals or APIs
(Bauer et al., 2001; Chemburkar et al., 2000; Morissette et al., 2003;
Wang et al., 2021). The two crystal forms were characterized by PXRD,
DSC, and FTIR. The PXRD spectrum of Form I and II was presented in
Fig. 2A. The identity of the two crystal forms was established by dis-
tinguishing peaks at 6.8, 8.4, and 24.5 2-theta for Form I and 9.5, 9.8,
16.1, and 22.2 2-theta for Form II, as reported in the literature (Chem-
burkar et al., 2000; Miller et al., 2005). The DSC thermogram of Form I
and II was shown in Fig. 2B. There was an approximately 2 °C higher
melting point for Form II (approximately 123.72 °C) versus Form I
(approximately 122.05 °C). The enthalpy for Form II (93.6 J/g) was
greater than for Form I (72.4 J/g). The peak temperature of the melting
range for Form II was approximately 3 °C higher than that of Form I.
These observations accorded well with the description of the literature
(Chemburkar et al., 2000; Siriwannakij et al., 2021). As shown in
Fig. 2C, the FTIR spectra of Form I and II had distinctive patterns. The
characteristic peaks of Form I at 3357 cm ™! (NH stretching of secondary
amine), 2964 cm ! (hydrogen-bonded acid within the molecules), 1716
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em ! (C =0 of carbamate), and 1644, 1622, and 1526 ecm ' (C=C
stretching of aromatic carbons) were in agreement with the structure
reported in the literature (Siriwannakij et al., 2021). While Form II was
missing the peaks at 3357 cm™! and the characteristic peak of
hydrogen-bonded acid within the molecules, C = O of carbamate, C = C
stretching of aromatic carbons shifted to 2959 em™!, 1704 cm ™! and
1660, 1611, and 1537 crn’l, respectively.

We have tested sink dissolution under multiple pH conditions and
compared the solubility of the two forms in the present study. The
saturation solubility of Form I and II were determined in solutions of
different pH values at 37 °C. The pH-solubility profile was presented in
Fig. 2D. Form I and II exhibited a marked pH-dependent solubility
profile which was similar to the trend observed by previous studies (Law
et al., 2001; Rodriguez-Spong et al., 2008; Siriwannakij et al., 2021; Xu
et al., 2018).

3.2. Properties of ritonavir tablets

In the present study, we were interested in developing formulations
prepared via hot-melt extrusion to match the marketed product RLD
Tablet, 100 mg. The F1 was prepared from Form I, while F2 was from
Form II. The quality control comparison between prepared tablets and
RLD was shown in the Table S2. Meanwhile, amorphous testing was
performed to ensure that the tablets remained physically stable in the
amorphous state. The surfaces of Form I, Form II, and the milled ex-
trudes of F1 and F2 were characterized using SEM (Fig. 3). It has pre-
viously been observed that the initial shape of Form I particles was rods,
whereas Form II appears as fine needles (Chemburkar et al., 2000). After
the hot melt extrusion process and milling, the shape of the milled ex-
trudes of F1 and F2 became blocky, and the surface seemed smooth. The
morphological change of the particles resulted from high temperature,
shear forces, and milling. It was evident that Form I and II disappeared
to transform into amorphous forms in the milled extrudates.

A o6 Form I Form 11 B Heat ——Form [ Form 1I
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Fig. 2. Powder X-ray diffraction (PXRD) (A), Differential scanning calorimetry (DSC) (B), Fourier transform infrared (FTIR) (C), solubility at different pH values (D)

of the crystalline Form I and II.
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Fig. 3. Scanning electron microscopy (SEM) of Form I (A), Form II (B), milled extrudes of F1 (C), and milled extrudes of F2 (D). F1: Formulation 1; F2: Formulation 2.

PXRD patterns of the RLD, F1, and F2 tablets prepared by hot-melt
extrusion did not show characteristic powder diffraction peaks but
instead displayed a diffuse halo with two peaks at low 20 values
(Fig. 4A). For the tablets, PXRD diffraction showed no sharp peaks,
indicating that a three-dimensional long-range order did not exist. DSC
scans of the RLD, F1, and F2 tablets showed no crystallization of the drug
was observed in the tablets, as there were no endotherms that may be
attributed to the presence of the crystalline drug (Fig. 4B).

