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Preface

The idea of writing this book was triggered by the development of ASD utilizing
microprecipitated bulk powder (MBP) technology at Hoffmann-La Roche and the
successful application of this technology to poorly soluble molecules, such as vemu-
rafenib. This technology was instrumental in transforming this novel molecule into
a medicine (Zelboraf®) for malignant melanoma patients. It was a gratifying and
fulfilling experience for all of us when Zelboraf® became a key drug for this deadly
disease and made a difference in the lives of many patients. We believe that many
pharmaceutical scientists face such a challenge, and a book covering the theory and
practice of amorphous solid dispersion technologies would be very useful to indus-
trial and academic scientists as well as students in understanding and handling the
challenges associated with developing such molecules.

Poorly water soluble drug molecules emerging from contemporary discovery
programs often have inadequate and/or variable in vivo exposure, presenting phar-
maceutical scientists with considerable challenges during development. Drugs with
poor and variable oral absorption often have suboptimal therapeutic performance
and significant food effect, thereby raising safety concerns, particularly for narrow
therapeutic window drugs. As a result, promising molecules can be terminated pre-
maturely if these issues are not adequately addressed. A number of formulation
strategies have been developed to enhance the bio-performance of such molecules.
Among these technologies, particle size reduction by micronization or nano milling
improves the rate of dissolution; however, this strategy has resulted in limited suc-
cess for poorly water soluble molecules having a solubility of less than 10 mcg/mL.
Solubilization in lipid vehicles and self-emulsifying delivery systems have certainly
added value, but their utility has been limited by drug loading, which remains a major
issue. Similarly, salts of weak acids and bases have met with limited success due to
precipitation of these salts in physiological fluids resulting in significant variability.
Co-crystallization has been recently explored, but its utility has yet to be realized for
poorly soluble molecules.

The amorphous form of a drug offers high free energy and therefore higher ki-
netic solubility, which provides an opportunity for overcoming solubility-related
absorption and bioavailability challenges. The amorphous form, however, is ther-
modynamically unstable, and stabilization of molecules in this physical state still
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viii Preface

remains a formidable task. A greater understanding of the scientific principles gov-
erning these systems and the development of amorphous solid dispersion (ASD)
formulations for stabilizing amorphous molecules have created tremendous oppor-
tunities for the pharmaceutical scientist to address issues relating to the bioavailability
of poorly soluble molecules. ASD technology has become one of the most powerful
and versatile technology platforms in recent years. The design and development of
successful ASD formulations requires the integration of scientific, technological and
biopharmaceutical aspects to arrive at a robust drug product. Amorphous formulation
technologies and our understanding of amorphous systems have advanced signifi-
cantly in the last decade. A greater appreciation of the underlying physical science
and thermodynamics, the emergence of newer technologies for the preparation of
amorphous formulations, and the availability of newer excipients and polymers for
stabilizing ASD have vastly expanded the opportunities for pharmaceutical scien-
tists to establish stabilization strategies for these systems. The interest in developing
amorphous formulations has increased more than ever due to the successful market
introduction of such products over the last decade.

Written by experts from industry, academia and government, this book provides
an excellent reference for pharmaceutical research scientists in the understanding,
preparation and stabilization of ASD. In this book, we present the three primary
factors for the stabilization and successful development of ASD, namely (a) the
physical and chemical properties of the drug substance, (b) polymers and their impact
on the stability of the final product, and (c) processing technologies to put ASD into
practice. These aspects are extensively covered by the inclusion of case studies.

The first few chapters of the book cover the fundamentals and theoretical aspects
of amorphous systems, an overview of ASD technologies, and details on excipients
and polymers used in ASD, along with their safety aspects. “Fundamentals of Amor-
phous Systems” discusses the theoretical aspects of thermodynamics and kinetics
with respect to the energy barrier. Also addressed are the active pharmaceutical in-
gredient (API) properties and polymer characteristics necessary for preparing stable
ASD, involving solubility and miscibility, interaction parameters and drug loading
impact. “Overview of Amorphous Solid Dispersion Technologies” provides a de-
tailed presentation of each technology and its limitations. The chapter on excipients
presents different classes of excipients, their physico-chemical properties and their
interrelationship with different processes; the safety and stability of excipients are
also described at length.

Later chapters present details ofASD manufacturing technologies, including spray
drying, hot melt extrusion, and a breakthrough novel solvent-controlled micro-
precipitation technology (MBP). Each technology is illustrated with processing
fundamentals and scale up factors along with specific case studies, which provide
the scientist with approaches for handling challenges presented by different types
of molecules as well as building process flexibility. In addition, a dedicated section
covers the miniaturization of technologies for screening polymers and processes
with small amounts of API, particularly during the discovery and early develop-
ment phases addressing preclinical needs. Since all of the technologies used in
preparing ASD systems require downstream processing for developing viable drug
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products, the chapter on downstream processing covers the physical and mechanical
factors impacting product performance. The analytical tools for the characterization
of amorphous solid dispersions, prediction of long term stability, evolving suitable
dissolution methods particularly addressing supersaturation kinetics, as well as regu-
latory aspects germane to amorphous solid dispersion formulations and technologies
are also extensively covered.

This volume explores technologies on the horizon, such as supercritical fluid
processing, mesoporous silica, KinetiSol®, and the use of non-salt forming organic
acids and amino acids for the stabilization of amorphous systems. It presents a
comprehensive overview of the theory and practice of amorphous solid dispersions
in overcoming the challenges associated with poorly soluble drugs, and it in-
cludes practical examples based on commercially successful products using different
manufacturing technologies and stabilization strategies. Amorphous Solid Disper-
sions provides pharmaceutical scientists with up-to-date knowledge on amorphous
solid dispersions that will further enhance their ability to handle more challeng-
ing molecules and will pave the way for future innovation to bring cutting-edge
therapeutics to patients in need.

Sincerely
Navnit Shah

Harpreet Sandhu
Duk Soon Choi
Hitesh Chokshi

A.Waseem Malick
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Chapter 1
Fundamentals of Amorphous Systems:
Thermodynamic Aspects

Robert A. Bellantone

1.1 Introduction

Drugs with poor aqueous solubility present a major challenge to pharmaceutical
scientists because they tend to show low oral bioavailability. This has been one
of the most critical issues in pharmaceutical industry for many decades. In 1995,
the biopharmaceutical classification system (BCS) was introduced to facilitate
drug development, classifying drug molecules according to their solubility and
permeability (Amidon et al. 1995). It was estimated that 60–70 % of compounds in
development are poorly water soluble. Moreover, it has recently been pointed out
that the percentage can be even higher, as high as 90 %, for certain drug categories
(Williams et al. 2012).

Pharmaceutical companies screen thousands of new chemical entities (NCEs)
every year in the hope to find cures for diseases, but many of these face ill-fated
discontinuation partially due to inadequate exposures owing to poor aqueous sol-
ubility. In the current environment where only 20–40 NCEs make it to the market
(USA) per year (Herschler and Humer 2012), it will be beneficial to the patient and
society, even if one or two more compounds are developed annually as medicines by
overcoming solubility related issues.

For an orally administered drug to have a therapeutic effect, the drug molecules
must be dissolved in the gastrointestinal (GI) fluids, pass through GI membrane
to the circulatory system, and reach the target in sufficient quantity. That is, drug
molecules must be dissolved in aqueous-based GI fluids in sufficient quantity to have
any therapeutic effect. If the solubility of the drug in GI fluids is not sufficient, the
bioavailability will be compromised as the absorption will be “solubility limited.” It is
quite common for poorly soluble compounds to also dissolve slowly. If the dissolution

R. A. Bellantone (�)
Division of Pharmaceutical Sciences,
Long Island University, Brooklyn, NY, USA
e-mail: Robert.Bellantone@liu.edu
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4 R. A. Bellantone

rate of the drug is too slow in the timeframe of absorption, the bioavailability will
again be compromised as absorption will be “dissolution limited.”

It is noteworthy that the mechanism of absorption requires that the drug should
be in solution. In this chapter, the term “dissolved” or “in solution” refers to the state
in which individual molecules are dispersed in the solvent medium. Complexed or
bound molecules such as in micelles, emulsions, drug polymer complexes, or inclu-
sion complexes are excluded from this definition. With this definition, the dissolved
form corresponds to the form that is absorbable in vivo. This distinction is important
because complexation or other means of solubilization can also increase the apparent
dissolved concentration of the drug, but these complexes are not really absorbable
“as is” unless they dissociate into individual components.

One way to increase the oral bioavailability is to increase the concentration of the
dissolved drug in the GI fluids. This can be achieved by increasing the dissolution
rate, increasing the drug solubility, or the combination of both. One of the most
remarkable approaches to achieve faster dissolution and higher apparent solubility
is converting crystalline drug to amorphous drug (Leuner and Dressman 2002). This
amorphous approach has been extensively studied over the past several decades
(Simonelli et al. 1969; Chiou and Riegelman 1971; Hancock and Zografi 1997).

Two types of amorphous solids are relevant to the pharmaceutical sciences—pure
amorphous material (referred to as neat active pharmaceutical ingredient, or neat
API) and solid solutions/dispersions (referred to as amorphous solid dispersions,
or ASDs). Both can increase the solubility and dissolution rate, but they are very
different microscopically. For a neat API, the material is pure drug and the molecular
packing is altered in a manner that weakens the average attractive energy between
drug molecules, which in turn lowers the energy barrier for drug molecules to go
into solution. On the other hand, in an ASD, the molecular packing is disrupted by
dispersing the drug molecules in a solid medium or carrier. Neat amorphous forms
will be the subject of this chapter. (ASDs are considered in the next chapter.)

1.1.1 Function of “Dissolved Drugs” in Absorption

The dissolution rate of a drug can be described by the Nernst–Bruner equation

dM

dt
= kd (CS − C) C = M

V
, (1.1)

where M is the mass of drug dissolved in a volume V of GI fluid, Cs is the solubility
of the drug, C is the concentration of the dissolved drug at time t, and kd is the
parameter that depends on factors such as the diffusion coefficient, total surface
area, agitation rate, etc. Poorly soluble drugs produce a low level of “dissolved” drug
because Cs is inherently low. In addition, dissolution rates tend to be slow for poorly
soluble drugs. These factors, as mentioned earlier, make the poorly soluble drug also
poorly bioavailable. Taking the concentration C in Eq. (1.1) as the “dissolved” drug
concentration in GI fluids, the absorption rate is given by[

absorption

rate

]
= kaC, (1.2)



1 Fundamentals of Amorphous Systems: Thermodynamic Aspects 5

where ka is an absorption rate constant that depends on the surface area, membrane
permeability, etc. Although Eqs. (1.1) and (1.2) represent an overly simplified version
of dissolution of a drug in the GI track, they state that an increasing apparent saturation
solubility Cs will improve oral bioavailability by improving the dissolution rate as
well.

Despite the aforementioned advantages of amorphous forms, only a few products
have been developed using neat API amorphous forms. These include Accolate®
(zafirlukast), Accupril® (quinapril hydrochloride), Ceftin® (cefuroxime axetil), and
Viracept® (nelfinavir mesylate).

1.2 Structural Aspects

An amorphous solid is characterized by the lack of long-range order symmetry op-
erators (translational, orientational, and conformational order) found in crystalline
solid. The absence of long-range order can be ascribed to a random distribution of
molecular units. Individual molecules are randomly oriented to one another and exist
in a variety of conformational states. The molecular pattern of an amorphous solid is
often depicted as that of a frozen liquid with the viscosity of a solid having many in-
ternal degrees of freedoms and conformational diversities (disorder). An amorphous
solid, at the molecular level, has properties similar to liquids; but at the macroscopic
level, it has properties of solids.

