pharmaceutics

Review

Recent Advances in Amorphous Solid Dispersions:
Preformulation, Formulation Strategies, Technological
Advancements and Characterization

Srushti Tambe %, Divya Jain %, Sai Kishore Meruva 2, Gopinath Rongala 3, Abhishek Juluri 4, Girish Nihalani 5,
Hemanth Kumar Mamidi 6*, Pavan Kumar Nukala ¢* and Pradeep Kumar Bolla 7*

Citation: Tambe, S.; Jain, D.;
Meruva, S.K; Rongala, G.; Juluri, A.;
Nihalani, G.; Mamidi, H.K.; Nukala,
P.K,; Bolla, P.K. Recent Advances in
Amorphous Solid Dispersions:
Preformulation, Formulation
Strategies, Technological
Advancements and
Characterization. Pharmaceutics 2022,
14, 2203. https://doi.org/10.3390/
pharmaceutics14102203

Academic Editor: Korbinian

Lébmann

Received: 9 August 2022
Accepted: 13 October 2022
Published: 16 October 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Department of Pharmaceutical Science and Technology, Institute of Chemical Technology,
Mumbai 400019, India

College of Pharmacy, University of lowa, lowa City, IA 52242, USA

Venatorx Pharmaceuticals, Inc., 74 E Swedesford Rd. Suite 100, Malvern, PA 19355, USA
Department of Pharmaceutics, The University of Mississippi, Oxford, MS 38677, USA

Teva Pharmaceuticals USA, Weston, FL 33331, USA

College of Pharmacy and Health Sciences, St. John’s University, Queens, NY 11439, USA
Department of Biomedical Engineering, College of Engineering, The University of Texas at El Paso,
500 W. University Ave., El Paso, TX 79968, USA

Correspondence: mhkumar1990@gmail.com (H.K.M.); drpavankumarnukala@gmail.com (P.K.N.);
bollaniper@gmail.com (P.K.B.)

1t These authors contributed equally to this work.

N G e W N

Abstract: Amorphous solid dispersions (ASDs) are among the most popular and widely studied
solubility enhancement techniques. Since their inception in the early 1960s, the formulation devel-
opment of ASDs has undergone tremendous progress. For instance, the method of preparing ASDs
evolved from solvent-based approaches to solvent-free methods such as hot melt extrusion and Ki-
netisol® The formulation approaches have advanced from employing a single polymeric carrier to
multiple carriers with plasticizers to improve the stability and performance of ASDs. Major excipi-
ent manufacturers recognized the potential of ASDs and began introducing specialty excipients
ideal for formulating ASDs. In addition to traditional techniques such as differential scanning calo-
rimeter (DSC) and X-ray crystallography, recent innovations such as nano-tomography, transmis-
sion electron microscopy (TEM), atomic force microscopy (AFM), and X-ray microscopy support a
better understanding of the microstructure of ASDs. The purpose of this review is to highlight the
recent advancements in the field of ASDs with respect to formulation approaches, methods of prep-
aration, and advanced characterization techniques

Keywords: glass transition temperature; poorly soluble drugs; super saturation; recrystallization;
surfactants; lipids; pill burden; spray drying; hot melt extrusion; Kinetisol®; 3D printing; character-
ization; polymers

1. Introduction

Aqueous solubility and permeability across biological membranes are essential pre-
requisites for effective oral absorption [1]. Around 70-90% of all new chemical entities
(NCEs)/drug molecules under development were reported to possess poor aqueous solu-
bility; hence, they belong to the Biopharmaceutics Classification System (BCS) class II or
class IV drugs [2,3]. This phenomenon of poor solubility is due to the structure and func-
tional groups identified during the drug discovery phase. In an attempt to improve the
poor solubility of NCEs, approaches such as modifying the structure-activity relationship
(SAR) were tried during the preclinical development stage [4]. However, the use of these
approaches on NCEs is often limited, due to the requirement of a lipophilic nature to bind
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biological targets or to cross biological membranes [5]. Therefore, this resulted in an in-
creased number of poorly aqueous soluble NCEs in the preclinical development, posing
a challenge during formulation development [6]. Based on physicochemical properties
such as melting point, logP, molecular weight and aqueous solubility, NCEs were classi-
fied as either ‘brick-dust’ molecules or ‘grease-ball’ molecules [7,8]. The former name in-
dicates solid-state limited solubility (due to orderly arranged crystalline lattices) and the
latter denotes solvation-limited solubility (due to high lipophilicity) [9]. Therefore, as
mentioned earlier, aqueous solubility and membrane permeability were found to be piv-
otal in the pipeline of successful formulation development. Depending on the inherent
solubility and permeability of drug molecules, researchers have explored various formu-
lation approaches for improvement [10]. Based on the methods reported in the literature,
lipid-based drug delivery, micronization, use of polymorphs, co-crystals, salt formation,
prodrug, nanocrystal dispersion, cyclodextrin complexation, binding to ion exchange res-
ins, and amorphization were found to be effective [11-14]. Among these solubility en-
hancement technologies, amorphous solid dispersions (ASDs) have attracted tremendous
importance in the last decade with numerous marketed products. Sekiguchi and Obi [15]
first proposed the concept of solid dispersions in 1961. By definition, in ASDs, the drug
homogenously disperses in an excipient carrier in amorphous state. The amorphous form
of API enhances solubility by lacking crystalline lattices and having an inherently disor-
dered arrangement. Apart from improving the solubility, ASDs enhance the wettability,
rate of dissolution, and supersaturation of drugs, thereby promoting the membrane flux,
ultimately leading to improved oral bioavailability [16]. The combination of a rapidly dis-
solving and supersaturating “spring” with precipitation retarding “parachute” is em-
ployed as an efficient formulation strategy for ASDs to improve the rate and extent of oral
absorption [17]. Since then, solid dispersion (SD) technology has attracted the scientific
community, leading to extensive research in the field of ASDs. At this time, nearly >25
ASD formulations are commercially available on the market [18]. Table 1 summarizes the
Food and Drug Administration (FDA)-approved ASDs along with the polymers used in
the formulation.

However, ASDs are susceptible to thermodynamic instability (conversion from an
amorphous state to a crystalline state) due to the higher free energy associated with the
amorphous state [19,20]. Numerous factors such as the improper selection of formulation
components, thermal stress, environmental stress (humidity), and manufacturing stress
contribute to the physical instability of ASD. The proper selection of formulation ingredi-
ents, manufacturing process, process parameters, and packaging components are deemed
essential to obtain a stable ASD drug product [21].

Since their introduction, the formulation and development of ASDs has come a long
way from the simple conversion of crystalline drugs to an amorphous form devoid of
polymers to the inclusion of polymers and surfactants for hindering recrystallization and
maintaining supersaturation [22]. Therefore, over the decades, ASDs have seen various
advances in development, which include, but are not limited to, formulation development
techniques (use of polymers, salts, and surfactants), manufacturing techniques, and char-
acterization techniques [23,24]. Broadly, ASDs can be classified into three generations,
which include amorphous forms of drugs (first generation), use of polymeric carriers (sec-
ond generation), and the use of amorphous carriers and surfactants (third generation) [25].
The first generation of ASDs was formulated by converting crystalline drug molecules
into amorphous forms through solvent evaporation technique without any polymeric car-
riers. Since this approach is limited to a lower number of drug molecules, attention was
shifted to second-generation ASDs, in which polymeric carriers are included to stabilize
the amorphous drug molecule [26]. Although this approach expanded the horizon of
ASDs to formulate several drug molecules with poor solubility, a few second-generation
ASDs suffered from issues such as recrystallization and the inability to maintain super-
saturation during dissolution. This led to the development of third-generation ASDs,
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where surfactants were included along with polymeric carriers to maintain supersatura-
tion and achieve targeted bioavailability [27]. Going forward, to meet the current require-
ments of ASD formulations, approaches such as the alteration/improvisation of existing
techniques, use of novel techniques, and advances in characterization techniques for ASDs
evolved [28]. Therefore, traditional approaches such as solvent evaporation and melt cool-
ing were updated to be better suited to commercialization. Consequently, the existing
technologies prevailed to spray-dryers and hot melt extruders, making them viable for
ASD commercial manufacturing [10]. Additionally, the developments in the manufactur-
ing arena helped to identify the impact of process variables over critical quality attributes
(CQA’s) of ASDs and also led to the development of novel manufacturing processes like
Kinetisol® dispersing (KSD) [29], selective laser sintering (SLS) [30] and fused deposition
modeling (FDM) 3D printing [31], electronanospinning, and others [32]. It is worth men-
tioning the recent advancements in preformulation space, which aimed to understand the
interactions between the formulation components at a molecular level [33]; this was pos-
sible through analytical techniques and molecular simulation predictions using in-silico
tools [34]. Besides the advances in formulation and preformulation approaches, tradi-
tional analytical techniques such as differential scanning calorimetry (DSC) and powder
X-ray diffraction (PXRD) still play a major role in detecting crystallinity [35]. However, in
recent times, traditional techniques supplemented with advanced imaging technologies
such as nanotomography, tetrahertz spectroscopy and others [36-39] helped to character-
ize ASDs at submicron levels determining the intermolecular interaction between the
amorphous drug and polymeric carrier. The added advantage of novel characterization
techniques lies in their ability to predict dissolution behavior, recrystallization mechanism
and stability performance [40—43].

In view of the recent advances in ASDs formulation development, the present review
focuses on recent advances with respect to preformulation screening, formulation ap-
proaches, manufacturing techniques, and characterization techniques.
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Table 1. Examples of FDA-approved amorphous solid dispersions products. Adapted from [18] under Creative Commons Attribution (CC BY-NC-ND 4.0) license,
(https://creativecommons.org/licenses/by/4.0/).

Trade Name Chemical Name BCS Class Manuf.acturmg Polymers Used Company Year of Approval
Technique

Cesamet® Nabilone I Solvent evaporation Povidone Meda Pharmaceuticals 1985

Isoptin SR Verapamil HC] I Melt extrusion Hypromellose Ranbaxy Laboratories 1987

Sporanox Itraconazole II Fluid bed bead layering Hypromellose, Janssen 1992
Polyethylene glycol

Prograf Tacrolimus I Spray drying Hypromellose, Astellas Pharma 1994
Ethyl inyl

NuvaRing Etonogestrel/Ethinyl Estradiol I Melt extrusion thy’ene vinylacetate Merck 2001
copolymer

Kaletra Lopinavir/Ritonavir IV/IV Melt extrusion Co-povidone, AbbVie 2007

Intelence Etravirine I\Y Spray drying Hypromellose Janssen 2008

Modigraf Tacrolimus 11 Spray drying Hypromellose Astellas Pharma 2009

Zortress Everolimus I Spray drying Hypromellose Novartis 2010

Norvir Tablet Ritonavir I\ Melt extrusion Co-povidone AbbVie 2010

Onmel Itraconazole I Melt extrusion Hypromellose Merz Pharma 2010

Incivek Telaprevir II Spray drying Hyp.r omellose acetate Vertex 2011
succinate

Zelboraf Vemurafenib v Solv.en.t/ar.ltl—solvent Hypromellose Roche 2011

precipitation

Kalydeco Ivacaftor II Spray drying Hyp.r omellose acetate Vertex 2012

succinate
i . Hypromellose acetate

Noxafil Posaconazole II Melt extrusion . Merck 2013
succinate

Harvoni Ledipasvir/Sofosbuvir LI/I1I Spray drying Co-povidone Gilead Sciences 2014

ViekiraXR™  Dasabuvir/Ombitasvir/Paritaprevir/Ritonavirll/IV/IV/IV Melt extrusion Co-povidone AbbVie 2014

Epclusa Sofosbuvir/Velpatasvir 1I/IvV Spray drying Co-povidone Gilead Sciences 2016

Orkambi Lumacaftor/Ivacaftor /11 Spray drying Hyp.r omellose'acetate Vertex 2016
succinate, Povidone

Venclexta Venetoclax 1\ Melt extrusion Co-povidone AbbVie 2016
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Vitamin E polyethylene

Zepatier Elbasvir/Grazoprevir 1I/11 Spray drying glycol succinate, Co- Merck 2016
povidone, Hypromellose

Stivarga Regorafenib II Solvent Evaporation Povidone Bayer 2017

Mavyret™ Glecaprevir/Pibrentasvir IV/IV Melt extrusion HyPromellose, Co- AbbVie 2017
povidone

Lynparza Olaparib 1\Y Melt extrusion Co-povidone AstraZeneca 2018

Erleada Apalutamide I Spray drying Hyp.romellose acetate Janssen 2018
succinate
Hypromellose,

Trikafta Elexacaftor (Crystalline)/Ivacaftor/TezacaftorIl or IV Spray drying Hypromellose acetate Vertex 2019
succinate
Hypromellose,

Symdeko Tezacaftor/Ivacaftor and Ivacaftor II/II or IV Spray drying Hypromellose acetate Vertex 2019
succinate

. . . Co-povidone, Poloxamer .
Braftovi Encorafenib I Melt extrusion 188 Pfizer 2020
Oriahnn™ Elagolix/estradiol/norethindrone acetate III/TI/NA Melt extrusion Co-povidone, AbbVie 2020

Hypromellose
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2. Recent Advances in Preformulation

The two main aspects of preformulation assessment are saturation solubility and sta-
bility, which inherently depend on active pharmaceutical ingredient’s (API’s) properties
and the added excipients used in the formulation. A tremendous amount of research has
been conducted in the past few decades, which mainly emphasized the amorphous ad-
vantage of APIs, the selection of proper excipients, and the prediction of the physical sta-
bility of ASDs. In the past, traditional methods employed a large amount of API material
to determine these properties. Considering recent advances, several material-sparing
methods were developed for initial preformulation assessment [44,45]. As specified in the
available literature, the difference in free energy is one of the notable properties that helps
to understand the advantage of solubility for the amorphous form over the crystalline
form. The higher the free energy of the amorphous form, the better its solubility. Research
progression in this field led to the development of DSC as the easiest and quickest method
to determine the free energy difference between the crystalline and amorphous API using
the following equation (Equation (1)) [46—48].

AG = —RTIn aamorphous (1)

acrystalline
where AG is the free energy difference between crystalline and amorphous form, R is the
real gas constant, ‘a’ is the activity coefficient of the amorphous or crystalline form in the
solution. The most straightforward approach to the determination of the activity co-effi-
cient difference between amorphous and crystalline forms is to determine the difference
in heat capacity values (ACp) between the two forms using modulated DSC (MDSC) [49].

The free energy difference obtained using this technique could help in understanding
the ability of the amorphous form relative to crystalline form to overcome issues such as
poor in vivo exposure. Although this exists as a well-established method in solubility esti-
mation, the role of DSC in preformulation screening remains a promising tool for deter-
mining the API and polymer proportions of many NCEs.

Furthermore, after selecting the right API and polymer candidate (in definite propor-
tions) based on free energy difference, further calculations will be performed based on
solute activity and a fraction of ionized species. In the case of ASDs prepared using hot
melt extrusion (HME), the ideal processing conditions, such as drug loading and pro-
cessing temperatures, can be determined using DSC-based material sparing method pro-
posed by Mamidi and Rohera [50]. This approach requires a few grams of APl and an
ideal preformulation technique to determine if melt-based techniques are needed for cer-
tain APIs.