3.3. Dissolution testing

Fig. 5 showed the dissolution of ritonavir released from RLD, F1, and
F2 in the 0.1 M hydrochloric acid (pH 1.2), water with 0.06 M poly-
oxyethylene 10 lauryl ether, the acetate buffer with 0.06 M polyoxy-
ethylene 10 lauryl ether (pH 4.5), and the phosphate buffer with 0.06 M
polyoxyethylene 10 lauryl ether (pH 6.8), respectively. The similarity
factor f 5 of dissolution profiles of F1 and F2 compared with RLD were
listed in Table 4. According to the FDA and EMA guidelines, the f 5
values between 50 and 100 suggest similar dissolution profiles (EMA,
2018; FDA, 1997). Therefore, F1 and F2 were similar to RLD in the sink
conditions, which were considered suitable for testing release kinetics in
the quality control context.

In the previous studies, the HME processing conditions were adjusted
to vary the residual crystallinity in the resulting ASDs, thereby simu-
lating the conditions for the incorporation of seed crystals during

processing (Moseson et al., 2021, 2020). In the study, to research the
effect of different seed crystals on the precipitation process of super-
saturated solution, the seed crystals were added to the dissolution vessel
after one hour of dissolution. The solubility of Form I and II was 3.9
pg/ml and 2.7 pg/ml in water, respectively. In comparison, the complete
dissolution concentration of 100 mg ritonavir tablets was 111.1 pg/ml in
900 ml aqueous medium, thus indicating high supersaturation. The ri-
tonavir tablets dispersed in water formed a slightly turbid dispersion.
The results of the non-sink dissolution testing added with seed crystals
were given in Fig. 6, where sub-Fig. A, B, and C refer to dissolution
testing of RLD, F1, and F2, respectively. Though the sink dissolution
testing of the formulations was conducted for 2 h, the non-sink disso-
lution testing was continued for 5 h in water to measure the duration of
supersaturation. As shown in Table 4, the similarity factor f 5 of F1 and
F2 compared to RLD were 82.1 and 80.7, respectively, which can be
considered similar in dissolution profiles of water without seed crystals.
The maximum drug concentration of RLD, F1 and F2 in the dissolution
medium was reached within 60 min and remained in the range of more
than 90% for the next 180 min. The precipitates were generated slowly
from the supersaturated solution after 180 min. However, the discrim-
inating precipitation trends were shown in dissolution profiles of RLD,
F1, and F2 in the non-sink dissolution seeded with Form I and IIL
Dissolution profiles of tablets in the dissolution vessels not added seed
crystals were marked as “n.a.”. As shown in Fig. 6A, the precipitation
rates of RLD were as follows: Form I 7 mg > Form I 4 mg > Form II 7 mg
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Fig. 4. PXRD (A) and DSC spectroscopy (B) of the Reference listed drug (RLD), Formulation 1 (F1), and Formulation 2 (F2).
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Table 4

The similarity factor f 5 of dissolution profiles of F1 and F2 compared with RLD.
Dissolution medium F1 F2
0.1 M hydrochloric acid (pH 1.2) 81.8 781
water with 0.06 M polyoxyethylene 10 lauryl ether (USP) 822 75.4
acetate buffer with 0.06 M polyoxyethylene 10 lauryl ether (pH4.5)  83.3  86.7
phosphate buffer with 0.06 M polyoxyethylene 10 lauryl ether (pH 786 729