The lack of symmetry operators are commonly manifested by the lack of X-ray
diffraction peaks typically found in crystalline solid, but may exhibit a character-
istic broad amorphous “halo” (Fig. 1.1). In addition, an amorphous solid is further
characterized by the lack of distinct melting point and birefringence properties.

The internal molecular arrangement of a solid in general can be projected as a
continuum between well-ordered crystalline state and completely disordered amor-
phous state (Fig. 1.2). A crystalline material is depicted as having three-dimensional
long-range symmetry operators over a domain of at least 1000 individual molecules.
A mesophase material (liquid crystals, plastic crystals) is depicted as having inter-
mediate symmetry operators, and an amorphous state has no symmetry operators
(Klug and Alexander 1974).

Such diverse packing arrangements explain different physicochemical properties
of solids, such as differences in density, hardness, thermal properties, conductivity,
solubility, etc. In practice, perfect crystals without any defects are not seen, nor are
perfect amorphous systems. Recent studies suggest that amorphous solid of small
molecules may not be in truly amorphous state but may contain certain structural
elements. In fact, amorphous solids can exhibit short-range order over domains that
are too small to show crystalline properties (Gavezzotti 2007).

Amorphous solids are considered as glasses, which have rheological properties of
solids and molecular properties of liquids (Kittel 1986). The behavior of amorphous
glasses can be explained by heat content or molar volume changes with the changes
of temperature. When the heat content or molar volume of a sample is plotted against
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Fig. 1.1 Illustration of X-ray diffraction pattern of crystalline solid (red) and amorphous solid
(blue). Owing to periodic lattice planes, crystalline solid scatters X-ray beam constructively in
well-defined directions producing characteristic X-ray diffraction pattern whereas amorphous solid
is anisotropic, scatters X-ray beam in many directions producing broad amorphous halos instead of
high-intensity narrow peaks

the temperature, these variables change smoothly until it comes to the region known
as glass transition temperature, where the variables change abruptly. The temperature
region below the glass transition temperature is known as “glassy state” and above
the glass transition temperature is known as “rubbery state.” The physicochemical
and physicomechanical properties of the materials are starkly different between these
two regions.

1.3 Thermodynamic Aspects

1.3.1 Two Approaches to Understanding Neat Amorphous Forms

There are two general approaches to understand the behavior of amorphous mate-
rials, one based on macroscopic thermodynamic arguments and the other based on
microscopic molecular arguments. While these approaches should lead to the same
conclusions, each view provides unique ways of explaining material behavior.

Thermodynamics is based on macroscopic observations that characterize average
behavior of material based on energy contents. The most fruitful approach is to
apply equilibrium thermodynamics, which can be applied even if the system is not
in an equilibrium state as long as the intensive variables are uniform within the
material. This approach is useful to describe the solubility of the material, in which
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Fig. 1.2 Solid form system illustrating long-range ordered (translational, orientational, and con-
formational) crystals on one end and completely disordered amorphous material on the other end.
Solid forms can assume various length scale of order (long range, medium range, short range)
and/or mesomorphic states (smectic, nematic)

the properties of the drug in the dissolved and undissolved forms are be taken into
the consideration together.

The material behavior of solid forms is ultimately attributed to the strength of
interactions between molecules, which vary significantly depending on the chemical
structure and molecular separations. The latter factor is a function of the molecular
packing, which sets the distance between molecules. Thus, a microscopic point of
view is well suited for a fundamental interpretation of the solid form in terms of
molecular interactions and packing.

1.3.2 Description of Forming a Solution

The dissolution process involves removing drug molecules from the undissolved solid
and placing them into the holes generated in the solvent system in such a way that
molecules are dispersed in the solvent matrix uniformly. In this sense, “undissolved”
means the drug is in a solid form and “dissolved” means the drug is molecularly
dispersed in a solvent medium. In the undissolved state, the drug molecules interact
with each other via various intramolecular cohesive forces to form a condensed
solid phase, whereas in the dissolved state, the drug molecules interact with the
surrounding solvent molecules.
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Drug Solvent+ Separated + Holes in Drug in

Solu�onMolecules Solvent

Fig. 1.3 Schematic of dissolution for pure API

Dissolution has been described by a number of models. The ideal solution has
been described as a consequence of solute being melted and mixed with the sol-
vent (Atkins 1998). This simplistic view is generalized by adding specific solvent
effects in the regular solution theory (Hildebrand and Scott 1950). In particular, the
Hildebrand–Scott model includes the differences in interaction energies between the
“unmixed” state (drug–drug and solvent–solvent) and the “mixed” or solution state
(drug–solvent). A well-known model for calculating these differences is the “hole”
model (Martin et al. 1983; Hill 1986). In this model, the drug molecules are sepa-
rated from the solid and “holes” are generated in the solvent. The drug molecules are
then placed in the holes and allowed to migrate until they are uniformly dispersed
throughout the solvent as illustrated in Fig. 1.3.

This “hole” model can be depicted as a sequence of conceptual steps as shown
below. Because the Gibbs energy is a thermodynamic state function, this sequence
of steps does not have to occur in reality, but it provides a means to calculate the
changes in Gibbs free energy due to dissolution (Klotz and Rosenberg 1974). As the
changes in Gibbs energy only depend on the final state and the initial states, this is
analogous to “Hess’ law” of thermodynamics (Atkins 1998).

Assuming the temperature and pressure (T, P) remain constant, dissolving a solid
drug in a liquid solvent can be modeled by the following sequence.

1. Break up the lattice structure of the solid to supercooled liquid at (T, P).
2. Separate the molecules from the supercooled liquid at (T, P).
3. Make uniformly distributed “holes,” one for each drug molecule, in the solvent

at (T, P).
4. Put the drug molecules in the holes at (T, P).

Steps 1–3 require an input of energy to overcome the drug–drug molecular attractions
to separate them, and to overcome solvent–solvent molecular attractions to create
holes within the solvent. In step 4, energy is given back as a result of drug–solvent
molecular attractions.

Figure 1.4 illustrates a diagram of the Gibbs energy versus the dissolution process
at a given (T, P). The diagram includes the initial raw material state of undissolved
drug and solvent (A), the final solution state of the drug dissolved in the solvent (D),
and two hypothetical intermediate states B and C. The changes of Gibbs energy by
forming the solution, �GS, are the Gibbs energy of state D minus state A. For state
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Fig. 1.4 Gibbs energy diagram for the dissolution scheme. State A represents the initial state
consisting of undissolved solid API and empty solvent. State B represents a supercooled liquid API
plus empty solvent. State C represents separated drug molecules and holes in the solvent. State D
represents the final solution in which the drug is dissolved in the solvent

A, two initial states are shown—one in which the undissolved API is crystalline, and
another in the amorphous form.

The intermediate state B represents the “empty” solvent and “supercooled” liquid
API. For a given amount of API at (T, P), all liquid forms of API (including super-
cooled) have the same Gibbs energy regardless of the starting solid form in state A.
State C is another intermediate state in which the drug molecules have been separated
and uniformly distributed holes have been made in the solvent, in which the number
of holes equals to the number of separated drug molecules. This can be thought of as
a “ready to mix” (RTM) state, and the energy level is also the same regardless of the
starting undissolved drug forms. The RTM state also represents the highest Gibbs
energy level in the overall dissolution processes.

With the assumption that all drug molecules in state A dissolve, the Gibbs energy
level in the final solution is independent of the starting solid forms. Thus, the energy
differences between states B, C, and D are independent of the starting undissolved
solid form of state A . However, the energy required to pass from state A to state
B does depend on the starting solid form, and is less for the amorphous than the
crystalline form. In this regard, state B serves as a reference point, especially with
regard to the energy of state A, which reflects different energies for different starting
forms.

As depicted in Fig. 1.4, the difference between the initial and final Gibbs energy
levels (state D minus state A) �GS dictates the solubility of the drug in the solvent.
The difference between the initial energy levels and the intermediate RTM state
energy level (state C minus stateA) represents the energy required to bring the system
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to the dissolved state. This can be thought of as analogous to an energy barrier or
activation energy for dissolution, which is related to the kinetics of dissolution. It
should be noted that this is not the only factor affecting dissolution rates. Thus,
because of smaller activation energy, material with higher initial energy levels will
result in higher solubility and faster dissolution. Since amorphous systems start at a
higher level than crystalline forms (level A), the reduced energy barrier (activation
energy) partially explains why the kinetics of dissolution is faster for amorphous
systems.

1.3.3 Calculating the Gibbs Energy Change �GS of Forming
a Solution

The change in Gibbs energy due to dissolving the solid, �GS , is the sum of changes
for each step. If the starting and ending (T, P) are the same, it can be shown that
(Bellantone et al. 2012)

�GS =
∑

�H − T
∑

�S, (1.3)

Thus, �GS can be calculated by finding the changes in enthalpy and entropy from
steps 1–4 above and inserting them into Eq. (1.3), as illustrated below.

Step 1 can be modeled as follows. At constant pressure, the �H is given by (1) the
heat required to bring the solid from T to its melting temperature TM1, (2) melting
the solid at that temperature, and then (3) cool the melt as a supercooled liquid back
to the original temperature:

�H (1) =
∫ TM1

T

n1C
(S)
P 1dT +n1�hM1 +

∫ T

TM1

n1C
(L)
P 1 dT , (1.4)

where n1 represents the moles of drug, C
(S)
P 1 and C

(L)
P 1 represent the molar heat ca-

pacities of the solid and supercooled liquid melt, respectively, and �hM1 represents
the molar heat of melting of the drug. In general, C(S)

P 1 , C(L)
P 1 , and�CP 1 are functions of

the temperature, so they are brought into the integral. Noting that dS = (CP /T )dT

and �SM1 = �HM1/TM1, and defining �CP 1 = C
(S)
P 1 − C

(L)
P 1 , the enthalpy and

entropy changes associated with step 1 are:

�H (1) = n1�hM1 + n1

∫ TM1

T

�CP 1dT �S(1) = n1�hM1

TM1
+

∫ TM1

T

n1�CP 1

T
dT,

(1.5)

The enthalpic contributions from steps 2–4 are typically combined to give a total
enthalpy of mixing �Hmix , which represents the net total of the energy input to
separate the drug molecules and to make holes in the solvent, minus the energy
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released due to drug–solvent interactions. For regular solutions, this is often modeled
as

�Hmix = n1x0χRT , (1.6)

where x0 = n0/(n1+n0) is the mole fraction of the solvent. The interaction parameter
χ has been modeled theoretically in terms of solubility parameters as

χ = Vm,1φ
2
0

RT
(δ1 − δ0)2, (1.7)

where δ1 and δ0 represent the solubility parameters of the drug and solvent, respec-
tively, Vm,1 is the molar volume of the drug, and φ0 represents the volume fraction
of the solvent (which is very close to 1 for dilute solutions). Equation (1.7) has limi-
tations because it requires the heat of solution to be always positive, which conflicts
with observations that they can be positive (endothermic) or negative (exothermic).
Extensions have been proposed to correct for this, such as (Adjei et al. 1980)

χ = Vm,1φ
2
0

RT

(
δ2

1 + δ2
0 − 2W

)
, (1.8)

in which the parameter W can allow for negative values of the interaction parameter.
In step 3, choosing the holes to be uniformly distributed in the solvent ensures

that the molecules spread out to achieve a uniform average concentration. This is part
of the entropy of mixing �Smix , which accounts for the spreading out of the drug
molecules when they go from the condensed phase (liquid or solid) into solution,
and is given by (Atkins 1998)

�Smix = −R[n1 ln x1 + n0 ln x0], (1.9)

where x1 = n1/(n1 + n0) denotes the mole fraction of the drug in solution. As
x1 + x0 = 1, each log term is less than one and �Smix > 0. It is assumed that this is
the only entropy effect due to mixing. (Although not considered for the purposes of
this discussion, there can be other sources of entropy change on mixing. For instance,
water molecules orient around drugs that are polar or ionic, which would result in a
loss of entropy that would be taken into account along with an adjusted the entropy
of mixing.)