Another important aspect in the preformulation assessment of ASDs includes phys-
ical stability, which can eventually lead to recrystallization in unstable formulations.
Therefore, APIs have been categorized into three classes (I, II, and III) that determine their
glass-forming ability (GFA) based on the recrystallization potential of API, which is ob-
tained during the heating—cooling and reheating cycle performed in DSC [51]. If the API
recrystallizes during the cooling cycle, it is categorized as GFA Class I, and if it recrystal-
lizes during the reheating cycle, it is categorized as GFA Class II. GFA class III APIs do
not recrystallize during the cooling or reheating cycle. Among these three classes, class III
APIs are the most preferred forms for the formulation of ASDs [52]. In addition to the
above methods, determining the ratio of melting point/glass transition temperature
(Tm/Ts) is used to assess the amorphous stability of the APIL. The higher the Tm/T; ratio, the
higher the tendency of API to recrystallize. Therefore, APIs with Tm/T; ratios on the lower
side are desirable for the formulation of ASDs [53]. Since the stability of ASDs also de-
pends on external factors such as moisture uptake (hygroscopicity) and storage tempera-
ture, several theoretical approaches including ternary or quaternary phase models (Flory—
Huggin’s theory [54,55], Perturbed-Chain Statistical Associating Fluid Theory, and other
hybrid models) have been proposed in the literature [56].
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Once the assessment of API is completed, the next step is to select the appropriate
polymer for the formulation of ASDs. This critical step involves both the selection of the
ideal polymers and their composition in the final formulation. The traditional approach
for the selection of the right polymer mainly involves trial and error, accompanied by DSC
to ensure a homogeneous drug—polymer mixture. Lately, the field of ASDs has involved
the use of the COSMOtherm approach to determine the intermolecular interactions be-
tween the drug and polymer [49]. This is an API-free technique and a completely in silico
approach. It is based on computer simulations involving polar groups and H-bonding
sites. The in silico approach relies on predicting the miscibility of groups when projected
in a three-dimensional spatial arrangement. Once the in silico prediction results are avail-
able, this is followed by conducting small-scale experiments to validate the miscibility
between API, polymer, and any added surfactant in well-defined proportions. Miscibility
experiments were carried out by film-casting technique coupled with characterization
techniques such as polarized light microscopy (PLM), DSC, and PXRD.

3. Advances in ASD Formulation Approaches

Despite tremendous improvements in formulation approaches, most of the marketed
ASD formulations are commercially manufactured using hot melt extrusion and spray
drying [57]. Therefore, before discussing the advances in formulation development in-
volving these technologies, we have attempted to briefly discuss the actual process.

The HME method involves pumping the drug(s) and excipients into an extruder with
revolving screw elements at temperatures typically greater than the glass transition tem-
perature (T;) of polymers and, in some cases, considerably higher than the melting tem-
perature (Tm). Inside the heated barrel, the melting of drug and excipients take place with
distributive and dispersive mixing to enhance the molecular mixing [58,59]. This process
leads to the production of extrudates/filaments with superior content uniformity and
higher quality [60]. Further, these extrudes are milled, blended, and encapsulated into
capsules or compressed into tablets [61-64]. HME has emerged as a ground-breaking
manufacturing technology in the pharmaceutical industry, and its use is expanding as a
result of its continuous production, solvent less process, affordable, industrially feasible,
highly reproducible results, automation potentiality, and real-time monitoring. However,
for smooth extrusion, the process temperature must generally be greater than the Tm or Tg
of the carrier, this will allow for adequate flow through the extruder. As a result, the Tm
or T; of the carrier should not be too high to reduce the risk of drug degradation and/or
to provide a temperature that can be used effectively. This is one of the drawbacks of HME
technology in the case of carriers/polymers having higher Tm or Ty and extruding ther-
mally labile drugs. At present, industries are developing excipients specific for use in
HME, and with the aid of a plasticizer, the processing temperature can be lowered.

Spray-drying is a well-known method for the preparation of ASDs. In this process,
the drug and polymer are initially dissolved in a common organic solvent. Later, this so-
lution is pumped through a nozzle and atomized into fine droplets. These fine droplets
are passed into a drying chamber followed by the wet gas, and the resultant dry powder
particles are separated in a cyclone chamber. Finally, the product is deposited into the
collecting vessel [65-69]. Spray-drying is a robust manufacturing process that produces
ASDs at a commercial scale. This process is suitable for the amorphization of thermolabile
drugs. However, the drying process is required since this industrial process uses solvents.
Due to the above short-coming, there might be residual solvent present in the final prod-
uct, which should be monitored and regulated according to International Council for Har-
monisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guide-
lines [70].
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3.1. Mitigating the Pill Burden by High Drug Loaded ASDs

Based on a database from FDA, more than 20 ASD drugs were approved; among
them, more than 50% have doses higher than 100 mg [18,27]. Between 2015 and 2020, ap-
proximately 14 new ASDs were approved [71]. In a process of formulating a stable, a ro-
bust ASD product of higher strength, would require a higher amount and number of ex-
cipients. During this process, the dosage form may end up having a higher mass, which,
in turn, can affect its dimensions in some cases. Therefore, the high mass of oral formula-
tions cannot be amenable to geriatric populations for palatability.

To attenuate the current issue, various researchers have worked to develop stable
and robust high drug-loaded ASD, with a primary goal of reducing pill burden and tablet
mass. Interestingly, the thermal and viscoelastic properties of hydrophilic carriers such as
glass transition melt viscosity and chemical substitutions on the carrier and molecular
weight were researched to serve this purpose.

In a similar study, Mudie et al. [72] worked on a low Tg (42 °C) highly crystalline,
poorly soluble (BCS class II), rapidly crystallizing drug erlotinib. This is a drug of choice
in pancreatic and non-small cell lung cancer at a dose of 100 and 150 mg per day, respec-
tively. They described the art of manufacturing high-loaded dosage form approach
(HLDE). In this approach, a high-Tg polymer was spray-dried with API to obtain ASD.
The resultant ASDs were granulated using high-Ts cellulose-based pH-dependent poly-
mer (concentration sustaining polymer (CSP) to maintain supersaturation at higher drug
load, later tablets were compressed using the final mixture. In brief, spray-dried disper-
sions (SDD’s) were made using 65% w/w drug load with Eudragit L100 (T 150 °C), which
was followed by granulation with 29% w/w of HPMCAS H and blending with lactose and
cab-o-sil prior to compression. Using the HLDF technique, the authors have successfully
demonstrated a tablet formulation with 350 mg mass and a drug loading of 29% w/w,
relative to traditional formulation having a tablet weight of 575 mg with 18% w/w drug
loading. The formulation with a higher drug load remained stable without recrystalliza-
tion after subjecting to accelerated stability conditions (40°C + 2°C/75% RH + 5% RH) for
one week. Additionally, the in vitro dissolution data between HLDF and traditional for-
mulations, respectively were highly comparable. Therefore, this study proclaimed the im-
portance of novel HLDF technology in reducing the tablet mass by 40% without compris-
ing physical stability and in vitro release.

Mudie et al. also investigated the HLDF technology on another poorly soluble anti-
fungal drug, Posaconazole, a low-Ts (59 °C) and poorly soluble drug (BCS class II). By
employing this technology, the authors were able to formulate low-mass tablets with a
high drug load of 40% w/w without any recrystallization. Thus, this could reduce the tablet
mass by 40% relative to the conventional Posaconazole formulation. The HLDF tablet was
even able to outperform the conventional formulation in the in vivo study conducted on
beagle dogs [73].

AstraZeneca marketed a capsule dosage form, Lynparza (Olaparib) 50 mg strength
for treating women with germline BRCA recurrent advanced ovarian cancer. This formu-
lation was approved as a capsule dosage form by FDA in December 2014.. This formula-
tion contains BCS class IV poorly soluble drug Olaparib, havinga dosage regimen of 800
mg per day. Therefore, the patient used to consume approximately 16 capsules a day (8
capsules/ 400mg twice daily). Initial capsule formulation of 50 mg strength has been dis-
continued, which utilized lipids (Gelucire 44/14) for solubility and bioavailability en-
hancement. In order to provide a patient compliant convenient therapy, Bechtold et al.,
from AstraZeneca, reformulated the product by developing a novel ASD formulation us-
ing HME to cut down the pill burden. The researchers investigated a wide range of poly-
mers and surfactants in their study. The final formulation was developed using a 25% w/w
drug load with co-povidone (PVP/VA64) and, subsequently, the extrudates were milled
and compressed into tablets with the addition of excipients. Successfully, 100 mg and 150
mg strength tablets were developed and introduced into the market, after FDA approval
in August 2017. With this approach, the pill burden was convenient and reduced to 300
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mg twice daily or2-4 tablets per day depending on personalized treatment based on pre-
vailing medical condition [74].

Along these lines, various advances have taken place in the way ASDs are formu-
lated, with the main objective of increasing the drug load and maintaining supersatura-
tion. This includes patented SUBA™ technology, the use of polymeric carrier combina-
tions, the use of surfactants, and the chemical modification of polymers into polymeric
salts. A detailed description of these approaches is discussed in the following section,
along with some case studies.

3.2. SUBA™ Technology (via Spray Drying Process)

The oral bioavailability of poorly soluble active ingredients is enhanced by the pa-
tented SUBA™ technology, with superior bioavailability. Initially, Mayne Pharma USA
developed this technology. The main objective behind developing this technology relies
on improving bioavailability, reduction in dose, mitigating inter and intra-patient varia-
tion, enabling more predictive clinical response based on dose, and obtaining clinical lev-
els of activity in the blood stream [75].

For the very first time, this process was used on the well-known, poorly soluble com-
pound BCS class II compound Itraconazole. The FDA-approved prescription drug Itra-
conazole has a long history of safe and successful usage in treating severe fungal or yeast
infections in people. The novel SUBA™ process produces amorphous Itraconazole dis-
persed in a polymer matrix instead of a conventional crystalline form, marketed as
TOLSURA® in the US.

This approach utilizes spray-drying with enteric polymer to increase active ingredi-
ent solubility in the gastrointestinal system to achieve “super bioavailability” in compar-
ison to traditional formulations. In this technology, API was spray-dried using a novel
amorphous pH-dependent enteric polymer HPMC Phthalate. Unlike conventional Itra-
conazole, TOLSURA® is insoluble in the acidic environment of the stomach and soluble in
the higher pH of the small intestine [76]. The large surface area of the small intestine and
nanosized particles of SUBA™ Itraconazole improve bioavailability and reduce patient
variability. The oral solution and capsule forms of conventional Itraconazole exhibit vari-
able pharmacokinetics due to inconsistent absorption. Therefore, they can cause up to 15-
fold interpatient heterogeneity; additionally, their absorption is impacted by the presence
of diet. As a result, Itraconazole and its main active metabolite, hydroxyitraconazole,
might have unanticipated supratherapeutic or sub-therapeutic plasma levels. Hence, the
developed new SUBA™-Itraconazole has a relative bioavailability of 180 percent and an
absolute bioavailability of up to 90 percent in comparison to conventional preparation
[77]. SUBA™-Itraconazole has increased absorption and greatly decreased variability, giv-
ing patients and prescribers a more predictable clinical dosage response, and lowering the
amount of active medication needed. With fewer side effects, the 65 mg capsule SUBA™-
Itraconazole formulation achieves bioequivalence to a 100 mg capsule of conventional
Itraconazole.

3.3. Use of Polymeric Combinations for Enhanced Bioavailability
3.3.1. Polymeric Combinations in HME

In the case of poorly soluble drugs, better stabilization and prolonged supersatura-
tion is highly essential for desired or sufficient drug release. Generally, the inclusion of a
hydrophobic polymer with a poorly soluble drug can lead to prolonged release and ex-
tended supersaturation by means of, a. intermolecular hydrogen bonding and b. hydro-
phobic interactions between API and polymer. Conversely, the addition of a hydrophilic
polymer to a poorly soluble drug results in rapid drug release; however, in later stages, it
can eventually lead to nucleation and precipitation. Therefore, few researchers investi-
gated a combination of hydrophilic and hydrophobic polymers to achieve rapid dissolu-



Pharmaceutics 2022, 14, 2203

10 of 34

tion associated with prolonged supersaturation. In a similar line, Butreddy et al. [78] de-
veloped ASD of Nifedipine (30% w/w DL) by HME using various combinations of hydro-
philic (PVP, co-povidone) and hydrophobic polymers (HPMC AS HG, Eudragit RSPO,
Eudragit FS 100) with HPMC AS LG. The researchers focused on transitions involving the
solid state of API, drug release, the particle size of supersaturated solution after a pro-
longed time (to evaluate inhibition of nucleation), non-sink dissolution in pH 6.8 buffer
and dissolution profiles of stability samples from 40 °C/75% RH. The author’s findings
explained that a combination of 50% w/w HPMC-AS L and 20% w/w HPMC-AS H outper-
formed the other polymeric mixtures. Their key findings included (a) conversion of API
to amorphous; (b) extended API super-saturation due to the inclusion of H-grade (20%
w/w) with L-grade (50% w/w); (c) no increase in particle size was noted after 120-min; d.
lack of significant difference in non-sink dissolution profiles between initial and stability
samples from the above-mentioned combination. The superior performance of this for-
mulation in terms of release and supersaturation was based on high-succinoyl groups
from hydrophilic HPMC-LG and acetyl groups from HPMC-HG, respectively [79].

Another study by Wlodarsky et al. [80] exhibited enhanced dissolution and supersat-
uration with ternary ASD via HME, comprising the poorly soluble drug Itraconazole,
PVA, and co-povidone (10:27:63). The prominent findings from this study elaborated that
(a) Ternary ASD was able to provide high solubility of APIin 0.1 N HC], followed by an
increased level of supersaturation after a pH shift to 6.8; (b) the longer supersaturation
ability of ASD was primarily dependent on an addition of PVA no greater than 30% w/w;
(c) an independent binary mixture of API: PVA (1:9) and API: co-povidone (1:9) failed to
maintain efficient supersaturation in pH 6.8; (d) the miscibility of API with PVA was lower
relative to co-povidone; however, the incorporation of PVA was deemed to be pivotal for
inhibiting recrystallization together with co-Povidone.

Researchers from F. Postges et al. [81], worked on the poorly soluble drug celecoxib
(BCS Class II) and investigated ASD made from HME using Eudragit L-100-55 and HPC
SSL. Binary and ternary solid dispersions were prepared through HME using individual
polymers and polymer combinations, respectively. The drug loading was at 10% w/w in
the formulations. In this study, non-sink dissolution was conducted at pH 6.8. The au-
thor’s findings revealed a specific combination of two polymers found to be very critical
to the extended phase of supersaturation. Either of the binary solid dispersions failed to
provide efficient drug release comparative to ternary solid dispersion made with a 1:1
ratio of both tested polymers. Despite using a lower drug loading, the polymer composi-
tion and miscibility were the major driving force for the kinetic stabilization and precipi-
tation inhibition. Therefore, this study exhibited the synergistic effect of the two tested
polymers.

The schematic representation of the hot-melt extrusion technology is shown in Figure
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Figure 1. The schematic representation of the HME process.