6.8)

water 82.1 80.7

> Form Il 4 mg > Form I 1 mg ~ n.a. > Form II 1 mg. In contrast, the
precipitation rate of F1 showed a different pattern: Form I 7 mg > Form I
4 mg > Form 11 mg > FormII7 mg > FormII 4 mg > FormII 1 mg > n.a.
(Fig. 6B). Fig. 6C revealed that the precipitation behavior of F2 was
similar to RLD. Although these data could not prove that Form II as API
was used to prepare RLD, the supersaturated solution stability formed by
the F2 prepared with Form II was more consistent with RLD than that of
F1 prepared with Form I. Interestingly, the precipitation rate of super-
saturated solution seeded with 1 mg of Form II was slower than that of
unseeded for RLD and F2, indicating that 1 mg of Form II seeds maybe
not promoting precipitation in the supersaturated solution of RLD and
F2. However, the effect of seed crystals on F1 was different from that of
RLD and F2. In the non-sink dissolution testing with seed crystals of F1,
the precipitation rate of the supersaturated solution seeded Form II 1 mg
was faster than that of unseeded for F1. 1 mg of Form I seeds had a
greater effect on the precipitation rate than 7 mg of Form II seeds.

The effect of the type and amount of crystal form on the final pre-
cipitation degree of RLD, F1, and F2 were summarized in Fig. 6D.
Clearly, the more seed crystals were added, the higher the degree of

precipitation for the supersaturated solution of RLD, F1, and F2. As the
number of seed crystals increased, the degree of precipitation among the
three formulations was close. However, Form I seeds induced twice as
much precipitation as Form II seeds with the same addition of 7 mg for
the dissolution of the three formulations.

3.4. Particle size determination and zeta potential

The results of particle size determination and zeta potential during
non-sink dissolution testing with seed crystals of ritonavir tablets are
given in Fig. 7. The tablets’ dissolving water was visibly turbid, which
indicates the formation of light scattering species. Size determination of
the solution obtained after the dissolution of RLD, F1, and F2 tablets
revealed the presence of nanodroplets with a size of about 200 nm (Z-
average). The particle size of the dispersed phase produced by the tablets
in the dissolution medium seeded with Form I 1 mg, Form II 1 mg, and
Form II 4 mg were consistent with those without seed crystals. However,
in the case of the dissolution medium seeded with Form I 4 mg, FormI7
mg, and Form II 7 mg, the particle size in the dispersion medium was =~
200 nm and > 4000 nm. Because the reproducibility of larger particles
was poor, it was difficult to obtain reliable results. Therefore, the pro-
portions of the two-particle sizes were not shown. According to the study
conducted by Frawley et al., the presence of seed crystals in a super-
saturated solution can result in a bimodal particle size distribution of the
product crystals, indicating either a primary or secondary nucleation
event (Frawley et al., 2012). Compared with dissolution testing in Fig. 6,
it was evident that there was a steep decline in drug concentration of
tablets seeded with Form I 4 mg, Form I 7 mg, and Form II 7 mg. During
this time, the phase-separated drug might have partially converted from
an amorphous liquid to a crystallized solid.
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Fig. 6. Comparison of the non-sink dissolution profiles added with seed crystals of RLD (A), F1 (B), and F2 (C). The precipitation degree of RLD, F1, and F2 at 300
min (D). Dissolution profiles of tablets in the dissolution vessels not added seed crystals were marked as “n.a.”. (mean + SD, n= 3). RLD: Reference listed drug; F1:

Formulation 1; F2: Formulation 2.

Therefore, the colloidal stability was assessed by zeta potential
(Bhattacharjee, 2016). According to drug delivery literature, nano-
particles dispersions with zeta potential values of + 0-10 mV, + 10-20
mV, + 20-30 mV, and > + 30 mV are considered highly unstable,
relatively stable, moderately stable, and highly stable, respectively
(Clogston and Patri, 2011; Patel and Agrawal, 2011). As shown in Fig. 7,
whether the dispersed phase in the dissolution medium was produced by
RLD, F1, F2, or by adding seed crystals, the zeta potential of the su-
persaturated solution was maintained at —20 mV to —30 mV.