The change in Gibbs energy that results from dissolving a drug in a solvent is

�GS = G(solution) − G(unmixed components), (1.10)

Adding the contributions from steps 1–4 gives

�GS = n1�hM1

(
1 − T

TM1

)
+ n1

∫ TM1

T

�CP 1dT (1.11)

− n1T

∫ TM1

T

�CP 1

T
dT + n1x0χRT + RT [n1 ln x1 + n0 ln x0].
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For drugs dissolving in liquid solvents, the heat capacity terms in Eq. (1.11) are
relatively small compared to the heat of melting terms and can be neglected. In some
models, they are not neglected but the �CP ,1 term is taken as constant. While both of
these approximations can introduce errors, the heat capacity terms will be neglected
in the discussion that follows in order to simplify the equations and highlight the
principles, so Eq. (1.11) will be replaced by the simpler form:

�GS = n1�hM1

(
1 − T

TM1

)
+ n1x0χRT + RT [n1 ln x1 + n0 ln x0]. (1.12)

It should be noted that the effects of the heat capacities can be especially important
when modeling solid solution ASDs (Bellantone et al. 2012).

1.3.4 Solubility and Chemical Potential

From thermodynamics, it is well established that materials will convert from a higher
to lower chemical potential form. In this context, the chemical potentials of the drug
in its dissolved and undissolved states are of primary interest. The chemical potential
of a drug is the change in the Gibbs energy per changes in drug amount, holding all
other factors (remaining chemical composition, temperature, and pressure) constant.
This is written as (Atkins 1998)

μ1 =
(

∂G

∂n1

)
T ,P ,n0

. (1.13)

The change in chemical potential for the drug due to dissolution is given by

�μ1 =
[

chemical potential of

dissolved drug

]
−

[
chemical potential

of undissolved drug

]
. (1.14)

From Eq. (1.13), this is given by (Bellantone et al. 2012)

�μ1 =
(

∂�GS

∂n1

)
T ,P ,n0

. (1.15)

When chemical potential of the undissolved drug is higher than that of the dis-
solved drug, �μ1 < 0, the solution is below saturation, and more drug can dissolve
if present. On the other hand, if the chemical potential of the dissolved form is higher
than the undissolved form, �μ1 > 0 and the solution is supersaturated, and precipi-
tation is favored. The solubility of the drug in a solvent can be taken as the dissolved
concentration at which �μ1 = 0.

Equation (1.15) is important because it shows that �μ1 represents the slope of
�GS versus the moles of drug “dissolved” (both per constant amount of solvent),
which is shown in Fig. 1.5. The solubility criterion of �μ1 = 0 corresponds to
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Fig. 1.5 Change in Gibbs
energy versus moles of
dissolved drug (both per gram
of solvent)

the minimum of the plot, where the slope is zero, and the solubility is taken as
n1/w0 (which can then be converted to other units). To the left, corresponding to
lower amounts of dissolved drug, the dissolved concentration is below the solubility
(�μ1 < 0), and to the right it is supersaturated (�μ1 > 0).

Noting that the mole fractions of the dissolved drug and solvent are given by
x1 = n1/(n1 + n0) and x0 = n0/(n1 + n0), respectively, applying the derivative in
Eq. (1.15) to Eq. (1.12) leads to

�μ1 = �hM1

(
1 − T

TM1

)
+ x2

0χRT + RT ln x1. (1.16)

Since 0 < x1 < 1, the left-hand side of Eq. (1.16) is negative when the “dissolved”
concentration x1 is low, but becomes less negative as the dissolved drug concentra-
tion increases. Figure 1.6 shows a plot of Eq. (1.16), in which �μ1 is negative for
dissolved concentrations below the solubility, equals zero when the “dissolved” con-
centration equals the solubility, and is positive for supersaturated solutions. Equation
(1.16) can be simplified for dilute solutions by noting that x2

0 is very close to 1. Doing
this and setting �μ1 = 0, the drug solubility x1S is obtained as

ln x1S = −�hM1

RT
− χ + �hM1

RTM1
. (1.17)

Equation (1.17) can be equivalently written in terms of an activity coefficient γ1

instead of the interaction parameter χ as

ln x1S + χ = ln γ1x1S = �hM1

R

(
1

TM1
− 1

T

)
, where ln γ1 = χ. (1.18)

Figure 1.6 shows the effect of the chemical potential change on solubility. It
can be seen that the solubility increases exponentially with the increase in chemical
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Fig. 1.6 Concentration versus chemical potential change

potential, and for �μ1 > 0, even small increases in the chemical potential result in
very large increases in the solubility.

The dotted line in the insert represents the solubility of the stable crystalline drug
form.

1.3.5 Amorphous Versus Crystalline Form Solubility

For a given drug and solvent at (T, P), the chemical potential of the dissolved drug is
determined by the concentrations of the components. On the other hand, the chemical
potential of the undissolved drug is a function of a number of parameters that can be
altered, including the molecular arrangement.

The solubility of the drug in terms of mole fraction is given by Eq. (1.17). Any
factor that makes the right-hand side of Eq. (1.17) more positive (or less negative)
will work to increase the solubility of the drug. For a given drug and solvent, physical
factors that influence the right-hand side include the heat of melting �hM1 and the
melting temperature TM1 of the “undissolved” solid form, both of which are different
for the amorphous versus crystalline forms. The effect can be seen as follows. The
solubility (mole fraction), heat of melting, and melting temperature for the amor-
phous form will be denoted as xA

S , �hA
M1, and T A

M1, respectively, and the analogous
parameters for the most stable crystalline form will be denoted using the superscript
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“C.” The solubility with respect to each form is given by Eq. (1.17), using the ap-
propriate mole fraction, heat of melting, and melting temperature. Thus, subtracting
ln x

(A)
1S − ln x

(C)
1S gives

ln
xA

1S

xC
1S

= −
(
�hA

M1 − �hC
M1

)
RT

+
(

�hA
M1

RT A
M1

− �hC
M1

RT C
M1

)
= −δhM1

RT
+ δsM1

R
, (1.19)

where δhM1 = (
�hA

M1 − �hC
M1

)
and δsM1 = (

�hA
M1/T A

M1 − �hC
M1/T C

M1

)
. It is

noteworthy that χ does not appear in Eq. (1.19), which reflects the fact that the
“dissolved” drug molecules interact with the solvent in the same way regardless of
the “undissolved” solid form. From Eq. (1.19), any effect that makes the right-hand
side more positive will result in an increase in the relative solubility x

(A)
1S vs. x

(C)
1S .

Since the left-hand side of Eq. (1.19) is positive, a constraint is imposed on the
right-hand side in that δsM1 > 0 is required for all amorphous systems, which says
that the amorphous form will have higher entropy than the crystalline form.

Solubility information can be applied to the solid-state forms as well, since the
relative solubilities of two forms will also give the difference in chemical potential
between them in the solid state. Denoting the difference in the chemical potentials
between forms as δμ = μA

1S − μC
1S , Eq. (1.19) leads to

δμ = RT ln
xA

1S

xC
1S

. (1.20)

Thus, a solid form that displays a higher solubility than the crystalline form must
also display a higher chemical potential. Since material tends to move or convert
from higher chemical potential to lower chemical potential forms, the form with the
lower chemical potential is more stable, verifying that the more stable form will also
have a lower solubility.

It is possible to show that the amorphous form is less stable than any crystalline
form over all temperatures by considering the following. From Eqs. (1.19) and (1.20),
the relative stability of the amorphous or any polymorph compared to the more stable
form, as given by δμ, depends on the temperature. Polymorph pairs can be classified
as either monotropic or enantiotropic. A monotropic pair is one in which one form is
more stable at all temperatures up to the melting temperature of the less stable form.
An enantiotropic pair is one in which there is a crossover or transition temperature
TX such that for temperatures lower than TX one form is more stable while above TX

the other form is more stable. An implied requirement for enantiotropic pairs is that
neither form melts below the crossover temperature, otherwise, the pair would be
monotropic. (Once melted, there is no solid structure, so there can be no amorphous
or polymorphic properties.)

Several rules of thumb have been identified (Burger and Ramberger 1979) to help
predict whether a pair is monotropic or enantiotropic. One can be illustrated in terms
of the melting temperatures and melting enthalpies as follows. Consider two forms, A
and C, where form C has the higher melting temperature. The transition temperature
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TX is defined as the temperature at which the chemical potential of the two forms is
equal, so ln

(
xA

1S/x
C
1S

) = 0 and Eq. (1.19) leads to

TX =
(
�hA

M1 − �hC
M1

)
(

�hA
m

T A
M1

− �hC
m

T C
M1

) =
(
�hA

M1 − �hC
M1

)
T A

M1T
C
M1(

�hA
M1T

C
M1 − �hC

M1T
A
M1

) . (1.21)

Noting that T C
M1 denotes the higher melting point and defining δTM1 = T A

M1 −
T C

M1 < 0, Eq. (1.21) can be rewritten as

TX

T A
M1

= δhM1T
C
M1

δhM1T
C
M1 − �hC

M1δTM1
=

(
1 − �hC

M1

δhM1

δTM1

T C
M1

)−1

. (1.22)

Since δTM1 is negative by convention while the heat of melting and melting
temperature �hC

M1 and T C
M1 are positive, TX/T A

M1 < 1 when δhM1 is positive, and
TX/T A

M1 > 1 when δhM1 is negative. In other words, if �hC
M1 < �hA

M1 (so δhM1 > 0)
it is predicted that the transition temperature is below the melting point of the less
stable form, or TX < T A

M1, which is characteristic of an enantiotropic pair. On the
other hand, if �hC

M1 > �hA
M1 (so δhM1 < 0) it is predicted that TX > T B

M1, so
form C is more stable at all temperatures below the melting point of form A and
the pair is monotropic. This leads to what Burger and Ramberger (1979) term the
heat of fusion (HFR) rule: When the form with the higher melting temperature has
the lower heat of melting, the forms are usually enantiotropic, otherwise they are
monotropic. Thus, since amorphous solids display lower melting temperatures and
heats of melting than the crystalline forms, amorphous solids are less stable at all
temperatures than the crystalline forms.

1.4 The Microscopic View

In addition to thermodynamic and macroscopic models, the behavior of amorphous
systems can be viewed in terms of microscopic and molecular arguments. While
these are equivalent in theory, each view provides different insights and advantages
for explaining certain behaviors. In particular, the microscopic viewpoint allows a
fundamental interpretation in terms of molecular interactions and packing, while
thermodynamics allows material-independent equations to be developed based on
macroscopic energy content arguments.

From the standpoint of dissolution, the microscopic viewpoint allows a simple
but useful picture to be constructed that gives a clear and intuitive way to think of the
properties of amorphous systems with regard to dissolution. When a solid drug
dissolves, molecules leave the solid matrix and disperse in the solvent, which can
be thought of as resulting from several processes. (1) Solvent molecules interact and
associate with drug molecules on the solid surface. (2) Energy is released in the form
of heat due to the solvation. (3) The heat energy that is released helps the molecule
leave the solid pack and migrate into the solvent, where solvent molecules surround it.
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From this point of view, a number of factors can influence the dissolution rate. (1)
Stronger attractive forces between the solvent and drug molecules result in releasing
more heat of solvation, which will increase the rate at which undissolved molecules
can pass into the solvent. (2) For a given drug and solvent, physical forms of undis-
solved solids with reduced drug–drug attractions will make it easier to remove drug
molecules from the undissolved form. This is the dominant effect in explaining the
increased dissolution and solubility of amorphous forms compared with crystalline
forms. Presumably, molecules in the amorphous form show weaker attractive forces
and more easily give up molecules from the solid surface to the solvent medium. (3)
The addition of heat will increase the dissolution or solubility by making it easier
for the solvent to remove drug molecules from the undissolved environment. These
effects have been described thermodynamically in the previous section, but can also
be described in molecular terms based on separations and intermolecular attractions
and the total kinetic energy of the molecules.