3.3.2. Polymer Combinations in Spray-Drying

In the case of ASD prepared from insoluble polymeric carriers, the drug release of
poorly soluble API would be highly controlled through a diffusion-based phenomenon.
Such systems contribute to the gradual occurrence of supersaturation; therefore, the risk
associated with precipitation and crystal growth is very minimal. Conversely, these sys-
tems might be responsible for a limited release corresponding to the insoluble carrier. To
improve the drug release from these systems, a hydrophilic polymeric carrier was used as
a pore former by some researchers [82,83]. In a similar study by Everaerts et al. [84], Indo-
methacin ASD was manufactured using spray-drying, using Ethyl cellulose as a poly-
meric backbone and investigating two different grades of PVP (povidone), PVPK12 and
PVP K25, respectively as water-soluble pore formers. Owing to the poor solubility of the
drug in acidic media, the authors explored various amounts of the water-soluble carrier
(PVP K12 and PVP K25) to evaluate its effect on improving drug release in acidic media.
Their conclusions include the molecular weight of polymeric carriers, wettability of ASD,
viscosity surrounding the particles, and molecular interactions that have a pivotal role to
play in understanding the release mechanism. In addition, they noticed that, under 50%
w/w PVP loading, the formulations containing PVP K12 outperformed the formulations
with PVP K25 in acidic media, whereas, in pH 6.8, a similar release was observed irrespec-
tive of the type of PVP employed, due to the better solubility of APL

Ohyagi et al. [85] investigated the synergy between the polymers HPMC, methacrylic
acid co-polymer Type A-Eudragit L100, methacrylic acid co-polymer Type B-Eudragit S
in improving the solubility of griseofulvin (BCS class II) drug using SDD. Single-polymer
and binary dispersions (in a 1:1 ratio) were made and dissolution testing was performed
in the pH 7.4 buffer. The rate of dissolution from binary polymer SDD was significantly
better than from single-polymer SDD. The improved dissolution rate is due to the refor-
mation of hydrogen bonding, as analyzed by DSC and nuclear magnetic resonance (NMR)
techniques. The SDD made with HPMC, Eudragit L100 enhanced the supersaturation of
API. The authors established the technique of co-spray-drying two polymers, which im-
proved intermolecular interaction, promoting the bioavailability of the poorly soluble
drug.

In a study by Rahman et al. [86], the authors tried to investigate the synergy between
amphiphilic polymers soluplus® and co-povidone to improve the supersaturation of gris-
eofulvin. ASD was prepared by spray-drying technology. Drug-release testing was per-
formed in purified water. SDD was made with 25% w/w drug loading. Ternary SDD com-
position with soluplus® and co-povidone in the ratio of 5:1 was able to result in supersat-
uration of 220% in the initial 30 min, which was maintained over 3 h. Their research re-
vealed that soluplus® acted as a crystallization inhibitor in excess amounts relative to co-
povidone acting as a wetting agent. The schematic representation of spray drying tech-
nology is shown in Figure 2.
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Figure 2. Schematic Representation of Spray-Drying Technology.

3.4. Addition of Surfactants
3.4.1. Addition of Surfactants in HME

Surfactants are amphiphilic molecules; when included in solid dispersions, they help
to improve the wettability and reduce the contact angle to improve the solubility of crys-
talline API[87]. Thus, in the forthcoming sections, recent literature reports were discussed
pertaining to the inclusion of surfactants and the role of the hydrophilic lipophilic balance
(HLB) value of surfactants in the development of ASD through HME and spray-drying.

Kapourani et al. [88] manufactured ASD of BCS class IV drug Aprepitant using So-
luplus®, HPC, and PVP using HME. The authors have examined the effect of surfactants
like Vit E TPGS and Poloxamer P 407 in inhibiting drug crystal growth in solid dispersion.
Among the polymers, evaluated PVP was found to be most effective based on API induc-
tion nucleation time in the pH 6.8 phosphate buffer. The ASD prepared with 10% w/w API
and 10% w/w Vit E TPGS with PVP was found to be highly successful in inhibiting API
recrystallization, due to enhanced miscibility and intermolecular interaction.

Another study by Saboo et al. [89], studied the incorporation of surfactants in en-
hancing the drug release in ASD prepared by HME. ASDs were prepared by using co-
povidone as the main polymeric matrix and Felodipine as a poorly soluble drug. Vitamin
E TPGS was chosen as a surfactant and dissolution studies were carried out in pH 6.8
phosphate buffer. The milled extrudates from HME were compressed into a tablet and
evaluated for true or intrinsic dissolution using wood’s dissolution apparatus. From their
study, it was concluded that the drug loading can be increased to 45% w/w and the for-
mation of a drug-rich layer around ASD can be inhibited by the inclusion of 10% TPGS.

For investigating the lack of complete release from ASDs, Siriwannakij et al. [90],
prepared ritonavir solid dispersions with 20% w/w drug loading using HME. In their
study, the authors included 10% w/w of surfactants like Poloxamer 407 and Span 20, re-
spectively in preparation for solid dispersions. The resultant melt extrudates were tested
for drug release in gastric fluid pH 2 and phosphate buffer of pH 6.8, respectively. The
dissolution samples analyzed for particle size from each media were tested. Their key
findings reported that the presence of Poloxamer 407 was able to maintain the supersatu-
ration until 75 min in gastric fluid, followed by recrystallization, which can be confirmed
by particle size analysis. The addition of span 85 resulted in the maintenance of super
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saturation until 2 h, along with possessing a narrow particle size range. Despite of pos-
sessing a higher-HLB-value of 18 for Poloxamer 407, it was not molecularly dispersed in
comparison to span 85 with a low HLB value of 1.8. Therefore, the molecular dispersion
ability was found to be critical for efficient super saturation.

3.4.2. Addition of Surfactants in Spray Drying

In a study by Yang and co-workers [91], spray-dried dispersions of BCS class IV drug
Apremilast were manufactured using co-povidone and Vitamin E TPGS. DSC and PXRD
studies indicated that the API turned amorphous in SDD. Dissolution studies were per-
formed in phosphate buffer pH 6.8. Furthermore, their research concluded that the inclu-
sion of TPGS promoted in vitro dissolution, along with improving the extent of absorption
in an in vivo study relative to the physical mixture and Pure APL

Indulkar et al. [92] studied the effect of surfactants SDS, Tween 80, Span 20, Span 85,
VIT E TPGS at 5% w/w concentration in improving the release performance of SDD made
using co-povidone with 30% w/w Ritonavir. The SDD was compressed into tablets and
evaluated for intrinsic dissolution in woods apparatus using pH 6.8 buffer. Among the
surfactants tested, Span 85 performed better in terms of release, kinetic stabilization, and
smaller droplet size of colloidal samples from dissolution.

In a study by Yan et al. [93], the non-ionic surfactants Tween 80, Vitamin E TPGS,
and anionic surfactants such as sodium lauryl sulfate(SLS) were investigated in the for-
mation of in situ nano particles. ASDs was manufactured using NCE GDC-0334 with co-
povidone and surfactants by spray-drying. Dissolution studies were carried out in fasted-
state simulated intestinal fluid (FASSIF) pH 6.5 and, after subsequent sample collection,
the size analysis was carried out using the dynamic light scattering (DLS) technique. The
SDD manufactured with 20% w/w drug load and 5% w/w Tween 80 exhibited an enhanced
physical stability of nanoparticles. This phenomenon translated into an increase in vivo
absorption in a rat pharmacokinetic study.

3.4.3. Using Polymeric Salts for Enhancing Solubility

Another advancement in the formulation development of ASDs includes the use of
polymeric salts as carriers. The dissolution rate and supersaturation ability of ASDs
greatly depend on the dissolution rate of polymeric carriers. This becomes noticeable
when using ionizable polymers such as hydroxypropylmethylcellulose phthalate. Qi and
Taylor studied the factors that influence the dissolution of the enteric polymer, hydroxy-
propylmethylcellulose phthalate on the performance of ASDs using miconazole as a
model drug. The authors prepared two polymeric salts, hydroxypropylmethylcellulose
phthalate —sodium (HPMCP-50-Na) and HP-50-tetrabutylammonium (PTBA) from hy-
droxypropylmethylcellulose phthalate (HP-50) using acid-base reaction and salt metath-
esis reaction, respectively. The protonated HP-50 and the two polymer salts were formu-
lated into ASDs with miconazole as a model poorly soluble drug. It is observed that the
drug release was 14 times faster from the polymeric salts as compared to protonated HP-
50. One of the reasons for this increase in drug release using polymeric salts can be due to
the pre-ionization of the polymeric carrier, which resulted in a higher extent and rate of
hydration. This forms a more mobile gel layer and enhances the release of polymer chains
from the matrix, resulting in a higher drug release. Another reason for an increase in drug
release using polymeric salts depends on the maintenance of stable micro environmental
pH at the solid-water interface, since no protons were generated during the hydration of
polymeric salts. While the physical stability of ASDs prepared using polymeric salts have
yet to be studied, the use of polymeric salts could be a potential formulation strategy in
the preparation of ASDs with high drug release [94].
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4. Recent Advancements in the Manufacturing of ASDs

In this section, newly explored techniques in manufacturing ASDs such as Kinetisol®,
3D printing, and electronanospinning were briefly discussed, with a focus on the process
and respective case studies available in the literature.

4.1. Kinetisol®

Kinetisol® is a novel technology that has been inherited from the plastic industry to
the pharmaceutical field to enhance the solubility of poorly soluble API's [95]. It is a fu-
sion-based process that utilizes frictional and shear energies to rapidly transition drug-
polymer blends into a molten state. Simultaneous to the transition to a molten state, Ki-
netisol® rapidly and thoroughly mixes the API with its excipient carrier(s) at a molecular
level to achieve a single-phase ASD system [96]. Polymers such as Carbopol, Eudragit,
HPMC, HPMCAS, co-povidone, PVA, PVP, and Soluplus® are widely used in Kinetisol®
processing [97]. First, the powdered blend is transferred into a chamber, which is then
sealed. The processing parameters are pre-set using a computer module/software prior to
the processing. The blades then rotate for a set time, during which the heat is generated
due to the shear caused by the rotation of the blades. The powdered blend in between the
rotating blades and the chamber wall is converted into a molten mass due to the heat
generated by friction. The molten mass is then ejected to a quenching zone to form an
amorphous flat disk. These quenched flat disks are further milled to fine granules of de-
sired sizes. Finally, these milled granules are compressed into a tablet or filled in a capsule
as a final drug product [95]. Total processing time within the chamber could be less than
20 seconds, and elevated temperatures are observed for typically less than 5 seconds be-
fore discharge and cooling. Since this technique uses non-heating elements to generate
heat, the conversion of the API to its amorphous form takes place below the melting point
of the compound, thus aiding in the formulation of thermolabile drugs [95]. The added
benefit of this process relies on operating without torque limitation, thereby enabling the
processing of viscous, high molecular weight, and high-melting-point compounds [29].
At the lab-scale, this process is designed to operate in batch mode, whereas, for commer-
cial processing, there is an option to operate as a semi-continuous process, achieving a
product throughput of as high as 1000 kg/h. The schematic representation of Kinetisol® is
indicated in Figure 3.
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Figure 3. The schematic representation of Kinetisol® process in preparation of amorphous solid dis-
persions.

4.2. 3D Printing

3D-printed dosage forms have gained a lot of attention from researchers after the
approval of the first 3D-printed oral formulation SPRITAM from Apprecia pharmaceuti-
cals [31,98-100]. Pharmaceutical manufacturing in three-dimension arrangements (also
known as three-dimensional printing or 3D printing or 3DP) bought a paradigm shift in
formulation development of personalized dosage forms [101]. This cutting-edge technol-
ogy uses additive manufacturing to transform 3D computer models into physical prod-
ucts [102]. Although, there are several different types of 3D-printing methods, the Amer-
ican Society for Testing and Materials (ASTM), has categorized them into seven categories
namely, (i) Vat Photopolymerization, (ii) material jetting, (iii) binder jetting, (iv) material
extrusion, (v) powder bed fusion, (vi) sheet lamination, and (vii) directed energy deposi-
tion [102]. However, the most widely used technologies for the preparation of ASDs re-
ported in the literature include direct powder extrusion [103], SLS [104], 3D inkjet printing
[105], and FDM [106]. These 3D-printing technologies are capable of making ASD just by
the nature of virtue of their process. Among the various 3D-printing techniques men-
tioned above, SLS and FDM well-known in the preparation of ASDs. Therefore, in the
following sections, we have attempted to emphasize selective laser-sintering SLS and
FDM technologies for the preparation of ASDs. Figure 4 provides an outline of the prep-
aration of ASDs using the 3D-printing techniques discussed in this manuscript.
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Figure 4. 3D-printing techniques used in the preparation of ASD. (A) Direct powder extrusion, (B)
Fused deposition modeling, and (C) Selective laser sintering.

4.2.1. Selective Laser Sintering

Carl Deckard and Joe Beaman were considered pioneers in the development of the
SLS in the early 1980s. When compared to other 3D-printing processes for pharmaceuti-
cals, this technology offers numerous benefits in terms of there being no use of any sol-
vents, rapid printability, no requirement for feed filaments, no addition of polymer liquid
binder, and a lack of post-processing steps. After printing, printlets are readily available
without any post-processing steps and curing. The essential prerequisite for this method
includes the high thermal stability of formulation components at a higher temperature.
Using the SLS printing technology, it is amenable to develop unique dosage forms such
as amorphous solid dispersion and tailored medications for certain patient populations,
such as children, the elderly, or people with disabilities [107].

By principle, SLS uses laser light to selectively heat powder particles, which ulti-
mately leads to fusion and the formation of three-dimensional structures. After fusion, the
structure will eventually solidify into a three-dimensional shape. The SLS system is com-
posed of three primary elements, namely, a laser system (laser and scanner), a spreading
platform, and a powder bed. By laser-sintering or melting between the particles, the ma-
terial is heated to a temperature (below the melting point) that is high enough to induce
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fusion. Later, based on laser projection, the height of the powder bed alters, so that it fo-
cuses on the newly produced surface layer. Later, the surface of the powder bed lowers
by an amount equal to the thickness of one layer; hence, the laser can be utilized to fuse
another layer of powder. This procedure is repeated several times until the whole object
is prepared. The finished product is extracted by hand or via sifting from the loose powder
[108].

For the SLS process to deliver products with desired qualities, strict control over the
parameters of the process is necessary. Many factors influence CQAs, such as the accuracy
of stereolithography (STL) file conversion from computer-aided design (CAD) software,
the slice into layers, machine resolution, the beam offset, and the thickness of the material
shrinkage. The laser beam speed, laser watt, and the ratio of length to width are consid-
ered as important. Laser power [109,110], bed temperature [111-113], and layer thickness
[114] are some of the most significant parameters influencing the CQAs of dosage forms
during processing [115]. Thakkar and his co-workers [30] employed SLS-3D printing to
develop ASDs containing Indomethacin,co-povidone, and Candurin® blend. It was found
that the speed of the laser, laser power, and intensity and duration of exposure have a
profound effect on the conversion of the solid state of API to amorphous form. This study
also concluded that the size of the drug particles also had a substantial influence on the
apparent solubility of the drug, as well as the drug release. Figure 4C shows the method
of preparation of ASD using SLS.

