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a b s t r a c t

The present work highlights the use of miniaturized approaches to screen and prioritize development of solid
dispersions that provide stabilization of the amorphous drug against crystallization and enhanced dissolution
over the crystalline form. The approaches evaluated include solvent casting and solvent displacementebased
techniques. Four compounds were evaluated with both these screening approaches. A dual-pH dilution
method using fasted state simulated gastric fluid and fasted state simulated intestinal fluid as mediawas used
to evaluate solubility enhancement ratio in each well of the screen. The concentration at 15 mins after
dilution with fasted state simulated intestinal fluid and super-saturation ratio at the end of the dissolution
study is used as 2 descriptors of solubility enhancement. The empirical screening approaches were sup-
plemented with theoretical calculations of solubility enhancement to gauge the best-performing amorphous
solid dispersion (ASD). Physical stability of the amorphous systems was also evaluated, where applicable.
Lead ASD compositions from the screens were scaled up to verify the predictions. To our knowledge, this is
the first report where the 2 most common screening approaches for the development of ASDs are compared
head to head. These approaches are rapid, material sparing, and can be adapted to accommodate screening of
multiple variables such as polymer type, drug load, and ternary systems simultaneously. The strengths,
limitations, and most suitable applications for each of the 2 methods are also discussed.

© 2017 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

In the past few decades, the advent of high-throughput screening
and optimization in the drug discovery space has led to a surge in
poorly soluble molecules which fall under the category of Bio-
pharmaceutics Classification System class II or class IV. Poor solubi-
lity in turn could lead to insufficient bioavailability when delivered
orally. The problem of poor solubility has now been recognized as
one of the biggest challenges faced by pharmaceutical scientists.1,2

From a synthetic chemistry point of view, isolation of crystalline
material is preferred as this enhances the levels of chemical purity
and solid-state stability of the material. However for poorly soluble
molecules, the crystalline state often leads to poor dissolution and
suboptimal exposure. In response to the increase in Bio-
pharmaceutics Classification System class II and IV molecules in
development, there is a significant amount of research in the area of

solubility enhancement of active pharmaceutical ingredients (APIs)
through covalent and noncovalent chemical modifications
(prodrugs, salt forms, co-crystals),3,4 physical modifications (particle
size reduction, amorphization), or formulation approaches (pH
modifiers, surfactants, micelles/microspheres, and so forth).4 Among
these approaches, rendering the API amorphous is now emerging as
the method of choice as the apparent solubility can be increased
without detrimentally affecting apparent intestinal permeability.5

Rendering the crystalline form of the API amorphous could
yield enhanced apparent solubility and dissolution rate, by
eliminating long-range 3-dimensional order in the crystal lattice
and generating high-energy structurally disordered form of the
solid.6-8 Equilibrium solubility is the state when the driving and
opposing processes of dissolution and phase separation through
precipitation of the solid proceed simultaneously at a constant
rate. High-energy solids can provide transient solubility that
exceed the equilibrium solubility through the increase in the rate
of dissolution and delay in the process of precipitation, thus
maintaining super-saturation in solution.8 In spite of these
advantages, formulation development with amorphous solids is
challenging, as both the high-energy solid and the supersatu-
rated solution are thermodynamically unfavorable systems.2
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Incorporation of polymers in a drug matrix can reduce precipi-
tation kinetics by a combination of physical and chemical
interactions, such as altering boundary layer viscosity, molecular
mobility, and solubility, resulting in decreased nucleation and
crystal growth rates.7,9,10 Since, maintaining a supersaturated
solution is a quintessential piece to successfully increase bioavail-
ability, careful assessment of this phenomenon in vitro during
initial screening is of great importance. A lack of mechanistic
understanding and the complexity of the interplay between ther-
modynamic and kinetic driving forces in a supersaturated solution
have led to increased interest in empirical approaches to screen
polymers for practical applications.8,11-13

In developing and characterizing an amorphous solid, there are
2 key attributes that need to be assesseddphysical stability during
storage and maintenance of supersaturation through the absorp-
tion phase of the drug. Selection of a suitable polymer matrix is of
paramount importance, as it can play a significant role in altering
the aforementioned key attributes in addition to the manufactur-
ability of the amorphous system.11,14 There have been great strides
made in the development of novel tools and technologies to expand
the fundamental understanding of the key parameters required to
assess physical stability of amorphous solid dispersion (ASD) both
through the experimental determination and modeling of drug
mobility in the polymer matrix. Generally, polymers for screening
studies are selected based on Tg, chemical compatibility, hygro-
scopicity, and miscibility with API. Besides these factors, intermo-
lecular interactions of the polymer with the API and water ingress
into the system, and the impact of each of these on Tg should also be
considered during polymer selection.9,15