Another property of amorphous forms is that they are not physically stable, and
tend to transform into crystalline forms over time. This is almost always accompanied
by an increase in density, indicating that the molecules in the crystalline form are
arranged more densely on average than in the amorphous form.

All of these can be explained using molecular interaction models, and these are
in fact the basis of computational research done today. The basic ideas and how they
explain observed behaviors are discussed below.

1.4.1 Interaction Versus Total Energy

The properties of amorphous materials can be explained to a great extent by consid-
ering intermolecular interactions such as van der Waals and dipolar interactions, and
kinetic energy associated with molecular motion. In the discussions that follow, the
standard convention for energies and forces are used. Negative energies denote situ-
ations in which energy must be added to separate molecules. Negative forces denote
attraction, so molecules move closer to reduce their separation, while positive forces
values are repulsive.

Molecular interactions have been described for both neutral and ionic cases.
The former case includes hydrogen bonding and weaker van der Waals interac-
tions (dipole/dipole, dipole/induced-dipole, and induced-dipole/induced dipole). In
all of these cases, the interactions are attractive unless the molecules are forced so
close that electron cloud overlap creates a repulsion. For poorly soluble drugs, the
neutral interactions are typically considered most important, but it has recently been
shown that coulombic (ionic) interactions also contribute to the total intermolecular
interactions (Gavezzotti 2007). However, to illustrate the molecular concepts, this
discussion will focus on neutral interactions.

Neutral interactions can be qualitatively described as a function of distance
between molecules. While this concept is straightforward for atoms and simple
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Fig. 1.7 Typical dependence of pairwise energy versus separation

molecules, it is less so for organic molecules owing to the complexity of the molecule,
which requires that orientation be taken into account. In this case, the distance
between molecules can be considered an average quantity naturally related to the
number of molecules per unit volume, which is the density of a substance. The dis-
tance between molecules can be thought of as roughly a center-to-center distance for
simple molecules, but it is understood that this is a crude approximation for more
complicated organic molecules.

It is well established that molecules repel each other when they are brought close
together and attract when separated by larger distances. A number of models have
been proposed to describe these interactions. For the purposes of this discussion,
the exact equation is not of primary concern, but rather the general features of the
interaction plot. However, it is often the case for pairs of simple molecules separated
by a distance r that the repulsive interaction energy can be described as a/rm, and
the attractive energies can be described by −b/rn. The total interaction energy Eint

is the sum of the two, resulting in positive interaction energy at small separations,
a separation at which the interaction energy is most negative, and zero interaction
when molecules are separated by large distance. This behavior is shown in Fig. 1.7
for the Lennard-Jones (L-J) model (Atkins 1998; Hill 1986), which is one of the
most studied interaction models. The L-J model gives the interaction energy as

Eint = ε

[( rmin

r

)12 − 2
( rmin

r

)6
]
. (1.23)
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The greatest attractive energy occurs at the minimum of the plot, where Eint = −ε

and the separation is r = rmin. The separation at which Eint = 0, which occurs at
the intersection of the L-J plot and the horizontal zero line, is denoted by r0, so the
interaction energy for the molecule pair is negative for r > r0. The interaction force
is Fint = −∂Eint/∂r , which is the negative of the slope of the Eint versus r plot. Since
a negative slope corresponds to a repulsive force, the force between the molecules
is repulsive when the separation is less than rmin and attractive when it is greater. At
r = rmin, the slope is zero and there is no net force due to interactions between the
pair of molecules.

The L-J curve shown in Fig. 1.7 denotes only the potential energy between two
molecules because the interaction energy does not include kinetic energy, so it rep-
resents the total energy of the pair only when there is no heat content, which occurs
at absolute zero (T = 0 K). In that case, the molecules can be thought of as being at
constant positions and the separation distances between molecules do not change.

When heat is added, the total energy of the pair will increase by a quantity equal
to the heat added, so the molecules acquire kinetic energy and move relative to each
other. Figure 1.7 shows an example in which heat is added to a molecular pair initially
separated by rmin. The arrow shows the increase in energy to the level denoted by line
segment a–b, and the corresponding energy will be denoted by Eab. Since Eab < 0,
the separation between molecules will remain finite and the pair will oscillate at
that energy along the line segment between points a and b, which correspond to
the minimum and maximum separations ra and rb. As the molecules approach each
other, they will slow as they approach and stop when they reach separation ra , then
begin to move apart because of a repulsive force at that distance. Similarly, as they
are moving apart, they will slow as they approach and stop at rb, then begin to move
closer because of the attractive force at that separation.

As depicted in Fig. 1.7, the potential energy graph for real systems is not typically
symmetric about rmin, so at energy Eab the magnitude of displacement from the
minimum is smaller for rmin − ra than rb − rmin. An important consequence of this
asymmetry is that the average separation increases when heat is added, which results
in thermal expansion. (It should be noted that this is the average position over time,
which is greater than the simple average of ra and rb.)

1.4.2 Extension to Macroscopic Systems

Organic molecules do not follow the L-J model exactly, but typically behave in
a qualitatively similar manner. For instance, the L-J model describes interactions
between pairs of molecules, so each molecule experiences the effects from other
molecule as a function of the distance r. In bulk solids, individual molecules are
surrounded by multiple neighboring molecules at specific locations with thermal
motion (for T > 0). Thus, a distance of a molecule “j” to adjacent molecules “k”
may vary depending on location, which are time dependent and denoted as rjk(t).
However, because the interactions decrease as 1/r6, their magnitude drops sharply
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with even small increases in distance, so the sum is typically required only over the
nearest neighbor molecules (i.e., the first “layer” or so of neighbors surrounding the
molecule).

Despite qualitative similarities, organic molecules deviate from the L-J model as a
consequence of molecular arrangements. A large number of adjacent molecules mean
that the total interaction energy will be complex and of larger magnitude. In addition,
the L-J model is one-dimensional (1-d), while molecular packing of real materials
occur in three dimensions (even though on surfaces may not be surrounded from all
directions). Since energies and forces are additive, the total interaction energy and
force felt by molecule “j” are additive and summed over all nearest neighbors “k,”
as

ET ot
int (j ) =

∑
k

Eint(rjk) and FT ot
int (i) =

∑
j

Fint(rij ). (1.24)

At temperature above absolute zero, molecules have kinetic energy. Thus, their
positions and corresponding distance rjk(t) vary with time, so the sums in Eq. (1.24)
are extremely complicated and must be done using computational models such as
molecular dynamics simulations (Gavezzotti 2007). In addition, when the molecules
are moving relative to one another, the average vibrational amplitude becomes impor-
tant. For instance, at low temperatures, the amplitudes are small, and the molecules
are vibrating about average locations that are approximately fixed. However, when the
average amplitude becomes similar to the average molecular separation, molecules
can begin changing places so their “average” position changes with time. When this
occurs for a sufficient fraction of the molecules, the solid transforms into a melt. It
is significant that this is a consequence of three-dimensional packing and motion.
(In the L-J model, which is one-dimensional in r, switching locations would require
molecules going through zero separation, which would require infinite energy in
theory. Thus, there is no corresponding concept in 1-d.)

With these considerations in mind, a hypothetical behavior of a neat API sample
is shown in Fig. 1.8, which plots the potential energy versus the average distance
as a dotted-solid line combination (through e-a-b-d-f ). This line will not be exactly
proportional to any L-J curve because the relative positions of the molecules in 3-
d will change as a result of thermal expansion. The curved line containing points
b and c represents the time-average molecular distance 〈r〉, which increases with
increasing heat content as a reflection of thermal expansion. Along the vertical axis,
level A corresponds to the energy content at absolute zero and level B corresponds
to the energy after adding some quantity of heat.

The line segment a–d represents the average minimum-to-maximum separations
between molecules, which approximately corresponds to the average vibrational
amplitude in 3-d for molecules in a sample with that heat content. Of particular
interest is the length of a–d compared to the average separation 〈r〉 = c. In this
example, the energy level B was chosen so the length of a–d is similar to the value
of c, so the average vibrational amplitude is comparable to the average separation.
Thus, level B corresponds to where the solid transitions to the melt phase, and the
difference between levels B and A is the heat of melting.
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Fig. 1.8 Typical dependence of energy versus the average separation. The dotted-solid line (e-a-
b-d-f ) represents the average total attractive interaction energy experienced by a molecule potential
versus the average separation between molecules. The dashed line going through the points b and c
represents the average molecular separation at each energy level. The line segment a–d represents
the average vibrational amplitude of molecules with total energy B, and point c represents the
average separation. The energy difference between levels B and A represents the heat added to melt
the material

Several comments are warranted. First, the heat of melting in this example was
taken relative to a reference state of absolute zero. The heat of melting for samples at
higher temperatures with energy levels higher than A is represented by the difference
between level B and the new starting level. Second, although the example shown
here assigned the melting energy at the level for which the length of a–d equals the
average separation c, this is a crude approximation for illustration only. Although the
molecular mobility increases dramatically when the vibrational amplitude becomes
similar to the average separation, the exact ratio is difficult to determine and will
require the use of molecular dynamics or similar approaches.

Third, unless the melt is supercooled, for a given temperature and heat content,
the energy level B becomes a reference point. This is because the melt has no long-
range structure and should contain the same energy content regardless of the starting
solid form. Thus, different solid forms will show different energy shapes along
points e–a–b–d–f and different lengths a–d, with more stable forms showing level
A more negative than for less stable forms, but with the same level B energy. In
fact, the amorphous form, which would be least stable, would have the highest (least
negative) energy value at absolute zero.

The difference in energy between level B and the zero line corresponds to the
energy that must be added to reach the dispersive region, in which the total energy for
the molecules is greater than zero. This corresponds to the case in which the kinetic
energy is sufficient to overcome the negative interaction energy due to molecular
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attractions, so the molecules are free to “spread out.” Since the energy content of
the melted form at a given temperature and pressure does not depend on the starting
form, the heat energy required to go from level B into the dispersive region is constant
for a given (T, P).

Finally, as more heat is added to solids with energy below level B, more modes
of vibration become available and the average amplitude of the vibrations increases,
so the kinetic energy increases from two sources. Thus, the change in kinetic energy
with change in temperature is not constant. This is reflected by the fact that heat
capacities tend to increase with increased temperature.

1.5 Glasses and Amorphous Forms

An amorphous solid form is often considered to be equivalent to glass form. A glass
can be thought of as a supercooled liquid lacking long-range molecular packing or-
der but with rheological properties of a solid. The viscosity η of liquid increases as
the temperature is decreased. Depending on the cooling rate and compound prop-
erties, some melts crystallize when cooled below melting temperature, while others
may remain as supercooled liquids. For those that crystallize, the viscosity increases
drastically due to the phase transition. For those that survive as supercooled liquids,
the viscosity increase is in continuum with the decreasing temperature over some
temperature range till it reaches the glass transition temperature, at which the vis-
cosity increases typically by 6 orders of magnitude or more over temperature range
of typically 5–10◦C. This is shown in Fig. 1.9 for supercooled liquids, which shows
log η versus the temperature.

The viscosity is strongly related to timeframes for molecular motions or relax-
ations, which are characterized by an average relaxation time τ that is temperature
dependent (Donth 2001; Yu 2001). In particular, systems that respond quickly to
deviations from equilibrium, such as an applied stress, are characterized by short
relaxation times and low viscosities, while systems that respond slowly are charac-
terized by long relaxation times and high viscosities. The relationships are shown
by the dual vertical axes in Fig. 1.9, in which larger viscosities correspond to larger
values of τ, indicating that decreasing the temperature increases relaxation times.
Since glasses are amorphous and supercooled liquids, they are unstable and the re-
laxation times are of interest in terms of glass formation and kinetics of conversion
to crystalline forms.