4.2.2. Fused Deposition Modeling and Direct Powder Extrusion

Extrusion-based technologies such as FDM have received the most attention from
researchers. After being patented in 1989 by the co-founder of Stratasys Scott Crump,
FDM was made commercially available in the early 1990s [116]. The FDM method in-
cludes applying heat to a drug-loaded filament to extrude through a nozzle tip for depos-
iting on a base plate, and then quickly cooling the extruded material in order to produce
ASDs on the printing platform [117]. However, the requirement for HME to prepare drug
dispersions, which increases the possibility of thermal drug degradation, is a significant
disadvantage of FDM 3D printing [118,119]. The most significant advantages of FDM in-
clude, an inexpensive method, can be printed at a fast pace, and does not require complex
equipment. However, the disadvantages of the FDM process include process parameter-
dependent mechanical characteristics, poor surface finishing, and the fact that FDM print-
ing materials are limited to thermoplastic polymers only [120-122]. However, numerous
reports depicted its usage in dosage form development, such as that of Kissi et al. [123],
used an FDM-based 3D-printing technique to formulate naproxen (NPA)-containing
ASDs using co-povidone. Based on the results of the DSC and XRPD analyses, it was
discovered that the ASDs within the 3D-printed tablets (20-30% w/w NPA) were amor-
phous and were stable for a 23-week duration at room temperature and 37% relative hu-
midity. Similarly, Fanous et al. [124] developed a 3D-printed dosage form using FDM with
an immediate drug release profile of a BCS class IV drug, Lumefantrine. In the preparation
of the ASDs, Xylitol, Eudragit® EPO, and maltodextrin were employed as a hydrophilic
plasticizer, matrix former, and pore-forming agent, respectively. Raman mapping, a
method with a high degree of sensitivity, was equipped to investigate the crystallinity of
produced tablets and filaments. Lumefantrine tablets remained amorphous and showed
sufficient stability for on-site production. Figure 4B shows the ASD preparation using
FDM 3D-printing technology. Technique-wise, one of the drawbacks of FDM printing in-
cludes the requirement of HME to prepare drug-loaded filaments [118].

The limitations on the use of excipients and pharmaceutical drugs using FDM tech-
nology include the need to obtain filaments with the right mechanical and physical qual-
ities [125]. In some cases, the filaments resulting from HME might end up being either too
brittle or too soft, making them not amenable to 3D printing. Because of the drawbacks
discussed earlier regarding HME, it would be beneficial to be able to bypass that stage.
Recently, an updated version of FDM technology eliminated the use of HME by coupling
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extrusion with 3D printing. This process is called Direct Powder extrusion (DPE) [126]. In
this process, a single screw extruder is used for the direct printing of pellets or powders
by forcing them through a nozzle via an extrusion process, as shown in Figure 4C. This
novel concept of utilizing 3D printing coupled with simultaneous extrusion enabled the
conversion of crystalline API to an amorphous form during the process.

Goyanes et al. successfully 3D-printed Itraconazole printlets (3D-printed tablets), uti-
lizing four varying HPC grades via a single-screw direct-powder-extruder 3D printer. The
medication seems to be amorphous in formulations made with HPC-UL, and only partly
amorphous in Formulations L, SL, and SSL, according to the results of PXRD and DSC.
The improvement in solubility was found to be greater than when employing a different
method (nanosuspension technology) with the same excipients and composition, which
released only around 20% w/w of itraconazole. This demonstrates the effectiveness of the
melting process in producing solid amorphous dispersions and supports the use of pow-
der extrusion 3D-printing technology to improve the formulation’s solubility. Their key
finding indicated that the molecular weight of the polymer may be reduced, which might
boost the system’s wettability and increase drug release. Similarly, Guirales et al. also de-
veloped 3D-printed minitablets containing 20 mg of nifedipine combining hydroxypropyl
cellulose and hydroxypropyl methyl cellulose acetate succinate in a single-step process.
Direct powder extrusion can result in close contact between the drug and excipients, form-
ing hydrogen bonds and thus resulting in ASDs confirmed with DSC and PXRD results.

This innovative single-step approach may be especially well-suited to preclinical re-
search; it might revolutionize the development of amorphous solid dispersions as final
formulations, and open a channel for flexibility when making patient-tailored dosage
forms.

4.3. Electronanospinning

Despite existing since 1980, polymeric nanofibers gained recognition in the last dec-
ade in drug delivery for poorly soluble compounds. Drug-loaded polymeric fibers at the
nano-size were found to be an innovative approach in the preparation of solid dispersions.
This approach has gained a lot of attention from researchers due to its ability to convert
the drug to an amorphous state with an increased surface area to enhance supersaturation
and bioavailability. The electrospinning technique emerged as a versatile tool in the prep-
aration of polymeric nanofibers as it is inexpensive and very rapid in the preparation of
nano-size fibers via electrostatic forces [127-129].

In this technology, the drug and polymer are initially dissolved in a common volatile
solvent. A high-energy potential difference (voltage) is applied between a flat-tipped nee-
dle spinneret (narrow gauge syringe needle) and a fiber collector (grounded). The travel
and ejection of the drug—polymer solution take place with the applied high voltage. As
the solution jet travels towards the grounded collector, the solvent evaporates and solidi-
fies into nano-sized fibers. Due to the applied voltage to the drug-polymer solution, it
creates repulsive forces between the charges and attractive forces between the charged
solution and collector. In the electrospinning process, cone formation is found to be very
critical, and to make this happen, the electrostatic force equals the surface tension of the
liquid. Later, when this electrostatic force exceeds the surface tension, the solution breaks
as a jet out of the cone. This accelerated jet stream stabilizes in the middle of the needle
and collector [130,131]. Figure 5 shows the process of electronanospinning.

Verreck et al. [132] introduced the electrospun fibers of poorly soluble drug itracon-
azole using HPMC. In another study, Yi et al. [129] developed rapidly dissolving ibu-
profen-loaded PVP nanofibers, which dissolved in <1 min. Nagy et al. [133] compared the
drug dissolution behavior of spironolactone-Soluplus® solid dispersions made by electro-
spinning to those extruded by HME; their key findings indicated that ASDs with the elec-
trospun nanofibers demonstrated enhanced drug dissolution behavior relative to the
HME-based solid dispersions.
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5. Advances in Characterization Techniques

Analytical methods are necessary to precisely assess and describe the generation of
crystalline counter parts for designing a stable amorphous solid dispersion. Current crys-
tallinity quantification techniques were restricted to single polymorphic forms and quick
crystallization kinetics in the threshold level of drug loadings. There are several tradi-
tional techniques to characterize ASDs, such as thermal analysis techniques (DSC, MDSC),
thermogravimetric analysis; (TGA), microscopic/morphological techniques such as (PLM
or hot-stage polarized light microscopy (HSPLM), PXRD, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), spec-
troscopic techniques such as Infrared Spectroscopy (IR), Raman spectroscopy (RS), and
fluorescence spectroscopy (FS). DSC and MDSC measure energy input associated with
heating materials to detect thermal transitions such as Tg, melting point, recrystallization,
and polymorphic transformations [134]. TGA involves monitoring a sample’s weight as a
function of temperature in a selected environment (such as air or nitrogen). It can be used
to analyze the drug and polymer’s volatile components and assess their heat stability
[135]. PLM is one of the best tools for finding traces of crystalline materials in ASDs. When
examined with plane-polarized light and crossed polarizers, crystalline forms can be iden-
tified by their optical characteristics of birefringence [136]. In HSPLM, the sample is
heated in a furnace in which the heating or cooling rate can be accurately controlled; there-
fore, in HSPLM heating is equipped with PLM [137]. PXRD is frequently employed to
examine the crystallinity of samples and determine the presence of any crystalline matri-
ces. In PXRD, characteristic diffractograms are based on the traces of crystallinity present
in the tested sample. Using this technique, amorphous materials exhibit a halo pattern due
to the lack of long-range order [138]. FS can help to understand the kinetics involved in
the matrices of ASDs at high-humidity conditions and during dissolution. This technique
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detects the fluorescence emitted from a substance when excited by UV-visible radiation
[139]. SEM is used to study the morphological changes in ASD samples after dissolution
or a physical stability study. This technique uses a monochromatic electron beam to ex-
amine the surface and near-surface region of materials at a greater magnification and res-
olution [140]. TEM, on the other hand, is a very sensitive and effective method that can
generate both real-space pictures and electron diffraction patterns to detect crystalline ma-
trices in the samples tested [37,141]. AFM is used to detect the phase-separated regions of
ASDs, when present in low quantities. It measures the height changes brought on by the
contact between solid material and the sample. Different colors can be allocated in accord-
ance with various heights, by processing these changes. It is mostly used to analyze sur-
face topography (molecular surface roughness) of ASDs in the nanoscale range [142].
Drug-polymer interactions in ASDs can also be determined by tracking changes in peak
location or shape using IR spectroscopy (changes in the dipole moment) and Raman spec-
troscopy (changes in the polarizability of a molecule) [143,144]. In this section, the state-
of-the-art updated characterization techniques are discussed. Based on the literature, we
have emphasized the most widely used techniques: terahertz spectroscopy, Dielectric
spectroscopy, and X-ray microcomputed tomography. Along with the above-mentioned
recent characterization techniques, we attempted to discuss the role of conventional meth-
ods and their application from the recent literature findings in Table 2.

Table 2. List of conventional analytical techniques used in the characterization of ASDs.

Key
Technique . .. Advantages Limitations Applications Ref
1 Characteristics vamniag PP
Determination of Solomon et al. utilized DSC in
melting point, order to estimate the
glass transition distribution of Felodipine in
temperature, heat Destructive, heat  ternary amorphous dispersions
capacity, drug and capacity containing Soluplus® and silica.
'polyrne? Suitable for mea_-‘?.l%rement is less The?/ computed. tbeoretical T,
interactions, . . sensitive, no of binary Felodipine-soluplus®
. . . measuring melting; . .
Differential determine the . knowledge of the = combinations using the
. small sample size; L
Scanning degree of : nature of the Gordon-Taylor equation in [145]
. . easy experimental )
Calorimetry crystallinity, and g thermal events, and their research and compared
conditions; cost- . .
drug . . . simultaneous them to Tg obtained
L effective and quick .
crystallization thermal events that empirically. They concluded
tendency; identify overlap cannot be that DSC results in a negative
crystalline and resolved. deviation in Tg, confirming
amorphous state stronger hydrogen bonding
and molecular interactions between drug and
mobility. polymer.
To assess the Zhang et al. performed in silico
crystallization . Requirement of screening first and further
. Separation of . .
tendency of active . well-planned various prototype formulations
) . overlapping and . . .
ingredients, glass experiments, of apremilast ASDs via spray
. complex thermal . . . .
Modulated transition _ experimentation is drying were developed. In this
. . events, improved .. e
Differential temperature, pre ey very conditional  study, the author utilized
) sensitivity in heat . o [146]
Scanning knowledge about capacit dependent, Melting: mDSC to study the miscibility
Calorimetry miscibility with pactty . challenging of the drug with polymer,
measurement in . :
polymers, comparison to interpretation, measure T, and evaluate the
studying degree part unreliable mDSC  stability of ASDs under stress
conventional DSC. e .
and level of measurement conditions. It was observed via
crystallinity, mDSC analysis that immiscible
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crystal growth

systems exhibit instability after

rate, and being stored under stressful
molecular conditions and showed
mobility (e.g., multiple Ts in comparison to
structural single T obtained from stable
relaxation, ASDs.
viscosity)
Yu et al. studied the role of
neutral and acidic polymers in
e the physical and chemical
;ij;nji:;izggz;l stability of the developed ASDs
; of carbamazepine. The DSC
profile of feed

solution in spray- ..
. . . . little sample
Thermogravimetricdrying, chemical

Limited sample size,

and TGA analysis revealed that

D ti 1
estructive, unable the prepared ASDs are

to determine the

ti hysically stabl ing to the [147
analysis identification of F  Poraiton chemical prysically stabie owing to the [147]
. required, simple to . formation of strong
volatile composition .
use intermolecular bonds; however,
compounds - .
acidic polymers provide an

released from g .

samples acidic microenvironment,

P making the developed ASDs
susceptible to chemical
degradation.

Bhanderi et al. confirmed the
Molecular de_velopm'ent of ASDs of
. . griseofulvin and hypromellose
interactions . .
acetate succinate along with
between drug and .
. - surfactant employing FTIR.
Fourier polymer, Quantitative .
. . Moisture present ~ Authors concluded that the
Transformation polymorph analysis, small

Infrared technique
(FTIR)

and less precise

characterization, sample requirement, . .
findings

peak positions and broadening [148]
in the developed ASDs were

phase separation, non-destructive
crystalline and

unaffected by the surfactant
presence, indicating that the

amorphous .

) dentilzication polarity around the
aforementioned groups was
unaffected.

Relatively less
sensmv.e _(>5 ~ Bhujbal et al. studied

Polymorphs crystallinity) than . .

. Lumefantrine ASDs physical

screening, detects DSC, TEM and . . . .

2, . stability and dissolution profile
crystallinity PLM, details on
. . and observed that (a) polymer
degree, The sample size the chemical )
L _ and (b) drug-to-polymer ratio
amorphous required is small,  structure is

Powder X-ray
diffraction

detection, and analysis is simple,
drug-polymer  qualitative and
miscibility, studiesquantitative, non-
recrystallization destructive
behavior, the

microstructure of

ASDs

had a significant effect.
Eudragit L 100 showed a
crystalline drug peak even at
lower drug concentration in
PXRD analysis whereas HPMC

provided, which can
otherwise be
obtained from
nuclear mass

[149]

ZESGZTE;C; Phthalate and HPMC AS
P 124 showed better physical stability
infrared

and miscibility with the drug.
spectroscopy and

mass spectrometry.
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Polarized Light
Microscopy

Moritani et al. prepared

Polymorphic
ymorp tranilast-loaded ASDs for the
transition, detect . . .
. It is not appropriate treatment of inflammatory

crystallinity . .

’ . Non-destructive, for agglomerates, bowel disorders. There was no
(birefringence) ) . L . . . . .
and amorphous simple to use, semi-quantitative, discernible birefringence in the [150]

P " smaller sample size, and sample PLM picture of ASDs/tranilast,

crystal shape and

Atomic force
microscopy

. reproducible recovery is quite ~ whereas crystalline drug
size, . .
. laborious. showed considerable
crystallization . .
birefringence. This result was
route . .
also in agreement with DSC.
Visualises
molecular Zhao et al. developed

mobility, mixture-

specific separation

rates, drug-

polymer High resolution up
miscibility, and ~ to 1 nm

bulk and surface Small sample size,
dynamics. These Detect repeated
variables have a lattice
fundamental and

integral role in

predicting the

long-term stability

of an ASD.

quaternary enteric ASDs of
erythromycin utilizing HME.
Raman and AFM have taken
advantage of the fact that the
bulk of the drug dispersed in
the PVP/VA64 matrix (co- [151]
povidone), and that the
nanometre-sized drug—polymer
system confined within the
enteric continuous phase to
form a solid emulsion-like
structure.

Expensive, Lengthy
scan duration that
may cause sample
thermal drift,
sample preparation
is necessary

Scanning electron
microscopy

Analyze particle
size, morphology,
and surface

characteristics of .
Low sample size

Spray-drying was carried out to

prepare ASD formulations of
Necessitates sample GDC-0334 in PVP/VA 64 (co-
preparation (coatingpovidone) at different drug
and vacuum loadings (20, 30, 40, and 60
setting), costly percent, w/w), with or without
equipment, huge 5% w/w surfactants (Tween 80,
device, and requires SLS, or Vit-E TPGS 1000) by

formulation 93
. i ’ and high resolution housing in a Yen and his coworkers. All four[ ]
identifies present . . .
location free from  ASD formulations with 5% w/w
of drug crystal, ,
. any potential Tween 80 as constant and
chemical . , _ .
. electric, magnetic, varied drug-loading (20-60%
distribution map o .
or vibration w/w) displayed a collapsed
interference spherical shape made up of

small, dense particles with sizes
between 2 and 3 um.

Solid-state nuclear
magnetic
resonance
(SSNMR)

Detect crystallinity
degree,
amorphous
identification,
drug and polymer
interaction, drug
and polymer
miscibility,
molecular

qualitative and

non-destructive

mobility

Limited sample size, during analysis,

quantitative, easy to quantification
prepare the sample, challenges caused

Jarrells et al. measured and
compared ASDs crystallinity
using the SSNMR technique for
nifedipine and
polyvinylpyrrolidone drug-
polymer system. Authors
successfully were able to
distinguish residual crystals
and crystals formed during
storage via SSNMR.