3.5. Polarized light microscope observation

Crystal morphology differences between Forms I and II were
observed using PLM before confirming any changes in crystal
morphology during crystal growth in the supersaturated solution
(Fig. 8). Form I crystals appeared as blocks, while Form II crystals
appeared as needles, as previously reported (Chemburkar et al., 2000).
To further investigate the crystal growth in the supersaturated solution,
The crystal morphology in unfiltered supersaturated solution from
dissolution vessels at 120 min and 300 min was observed under the PLM
(Fig. 9). The absence of birefringence under the PLM indicated the
amorphous nature of the unfiltered supersaturated solution of RLD at
120 min (Fig. 9A). However, fine needle crystal morphology appeared at
300 min (Fig. 9D). For the supersaturated solution of RLD seeded with 7
mg of Form I, the fine needle-like crystal morphology appeared
dispersed at 120 min, developing into a large radial crystal at 300 min
(Fig. 9B and 9E). However, needle-like crystal morphology appeared

with aggregation in the unfiltered supersaturated solution of RLD seeded
with 7 mg of Form II at 120 min. The needle-like aggregates grew larger
at 300 min (Fig. 9C and 9F).

Similar observations were made for unfiltered supersaturated solu-
tions of F1 at 120 min and 300 min under PLM (Fig. 9G and 9J). The
crystallization of the unfiltered supersaturated solution of F1 seeded
with 7 mg of Form II was also consistent with that of RLD seeded with 7
mg of Form II at 120 min and 300 min (Fig. 91 and 9L). However, radial
crystal morphology emerged at 120 min in the unfiltered supersaturated
solution of F1 seeded with 7 mg of Form I, and the radial-like aggregates
grew larger at 300 min (Fig. 9H and 9K). Although the PLM pattern of
unfiltered supersaturated solutions of F2 was consistent with that of
RLD, two kinds of crystal morphology, needle-like and radial-like, were
observed in the unfiltered supersaturated solution of F2 seeded with 7
mg of Form I at 300 min (Fig. 9Q). Therefore, two types of crystals may
be present in the precipitates. This phenomenon will be investigated in
the next section on the physical forms of the precipitates.”

3.6. Physical forms of precipitates

Solid-state properties of the precipitates were determined using DSC
and PXRD analysis at the end of non-sink dissolution testing after vac-
uum filtration and drying. It may be observed from DSC scans in
Fig. 10A—C that precipitates could be crystalline ritonavir. Furthermore,
the enthalpy value increased gradually with the number of seed crystals
added to the water medium, which indicated that the proportion of
crystalline ritonavir was getting higher in the precipitates. It was
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Fig. 7. Particle size determination and zeta potential during non-
sink dissolution testing with seed crystals of RLD (A), F1 (B), and
F2 (C). (mean + SD, n= 3). The black square is for particle size
determination, and the red circle symbols is for zeta potential. The
two particle sizes of supersaturated solution seeded with Form I 4
mg, Form I 7 mg, and Form II 7 mg were reflected simultaneously
in the figure, since the particle size distribution exhibited a
bimodal by the dynamic light scattering (DLS). RLD: Reference
listed drug; F1: Formulation 1; F2: Formulation 2.

Fig. 8. Polarized light microscope (PLM) of the crystalline Form I (A) and Form II (B).
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possible to predict the DSC thermogram of precipitates from the disso-
lution test results of non-sink dissolution testing with seed crystals
presented earlier in Fig. 6, which showed a dramatic decrease in drug
concentration, indicating the recrystallization of ritonavir. Moreover,
the enthalpy of the precipitates from non-sink dissolution testing seeded
with Form II 1 mg of RLD and F2 was lower than that of the unseeded. In
contrast, the enthalpy of the precipitates from non-sink dissolution
testing seeded with Form II 1 mg of F1 was higher than that of the un-
seeded, which corresponds to the dissolution profile in Fig. 6.

Fig. 10D-F showed PXRD patterns that support DSC results. The
precipitates exhibited characteristic peaks of crystalline ritonavir. The
area of characteristic peaks increased gradually with the increase of the
amount of seed crystals added to the non-sink dissolution testing. The
crystalline form of precipitates could be known by comparing the
characteristic peaks of Form I and Il in Fig. 2A. The precipitates obtained
from non-sink dissolution testing without seed crystals of RLD, F1, and
F2 were Form 1. The results showed that as the amount of Form I seeds

10

increased, the characteristic peak of Form II, especially at 9.5 2-theta,
became more prominent in the precipitates from the non-sink dissolu-
tion test of RLD and F2, as shown in Fig. 10D and 10F. However, Form I
did not have this effect on the precipitates from the non-sink dissolution
test of F1, as shown in Fig. 10E. On the other hand, as the amount of
Form II seeds increased, the characteristic peak of Form I became less
prominent in the precipitates from the non-sink dissolution test of RLD,
F1, and F2.