As seen in Fig. 1.9, the relaxation time or viscosity change drastically at glass
transition temperature. As discussed below, the values of TM , Tg , and the width of
Tg range are important parameters in characterizing glasses.

For supercooled liquids, two competing effects are of particular interest. As the
temperature is decreased below freezing point, the supercooled liquid becomes ther-
modynamically less stable with respect to the crystalline form, and the relaxation
times become longer as a result of slow diffusion. A major factor that determines
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Fig. 1.9 Log η and log τ versus temperature and the glass transition

these effects is the temperature dependency of the relaxation times for the super-
cooled liquid, and specifically the magnitude of the change in τ with the change in
temperature. If the change in relaxation time per change in the temperature is small,
the thermodynamic instability of the supercooled melt will result in crystallization
over the timeframe of observation. In that case, further cooling is likely to incur
crystallization in the observed timeframe, and the supercooled form is less likely to
survive. On the other hand, if cooling results in large increases in the relaxation time,
crystallization is likely to be slow within the observation timeframe (from minutes to
years), and further cooling is unlikely to incur crystallization during that timeframe.
These competing effects are further complicated when the cooling rate is consid-
ered, since rapid cooling will result in less time for crystallization to occur before
the relaxation times are increased. This is discussed further below.

The relationship between the relaxation time and the temperature between glass
transition and melting is described by several empirical equations. The one of the most
commonly employed Vogel–Fulcher–Tamman (VFT) equation is given by (Mauro
et al. 2009; Yu 2001)

τ = τ0 exp

[
DT0

T − T0

]
log τ = log τ0 + DT0

2.303(T − T0)
, (1.25)

where D is referred to as the strength parameter, T0 is referred to as the Vogel temper-
ature, and τ0 is a reference relaxation time corresponding theoretical temperatures
approaching infinity. In practice, all three parameters are obtained from fits of the
data between Tg and TM using viscosity or dielectric relaxation time, etc. For many
materials, the relaxation times at the glass transition temperature are approximately
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Fig. 1.10 Example of an Angell plot for typical glasses. Line a represents a strong glass former
(m = 25), b represents a medium glass former (m = 50), and c represents a weak glass former
(m = 150)

τ (Tg) ≈ 100 s , which sets the reference relaxation time log τ0 ≈ 15. For many
materials, D has been related to the Vogel and glass transition temperatures by the
empirical equation

Tg/T0 ≈ 1 + D/39.1. (1.26)

Using this equation, it is possible to correlate the relaxation time and the tempera-
ture between Tg and TM by constructing an Angell plot (Angell 1995; Donth 2001),
which plots log τ versus Tg/T . Angell plots give information about the tempera-
ture sensitivity of the relaxation time near or above the glass transition temperature.
Figure 1.10 shows hypothetical data for three glass formers, each with glass tran-
sitions and melting temperatures of 45 and 175 ◦C. Thus, Tg/T (in Kelvin) ranges
from approximately 0.7 to 1.0 in the plot. As the temperature is decreased (moving
to the right in the plot), the material represented by line a increases its relaxation
times much more slowly than the material represented by line c. Line b represents an
intermediate case. Of special interest is the slope of the plot as Tg/T approaches 1,
which corresponds to the temperature range in which vitrification occurs. The slope
of line at Tg/T = 1 is called the fragility m, which is formally defined as (Donth
2001):
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m = d log τ

d(Tg/T )

∣∣∣∣
T =Tg

. (1.27)

From Fig. 1.10, line a has lowest fragility (m = 25) while line c has the largest
(m = 150). Glasses are termed as strong if m < 40 or so, and weak if m > 75 or
so. The significance of the terms is apparent from the Angell plot. As noted above,
supercooled melts are thermodynamically unstable, but the crystallization kinetics is
affected by the relaxation time. For weak glass formers with large fragility values, the
relaxation time remains short until the temperature is lowered close to the Tg so more
molecular mobility is retained at lower temperatures, thus making crystallization
more likely before the glass transition is reached. In other words, larger values of m
are associated with melts that are kinetically more likely to crystallize and less likely
to form glasses or amorphous solids.

The fragility can be related to the strength factor and glass transition for typical
materials by applying the derivative in Eq. (1.27) to Eq. (1.25), which gives

m = D(Tg/T0)

2.303(Tg/T0 − 1)2 . (1.28)

Applying Eq. (1.26) leads to

m ≈ 684

(
1

D
+ 1

39.1

)
, (1.29)

which can be applied to many typical materials. From Eq. (1.29), it can be said that
strong glass formers are associated with strength factors D > 25–30 and weak ones
with D < 10–12.

Numerous publications refer to the association between strong glass formers and
Arrhenius-like behavior, as opposed to weak glass formers and non-Arrhenius behav-
iors (Angell 1995; Yu 2001). While this distinction is not critical for understanding
the temperature effects, it is of interest and warrants a short discussion. Arrhenius
behavior is associated with systems in which a plot of log τ versus 1/T (or equiva-
lently, Tg/T ) is linear. In the context of Angell plots, the temperature range is from
Tg to 50–100◦C above Tg . Equation (1.25) shows that this linearity approximately
occurs when 1/(T − T0) ∼ 1/T , or T/T0 > 2 − 3. This is the case for strong glass
formers, since for D > 40 the value of Tg/T > 2, and is higher for any temperature
above the glass transition. On the other hand, for weak glass formers with D < 10,
Tg/T < 1.25, and the plots will show curvature (non-Arrhenius behavior).

Consistent with the above discussions, the ability to form glasses depends on the
experimental conditions. For instance, while it is possible to supercool a melt for
most materials, many materials tend to crystallize near the melting temperature, and
will form supercooled melts only if relatively high cooling rates are employed. This is
because the conversion of supercooled melt to more stable crystalline forms occurs as
a function of relaxation times, in which shorter relaxation times make crystallization
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Fig. 1.11 Relationship
between the temperature,
volume, and heat for glasses
and crystalline materials

more likely to occur. If a melt is cooled slowly, the relaxation times also increases
slowly and the supercooled melt will have longer timeframes to crystallize. On the
other hand, rapid cooling will increase the relaxation times faster than the material
can crystallize. If cooled fast enough, the relaxation time of the supercooled melt
will become very long before crystallization occurs, so vitrification occurs and a
glass will form.

An interesting observation with most glasses is that the behavior on cooling is
different from heating. This is a consequence of the fact that nucleation is favored at
lower temperatures, while growth is more favored at higher temperatures, but both
are very slow at low enough temperatures. Thus, on cooling, it is possible for the
temperatures where nucleation is most favored to be below the temperatures where
growth is favored, so nucleation without growth may occur. Conversely, on heating
the nucleation phase is encountered before the growth phase, so nuclei are present
with the growth is most favored. Thus, cooling tends to favor formation of glasses
and amorphous forms for systems that behave in this manner.

1.5.1 Thermodynamic Implications of the Glass Transition

Although the glass transition is not a thermodynamic transition in a sense of phase
transitions such as crystallization or melting, it provides important thermodynamic
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implications. Experimentally, there is an abrupt change in the slope of such proper-
ties as molar volume or heat content at the glass transition temperature, while the
properties themselves are continuous. Examples of the changes in volume and heat
are shown in Fig. 1.11. In the top half, the solid line represents a melting phase
transition for a crystalline solid, which shows an abrupt change in the volume at the
melting temperature TM . The dashed plot above it represents the behavior of a melt
that forms a supercooled liquid when the temperature is cooled below TM . It shows a
decrease in the magnitude of the slope of V vs. T at the glass transition temperature
Tg . Directly below the volume plot is a plot of the heat content vs. T. Again, there is a
drop in the heat content at the phase transition temperature, but at the glass transition
temperature the slope changes while the heat content is continuous.

This behavior has important energetic consequences. When cooled to below melt-
ing temperature, there is an abrupt decrease in the volume and loss of heat if the
material undergoes crystallization. If supercooled without crystallization, there is
no abrupt decrease in the volume or the heat, which are thus higher than the crys-
talline solid. The significance of this observation is that the average distance between
molecules is larger in a glassy state than in a crystalline state at the same temperature
and pressure. A similar analysis can be made for the heat content. Since the super-
cooled liquid and glassy state do not experience abrupt decreases in the heat content
on freezing, the heat content is higher in supercooled form than in the crystalline
form at the same (T, P).

These observations can be interpreted in terms the energy versus separation plot
of Fig. 1.8. At a given temperature below the melting point, the average separation
between molecules and the heat content are both greater in the glassy state than in
crystalline forms. As a result, the total energy is higher for the amorphous form
than the crystalline form at a given temperature, and the energy needed to reach the
dispersive region from the amorphous form is less. As discussed in the next section,
this indicates that glassy forms have higher energy and are expected to dissolve more
readily than crystalline forms.

1.6 Implications for Solubility and Dissolution

In drug delivery, the primary purpose for considering amorphous drug forms is to
increase the solubility and/or dissolution rate of a drug in aqueous media. For amor-
phous solids, the lack of long-range order has the consequence that the molecular
packing is less efficient than crystalline forms, resulting in a larger average molec-
ular separation and weaker attractive forces between molecules. Thus, for a given
temperature or heat content, the total energy per amount of material is higher for
amorphous than crystalline forms, and the energy required to reach the melt state
(level B in Fig. 1.8) and the dispersive region is less for amorphous than crystalline
forms.

The lower energy requirements for amorphous solids to reach the dispersive region
result in faster dissolution and higher solubility. At a constant temperature, the source
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of heat in dissolution is the solvation energy. A simple picture of solvation is that
solvent molecules “attach” to undissolved drug molecules, and kinetic energy from
the solvent molecules is transferred to a drug–solvent complex. The transfer of energy
is a function of the attraction between the drug and solvent, and the number of
solvent molecules that transfer energy to the undissolved drug. If the transferred
kinetic energy is sufficient to overcome the drug–drug attractions, the drug molecule
will leave the undissolved environment and move into the solvent, where it will be
surrounded by more solvent molecules and go into solution. Once in solution, the
drug molecules can disperse in the solvent, and they are in the dispersive region
shown in Fig. 1.8.

With this picture in mind, any modification to the undissolved form that reduces the
drug–drug attractive forces reduces the energy needed for “undissolved” molecules
to become dissolved forms. At a given temperature, this can be achieved either by
increasing the average distance between molecules, which will reduce the magnitude
of the attractive forces, or by reducing the number of nearest neighbors. Both will
make the total energy experienced by a molecule less negative and reduce the energy
needed from the solvent to reach the dispersion region.

The first can be achieved by creating amorphous forms. By increasing the average
distance between molecules, the attractive energy is less negative and the total energy
increases. In addition, different polymorphic forms represent different molecular
packing arrangements, and can reduce the number of nearest neighbor molecules.
Since the total attractive energy is additive, creating arrangements with fewer nearest
neighbors reduces the number of interactions and makes the total energy less negative.

Another way to reduce the number of nearest neighbors is by increasing the total
surface area per volume, since molecules on surface lack the molecules above the
surface. In addition, for extremely small particles (for instance, nuclei with radii of
curvature less than 10 nm), the number of molecules per volume is reduced due to
steric hindrance. This is one source of the Kelvin effect, in which the solubility of a
substance increases with decreasing radius of curvature (Adamson and Gast 1997).

A third method to reduce the energy needed to reach the dispersive region is
by inserting excipient molecules between the drug molecules, in which the drug–
excipient interactions are weaker than the drug–drug interactions, or excipient–water
interactions are stronger than drug–water interactions. The first case reduces the
energy required to displace the drug and reach the dispersive region, and the second
increases the energy obtained from the water–excipient interactions to dissolve the
drug molecules. This is the basis for ASDs, which will be covered in subsequent
chapters.