Possibility of
recrystallization

relatively expensive,
[152]

by chemical noise
and signal overlaps,
longer analysis time
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study the

dissolution

behavior in L

aqueous Quant.ltatlve
detection,small

conditions, and

Sample heating with

powerful laser
radiation can harm
the sample, sample
fluorescence and

Paisana et al. formulated ASDs
of itraconazole employing
HPMC-acetate succinate
medium grade (HPMC-AS M).
Author evaluated ASDs

Raman L. . sample size, ) suspended in FaSSIF media
gives information photodegradation, . [153]
Spectroscopy unaffected by water, , o after 240 min, Raman
about drug-drug .. requires sensitive ..
ability to penetrate . examination of API: HPMC-AS
and drug—polymer ) and highly . .
. ) glass containers 1 M (35:65) particles confirmed a
interaction, drug- specialised . .
_ faster polymer dissolution rate
polymer instruments for .
s , and associated surface API
miscibility, and detection. .
. enrichment.
phase separation.
Sari et al. prepared ASD of
felodipine and
olyvinylpyrrolidone/vinyl
crystalline Smaller sample POYVIY’PY fviny
. . . acetate copolymer (co-
substances in quantity, Certain samples . .
. - . povidone) employing the HME
Transmission ASDs, can quantitative, high may be damaged by .
. . technique. PXRD, DSC, and
electron generate both real-spatial resolution  electron beams; . [37]
. _ _ _ . , FTIR revealed no evidence of
microscopy space pictures and imaging, ability to tedious sample

diffraction degree

residual crystallinity. However,
of the 55 investigated particles,
two places with crystals at the
edges of milled particles were
found using TEM.

detect crystallinity ~preparation

5.1. Tetrahertz Spectroscopy

Terahertz (THz) spectroscopy and imaging have quickly emerged as a flexible ana-
lytical method in recent times. With a broadly defined frequency range of from 100 GHz
to 10 THz, the terahertz portion of the electromagnetic (EM) spectrum falls between the
infrared and microwave domains. The frequency range of most THz-TDS equipment,
however, is around 0.1-4 THz (3-133 cm™) [154]. It has qualities such as low energy, high
directivity, a forceful penetration to most dielectric materials, and a huge capacity for both
transmission and transport. The three core features of terahertz radiation include: (1) the
capacity to measure low-energy intramolecular and intermolecular vibrations within and
between molecules; (2) relatively low scattering losses owing to long wavelengths com-
pared to typical particle sizes in pharmaceutical dosage forms; and (3) the capacity to pen-
etrate a variety of polymeric and ceramic excipients due to low terahertz absorption. Te-
rahertz pulsed spectroscopy (TPS) of amorphous materials exhibits no distinguishable
spectral bands because TPS pertains to the intermolecular vibrations within the lattice
structure rather than the intramolecular vibrations [155]. However, using TPS, the recrys-
tallization phenomenon that could take place in an ASD may be monitored and validated
[156]. The different spectrum shifts that occur with an increase in temperature provide
vital information regarding relaxation and crystallization processes when measured in
situ using temperature-dependent TPS [157]. In addition, TPS may be used in the process
of determining the onset and intensity of molecular mobility, which is the fundamental
process behind the crystallization of amorphous medicines [158]. Davis Jr. et al. [159] de-
veloped ASDs containing API LY3009120 using the Kinetisol® process and evaluated the
molecular interactions using terahertz spectroscopy. The crystalline form of LY3009120
and co-povidone’s THz absorption spectra is shown in Figure 6. The authors reported that
Kinetisol® formulations produced a miscible system that confirmed that formulations re-
duced the absorption coefficient compared to the physical combination.
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Figure 6. The THz absorption coefficient of co-povidone (amorphous) and LY3009120 as measured
using THz-TD. Adapted from [159] under Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

5.2. Dielectric Spectroscopy

Dielectric spectroscopy (DS), also known as impedance spectroscopy and electro-
chemical impedance spectroscopy, is often used to investigate the response of a sample
that has been exposed to an applied electric field of a constant or varying frequency [160].
Recent years have witnessed a surge in the utilization of dielectric methods as experi-
mental approaches to study relaxation processes in amorphous pharmaceutical systems
[43]. Since both the cooperative and non-cooperative motion of drug molecules may be
determined from this technique, dielectric spectroscopy has been utilized to detect the
time scale of intramolecular and molecular motion. Similarly, researchers such as Pacult
et al. [161] used dielectric spectroscopy to explore the relaxation behavior of co-amor-
phous systems containing flutamide and bicalutamide. The authors reported that the de-
veloped formulations did not exhibit any signs of crystallization after being subjected to
a super-cooled liquid condition. Another research group, Anusaya et al. [162], investi-
gated the influence of cross-linkers on the stability and molecular mobility of ASDs con-
taining Ketoconazole using DS. The longer a-relaxation time revealed that the molecular
mobility decreases as the concentration of cross-linkers in the formulation increases.

5.3. X-ray Micro-Computed Tomography

X-ray computed tomography (XuCT) is capable of offering information on the inte-
rior structure of materials in a non-destructive manner on length scales ranging from me-
ters to tens of nanometers. Using the penetrating power of X-rays, it obtains a sequence of
two-dimensional radiographs of the element viewed from a variety of angles, sometimes
referred to as XuCT Scan [163]. From these 2D projections (radiographs) of the object, a
computed reconstruction algorithm is employed to build a stack of cross-sectional slices.
This procedure generates a computerized 3D greyscale depiction (commonly referred to
as a tomogram) of the object’s underlying structure. For a better view of 3D morphology,
this may be statistically analysed and virtually dissected in any direction. Additionally,
particular constituents can be digitally color-coded or rendered clear to obtain the desired
effect. Imaging using XuCT has a number of benefits compared to other methods, the most
important of which is that it is non-destructive. In the process of ASD characterization,
XuCT has been utilized to view and quantify the structure of spray-drying particles. This
includes the wall thickness and interior structures of the particles [164]. In addition, XuCT
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has been employed as a quantitative approach to assess the drug-phase separation in
patches that have been manufactured via HME and injection molding [165]. Kissi et al.
[123] prepared ASDs of Naproxen (NAP) with varying drug loads (10-30% w/w) using
3D-printing technology. According to the results of the XuCT, the nozzle may not deposit
material in all areas during the 3D-printing of tablets containing 20% w/w of drug, as spec-
ified in the design file, whereas only a few air voids were produced for the 30% w/w
naproxen tablet, resulting in a denser structure, as observed in Figure 7. The absence of a
printing wall or infill density pattern indicates that the structure is dense, suggesting good
material flow, which is determined with the aid of this advanced XuCT technique.
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(b)

Figure 7. XuCT images showing material deposition and 3D pore distribution (red) in 3D-printed
tablets containing (a) 20% w/w NAP and (b) 30% w/w NAP. Adapted from [123] under Creative
Commons Attribution (CC BY) license, (https://creativecommons.org/licenses/by/4.0/).

Approaches to thermal analysis and spectroscopic analysis evolved as an essential
component of the characterization process for ASDs. These measures allow for the acqui-
sition of a wide variety of useful information, such as the assessment of a substance mo-
lecular mobility, crystallization behavior, and system miscibility. The characterization of
ASDs has received a lot of attention and research in the last ten years, which has led to a
lot of development. Considering the increasing use of amorphous formulation strategies
to deal with poor aqueous solubility, these novel techniques, and the information gleaned
from them are likely to become more sophisticated, further enhancing our understanding
of the fundamental properties of these formulations.

6. Computational Models for Stability Predictions

At present, determining the physical stability of ASDs by trial-and-error would re-
quire at least three-six months. If this time-consuming process fails, it is important to try
again. Furthermore, the process behind the physical stability of solid dispersions is not
yet fully understood [166]. In recent years, a number of hypotheses concerning the stabil-
ity of solid dispersions have been debated, including those concerning the solubility pa-
rameters and the T prediction model [167]. These theoretical models require a substantial
quantity of physicochemical information on each constituent, as well as a great deal of
expert-level expertise. In addition to this, the power of these models to make predictions
was relatively restricted because of the uncontrolled inaccuracy caused by the mathemat-
ical postulate [168].

Another useful tool is molecular modelling, which combines theoretical and compu-
tational methods to simulate the behavior of molecules at the atomic level; this type of
modelling is known as molecular simulation [169]. The use of machine learning has the
potential to make data-driven decision-making easier, to speed up processes, and mini-
mize the number of times that procedures fail. Several researchers are employing these
intelligent systems to forecast the physical stability of ASDs. Computational techniques
make it possible to obtain a deeper knowledge of ASD phenomena, particularly when
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used in tandem to supplement and inform trials, as well as to aid in the construction of
prediction models for the pragmatic formulation design process. Molecular modeling and
simulation approaches help to clarify crucial stabilizing intermolecular interactions be-
tween API and carrier, estimate solubility parameters, simulate ASD formation and dis-
solution procedures, and create descriptors for quantitative structure-property connec-
tions (QSPR) [170].

Lee et al. [171] explored deep learning techniques for predicting the stability of ASDs
which is time-consuming and expensive, thus, offering a brand-new prediction model ar-
chitecture. Correspondingly Han et al. [168] also investigated a novel machine learning
method to overcome the conventional ASDs stability prediction approach. In this study,
the RF algorithm effectively constructed the prediction model with 646 formulation data
and achieved an accuracy of 82% wj/w for solid dispersion physical stability. This predic-
tion model also makes clear the significance of each formulation element, which has a
substantial positive impact on the design of solid dispersion formulations.

The combined theoretical, modelling, experimental, and data-driven Al technique
may be used in the formulation production of future alternative dosage forms. This is a
revolutionary strategy to increase the effectiveness and precision of developing solid dis-
persion formulations to construct an intelligent system for the stability predictions using
machine-learning techniques.

7. Conclusions and Future Perspectives

Over the decades, ASDs have emerged as one of the most promising approaches for
the solubility enhancement of poorly water-soluble drugs. The use of high-throughput
screening techniques combined with a better understanding of the physicochemical prop-
erties of NCEs resulted in advances in preformulation strategies for ASDs. The knowledge
acquired during preformulation studies helps to understand the potential challenges in
formulating ASDs, such as recrystallization during stability, increased pill burden (based
on required dose), or precipitation during in vitro dissolution. These challenges were mit-
igated using the recent developments in formulation strategies, such as the use of poly-
meric combinations, and the use of surfactants or polymeric salts. In addition to the pre-
formulation and formulation advances, various recent technological advances have
emerged over the decades, which have led to the commercial capability of formulating
ASDs. These technologies also have the potential for continuous manufacturing of ASDs,
which still needs to be explored to make them viable for commercial setup. The recent
advances in the field of engineering resulted in improved characterization techniques that
help to understand the morphological aspects of ASDs at a submicron level, which was
not possible earlier. Some of these advanced characterization techniques (Raman imaging)
have the potential to be a process analytical tools (PAT) tool in the continuous manufac-
turing of ASDs. In the current review, an attempt was made to summarize the prominent
and recent advances related to the formulation of ASDs. There is still a lot of research
ongoing to better understand ASDs and overcome the associated challenges.

Author Contributions: Conceptualization, P.K.N., HK.M. and P.K.B.; writing —original draft prep-
aration, P.K.N.,, HK.M,, S.T,, D.J.,, S KM. and G.R.; writing—review and editing, P.X.N., SK.M.,
AlJ.,PKB., G.R.and G.N,; supervision, P.K.N., HK.M. and P.K.B. All authors have read and agreed
to the published version of the manuscript.

Funding: This review received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2022, 14, 2203 28 of 34

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Duong, T.V.; Nguyen, H.T.; Taylor, L.S. Combining enabling formulation strategies to generate supersaturated solutions of
delamanid: In situ salt formation during amorphous solid dispersion fabrication for more robust release profiles. Eur. J. Pharm.
Biopharm. 2022, 174, 131-143.

Coty, J.-B.; Martin, C.; Telo, L; Spitzer, D. Use of Spray Flash Evaporation (SFE) technology to improve dissolution of poorly
soluble drugs: Case study on furosemide nanocrystals. Int. ]. Pharm. 2020, 589, 119827.

Baghel, S.; Cathcart, H.; O'Reilly, N.J. Polymeric Amorphous Solid Dispersions: A Review of Amorphization, Crystallization,
Stabilization, Solid-State Characterization, and Aqueous Solubilization of Biopharmaceutical Classification System Class II
Drugs. J. Pharm. Sci. 2016, 105, 2527-2544.

He, Y.,; Ho, C. Amorphous Solid Dispersions: Utilization and Challenges in Drug Discovery and Development. J. Pharm. Sci.
2015, 104, 3237-3258.

Franga, M.T.; Martins Marcos, T.; Costa, P.F.A.; Bazzo, G.C.; Nicolay Pereira, R.; Gerola, A.P.; Stulzer, H.K. Eutectic mixture and
amorphous solid dispersion: Two different supersaturating drug delivery system strategies to improve griseofulvin release
using saccharin. Int. J. Pharm. 2022, 615, 121498.

Vasconcelos, T.; Marques, S.; das Neves, J.; Sarmento, B. Amorphous solid dispersions: Rational selection of a manufacturing
process. Adv. Drug Deliv. Rev. 2016, 100, 85-101.

Ditzinger, F.; Price, D.J.; Ilie, A.-R.; K6hl, N.J.; Jankovic, S.; Tsakiridou, G.; Aleandri, S.; Kalantzi, L.; Holm, R.; Nair, A; et al.
Lipophilicity and hydrophobicity considerations in bio-enabling oral formulations approaches— A PEARRL review. J. Pharm.
Pharmacol. 2018, 71, 464—482.

Meruva, S.; Thool, P.; Gong, Y.; Karki, S.; Bowen, W.; Kumar, S. Role of wetting agents and disintegrants in development of
danazol nanocrystalline tablets. Int. ]. Pharm. 2020, 577, 119026.

Mamidi, H.K,; Palekar, S.; Nukala, P.K.; Mishra, S.M.; Patki, M.; Fu, Y.; Supner, P.; Chauhan, G.; Patel, K. Process optimization
of twin-screw melt granulation of fenofibrate using design of experiment (DoE). Int. |. Pharm. 2021, 593, 120101.

Alshehri, S.; Imam, S.S.; Hussain, A.; Altamimi, M.A.; Alruwaili, N.K.; Alotaibi, F.; Alanazi, A.; Shakeel, F. Potential of solid
dispersions to enhance solubility, bioavailability, and therapeutic efficacy of poorly water-soluble drugs: Newer formulation
techniques, current marketed scenario and patents. Drug Deliv. 2020, 27, 1625-1643.

Baral, K.C.; Song, J.-G.; Lee, S.H.; Bajracharya, R.; Sreenivasulu, G.; Kim, M.; Lee, K.; Han, H.-K. Enhanced Bioavailability of
AC1497, a Novel Anticancer Drug Candidate, via a Self-Nanoemulsifying Drug Delivery System. Pharmaceutics 2021, 13, 1142.
Srinivasan, P.; Almutairi, M.; Dumpa, N.; Sarabu, S.; Bandari, S.; Zhang, F.; Ashour, E.; Repka, M. A. Theophylline-nicotinamide
pharmaceutical co-crystals generated using hot melt extrusion technology: Impact of polymeric carriers on processability. J.
Drug. Deliv. Sci. Technol. 2021, 61, 102128.