4. Discussion

HME technology is attractive for the commercial production of ASDs
since it provides rapid formulation development and scale-up process.
Despite the high standards in pharmaceutical industry, there may still be
potential for contamination of the amorphous formulation by seed
crystals in the HME manufacturing process. This contamination mostly
leads to the precipitation of supersaturated solutions formed by ASD.



Temperature (C)

H. Wu et al. European Journal of Pharmaceutical Sciences 185 (2023) 106440
- 68 84 95098 16.1 222 245
§ T, =12088°C 21.15Jg RLD + Form 1T 4 mg .
= T_=12024°C_13.67 Jig =
RLD + Form Il 1 mg g
% T_=12141°C_36.35Jig o
= RLD + Form I 7 mg b=
- T_=121.28°C_27.73J/g £
@© RLD + Form I 4 mg
2 T _=12027°C 2122 /g
RLD +Form 1 1mg NWWWW\AA
T =119.61°C 17.98 Jig
RLD [t S WV VU W VY O A W WO
1 . . . . 1 . . . L A h )
40 60 80 100 120 140 160 180 200 5 10 15 20 25
Temperature (C) 2 theta
B 16,
T,=12163°C 4157 Jig
S T, =12297 C 24.2W F1+Form Il 7 mg
§ - F1+Form Il 4 mg
= T, =122.86°C 2297 Jig >
F1+Form Il 1 mi B
g T, =12160C 3560 Jig 9 g
= T =12261°C 26.34J] F1+Form I 7mg €
© F1+Form 1T 4 mi -
L T,=12240C 24.91 A4 9
T =1227¢C 16034g \/ Fi+Form I 1mg
F1
1 1 1 1 1 1 1 1 1 L 1 1 1
40 60 80 100 120 140 160 180 200 5 10 15 20 25
Temperature (‘C) 2 theta
T =12163°C 4157 Jig 68 84 9598 161 L 245
- F2 + Form 11 7 mg ¥ o v ] ¥
— T =12141C 19W et A Ao AN AP AP et N e
o - F2 + Form I 4 mg
=2 T =12137°C 17.04Jig >
= - F2 +Form Il 1 mg B
= C c
2 T, =121.60C 4060 Jig F2+Form 1 7 mg 5
= T =12368°C 29.10 Jig =
g . F2+Form I 4 mg
T_=120.56 C_ 22.45 JI
* < F2+F0rm11mgwk‘m—~w~_v&_.-wwww
T_=120.33°C 1458 Jig
F2 e S
1 1 1 1 1 1 1 1 1 L 1 1 1
40 60 80 100 120 140 160 180 200 5 10 15 20 25

2 theta

Fig. 10. DSC thermogram of precipitates obtained from non-sink dissolution testing with seed crystals of RLD (A), F1 (B), and F2 (C). PXRD patterns of precipitates
obtained from non-sink dissolution testing with seed crystals of RLD (D), F1 (E), and F2 (F). RLD: Reference listed drug; F1: Formulation 1; F2: Formulation 2.

The introduction of seed crystals can occur through improper process
parameters during HME leading to seed residues, or due to mechanical
stress during grinding and tableting which may compromise the amor-
phous state of the drug substance. These factors may impact the trans-
formation of the crystalline drug into an amorphous form (Hanada et al.,
2018; Ma et al., 2019; Pas et al., 2020). In this study, ritonavir was
chosen as the model compound with a relatively slow crystallization
tendency (Baird et al., 2010). Ritonavir is a polymorphic drug with
metastable Form I and stable Form II. Form II has higher conformational
deformation, lattice, and surface energies relative to Form I, consisting
with its lower solubility and bioavailability (Wang et al., 2021). Ac-
cording to Ostwald’s rule of stages, solution-mediated polymorphic
transitions are controlled by the difference in solubility between stable
and metastable crystals (Iohara et al., 2019). In addition, one of the
challenges in formulating ritonavir as a drug product is its low solubility,
which can limit its bioavailability and therapeutic efficacy. Further-
more, ritonavir tends to form amorphous or poorly crystalline solids,
which can adversely affect the stability and performance of the drug
product. These characteristics of ritonavir can make its formulation and
manufacture difficult, and can lead to problems such as poor dissolution
and bioavailability, inadequate shelf-life, and variable pharmacoki-
netics. As a result, understanding and improving the crystallization
behavior of ritonavir is an important area of research for the pharma-
ceutical industry. This makes it a useful test case for evaluating the ef-
ficacy of new approaches for improving the crystallization of drug
substances. If the approach was successful in improving the crystalli-
zation of ritonavir, it could potentially be applied to other poorly crys-
tallizing drugs, including fast crystallizers.