For a given drug and solvent, a kinetic view of dissolution can be formed. The
“undissolved” solid with weak drug–drug attractions will allow the drug to leave
from the solid more readily than one with stronger interaction. Kinetically, this
corresponds to a lower energy barrier, which can approximately be thought of as
the energy required to remove a drug molecule from its “undissolved” solid. Since
dissolution occurs when drugs leave a solid surface, the specific energy that must be
considered is the surface energy, which is related to the bulk energy by relationships
such as the Scapski–Turnbull rule (Adamson and Gast 1997). Since the rate at which
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molecules leave the surface often follows an Arrhenius relationship, the dissolution
rate can be related to the energy barrier εa as

Dissolution rate ∝ exp

(
− εa

kBT

)
. (1.30)

Of course, the dissolution rate also depends on other factors such as the diffusion
coefficient of the drug in the solvent, stirring, etc. However, if the energy barrier is
large, then the rate-limiting step for dissolution is the removal of the drug from the
surface of the undissolved solid. In that case, Eq. (1.30) can describe surface limited
dissolution, as opposed to diffusion-limited dissolution. (This is a topic of some
debate, as some pharmaceutical scientists claim that surface limited dissolution does
not occur in practice.)

1.7 Implications for Physical Stability

Amorphous forms show a tendency toward crystallization as the means to reduce
the total energy content. The rate of conversion must be slow enough to provide
an intended shelf life for amorphous forms to be commercially viable. In a pure
substance, crystallization may occur after short translational motions; whereas in
ASD, longer diffusion motions are required. In this sense, pure amorphous forms
convert to crystalline forms more rapidly than ASD’s. The following illustrates the
order of magnitude of the molecular motions on crystallization.

For a neat substance with a true density of ρ0 (g/cm) and molecular weight M
(g/mole), the average distance between drug molecules 〈r〉 can be estimated as

〈r〉 =
(

M

ρ0NA

)1/3

, (1.31)

where NA represents Avogadro’s number (6.02 × 1023 molecules per mole). Also,
Eq. (1.31) shows 〈r〉 ∝ (1/ρ0)1/3. As examples, the average distance between water
molecules in the liquid state is 〈r〉 ∼ 0.31nm , while for ice (ρ0 = 0.917g/cm3) it
is 〈r〉 ∼ 0.32nm, or about 3 % larger than for liquid water. For solid ibuprofen, ρ0 is
close to 1 g/cm3 (D’Arcy and Persoons 2011) and the calculated average separation
is 〈r〉 ∼ 0.7nm. Since the relative density differences between polymorphs and
amorphous forms are small, the relative changes in average molecular separations
are small as well. Thus, crystallization of amorphous forms involves short range
motions or rearrangements of molecules that are typically shorter than 0.1 nm.

The main energy barrier to crystallization for pure amorphous materials is rota-
tional, not diffusional. The kinetics of crystallization depend on the ability of the
molecules to come into proximity plus to overcome energy barriers associated with
going through intermediate arrangements to achieve the optimal structural alignment
(the crystalline arrangement). For neat amorphous forms, the molecules are already
in close proximity, so the second step is more important. In comparison, the average



30 R. A. Bellantone

distance between drug molecules is larger in ASD’s. Thus, the motions required
for crystallization to occur in ASD’s are significantly larger. In addition, in a solid
solution ASD, the drug molecules are separated both by a large distance and have
excipient molecules (polymers) between them. Thus, crystallization must occur after
diffusion, which slows the overall process of losing the amorphous nature.

1.8 Kinetic Considerations

As discussed earlier in Sect. 1.5, the relaxation time of amorphous material is in-
creased as the temperature is decreased. The Angell plot (Fig. 1.10) gives details of
the temperature sensitivity for supercooled liquids between the melt and the glass
transition temperatures, but in general it does not extend to lower temperatures for
which Tg/T > 1. In fact, the extrapolations below the glass transition temperature
often fail and the methods to determine the exact forms of equations for extrapolation
are still being studied actively (Garca-Coln et al. 1989; Trachenko 2008; Mauro et al.
2009). Still, as would be expected, the relaxation time will continue to increase in
some manner. As noted earlier, the relaxation time at the glass transition temperature
for many materials is approximately τ (Tg) ≈ 100s( log τ = 2), which is long enough
for most organic molecules to undergo some crystallization within reasonably short
timeframes.

It will be useful to estimate how far from the glass transition temperature an
amorphous material can be stored to ensure that the material is kinetically stable
over the duration of shelf life. Several rules of thumb have been proposed, of which
probably the best known is the “ Tg − 50 rule” for estimating the required storage
temperature (Hancock et al. 1995). If this temperature is far below room temperature,
storage of the amorphous drug at that temperature will not be practical, and alternative
means of stabilizing the amorphous drug will be needed. (It should be noted that the
“ Tg − 50 rule” is a generalization based on concepts such as those detailed above.
While many materials do not follow this rule, it is still a useful concept.)

The kinetics of crystallization has been simulated by many models, including the
Avrami model (House 2007). The rate of conversion from amorphous to crystalline
states can be measured by using thermal analysis (differential scanning calorimetry,
DSC) and/or X-ray diffraction. The rate of conversion from amorphous to crystalline
form depends on a number of factors. The process occurs in two steps, nucleation and
growth (Mullin 2001), which are affected by various factors and occur at different
rates. Specifically, for crystallization to occur, a seed or nucleus must form, on which
subsequent growth will occur. Thus, the rate of nucleation is of primary interest. By
analogy with Arrhenius-type processes, the nucleation rate can be written as

dNnuc

dt
= A exp

[
−�gcr

kBT

]
, (1.32)

where dNnuc/dt denotes the number of nuclei formed per volume per time, and
�gcr reflects an activation energy for nucleation. This activation energy is related to
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the interfacial energy between a crystallizing nucleus and surrounding amorphous
medium, and thus depends on the particle size via its surface area. For the idealized
case of a spherical nucleus, the change in Gibbs energy with formation of a particle
depends on the environment. For instance, when nucleation occurs from a supersat-
urated solution of a drug in a liquid solvent, �gcr and the nucleation rate are given
by

�gcr = 16πv2γ 3

3(kBT ln S)2 and
dNnuc

dt
= A exp

[
− 16πv2γ 3

3k3
BT 3(ln S)2

]
, (1.33)

where v is the molecular volume, γ is the interfacial tension of the nuclei in the
amorphous environment, and S is the degree of supersaturation. On the other hand,
if nucleation occurs from the melt of a pure substance, these are given by (Mullin
2001; Adamson and Gast 1997):

�gcr = 16πv2γ 3T 2
M

3�h2
M(TM − T )2 and

dNnuc

dt
= A exp

[
− 16πv2γ 3T 2

M

3kBT �h2
M(TM − T )2

]
,

(1.34)

where, γ represents the interfacial tension between the crystalline form and the
melt. In an amorphous solid, it can be expected that nucleation will follow a pattern
analogous to Eq. (1.34), in which γ would represent the interfacial tension between
the crystalline and amorphous forms of the drug. This reflects the notion that a
pure API is not microscopically homogeneous when nucleation and crystallization
are occurring, so on a microscopic scale, there are regions with different molecular
packing, density, and energy patterns. These regions create interfaces and interfacial
tensions, based on the different molecular packing of the regions.

Because of the interfacial terms in Eq. (1.34), nucleation is sometimes modeled as
occurring randomly in pure amorphous materials. This is one of the central assump-
tions of models for crystallization kinetics, and has led to solid-state kinetic models
such as the Prout–Tompkins and Avrami models (House 2007), in which crystalliza-
tion is modeled as random nucleation events in location and time, followed by growth
by a definable mechanism. For instance, in 2-d and 3-d growth models, nucleation
is treated as occurring at a constant rate per unconverted (amorphous) fraction of the
sample volume, followed by a growth rate that is approximated as being constant
along a given dimension such as the radius. This leads to an expression of a gen-
eral Avrami equation (also known as the Avrami-Erofe’ev, or Johnson-Mehl-Avrami
equations), given by

α = 1 − exp (−ktn), (1.35)

where α represents the fraction of a sample that has been converted to crystalline
form, k is a function of several physical variables, and n is a function of the geometry
(plates, spheres, etc.) for the growing crystals. The parameters k and n can be obtained
from nonlinear fits of the data, or classic double log plots such as

ln [−ln (1 − α)] = ln k + n ln t. (1.36)
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An example calculation will illustrate the approach. If the number of nuclei formed
per time per unconverted volume is denoted by a constant rate Ṅ0, the number of
nuclei that form in a sample between times τ and τ + dτ is Ṅ0VT (1−α)dτ . Here, VT

denotes the total sample volume, V is the volume that has converted to the crystalline
form, and α = V/VT . The crystals are assumed to form perfect spheres of volume
4πr3/3, and the interfacial energy between the crystals and surrounding amorphous
material is assumed to be constant (which is reasonable once crystals grow to larger
than several nanometers in radius), so the radius of each sphere can be assumed to
increase at the same constant rate ṙ0. With these assumptions, the size of a sphere at
a time t that formed at time between τ and τ + dτ would be 4πṙ3

0 (t − τ )3/3. Also,
at time t the total volume occupied by all spheres formed volume occupied by all
spheres formed between τ and τ + dτ , denoted by dV (t , τ ), would be the volume
of each times the number that formed in that time interval, or

dV (t , τ ) = 4πṙ3
0

3
(t − τ )3 × VT (1 − α) × Ṅ0dτ , (1.37)

which can be rewritten as

dα

(1 − α)
= 4πṙ3

0 Ṅ0

3
(t − τ )3dτ. (1.38)

At any time, α(t) can be found by integrating both sides. Assuming no converted
fraction initially, the left-hand side is integrated from 0 to α and the right-hand side
is integrated over all formation times τ from 0 to the observation time t, which leads
to

ln (1 − α) = πṙ3
0 Ṅ0t

4

3
(1.39)

or

α = 1 − exp(−kt4) k = πṙ3
0 Ṅ0

3
. (1.40)

This form of the Avrami equation describes a uniform 3-d growth of spherical
particles whose nuclei randomly form at a constant average rate per unconverted
volume, and is of a mathematical form referred to as the Avrami (A4) nucleation
model (Khawam and Flanagan 2006). Other forms for other growth patterns have
been derived, such as for crystals that grow as disks as (House 2007)

α = 1 − exp(−kt3) k = πṙ3
0 Ṅ0

3
. (1.41)

These equations have been successfully used in practice to model crystalliza-
tion data. Since equations have been derived for a number of Avrami models, this
approach has the advantage that the model does not have to be known a priori, but in-
stead can be chosen based on which equations fit the data (along with some physical
insight). It is also possible to perform experiments at different temperatures or un-
der nonisothermal conditions to facilitate further analyses such as obtaining growth
activation energies, and the reader is referred to other works for detailed treatments
(Khawam and Flanagan 2006).
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1.9 Summary and Closing Remarks

Amorphous solids have been of great interest to pharmaceutical scientists for decades.
Their potential for increasing bioavailability is of great importance, although they
have not been utilized to the full potential to date. In this chapter, the thermodynamic
and molecular foundation of neat amorphous APIs were presented with the goal of
relating these properties to possible dissolution and solubility advantages, as well
as to shed light on physical instability. Some kinetic considerations on amorphous
materials were also presented because of their practical importance.