Haser, A.; Zhang, F. New Strategies for Improving the Development and Performance of Amorphous Solid Dispersions. AAPS
PharmSciTech 2018, 19, 978-990.

Meruva, S.; Thool, P.; Shah, S.; Karki, S.; Bowen, W.; Ghosh, I.; Kumar, S. Formulation and performance of Irbesartan nanocrys-
talline suspension and granulated or bead-layered dried powders—Part L. Int. |. Pharm. 2019, 568, 118189.

Sekiguchi, K.; Obi, N. Studies on Absorption of Eutectic Mixture. I. A Comparison of the Behavior of Eutectic Mixture of Sulfa-
thiazole and that of Ordinary Sulfathiazole in Man. Chem. Pharm. Bull. 1961, 9, 866-872.

Kallakunta, V.R.; Sarabu, S.; Bandari, S.; Batra, A.; Bi, V.; Durig, T.; Repka, M.A. Stable amorphous solid dispersions of feno-
fibrate using hot melt extrusion technology: Effect of formulation and process parameters for a low glass transition temperature
drug. J. Drug. Deliv. Sci. Technol. 2020, 58, 101395.

Sun, D.D,; Lee, P.I. Evolution of Supersaturation of Amorphous Pharmaceuticals: The Effect of Rate of Supersaturation Gener-
ation. Mol. Pharm. 2013, 10, 4330-4346.

Bhujbal, S.V.; Mitra, B.; Jain, U.; Gong, Y.; Agrawal, A.; Karki, S.; Taylor, L.S.; Kumar, S.; Zhou, Q. Pharmaceutical amorphous
solid dispersion: A review of manufacturing strategies. Acta Pharm. Sin. B 2021, 11, 2505-2536.

Almotairy, A.; Almutairi, M.; Althobaiti, A.; Alyahya, M.; Sarabu, S.; Alzahrani, A.; Zhang, F.; Bandari, S.; Repka, M.A. Effect
of pH modifiers on the solubility, dissolution rate, and stability of telmisartan solid dispersions produced by hot-melt extrusion
technology. J. Drug. Deliv. Sci. Technol. 2021, 65, 102674.

Newman, A.; Knipp, G.; Zografi, G. Assessing the performance of amorphous solid dispersions. J. Pharm. Sci. 2012, 101, 1355—
1377.

Xie, T.; Taylor, L.S. Effect of Temperature and Moisture on the Physical Stability of Binary and Ternary Amorphous Solid Dis-
persions of Celecoxib. J. Pharm. Sci. 2017, 106, 100-110.

Quillé, G.L.; Bhonsale, S.; Gielen, B.; Van Impe, J.F.; Collas, A.; Xiouras, C. Crystal Growth Kinetics of an Industrial Active
Pharmaceutical Ingredient: Implications of Different Representations of Supersaturation and Simultaneous Growth Mecha-
nisms. Cryst. Growth Des. 2021, 21, 5403-5420.

Ashwathy, P.; Anto, A.T.; Sudheesh, M.S. A mechanistic review on the dissolution phase behavior and supersaturation stabili-
zation of amorphous solid dispersions. Drug Dev. Ind. Pharm. 2021, 47, 1-11.

Bolla, P.K. Formulation Strategies to Enhance Solubility and Permeability of Small Molecules for Drug Delivery Applications.
Ph.D. Thesis, University of Texas at El Paso, El Paso, TX, USA, 2020.

Kaushik, R.; Budhwar, V.; Kaushik, D. An Overview on Recent Patents and Technologies on Solid Dispersion. Recent Pat. Drug
Deliv. Formul. 2020, 14, 63-74.



Pharmaceutics 2022, 14, 2203 29 of 34

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wilson, V.R; Lou, X,; Osterling, D.J.; Stolarik, D.F.; Jenkins, G.J.; Nichols, B.L.B.; Dong, Y.; Edgar, K.J.; Zhang, G.G.Z.; Taylor,
L.S. Amorphous solid dispersions of enzalutamide and novel polysaccharide derivatives: Investigation of relationships between
polymer structure and performance. Sci. Rep. 2020, 10, 18535.

Pandi, P.; Bulusu, R.; Kommineni, N.; Khan, W.; Singh, M. Amorphous solid dispersions: An update for preparation, character-
ization, mechanism on bioavailability, stability, regulatory considerations and marketed products. Int. J. Pharm. 2020, 586,
119560.

Vasconcelos, T.; Sarmento, B.; Costa, P. Solid dispersions as strategy to improve oral bioavailability of poor water soluble drugs.
Drug Discov. Today 2007, 12, 1068-1075.

Tan, D.K,; Davis, D.A.; Miller, D.A.; Williams, R.O.; Nokhodchi, A. Innovations in Thermal Processing: Hot-Melt Extrusion and
KinetiSol® Dispersing. AAPS PharmSciTech 2020, 21, 312.

Thakkar, R.; Jara, M.O.; Swinnea, S.; Pillai, A.R.; Maniruzzaman, M. Impact of Laser Speed and Drug Particle Size on Selective
Laser Sintering 3D Printing of Amorphous Solid Dispersions. Pharmaceutics 2021, 13, 1149.

Nukala, P.K.; Palekar, S.; Solanki, N.; Fu, Y.; Patki, M.; Shohatee, A.A.; Trombetta, L.; Patel, K. Investigating the application of
FDM 3D printing pattern in preparation of patient-tailored dosage forms. . 3d Print. Med. 2019, 3, 23-37.

J6z6, M.; Simon, N.; Yi, L.; M6czd, J.; Pukanszky, B. Improved Release of a Drug with Poor Water Solubility by Using Electro-
spun Water-Soluble Polymers as Carriers. Pharmaceutics 2022, 14, 34.

Goérniak, A.; Ztocinska, A.; Trojan, M.; Pecak, A.; Karolewicz, B. Preformulation Studies of Ezetimibe-Simvastatin Solid Disper-
sions in the Development of Fixed-Dose Combinations. Pharmaceutics 2022, 14, 912.

Zhang, L.; Luan, H.; Lu, W.; Wang, H. Preformulation Studies and Enabling Formulation Selection for an Insoluble Compound
at Preclinical Stage-From In Vitro, In Silico to In Vivo. J. Pharm. Sci. 2020, 109, 950-958.

Shah, H.S.; Chaturvedi, K.; Kuang, S.; Wang, J. Accelerating pre-formulation investigations in early drug product life cycles
using predictive methodologies and computational algorithms. Ther. Deliv. 2021, 12, 789-797.

Santitewagun, S.; Thakkar, R.; Zeitler, ].A.; Maniruzzaman, M. Detecting Crystallinity Using Terahertz Spectroscopy in 3D
Printed Amorphous Solid Dispersions. Mol. Pharm. 2022, 19, 2380-2389.

S’ari, M.; Blade, H.; Cosgrove, S.; Drummond-Brydson, R.; Hondow, N.; Hughes, L.P.; Brown, A. Characterization of Amor-
phous Solid Dispersions and Identification of Low Levels of Crystallinity by Transmission Electron Microscopy. Mol. Pharm.
2021, 18, 1905-1919.

Ma, X.; Williams, R.O. Characterization of amorphous solid dispersions: An update. ]. Drug. Deliv. Sci. Technol. 2019, 50, 113—
124.

Iyer, R.; Petrovska Jovanovska, V.; Berginc, K.; Jaklic, M.; Fabiani, F.; Harlacher, C.; Huzjak, T.; Sanchez-Felix, M.V. Amorphous
Solid Dispersions (ASDs): The Influence of Material Properties, Manufacturing Processes and Analytical Technologies in Drug
Product Development. Pharmaceutics 2021, 13, 1682.

Bhujbal, S.V.; Zemlyanov, D.Y.; Cavallaro, A.; Mangal, S.; Taylor, L.S.; Zhou, Q.T. Qualitative and Quantitative Characterization
of Composition Heterogeneity on the Surface of Spray Dried Amorphous Solid Dispersion Particles by an Advanced Surface
Analysis Platform with High Surface Sensitivity and Superior Spatial Resolution. Mol. Pharm. 2018, 15, 2045-2053.

Hancock, B.C.; Chauhan, H.V. Special Topic Cluster of Articles on “Advancement in the Formulation, Characterization and
Performance of Amorphous Solid Dispersions (ASDs)”. J. Pharm. Sci. 2021, 110, 1431.

Lee, W.Y.T.; Boersen, A.N.; Hui, H.W.; Chow, S.F.; Wan, K.Y.; Chow, H.L.A. Delivery of Poorly Soluble Compounds by Amor-
phous Solid Dispersions. Curr. Pharm. Des. 2014, 20, 303-324.

Baird, ]J.A.; Taylor, L.S. Evaluation of amorphous solid dispersion properties using thermal analysis techniques. Adv. Drug Deliv.
Rev. 2012, 64, 396-421.

Mamidi, H.K. Preformulation Studies for the Preparation of Amorphous Solid Dispersions. Ph.D. Thesis, Saint John’s Univer-
sity, New York, NY, USA, 2021.

Jia, W.; Yawman, P.D.; Pandya, K.M,; Sluga, K.; Ng, T.; Kou, D.; Nagapudi, K.; Luner, P.E.; Zhu, A.; Zhang, S.; et al. Assessing
the Interrelationship of Microstructure, Properties, Drug Release Performance, and Preparation Process for Amorphous Solid
Dispersions Via Noninvasive Imaging Analytics and Material Characterization.  Pharm.  Res.  2022.
https://doi.org/10.1007/s11095-022-03308-9

Rask, M.B.; Knopp, M.M.; Olesen, N.E.; Holm, R.; Rades, T. Comparison of two DSC-based methods to predict drug-polymer
solubility. Int. J. Pharm. 2018, 540, 98-105.

Shi, Q.; Chen, H.; Wang, Y.; Wang, R.; Xu, J.; Zhang, C. Amorphous Solid Dispersions: Role of the Polymer and Its Importance
in Physical Stability and In Vitro Performance. Pharmaceutics 2022, 14, 1747.

Mathers, A.; Hassouna, F.; Klajmon, M.; Fulem, M. Comparative Study of DSC-Based Protocols for API-Polymer Solubility
Determination. Mol. Pharm. 2021, 18, 1742-1757.

Anane-Adjei, A.B.; Jacobs, E.; Nash, S.C.; Askin, S.; Soundararajan, R.; Kyobula, M.; Booth, J.; Campbell, A. Amorphous solid
dispersions: Utilization and challenges in preclinical drug development within AstraZeneca. Int. |. Pharm. 2022, 614, 121387.
Mamidi, H.K.; Rohera, B.D. Material-Sparing Approach using Differential Scanning Calorimeter and Response Surface Meth-
odology for Process Optimization of Hot-Melt Extrusion. J. Pharm. Sci. 2021, 110, 3838-3850.

Blaabjerg, L.I; Bulduk, B.; Lindenberg, E.; Lobmann, K.; Rades, T.; Grohganz, H. Influence of Glass Forming Ability on the
Physical Stability of Supersaturated Amorphous Solid Dispersions. J. Pharm. Sci. 2019, 108, 2561-2569.



Pharmaceutics 2022, 14, 2203 30 of 34

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

Baird, J.A.; Van Eerdenbrugh, B.; Taylor, L.S. A Classification System to Assess the Crystallization Tendency of Organic Mole-
cules from Undercooled Melts. ]. Pharm. Sci. 2010, 99, 3787-3806.

Nurzynska, K.; Booth, J.; Roberts, C.J.; McCabe, J.; Dryden, I; Fischer, P.M. Long-Term Amorphous Drug Stability Predictions
Using Easily Calculated, Predicted, and Measured Parameters. Mol. Pharm. 2015, 12, 3389-3398.

Tian, Y.; Qian, K; Jacobs, E.; Amstad, E.; Jones, D.S.; Stella, L.; Andrews, G.P. The Investigation of Flory-Huggins Interaction
Parameters for Amorphous Solid Dispersion Across the Entire Temperature and Composition Range. Pharmaceutics 2019, 11,
420.

Mamidi, H.K,; Rohera, B.D. Application of Thermodynamic Phase Diagrams and Gibbs Free Energy of Mixing for Screening of
Polymers for Their Use in Amorphous Solid Dispersion Formulation of a Non-Glass-Forming Drug. J. Pharm. Sci. 2021, 110,
2703-2717.

Dohrn, S.; Luebbert, C.; Lehmkemper, K.; Kyeremateng, S5.0.; Degenhardt, M.; Sadowski, G. Solvent influence on the phase
behavior and glass transition of Amorphous Solid Dispersions. Eur. |. Pharm. Biopharm. 2021, 158, 132-142.

Mendonsa, N.; Almutairy, B.; Kallakunta, V.R.; Sarabu, S.; Thipsay, P.; Bandari, S.; Repka, M.A. Manufacturing strategies to
develop amorphous solid dispersions: An overview. |. Drug. Deliv. Sci. Technol. 2020, 55, 101459.

Nukala, P.K.; Palekar, S.; Patki, M.; Fu, Y.; Patel, K. Multi-dose oral abuse deterrent formulation of loperamide using hot melt
extrusion. Int. |. Pharm. 2019, 569, 118629.

Tambe, S.; Jain, D.; Agarwal, Y.; Amin, P. Hot-melt extrusion: Highlighting recent advances in pharmaceutical applications. J.
Drug. Deliv. Sci. Technol. 2021, 63, 102452.

Juluri, A.; Popescu, C.; Zhou, L.; Murthy, R.N.; Gowda, V.K,; P. CK,; Pimparade, M.B.; Repka, M.A.; Murthy, S.N. Taste Mask-
ing of Griseofulvin and Caffeine Anhydrous Using Kleptose Linecaps DE17 by Hot Melt Extrusion. AAPS PharmSciTech 2016,
17, 99-105.

Kotamarthy, L.; Feng, X.; Alayoubi, A.; Kumar Bolla, P.; Ramachandran, R.; Ashraf, M.; O’Connor, T.; Zidan, A. Switching from
batch to continuous granulation: A case study of metoprolol succinate ER tablets. Int. J. Pharm. 2022, 617, 121598.

Manda, P.; Popescu, C.; Juluri, A.; Janga, K.; Kakulamarri, P.R.; Narishetty, S.; Narasimha Murthy, S.; Repka, M.A. Micronized
Zaleplon Delivery via Orodispersible Film and Orodispersible Tablets. AAPS PharmSciTech 2018, 19, 1358-1366.

Jain, D.D.; Tambe, S.M.; Amin, P.D. Formulation performance window for manufacturing cellulose-based sustained-release
mini-matrices of highly water-soluble drug via hot-melt extrusion technology. Cellulose 2022, 29, 3323-3350.

Jain, D.D.; Tambe, S.M.; Amin, P.D. Oral Controlled Drug Delivery by Hot-Melt Extrusion Technology. In Advancements in
Controlled Drug Delivery Systems; Verma, S., Verma, S.K., Eds.; IGI Global: Hershey, PA, USA, 2022; pp. 205-236.

Wang, B.; Liu, F.; Xiang, J.; He, Y.; Zhang, Z.; Cheng, Z; Liu, W.; Tan, S. A critical review of spray-dried amorphous pharma-
ceuticals: Synthesis, analysis and application. Int. |. Pharm. 2021, 594, 120165.

Baumann, ].M.; Adam, M.S.; Wood, ].D. Engineering Advances in Spray Drying for Pharmaceuticals. Annu. Rev. Chem. Biomol.
Eng. 2021, 12, 217-240.