Water rather than simulated biological fluid was selected as the
medium to study the effect of different seed crystals on the precipitation

process of supersaturated solution during the non-sink dissolution test.
Therefore, it is possible that the results of this study may not fully reflect
the behavior of ritonavir in the human body, particularly with regards to
its oral bioavailability. However, the use of water as the non-sink
dissolution medium provided a more challenging environment for rito-
navir to precipitation, so we can better understand the supersaturated
behaviors of the system. Based on the data in Fig. 6, the dissolution
behavior of RLD, F1, and F2 was similar in the non-sink dissolution
without seed crystals in four hours. However, the final precipitation
degree of F1 was higher than that of RLD and F2. This indicated a dif-
ference in the stability of the supersaturated solutions formed by ASD
prepared from two crystal forms. At the same time, the crystal forms
precipitated from supersaturated solutions without seed crystals of these
three formulations were all Form I (Fig. 10). The phenomenon was
consistent with previous studies that ritonavir (Form I or II) only crys-
tallized as Form I or an amorphous material under different recrystal-
lization conditions in various solvent systems (Chemburkar et al., 2000).
According to Ostwald rule, the less stable form precipitates first and
crystallizes more easily and preferably. However, the precipitation rate
of F1 was faster than that of RLD and F2 in the non-sink dissolution
testing seeded Form I (Fig. 6A-C). Interestingly, when the amount of
seed Form I was increased gradually in the supersaturated solution of
these three formulations, Form II appeared and increased in the pre-
cipitates of RLD and F2 (Fig. 10D and 10F), but not that of F1 (Fig. 10E).
The transformation pathways were consistent with the previous study:
amorphous > lyotropic liquid crystalline >> Form I > Form II (Rodri-
guez-Spong et al., 2008). However, unless highly supersaturated solu-
tions are present, the conversion of Form I to Form II is energetically
unfavorable in the dosage form development (Bauer et al., 2001). Since
all three formulations have similar levels of supersaturation, it is
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possible that the reason for the appearance of Form II in the RLD and F2
precipitates was that the RLD and F2 themselves had trace seeds of Form
II that cannot be detected by PXRD and DSC. The experiment of adding
seed crystal Form II could also imply that F1 itself had trace seeds of
Form I. These results demonstrated that Form I lead to more precipita-
tion than Form II

As described above, Ma et al. and Hanada et al. found that the con-
version of the crystalline drug into an amorphous form is affected by
mechanical and thermal energy inputs in the HME (Hanada et al., 2018;
Ma et al., 2019). The material degrades during preparation if the me-
chanical and thermal energy are too high. On the contrary, if the me-
chanical and thermal energy are too low, the material cannot be free of
crystalline drug particles and mixed uniformly. Ideally, either form of
ritonavir would be converted to amorphous by HME. However, lower
mechanical and thermal energy inputs may be selected to prevent
excessive product degradation that may lead to small crystalline do-
mains within the formulation. It can be noted that seeded 1 mg of Form
II to the supersaturated solution formed by RLD and F2 not only did not
lead to more precipitation but instead helped to maintain the stability of
the supersaturated solution. Although HME transformed both Form I
and Form II into amorphous form in the ASD and showed that they
exhibit similar dissolution profiles as that of the RLD, seeded 1 mg of
Form I to the supersaturated solution formed by F1 did not achieve the
function of maintaining supersaturation. This suggests that higher me-
chanical and thermal energy inputs are required for the formulation
prepared by Form I to ensure the complete conversion of crystalline drug
to amorphous. There is no clear explanation for the difference between
the effects of the two seed crystals in the formulation. The next section of
the survey was concerned with the reason for this phenomenon through
PLM observations.