It is the opinion of this author that neat amorphous API and ASD formulations
show great promise for future applications, but their utilization has not fully mate-
rialized due to a lack of understanding of how the systems work. The fact that the
approach of using amorphous forms for drug delivery has been studied for nearly five
decades and still yet not used in more drug products is indicative of the nature of the
problem. Studying amorphous forms for drug delivery is interdisciplinary in nature,
and requires high levels of expertise in fields ranging from pharmacy to chemistry,
biology, physics and computer science. We are in exciting times because experimen-
tal equipment and computational platforms are rapidly increasing our fundamental
knowledge of material science. Looking forward, it seems inevitable that these forms
will find more commercial applications in drug delivery in the not-too-distant future.
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Chapter 2
Theoretical Considerations in Developing
Amorphous Solid Dispersions

Riikka Laitinen, Petra A. Priemel, Sachin Surwase, Kirsten Graeser, Clare J.
Strachan, Holger Grohganz and Thomas Rades

2.1 Introduction

The term “solid dispersion” was introduced by Chiou and Riegelmann in 1971 who
defined solid dispersions as “a dispersion of one or more active ingredients in an
inert carrier at the solid state, prepared by either the melting, the solvent or the
melting solvent method” (Chiou and Riegelman 1971). Although the concept of
melting an active ingredient and carrier together had previously been used, Chiou
and Riegelmann were the first to introduce a classification system for solid dispersions
that was based on the possible physical states of the active pharmaceutical ingredient
(API) and the carrier. Unfortunately, it is often found that the term “solid dispersion”
is used somewhat inconsistently in the pharmaceutical literature; therefore, this first
section briefly gives an overview over the nomenclature of different types of solid
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Table 2.1 Classification of
solid dispersions State of API Number of phases

1 2

Crystalline Solid solution Eutectic mixture

Amorphous Glass solution Glass suspension

API active pharmaceutical ingredient

dispersions (Table 2.1). The number of components is not limited to two; however, in
the following chapter, we restrict ourselves to binary systems, consisting of API and
carrier. We use the term “solubility” to describe the solubility of the crystalline drug
in the carrier and the term “miscibility” to describe the miscibility of the amorphous
drug with the polymer.

The advantage of using solid dispersions as drug delivery systems to increase the
dissolution behavior and apparent solubility of a drug is discussed in more detail
later in this chapter. In brief, molecularly dispersing a poorly water-soluble API in
a hydrophilic carrier (amorphous or crystalline) often leads to increased dissolution
behavior and supersaturation of the drug when this system is exposed to water. This
is attributed to a number of factors such as improved wettability of the drug by the
polymer, minimal particle size of the drug, separation of individual drug particles
by polymer particles, and subsequent prevention of drug precipitation upon contact
with aqueous media.

2.2 Classification of Solid Dispersions

2.2.1 Eutectic Mixtures

A simple eutectic mixture consists of two compounds that are completely miscible in
the liquid state (melt) but only show limited miscibility in the solid state. At a specific
composition (E in Fig. 2.1), the two components crystallize simultaneously when
the temperature is reduced (Fig. 2.1). If mixtures with different compositions to the
eutectic composition of A and B are cooled, one component will start to crystallize
before the other, which initially leads to a mixture of pure solid compound and
liquid. Therefore, a true eutectic only exists for a defined composition of A and B.
The microstructure of a eutectic mixture is different from the microstructure of either
components, and this property may be used to differentiate the eutectic mixture from
other forms of crystalline mixtures. A theoretical method to determine the eutectic
composition of a binary mixture and the temperature at which it crystallizes has been
suggested by Karunakaran (1981).

Eutectics of poorly soluble compounds and water-soluble inert carriers have been
shown to enhance the dissolution rate of the poorly soluble compound. When the
eutectic is exposed to water or the gastrointestinal (GI) fluids, the carrier will dissolve
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Fig. 2.1 Phase diagram of a
simple eutectic system

rapidly and release fine crystals of the drug. Through the large surface area and the
improved wettability from the carrier, the dissolution rate of theAPI will be enhanced.

2.2.2 Solid Solutions

Solid solutions are formed when a solute is nonstoichiometrically incorporated into
the crystal lattice of the solvent (Moore and Wildfong 2009). Solid solutions can be
classified according to the solubility of the solute in the crystal lattice (continuous vs.
discontinuous) or according to the way in which the solute molecules are distributed.
In general, the term “solid solution” refers to systems that contain a crystalline carrier.

Continuous Solid Solutions In continuous solid solutions, the components are mis-
cible in all proportions. This occurs if the strength of the bonds between the two
different molecules is higher than that of the bonds of the molecules of the same
species. Organic molecules do not tend to form this kind of solid solutions and
therefore, they are not of great importance in the pharmaceutical field (Leuner and
Dressman 2000).

Discontinuous Solid Solutions The term “discontinuous” refers to the fact that
solid solubility only exists at specific compositions of the mixture, not over the en-
tire compositional range. Figure 2.2 represents a phase diagram of a discontinuous
solid solution. Each component is capable of completely dissolving the other com-
ponent in a specific compositional region (regions α and β in Fig. 2.2) whereby the
solubilization capability of the components is temperature dependent. It is maximal
at the eutectic temperature and decreases when the temperature is reduced (Leuner
and Dressman 2000). In reality, limited solid solubility most likely exists for all,
or at least very many, binary systems. Goldberg et al. (1965) therefore proposed to
use the term “solid solution” only if the mutual solubility of the two components
exceeds 5 %. In their work, they could show that the postulated eutectic mixture of
sulfathiazole in urea by Sekiguchi and Obi (1961), which was shown to increase the
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Fig. 2.2 Phase diagram of a
discontinuous solid solution

drug absorption rate in man, should indeed be regarded as a physical mixture of two
solid solutions.

Substitutional Solid Solutions In typical solid solutions with a crystalline carrier, a
solute molecule can substitute for a carrier molecule in the crystal lattice (illustrated
in Fig. 2.3a). Substitution is only possible if the size of the solute molecule is ap-
proximately similar to the size of the carrier molecule. Substitutional solid solutions
can be continuous or discontinuous.

Interstitial Solid Solutions If the solute molecules are smaller than the solvent
molecules, it is possible for them to occupy the interstitial spaces in the crystalline
lattice (illustrated in Fig. 2.3b). The diameter of the solute molecules should not
exceed 0.59 times the diameter of the solvent. Interstitial solid solutions can only
form solid solutions of the discontinuous type (Khachaturyan 1978).

2.2.3 Glass Solutions

In glass solutions, the carrier is amorphous and the solute molecules are dispersed
molecularly in the amorphous carrier. Glass solutions therefore are homogeneous
one-phase systems. However, due to the much higher viscosity of glass solutions
compared to liquid solutions, the distribution of solute molecules in the carrier may
be irregular and a homogeneous distribution within the glass solution needs to be
ensured by mixing. Chiou and Riegelmann (1969) formulated a glass solution of
griseofulvin in citric acid to improve the dissolution rate of griseofulvin. In the past,
sugars and urea were used as amorphous carriers, but more recently, organic poly-
mers such as poly(vinylpyrrolidone) (PVP) and cellulose derivatives are commonly
used. These polymers often exhibit amorphous regions (or are fully amorphous) and
can be tailor-made for specific purposes. If the solubility of the drug in the car-
rier is not exceeded, the glass solution is thermodynamically stable. However, the
concentration of the solute is often supersaturated to achieve higher drug loads and
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Fig. 2.3 a Substitutional
crystalline solid solution and
b interstitial crystalline solid
solution

therefore recrystallization and precipitation may occur. Recrystallization may be re-
tarded by kinetic stabilization. Phase separation, as the first step to recrystallization,
requires a certain degree of molecular mobility within the system, and storing glass
solutions at temperatures well below the glass transition temperature (Tg) will slow
down mobility and may increase the stability of supersaturated glass solutions.

2.2.4 Glass Suspensions

As stated above, it is often observed that the miscibility of an amorphous drug in
an amorphous carrier is limited, and as the drug content increases, phase separation
can occur. If the drug forms a separate amorphous phase (or a drug-rich amorphous
phase), the glass solution has been converted to a glass suspension. In this form, the
drug is still present in the amorphous form, so it will still show increased dissolution
behavior compared to the crystalline form; however, these amorphous precipitates
have a high likelihood for recrystallization of the amorphous drug (usually the Tg of
the drug or drug-rich phase will be lower than the Tg of the polymer or polymer-rich
phase).
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Fig. 2.4 Classification of
solid dispersions. (Adapted
from Vasconcelos et al. 2007)

Recently, a number of publications have presented a classification scheme of
solid dispersions which is not based on the molecular structure but rather based
on the advancement of knowledge and complexity of these systems. The au-
thors categorize solid dispersions as first-, second-, and third-generation solid
dispersions (Vasconcelos et al. 2007). This classification can be regarded as a kind of
timeline showing the evolution of solid dispersion development and their increasing
complexity as drug delivery systems (Fig. 2.4). This chapter predominantly covers
second-generation solid dispersions.

2.3 Theoretical Considerations Regarding Solid Dispersions

2.3.1 Solubility Advantage of the Amorphous Form

Amorphous forms show excess free energy, enthalpy, and entropy compared to the
corresponding crystalline state(s) and therefore their solubility in the GI tract may
be higher, which results in potentially higher bioavailability of the drug.

However, before pursuing the laborious route of amorphous formulation devel-
opment, the formulation scientist would benefit from a priori knowledge of whether
the amorphous route is viable and how much solubility improvement, and hence
potential increase in bioavailability, can be expected. For a crystalline material, sim-
ple solubility measurements and (intrinsic) dissolution testing are the most common
methods for comparing solubility. Solubility and dissolution testing of amorphous
compounds, however, is not as straightforward, and there are numerous reports in
the literature on the difficulties associated with solubility and dissolution rate deter-
mination of an amorphous form, as amorphous material tends to recrystallize upon
contact with the dissolution media (Alonzo et al. 2010; Babu and Nangia 2011;
Egawa et al. 1992; Greco and Bogner 2010; Imaizumi et al. 1980).
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For different polymorphs, the solubility advantage of one polymorph over the
other can easily be calculated using the thermodynamic parameters of each poly-
morph. In a method proposed by Parks et al. (1928; 1934), the solubility difference
between different polymorphs is estimated using the solubility ratio, σ 1 /σ 2 The
solubility ratio is directly related to the free energy difference, �G1,2, between
polymorphs 1 and 2:

�G
1,2
T = −RT ln

(
σ 1

T /σ 2
T

)
, (2.1)

where �G
1,2
T is the free energy difference between polymorphs 1 and 2 at any given

temperature (T ) and R is the gas constant. The difference in free energy can be
estimated from the enthalpy (�H) and entropy (�S) differences of both forms:

�G
1,2
T = �H

1,2
T − (T �S

1,2
T ). (2.2)

For crystalline compounds, the calculated solubility ratio gives accurate results. It
has therefore been proposed to apply this equation to amorphous systems:

�G
a,c
T = �H

a,c
T − (T �S

a,c
T ) (2.3)

whereby the entropy and enthalpy differences can be calculated from the entropy
and enthalpy of fusion and the heat capacities (Cp):

�H
a,c
T = �H c

f − (Ca
p − Cc

f )(T c
f − T ) (2.4)

�S
a,c
T = �Ss

f − (Ca
p − Cc

p)( ln T c
f − T ) (2.5)

�Sc
f = �H c

f /T c
f . (2.6)

In this simplified approach, the amorphous form is treated as a pseudo-equilibrium
state. Solubility advantages calculated by this method have predicted solubility ad-
vantages of up to 1600-fold for amorphous systems compared to their crystalline
counterparts (Graeser et al. 2010; Hancock and Parks 2000). When compared to
experimentally determined solubility data, the observed increase in solubility, how-
ever, was considerably lower. In the past, this has always been attributed to the
difficulty in measuring the solubility of amorphous systems in aqueous media due to
recrystallization and the nonequilibrium nature of the amorphous form (Egawa et al.
1992; Imaizumi et al. 1980). In a recent publication, however, some shortcomings
of the proposed simplified calculations were highlighted. It was postulated that the
large discrepancies between the theoretical and experimentally determined solubility
increase can be attributed to inaccurate assumptions regarding the Cp differences,
changes in the amorphous free energy due to water sorption, and a reduced fraction
ionized in saturated solutions of the amorphous form (Murdande et al. 2010a). By
including correction terms for these three considerations, the authors were able to
calculate the solubility advantage for amorphous indomethacin to be 7-fold instead
of the previously determined 25–104-fold higher solubility, compared to the crys-
talline form of the drug. This was in closer agreement to the experimentally observed
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value of 4.9. In a second study, the authors reported that the calculated and observed
solubility advantages were in agreement only if recrystallization in the medium was
slow (Murdande et al. 2010b). This limitation highlights once again the difficulties
in determining the solubility and dissolution behavior of amorphous compounds.