Rooted by the substantial increase in the use of spray-dried
amorphous dispersions in pharmaceutical products, there has been
an ever increasing number of literature reports on techniques to
screen polymers and modeling tools to predict miscibility.12,13,16-21

These approaches in theory aim to predict the ability of the
polymer-drug system to provide supersaturation in the in vivo
milieu. Among the various screening approaches reported in the
literature, some of the most commonly used high-throughput
approaches include, solvent casting on microtiter plates,16-18 sol-
vent displacement on microtiter plates either through the use
of co-solvent22,23 or pH-shift,24 screening of polymers for
amorphous drug stabilization introduced by Wyttenbach et al.20,21

and co-precipitation.25 Although multiple researchers have
explored these approaches independently, this is the first report
where the 2 most common high-throughput approaches using sol-
vent casting and solvent displacement are evaluated simultaneously,
and the results are further confirmed by scaling-up the lead systems
to assess their predictability. The strengths, limitations, and most
suitable applications for themethods are also discussed. In addition,
in this work, we have supplemented these empirical screening ap-
proacheswith theoretical calculations of solubility enhancements to
first assess if amorphization is indeed a suitable strategy to enhance
the performance of the selected drug. This is an essential but often
neglected step as not all drugs show physiologically relevant im-
provements in performance through amorphization. In addition,
theoretical calculations of solubility enhancement also enable the
selection of suitable ASD that is able to provide supersaturation in

line with theoretical expectations. To our knowledge, the present
work is the first comparison between the 2 miniaturized screening
approaches for developing solid dispersion formulations.

Materials and Methods

Materials

Four model drugs labeled A, B, C, and D were used in this study.
The drugs were chosen to represent both acidic (drug A and drug D)
and basic (drug B and drug C) molecules with low and high Tg as
summarized in Table 1. The following polymers were obtained from
various manufacturers as follows: PVPVA and Soluplus from BASF,
hydroxypropyl methylcellulose (HPMC) E5 from Dow Chemicals,
Eudragit EPO and Eudragit L100 from Evonik. Reverse osmosise
distilled water (18.2 MU) from an in-house system was used. Mobile
phase for the high-performance liquid chromatography (HPLC) anal-
ysis was 0.05% trifluoroacetic acid (TFA) in acetonitrile (ACN). TFAwas
purchased from Thermo Scientific and ACN from Burdick and Jackson
Inc. All other solvents used for film casting and spray drying were
HPLC grade and obtained from JT Baker. Biorelevant dissolution
media, fasted state simulated gastric fluid (FaSSGF) and intestinal fluid
(FaSSIF), were prepared using the Dressman's recipe.26

Estimation of Solubility Enhancement With Amorphization

Amorphous solubility advantage of the drugs was calculated
using Equation 1. In Equation 1, Sa/Sc is the solubility ratio between
amorphous and crystalline solid. DGc/a is their Gibbs free energy
difference at the measurement temperature. DGc/a can be calcu-
lated by differential scanning calorimetry (DSC) measurements of
melting enthalpy (DHm), melting temperature (Tm), glass transition
temperature (Tg) and heat capacity (Cp).

Sa
Sc

¼ eDGc/g=RT$e�Iða2Þ (1)

For drugs with Tg's higher than the measurement temperature T,
calculations were made using Equations 2-4. Cp was linearly fitted
against temperature for the calculation of enthalpy and entropy dif-
ference (DHc/a and DSc/a) as described by Almeida e Sousa et al.12

DGc/a ¼ DHc/a � TDSc/a (2)
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In Equations 2-4, c, l, and adenote crystal, supercooled liquid, and
amorphous solid, respectively. The term e�Iða2Þ in Equation 1
accounts for the reduction of drug molecular activity due to water

Table 1
Key Physicochemical Properties of the Model Compounds

Model Drug Solubility in Water (mg/mL) Log p pKa Tm (�C) Tg (�C)

Drug A 0.001 2.9 4.4 155.9 61.7
Drug B <0.001 3.3 5.0, 3.7, 1.1 277.3 144.9
Drug C 0.002 2.1 1.4 273.0 147.4
Drug D ~0.001 4.2 4.5 159.9 45.9
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