Singh, A.; Van den Mooter, G. Spray drying formulation of amorphous solid dispersions. Adv. Drug Deliv. Rev. 2016, 100, 27—
50.

Vig, B.; Morgen, M. Chapter 30 —Formulation, Process Development, and Scale-Up: Spray-Drying Amorphous Solid Disper-
sions for Insoluble Drugs. In Developing Solid Oral Dosage Forms, 2nd ed.; Qiu, Y., Chen, Y., Zhang, G.G.Z,, Yu, L., Mantri, R.V,,
Eds.; Academic Press: Boston, MA, USA, 2017; pp. 793-820.

Stagner, W.C.; Iyer, M.; Rathod, V.; Meruva, S.; Staton, S.; Haware, R.V. Human volunteer, in vitro, and molecular level evalu-
ation of an optimized taste-masked isoniazid-chitosan spray-dried microparticle matrix. Int. ]. Pharm. 2019, 572, 118774.
Srinarong, P.; de Waard, H.; Frijlink, H-W; Hinrichs, W.L.J. Improved dissolution behavior of lipophilic drugs by solid disper-
sions: The production process as starting point for formulation considerations. Expert Opin. Drug Deliv. 2011, 8, 1121-1140.
Qian, K;; Stella, L.; Jones, D.S.; Andrews, G.P.; Du, H,; Tian, Y. Drug-Rich Phases Induced by Amorphous Solid Dispersion:
Arbitrary or Intentional Goal in Oral Drug Delivery? Pharmaceutics 2021, 13, 889.

Mudie, D.M.; Buchanan, S.; Stewart, A.M.; Smith, A.; Shepard, K.B.; Biswas, N.; Marshall, D.; Ekdahl, A.; Pluntze, A.; Craig,
C.D; et al. A novel architecture for achieving high drug loading in amorphous spray dried dispersion tablets. Int. J. Pharm. X
2020, 2, 100042.

Mudie, D.M.; Stewart, A.M.; Biswas, N.; Brodeur, T.]J.; Shepard, K.B.; Smith, A.; Morgen, M.M.; Baumann, ].M.; Vodak, D.T.
Novel High-Drug-Loaded Amorphous Dispersion Tablets of Posaconazole; In Vivo and In Vitro Assessment. Mol. Pharm. 2020,
17, 4463-4472.

Bechtold, M.K.; Packhaeuser, C.B.; Fastnacht, K.M.; Liepold, B.H.; Steitz, B.; Cahill, ].K.; Lennon, K.J. Immedjiate release phar-
maceutical formulation of 4-[3-(4-cyclopropanecarbonyl-piperazine-1-carbonyl)-4-fluoro-benzyl]-2H-phthalazin-1-one. Google
Patents: 2013.

Mudge, S.J.; Hayes, D.; Lukas, S. Itraconazole compositions and dosage forms, and methods of using the same. Google Patents:
2016.

Available online: https://tolsura.com/ (accessed on 04 July 2022.

Rauseo, A.M.; Mazi, P.; Lewis, P.; Burnett, B.; Mudge, S.; Spec, A. Bioavailability of Single-Dose SUBA-Itraconazole Compared
to Conventional Itraconazole under Fasted and Fed Conditions. Antimicrob. Agents Chemother. 2021, 65, e€0013421.



Pharmaceutics 2022, 14, 2203 31 of 34

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Butreddy, A.; Sarabu, S.; Almutairi, M.; Ajjarapu, S.; Kolimi, P.; Bandari, S.; Repka, M.A. Hot-melt extruded hydroxypropyl
methylcellulose acetate succinate based amorphous solid dispersions: Impact of polymeric combinations on supersaturation
kinetics and dissolution performance. Int. J. Pharm. 2022, 615, 121471.

Butreddy, A. Hydroxypropyl methylcellulose acetate succinate as an exceptional polymer for amorphous solid dispersion for-
mulations: A review from bench to clinic. Eur. J. Pharm. Biopharm. 2022, 177, 289-307.

Wilodarski, K.; Zhang, F.; Liu, T.; Sawicki, W.; Kipping, T. Synergistic Effect of Polyvinyl Alcohol and Copovidone in Itracona-
zole Amorphous Solid Dispersions. Pharm. Res. 2018, 35, 16.

Postges, F.; Kayser, K.; Stoyanov, E.; Wagner, K.G. Boost of solubility and supersaturation of celecoxib via synergistic interac-
tions of methacrylic acid-ethyl acrylate copolymer (1:1) and hydroxypropyl cellulose in ternary amorphous solid dispersions.
Int. J. Pharm. X 2022, 4, 100115.

Chen, Y.; Wang, S.; Wang, S.; Liu, C.; Su, C.; Hageman, M.; Hussain, M.; Haskell, R.; Stefanski, K.; Qian, F. Initial Drug Disso-
lution from Amorphous Solid Dispersions Controlled by Polymer Dissolution and Drug-Polymer Interaction. Pharm. Res. 2016,
33, 2445-2458.

Monschke, M.; Wagner, K.G. Impact of HPMCAS on the Dissolution Performance of Polyvinyl Alcohol Celecoxib Amorphous
Solid Dispersions. Pharmaceutics 2020, 12, 541.

Everaerts, M.; Cools, L.; Adriaensens, P.; Reekmans, G.; Baatsen, P.; Van den Mooter, G. Investigating the Potential of Ethyl
Cellulose and a Porosity-Increasing Agent as a Carrier System for the Formulation of Amorphous Solid Dispersions. Mol. Pharm.
2022, 19, 2712-2724.

Ohyagi, N.; Ueda, K.; Higashi, K.; Yamamoto, K.; Kawakami, K.; Moribe, K. Synergetic Role of Hypromellose and Methacrylic
Acid Copolymer in the Dissolution Improvement of Amorphous Solid Dispersions. J. Pharm. Sci. 2017, 106, 1042-1050.
Rahman, M.; Coelho, A.; Tarabokija, J.; Ahmad, S.; Radgman, K.; Bilgili, E. Synergistic and antagonistic effects of various am-
phiphilic polymer combinations in enhancing griseofulvin release from ternary amorphous solid dispersions. Eur. ]. Pharm. Sci.
2020, 150, 105354.

Kalhapure, R.S.; Bolla, P.K.; Boddu, S.H.; Renukuntla, J. Evaluation of Oleic Acid and Polyethylene Glycol Monomethyl Ether
Conjugate (PEGylated Oleic Acid) as a Solubility Enhancer of Furosemide. Processes 2019, 7, 520.

Kapourani, A.; Tzakri, T.; Valkanioti, V.; Kontogiannopoulos, K.N.; Barmpalexis, P. Drug crystal growth in ternary amorphous
solid dispersions: Effect of surfactants and polymeric matrix-carriers. Int. ]. Pharm. X 2021, 3, 100086.

Saboo, S.; Bapat, P.; Moseson, D.E.; Kestur, U.S.; Taylor, L.S. Exploring the Role of Surfactants in Enhancing Drug Release from
Amorphous Solid Dispersions at Higher Drug Loadings. Pharmaceutics 2021, 13, 735.

Siriwannakij, N.; Heimbach, T.; Serajuddin, A.T.M. Aqueous Dissolution and Dispersion Behavior of Polyvinylpyrrolidone Vi-
nyl Acetate-based Amorphous Solid Dispersion of Ritonavir Prepared by Hot-Melt Extrusion with and without Added Surfac-
tants. J. Pharm. Sci. 2021, 110, 1480-1494.

Yang, L.; Wu, P.; Xu, J.; Xie, D.; Wang, Z.; Wang, Q.; Chen, Y.; Li, C.H.; Zhang, J.; Chen, H.; et al. Correction to: Development of
Apremilast Solid Dispersion Using TPGS and PVPVA with Enhanced Solubility and Bioavailability. AAPS PharmSciTech 2021,
22, 176.

Indulkar, A.S.; Lou, X.; Zhang, G.G.Z.; Taylor, L.S. Role of Surfactants on Release Performance of Amorphous Solid Dispersions
of Ritonavir and Copovidone. Pharm. Res. 2022, 39, 381-397.

Yen, C.-W.; Kuhn, R;; Hu, C,; Zhang, W.; Chiang, P.-C.; Chen, ].Z.; Hau, ]J.; Estevez, A.; Nagapudi, K.; Leung, D.H. Impact of
surfactant selection and incorporation on in situ nanoparticle formation from amorphous solid dispersions. Int. |. Pharm. 2021,
607, 120980.

Qi, Q.; Taylor, L.S. Improved dissolution of an enteric polymer and its amorphous solid dispersions by polymer salt formation.
Int. J. Pharm. 2022, 622, 121886.

Ellenberger, D.J.; Miller, D.A.; Williams, R.O. Expanding the Application and Formulation Space of Amorphous Solid Disper-
sions with KinetiSol®: A Review. AAPS PharmSciTech 2018, 19, 1933-1956.

DiNunzio, J.C.; Brough, C.; Hughey, J.R.; Miller, D.A.; Williams, R.O.; McGinity, ].W. Fusion production of solid dispersions
containing a heat-sensitive active ingredient by hot melt extrusion and Kinetisol® dispersing. Eur. |. Pharm. Biopharm. 2010, 74,
340-351.

Miller, D.A.; Keen, ].M. KinetiSol®-Based Amorphous Solid Dispersions. In Amorphous Solid Dispersions: Theory and Practice;
Shah, N., Sandhu, H., Choi, D.S., Chokshi, H., Malick, A.W., Eds.; Springer: New York, NY, USA, 2014; pp. 567-577.

Palekar, S.; Nukala, P.K.; Mishra, S.M.; Kipping, T.; Patel, K. Application of 3D printing technology and quality by design ap-
proach for development of age-appropriate pediatric formulation of baclofen. Int. J. Pharm. 2019, 556, 106-116.

Nukala, P.K; Palekar, S.; Patki, M.; Patel, K. Abuse Deterrent Inmediate Release Egg-Shaped Tablet (Egglets)Using 3D Printing
Technology: Quality by Design to Optimize Drug Release andExtraction. AAPS PharmSciTech 2019, 20, 80.

Palekar, S.; Nukala, P.K.; Patel, K. Aversion liquid-filled drug releasing capsule (3D-RECAL): A novel technology for the devel-
opment of immediate release abuse deterrent formulations using a fused deposition modelling (FDM) 3D printer. Int. ]. Pharm.
2022, 621, 121804.

Dumpa, N.; Butreddy, A.; Wang, H.; Komanduri, N.; Bandari, S.; Repka, M.A. 3D printing in personalized drug delivery: An
overview of hot-melt extrusion-based fused deposition modeling. Int. ]. Pharm. 2021, 600, 120501.

Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172-196.



Pharmaceutics 2022, 14, 2203 32 of 34

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Pistone, M.; Racaniello, G.F.; Arduino, I.; Laquintana, V.; Lopalco, A.; Cutrignelli, A.; Rizzi, R.; Franco, M.; Lopedota, A.; Denora,
N. Direct cyclodextrin-based powder extrusion 3D printing for one-step production of the BCS class II model drug niclosamide.
Drug Deliv. Transl. Res. 2022, 12, 1895-1910.

Gueche, Y.A.; Sanchez-Ballester, N.M.; Cailleaux, S.; Bataille, B.; Soulairol, I. Selective Laser Sintering (SLS), a New Chapter in
the Production of Solid Oral Forms (SOFs) by 3D Printing. Pharmaceutics 2021, 13, 1212.

Tetyczka, C.; Brisberger, K.; Reiser, M.; Zettl, M.; Jeitler, R.; Winter, C.; Kolb, D.; Leitinger, G.; Spoerk, M.; Roblegg, E. Itracona-
zole Nanocrystals on Hydrogel Contact Lenses via Inkjet Printing: Implications for Ophthalmic Drug Delivery. ACS Appl. Nano
Mater. 2022, 5, 9435-9446.

Li, R; Pan, Y.; Chen, D.; Xu, X,; Yan, G.; Fan, T. Design, Preparation and In Vitro Evaluation of Core&ndash;Shell Fused Depo-
sition Modelling 3D-Printed Verapamil Hydrochloride Pulsatile Tablets. Pharmaceutics 2022, 14, 437.

Davis, D.A.; Thakkar, R.; Su, Y.; Williams, R.O.; Maniruzzaman, M. Selective Laser Sintering 3-Dimensional Printing as a Single
Step Process to Prepare Amorphous Solid Dispersion Dosage Forms for Improved Solubility and Dissolution Rate. J. Pharm. Sci.
2021, 110, 1432-1443.

Charoo, N.A.; Barakh Ali, S.F.; Mohamed, E.M.; Kuttolamadom, M.A.; Ozkan, T.; Khan, M.A.; Rahman, Z. Selective laser sin-
tering 3D printing— An overview of the technology and pharmaceutical applications. Drug Dev. Ind. Pharm. 2020, 46, 869-877.
Li, M,; Han, Y.; Zhou, M.; Chen, P.; Gao, H.; Zhang, Y.; Zhou, H. Experimental investigating and numerical simulations of the
thermal behavior and process optimization for selective laser sintering of PA6. J. Manuf. Process. 2020, 56, 271-279.

Gayer, C.; Ritter, J.; Bullemer, M.; Grom, S.; Jauer, L.; Meiners, W.; Pfister, A.; Reinauer, F.; Vucak, M.; Wissenbach, K; et al.
Development of a solvent-free polylactide/calcium carbonate composite for selective laser sintering of bone tissue engineering
scaffolds. Mater. Sci. Eng. C 2019, 101, 660-673.

Singh, S.; Sharma, V.S.; Sachdeva, A. Application of response surface methodology to analyze the effect of selective laser sin-
tering parameters on dimensional accuracy. Prog. Addit. Manuf. 2019, 4, 3-12.

Goodridge, R.D.; Tuck, C.J.; Hague, R.J.M. Laser sintering of polyamides and other polymers. Prog. Mater. Sci. 2012, 57, 229—
267.

Lekurwale, S.; Karanwad, T.; Banerjee, S. Selective laser sintering (SLS) of 3D printlets using a 3D printer comprised of IR/red-
diode laser. Ann. 3d Print. Med. 2022, 6, 100054.

Gueche, Y.A,; Sanchez-Ballester, N.M.; Bataille, B.; Aubert, A.; Rossi, J.-C.; Soulairol, I. A QbD Approach for Evaluating the
Effect of Selective Laser Sintering Parameters on Printability and Properties of Solid Oral Forms. Pharmaceutics 2021, 13, 1701.
Akilesh, M.; Elango, P.R.; Devanand, A.A ; Soundararajan, R.; Varthanan, P.A. Optimization of Selective Laser Sintering Process
Parameters on Surface Quality. In 3D Printing and Additive Manufacturing Technologies; Kumar, L.J., Pandey, P.M., Wimpenny,
D.I, Eds.; Springer: Singapore, 2019; pp. 141-157.

Crump, S.S. Fast, precise, safe prototypes with FDM. ASME PED 1991, 50, 53-60.

Vithani, K.; Goyanes, A.; Jannin, V.; Basit, A.W.; Gaisford, S.; Boyd, B.J. An Overview of 3D Printing Technologies for Soft
Materials and Potential Opportunities for Lipid-based Drug Delivery Systems. Pharm. Res. 2018, 36, 4.

Goyanes, A.; Det-Amornrat, U.; Wang, ].; Basit, A.W.; Gaisford, S. 3D scanning and 3D printing as innovative technologies for
fabricating personalized topical drug delivery systems. J. Control. Release 2016, 234, 41-48.