Observing the precipitates in a sample through PLM provided a
means to detect changes in particle size and shape over time. Unfiltered
supersaturated solutions of the three formulations seeded with Form I 4
mg, Form I 7 mg, and Form II 7 mg observed under PLM were consistent
with the results of particle size determination (Fig. 9). Based on the
images, it appears that the precipitates at the 120 min were in the
submicron range, while the particles at the 300 min seem to be in the
micron range. In supersaturated solutions, as new precipitates crystal-
lize, they interact with existing crystals, leading to crystal growth and
increased particle size of the precipitate. Mechanistically, nucleation
and crystal growth are the two primary processes involved in drug
precipitation from a supersaturated solution (Brouwers et al., 2009).
Nucleation must form before it can become crystal growth. Anwar et al.
revealed the formation of molecular aggregates in solution that nucleate
to form crystals upon contact with the seed surface (Anwar et al., 2015).
The new crystallites are weakly bound to the crystal surface and can be
easily sheared by fluid, making the seed surfaces accessible again. We
observed the crystal growth process of Form I and Form II in the su-
persaturated solution formed by RLD (Fig. 9A-F). Although the crystal
morphology of both forms exhibits needle-like/lath-like characteristics
with faster-growing hydrophobic sides and slower-growing hydrophilic
capping faces (Wang et al., 2021), Form II was always the needle-like
aggregation in the supersaturated solution (Fig. 9C and 9F). On the
other hand, Form I was initially formed as fine needles dispersed in
solution (Fig. 9B) and finally aggregated into a radial crystal
morphology (Fig. 9E). Therefore, Form I precipitated from supersatu-
rated solution was dispersed in the solution, easily sheared by fluid, and
in turn, served as seeds. The difference in the dispersion state of Form I
and Form II in supersaturated solution may be related to their
physical-chemical properties. According to the classical nucleation
theory (CNT), which achieves the near-equilibrium state through crys-
tallization on a single barrier, the nucleation rate strongly depends on
supersaturation and the interfacial energy between the critical cluster
and the solvent (Anisimova et al., 2005; Brouwers et al., 2009; Zhang
et al., 2021). Therefore, Form II may have higher interface energy per
unit area relative to Form I, which is consistent with its slower crystal
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growth in supersaturated solutions formed by ASD. This could be why
Form I had a more negative impact than Form II on the stability of the
supersaturated solutions formed by ASD.

5. Conclusions

The study successfully developed ritonavir tablets using the HME
process with both Form I and II polymorphs, which demonstrated
similar dissolution profiles to RLD. The investigation revealed that the
metastable Form I was the preferred polymorph to precipitate without
seed crystals. However, the presence of seed crystals had a significant
impact on the supersaturation stabilization of the amorphous formula-
tion. The results showed that the presence of seed crystals, particularly
the metastable Form I seed, had a negative impact on the supersatura-
tion stabilization of the amorphous formulation, leading to more pre-
cipitation compared to the stable Form II seed. The Form I crystals that
precipitated from the supersaturated solution were easily dispersed in
the solution and could serve as seeds to facilitate crystal growth, while
Form II crystals tended to grow more slowly and presented as
aggregates.

The study further revealed that the precipitation of Form I from su-
persaturated solution was somewhat inhibited by Form II seeds, sug-
gesting that the presence of Form II seeds could be beneficial in
preventing the growth of undesirable crystals of Form I. These findings
highlight the importance of minimizing the contamination risk of seed
crystals during the HME manufacturing process and selecting the
appropriate polymorph for the production of ASDs. In conclusion, the
investigation also provides insights into the existence of drug crystals
that facilitate the crystal growth of the drug in the supersaturated so-
lutions formed by ASD, which can affect the solubility and absorption of
the drug. This study can be useful as a model for selecting crystal forms
in the development of other polymorphic drugs for ASD.
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