Goyanes, A.; Fina, F.; Martorana, A.; Sedough, D.; Gaisford, S.; Basit, A.W. Development of modified release 3D printed tablets
(printlets) with pharmaceutical excipients using additive manufacturing. Int. J. Pharm. 2017, 527, 21-30.

Mohamed, O.A.; Masood, S.H.; Bhowmik, J.L. Optimization of fused deposition modeling process parameters: A review of
current research and future prospects. Adv. Manuf. 2015, 3, 42-53.

Stansbury, J.W.; Idacavage, M.]. 3D printing with polymers: Challenges among expanding options and opportunities. Dent.
Mater. 2016, 32, 54-64.

Jaisingh Sheoran, A.; Kumar, H. Fused Deposition modeling process parameters optimization and effect on mechanical prop-
erties and part quality: Review and reflection on present research. Mater. Today: Proc. 2020, 21, 1659-1672.

Kissi, E.O.; Nilsson, R.; Nogueira, L.P.; Larsson, A.; Tho, I. Influence of Drug Load on the Printability and Solid-State Properties
of 3D-Printed Naproxen-Based Amorphous Solid Dispersion. Molecules 2021, 26, 4492.

Fanous, M.; Bitar, M.; Gold, S.; Sobczuk, A.; Hirsch, S.; Ogorka, J.; Imanidis, G. Development of immediate release 3D-printed
dosage forms for a poorly water-soluble drug by fused deposition modeling: Study of morphology, solid state and dissolution.
Int. J. Pharm. 2021, 599, 120417.

Fuenmayor, E.; Forde, M.; Healy, A.V.; Devine, D.M.; Lyons, ].G.; McConville, C.; Major, I. Material Considerations for Fused-
Filament Fabrication of Solid Dosage Forms. Pharmaceutics 2018, 10, 44.

Goyanes, A.; Allahham, N.; Trenfield, S.J.; Stoyanov, E.; Gaisford, S.; Basit, A.W. Direct powder extrusion 3D printing: Fabrica-
tion of drug products using a novel single-step process. Int. . Pharm. 2019, 567, 118471.

Yu, D.-G,; Lj, ].-].; Williams, G.R.; Zhao, M. Electrospun amorphous solid dispersions of poorly water-soluble drugs: A review.
J. Control. Release 2018, 292, 91-110.

Modica de Mohac, L.; Keating, A.V.; De Fatima Pina, M.; Raimi-Abraham, B.T. Engineering of Nanofibrous Amorphous and
Crystalline Solid Dispersions for Oral Drug Delivery. Pharmaceutics 2019, 11, 7.

Bai, Y.; Wang, D.; Zhang, Z.; Pan, J.; Cui, Z.; Yu, D.-G.; Annie Bligh, S.-W. Testing of fast dissolution of ibuprofen from its
electrospun hydrophilic polymer nanocomposites. Polym. Test. 2021, 93, 106872.



Pharmaceutics 2022, 14, 2203 33 of 34

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

Uhljar, L.E.; Kan, S.Y.; Radacsi, N.; Koutsos, V.; Szab6-Révész, P.; Ambrus, R. In Vitro Drug Release, Permeability, and Struc-
tural Test of Ciprofloxacin-Loaded Nanofibers. Pharmaceutics 2021, 13, 556.

Vass, P.; Szabd, E.; Domokos, A.; Hirsch, E.; Galata, D.; Farkas, B.; Démuth, B.; Andersen, S.K.; Vigh, T.; Verreck, G.; et al. Scale-
up of electrospinning technology: Applications in the pharmaceutical industry. WIREs Nanomed. Nanobiotechnol. 2020, 12, e1611.
Verreck, G.; Chun, L; Peeters, J.; Rosenblatt, J.; Brewster, M.E. Preparation and Characterization of Nanofibers Containing
Amorphous Drug Dispersions Generated by Electrostatic Spinning. Pharm. Res. 2003, 20, 810-817.

Nagy, ZK.; Balogh, A.; Vajna, B.; Farkas, A.; Patyi, G.; Kramarics, A.; Marosi, G. Comparison of Electrospun and Extruded
Soluplus®-Based Solid Dosage Forms of Improved Dissolution. J. Pharm. Sci. 2012, 101, 322-332.

Hoéhne, G.W.H.; Hemminger, W.F.; Flammersheim, H.]. Theoretical Fundamentals of Differential Scanning Calorimeters. In
Differential Scanning Calorimetry; Héhne, G.W.H., Hemminger, W.F., Flammersheim, H.J., Eds.; Springer: Berlin/Heidelberg,
Germany, 2003; pp. 31-63.

Tafu, N.N; Jideani, V.A. Characterization of Novel Solid Dispersions of Moringa oleifera Leaf Powder Using Thermo-Analytical
Techniques. Processes 2021, 9, 2230.

Raina, S.A.; Alonzo, D.E.; Zhang, G.G.Z.; Gao, Y.; Taylor, L.S. Impact of Polymers on the Crystallization and Phase Transition
Kinetics of Amorphous Nifedipine during Dissolution in Aqueous Media. Mol. Pharm. 2014, 11, 3565-3576.

Moseson, D.E.; Taylor, L.S. The application of temperature-composition phase diagrams for hot melt extrusion processing of
amorphous solid dispersions to prevent residual crystallinity. Int. ]. Pharm. 2018, 553, 454—466.

de Araujo, G.L.B.; Benmore, C.J.; Byrn, S.R. Local Structure of Ion Pair Interaction in Lapatinib Amorphous Dispersions charac-
terized by Synchrotron X-Ray diffraction and Pair Distribution Function Analysis. Sci. Rep. 2017, 7, 46367.

Tian, B.; Tang, X.; Taylor, L.S. Investigating the Correlation between Miscibility and Physical Stability of Amorphous Solid
Dispersions Using Fluorescence-Based Techniques. Mol. Pharm. 2016, 13, 3988-4000.

Saboo, S.; Mugheirbi, N.A.; Zemlyanov, D.Y.; Kestur, U.S.; Taylor, L.S. Congruent release of drug and polymer: A “sweet spot”
in the dissolution of amorphous solid dispersions. J. Control. Release 2019, 298, 68-82.

Que, C,; Gao, Y.; Raina, S.A.; Zhang, G.G.Z,; Taylor, L.S. Paclitaxel Crystal Seeds with Different Intrinsic Properties and Their
Impact on Dissolution of Paclitaxel-HPMCAS Amorphous Solid Dispersions. Cryst. Growth Des. 2018, 18, 1548-1559.

Lauer, M.E.; Siam, M.; Tardio, J.; Page, S.; Kindt, J.H.; Grassmann, O. Rapid Assessment of Homogeneity and Stability of Amor-
phous Solid Dispersions by Atomic Force Microscopy —From Bench to Batch. Pharm. Res. 2013, 30, 2010-2022.

Borde, S.; Hegde, P.; Prathipati, P.; North, J.; Kumari, D.; Chauhan, H. Formulation and characterization of ternary amorphous
solid dispersions of a highly potent anti-tubercular agent and curcumin. J. Drug. Deliv. Sci. Technol. 2021, 64, 102564.

Miiller, M.; Platten, F.; Dulle, M.; Fischer, B.; Hoheisel, W.; Serno, P.; Egelhaaf, S.; Breitkreutz, J. Precipitation from amorphous
solid dispersions in biorelevant dissolution testing: The polymorphism of regorafenib. Int. J. Pharm. 2021, 603, 120716.
Solomon, S.; Igbal, J.; Albadarin, A.B. Insights into the ameliorating ability of mesoporous silica in modulating drug release in
ternary amorphous solid dispersion prepared by hot melt extrusion. Eur. J. Pharm. Biopharm. 2021, 165, 244-258.

Zhang, Q.; Durig, T.; Blass, B.; Fassihi, R. Development of an amorphous based sustained release system for apremilast a selec-
tive phosphodiesterase 4 (PDE4) inhibitor. Int. |. Pharm. 2022, 615, 121516.

Yu, D.; Li, J; Wang, H.; Pan, H.; Li, T,; Bu, T.; Zhou, W.; Zhang, X. Role of polymers in the physical and chemical stability of
amorphous solid dispersion: A case study of carbamazepine. Eur. J. Pharm. Sci. 2022, 169, 106086.

Bhanderi, A.; Bari, F.; Al-Obaidi, H. Evaluation of the impact of surfactants on miscibility of griseofulvin in spray dried amor-
phous solid dispersions. J. Drug. Deliv. Sci. Technol. 2021, 64, 102606.

Bhujbal, S.V.; Pathak, V.; Zemlyanov, D.Y.; Taylor, L.S.; Zhou, Q. Physical Stability and Dissolution of Lumefantrine Amor-
phous Solid Dispersions Produced by Spray Anti-Solvent Precipitation. J. Pharm. Sci. 2021, 110, 2423-2431.

Moritani, T.; Kaneko, Y.; Morinaga, T.; Ohtake, H.; Seto, Y.; Sato, H.; Onoue, S. Tranilast-loaded amorphous solid dispersion
prepared with fine droplet drying process for improvement of oral absorption and anti-inflammatory effects on chemically-
induced colitis. J. Drug. Deliv. Sci. Technol. 2021, 64, 102544.

Zhao, M.; You, D.; Yin, J.; Sun, W.; Yin, T; Gou, ]J.; Zhang, Y.; Wang, Y.; He, H.; Tang, X. Quaternary enteric solid dispersion
prepared by hot-melt extrusion to mask the bitter taste and enhance drug stability. Int. J. Pharm. 2021, 597, 120279.

Jarrells, T.W.; Munson, E.J. Comparison of Differential Scanning Calorimetry, Powder X-ray Diffraction, and Solid-state Nuclear
Magnetic Resonance Spectroscopy for Measuring Crystallinity in Amorphous Solid Dispersions— Application to Drug-in-pol-
ymer Solubility. J. Pharm. Sci. 2022. https://doi.org/10.1016/j.xphs.2022.04.004

Paisana, M.C,; Lino, P.R.; Nunes, P.D.; Pinto, ].F.; Henriques, J.; Paiva, A.M. Laser diffraction as a powerful tool for amorphous
solid dispersion screening and dissolution understanding. Eur. |. Pharm. Sci. 2021, 163, 105853.

Jepsen, P.U.; Cooke, D.G.; Koch, M. Terahertz spectroscopy and imaging—Modern techniques and applications [Laser Photon.
Rev. 5, No. 124-166]. Laser Photonics Rev. 2012, 6, 418—-418.

Liu, X,; Feng, X.; Williams, R.O.; Zhang, F. Characterization of amorphous solid dispersions. J. Pharm. Investig. 2018, 48, 19-41.
Sibik, J.; Lébmann, K.; Rades, T.; Zeitler, ].A. Predicting Crystallization of Amorphous Drugs with Terahertz Spectroscopy. Mol.
Pharm. 2015, 12, 3062-3068.

Zeitler, J.A.; Taday, P.F.; Pepper, M.; Rades, T. Relaxation and Crystallization of Amorphous Carbamazepine Studied by Te-
rahertz Pulsed Spectroscopy. J. Pharm. Sci. 2007, 96, 2703-2709.

Sibik, J.; Zeitler, J.A. Direct measurement of molecular mobility and crystallisation of amorphous pharmaceuticals using te-
rahertz spectroscopy. Adv. Drug Deliv. Rev. 2016, 100, 147-157.



Pharmaceutics 2022, 14, 2203 34 of 34

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Davis, D.A.; Miller, D.A.; Santitewagun, S.; Zeitler, ]J.A.; Su, Y.; Williams, R.O. Formulating a heat- and shear-labile drug in an
amorphous solid dispersion: Balancing drug degradation and crystallinity. Int. ]. Pharm. X 2021, 3, 100092.

Deshmukh, K.; Sankaran, S.; Ahamed, B.; Sadasivuni, K.K.; Pasha, K.S.K.; Ponnamma, D.; Rama Sreekanth, P.S.; Chidambaram,
K. Chapter 10—Dielectric Spectroscopy. In Spectroscopic Methods for Nanomaterials Characterization; Thomas, S., Thomas, R., Zach-
ariah, A.K,, Mishra, R.K,, Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 237-299.

Pacult, J.; Rams-Baron, M.; Chmiel, K.; Jurkiewicz, K.; Antosik, A.; Szafraniec, J.; Kurek, M.; Jachowicz, R.; Paluch, M. How can
we improve the physical stability of co-amorphous system containing flutamide and bicalutamide? The case of ternary amor-
phous solid dispersions. Eur. |. Pharm. Sci. 2019, 136, 104947.

Sahoo, A.; Kumar, N.S.K,; Suryanarayanan, R. Crosslinking: An avenue to develop stable amorphous solid dispersion with high
drug loading and tailored physical stability. J. Control. Release 2019, 311-312, 212-224.

Withers, P.J.; Bouman, C.; Carmignato, S.; Cnudde, V.; Grimaldi, D.; Hagen, C.K.; Maire, E.; Manley, M.; Du Plessis, A.; Stock,
S.R. X-ray computed tomography. Nat. Rev. Methods Primers 2021, 1, 18.

Gamble, ].F,; Terada, M.; Holzner, C.; Lavery, L.; Nicholson, S.J.; Timmins, P.; Tobyn, M. Application of X-ray microtomography
for the characterisation of hollow polymer-stabilised spray dried amorphous dispersion particles. Int. |. Pharm. 2016, 510, 1-8.
Alhijjaj, M.; Yassin, S.; Reading, M.; Zeitler, ]J.A.; Belton, P.; Qi, S. Characterization of Heterogeneity and Spatial Distribution of
Phases in Complex Solid Dispersions by Thermal Analysis by Structural Characterization and X-ray Micro Computed Tomog-
raphy. Pharm. Res. 2017, 34, 971-989.

Qian, F.; Huang, J.; Hussain, M.A. Drug-Polymer Solubility and Miscibility: Stability Consideration and Practical Challenges
in Amorphous Solid Dispersion Development. |. Pharm. Sci. 2010, 99, 2941-2947.

Lu, J.; Cuellar, K.; Hammer, N.IL; Jo, S.; Gryczke, A.; Kolter, K.; Langley, N.; Repka, M.A. Solid-state characterization of Felodi-
pine-Soluplus amorphous solid dispersions. Drug Dev. Ind. Pharm. 2016, 42, 485-496.

Han, R; Xiong, H.; Ye, Z.; Yang, Y.; Huang, T.; Jing, Q.; Lu, J.; Pan, H.; Ren, F.; Ouyang, D. Predicting physical stability of solid
dispersions by machine learning techniques. J. Control. Release 2019, 311-312, 16-25.

Mali, S.N.; Tambe, S.; Pratap, A.P.; Cruz, ].N. Molecular Modeling Approaches to Investigate Essential Oils (Volatile Com-
pounds) Interacting with Molecular Targets. In Essential Oils: Applications and Trends in Food Science and Technology; Santana de
Oliveira, M., Ed.; Springer International Publishing: Cham, Switzerland, 2022; pp. 417-442.

Walden, D.M.; Bundey, Y.; Jagarapu, A.; Antontsev, V.; Chakravarty, K.; Varshney, J. Molecular Simulation and Statistical
Learning Methods toward Predicting Drug-Polymer Amorphous Solid Dispersion Miscibility, Stability, and Formulation De-
sign. Molecules 2021, 26, 182.

Lee, H.; Kim, J.; Kim, S.; Yoo, J.; Choi, G.J.; Jeong, Y.-S. Deep Learning-Based Prediction of Physical Stability considering Class
Imbalance for Amorphous Solid Dispersions. . Chem. 2022, 2022, 4148443.