Determination of the solubility advantage using this modified method, however,
gives useful estimates of the expected solubility increase and can thus serve as a
basis to decide whether the amorphous route should be pursued in development of
a specific poorly water-soluble drug. Only drugs for which the solubility increase is
considered sufficient should be selected for further testing and development.

2.3.2 Glass-Forming Ability (GFA) and Glass Stability (GS)

Research over the past decades has shown that different crystalline drugs have dif-
ferent tendencies to be converted into and remain in the amorphous form. Although
several technologies exist to convert a crystalline drug into the amorphous form,
but in practice, not every drug is susceptible to amorphization. Thermolabile drugs
may not be transformed using heat-based methods, while poor solubility in organic
solvents may prevent the use of spray drying or precipitation methods. Additionally,
drugs that show a poor tendency to amorphization regardless of the technology used
exist.

To assess whether a compound is capable of being developed into an amorphous
dosage form, the glass-forming ability (GFA) of the drug can be estimated. The GFA
has been defined as the ease of vitrification of a liquid upon cooling, and there is
no shortage of structural and kinetic theories behind it (Avramov et al. 2003). Once
successfully converted to the amorphous form, drugs may exhibit different tendencies
to revert back to the energetically favored crystalline state. This recrystallization
process may occur in a time frame of several seconds up to several years, depending
on the drug used and the conditions at which it is stored.

Whereas the GFA describes the ease of vitrification of a compound, the glass
stability (GS) describes its resistance to recrystallization. In the past decades, re-
searchers not only in the pharmaceutical field but also in the field of inorganic
chemistry have investigated the GFA and GS of numerous glasses. However, de-
spite such research, the fundamental understanding, and thus prediction models, of
the recrystallization process is still lacking. For the pharmaceutical scientist, predic-
tion models for the GFA and GS would be of great benefit, as real-time preparation
and storage experiments would potentially become redundant. This would be a time-
and cost-saving improvement in the development process for new drugs.

After assessing whether a poorly soluble drug would benefit from being formu-
lated in the amorphous form in terms of solubility increase, the GFA should be the
subsequent property to determine. The most common parameter to estimate the GFA
of a compound is to assess its minimum cooling rate, i.e., the slowest cooling rate
from the melt at which the material can still be transformed to the amorphous form.
Drugs which show poor GFA are thought to exhibit a high degree of mobility in
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Fig. 2.5 Annotated
time–temperature
transformation diagram,
showing the minimum
cooling rate to avoid
crystallization. Tm is the
melting temperature, Tg is the
glass transition temperature,
and Tn and tn are the
temperature and time point at
the locus, respectively.
(Adapted from Karmwar et al.
2011a)

the melt, so that the melt can only solidify to an amorphous form if the temperature
change (cooling rate) is sufficiently rapid. In contrast, the amorphous form can be
attained by slow cooling rates for drugs with high GFA.

This critical cooling rate ( qn
crit) has been estimated by use of isothermal time–

temperature transformation (TTT) diagrams (Uhlmann 1972) or continuous cooling
transformation (CT) curves Onorato and Uhlmann 1976).

Applying the TTT method, the critical cooling rate is given by Eq. 2.7:

qn
crit = Tm − Tn

tn
(2.7)

whereby Tm is the melting temperature and Tn and tn are the minimum temperature
and time where an amorphous form can still be achieved (Fig. 2.5).

However, it has been discussed that the critical cooling rate calculated by the
TTT method often differs by up to one order of magnitude from the experimentally
determined values (Huang et al. 1986). As the measurement of qn

crit is time and ma-
terial consuming and the measurements are often not straightforward, a variety of
thermal observations have been proposed as surrogates for the critical cooling rate
such as, the melting temperature Tm, the glass transition temperature Tg, the crystal-
lization temperature Tc, and combinations thereof. These thermal events can easily
be obtained by differential scanning calorimetry (DSC) measurements. Barandiaran
and Colmenero (1981) were among the first to develop a DSC-based method in
which the crystallization temperature is determined while a liquid is being cooled in
a DSC instrument at different rates, and they established the following relationship
(Eq. 2.8), which was later refined to Eq. 2.10 (Cabral et al. 2003):

Inq = A − B

(�T c
c )2

(2.8)

�G(T c
c ) = Sm�T c

c (2.9)
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qn
crit = exp

(
A − B

Tm
2

)
, (2.10)

where q is the cooling rate, A and B are empirical constants obtained from linear
regression, T c

c is the crystallization peak temperature on cooling, and �T c
c is the

difference between Tm and T c
c . In essence, the equation states that compounds which

have a low thermodynamic driving force for recrystallization, �G(T c
c ), and high

melting entropy (Sm) should be good glass formers (Eq. 2.9). Only few researchers
have calculated the minimum cooling rate using this method; however, the calculated
and experimentally determined values agreed (Whichard and Day 1984). A number of
other researchers have investigated and proposed alternative methods for calculating
the critical cooling rate, making small alterations to already existing equations. These
different approaches are beyond the scope of this chapter and the interested reader is
referred to the literature for further details (Gutzow and Schmelzer 2013; Whichard
and Day 1984).

The concept of the GFA was developed for inorganic materials, and studies on
the estimation of the GFA through measurement of the critical cooling rate for small
organic molecules are scarce. For pharmaceutically relevant systems, DSC-based
methods are of particular interest as they offer a rapid and simple way of estimating
the GFA of an unknown drug. These methods use the thermal events from heating
experiments in a DSC to assess the GFA. In the 1940s, Kauzmann introduced a ratio
which was later termed the reduced glass transition temperature (KT) by Turnbull
(Kauzmann 1948; Turnbull 1969).

KT = Tg

Tm
(2.11)

with Tm being the melting temperature and Tg the glass transition temperature. KT

is considered a predictor for the resistance to crystallization. The higher the value of
KT, the higher the GFA should be. The theory behind this simple equation relies on
the assumption that the viscosity of compounds is equal at Tg and therefore materials
with a higher value for KT are expected to have a higher viscosity between Tg and
Tm. Hence, the closer the value of KT is to 1, the higher is the GFA of the compound.

Weinberg (1994) used an approach in which not only the Tg but the difference
between Tg and the crystallization temperature was used to estimate the GS. It is
assumed that larger differences between these two temperatures reflect a higher
GFA:

KW = T h
x − Tg

Tm
, (2.12)

where KW is the “Weinberg parameter” and T h
x is the crystallization onset

temperature.
In the past, there has been no shortage of authors and equations, all intending to

establish the optimal equation in order to estimate the GFA of a drug (Eqs. 2.13, 2.14
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and 2.15; Duan et al. 1998; Hrubý 1972; Lu and Liu 2002, 2003; Ota et al. 1995;
Saad and Poulain 1987).

KH = T h
x − Tg

Tm − T h
x

(2.13)

KLL = T h
x

Tm + Tg
(2.14)

KSP = (T h
x − Tg)(T h

c − T h
x )

Tg
, (2.15)

where T h
c is the crystallization peak temperature.

The general consensus is that compounds which show a high GFA also exhibit a
high degree of GS. In some instances, the abovementioned equations are used to de-
termine the GFA, but other authors have employed them to estimate GS (Nascimento
et al. 2005). It is mentioned here that “the definitions of GS are somewhat arbitrary,”
and in their study, the authors calculated the GS for 6 inorganic compounds using 14
different stability parameters by employing the previously mentioned equations. As
an estimate of the GFA, the authors used the critical cooling rate which was deter-
mined experimentally. They compared their calculated GFAs and GS and could show
an inverse relationship between GFA, determined as the critical cooling rate, and GS
for a number of compounds. It can, therefore, be concluded that the equations can
be used to estimate either GFA or GS for inorganic materials.

At this stage, it has to be mentioned that the majority of these equations and
theories stem from the world of inorganic chemistry and have been applied mainly in
this field. In recent years, however, interest in the pharmaceutical field has increased
and an attempt has been made to translate these concepts to small organic molecules.
Another parameter that has been introduced to the pharmaceutical sciences is the
reduced crystallization temperature, here termed KTcred:

KTcred = (T h
x − Tg)

(Tm − Tg)
(2.16)

This value describes how far above the Tg a compound must be heated before spon-
taneous crystallization occurs. The authors concluded that the higher the value of
KTcred, the higher is the GFA (Zhou et al. 2002).

It should be noted that when dealing with amorphous drugs, it is the stability of
the glass (and not the supercooled melt) that is of interest as this is the preferred state
for manufacturing and storage of amorphous drug products. To calculate the GFA
or GS of amorphous compounds, however, the equations use thermal characteristics
that are obtained from heating the glass above its glass transition. So, in reality, it is
not the stability of the glass but the stability of the supercooled melt that is calculated
from these equations (Baird et al. 2010). In the remainder of this chapter, the term
“GS” is only be used when the stability of the actual glass is concerned. Otherwise,
the term “liquid GS” will be used.
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In one of the first studies that investigated the relationship between GFA and
GS experimentally, a TTT diagram using indomethacin as the model compound
was generated (Karmwar et al. 2011a). These authors were the first to verify for
small organic molecules that the critical cooling rate, as calculated from Eq. 2.10, of
1.0 K/min was in very good agreement with the experimentally determined value
of 1.2 K/min. Furthermore, differently cooled indomethacin samples showed differ-
ences in stability upon storage. Correlation of the experimentally observed stability
with the GFA parameters KT and KTcred showed that for differently cooled in-
domethacin samples, these GFA parameters could be used as a surrogate for stability
of the glass.

In order to test whether this attempt would be successful when different com-
pounds are analyzed, the group of Lynne Taylor evaluated a potential correlation
between the GFA, the GS, and the “liquid GS” for a set of 51 drugs (Baird et al.
2010). Compounds were separated into three different classes according to their
physical state and behavior after the melt quenching. Class I compounds were not
able to be transformed to the amorphous form through melting as they recrystallized
during cooling; class II compounds were transformed to an amorphous form, but
recrystallized upon reheating above the Tg. Class III molecules were made amor-
phous and did not recrystallize upon heating above the Tg. GFA and “liquid GS”
parameters were calculated from eight different equations and compared to results
from storage experiments. Class I compounds recrystallized directly upon cooling
and were thus classified as having a low GFA. These compounds were cooled using
different cooling rates (5–20 ◦C/min), and additionally, the critical cooling rate, qn

crit,
was determined using Eq. 2.10. It was discovered that calculation of the critical
cooling rate, qn

crit, was inaccurate or contradictory to the experimental observations
for a number of molecules, and this was attributed to the relatively small differences
in cooling rates. The qn

crit could not be calculated for class II and III compounds as
they did not crystallize upon cooling. This showed another drawback of this equation
when used for small organic molecules, as not every drug recrystallizes on cooling.
As a surrogate for GFA, the reduced temperature, KT, was calculated and compared
to the other “liquid GS” and GFA parameters. The overall results from their compar-
ative study were that there was no reliable correlation between any of the calculated
parameters and the behavior upon heating. They concluded that “[· · ·] in contrast to
inorganic systems where there is some evidence [. . .], these parameters may not be
ideal to predict the GFA or ‘liquid GS’ of organic molecules” (Baird et al. 2010).

There was, however, an indication that there may be a link between GFA and
“liquid GS” for crystallization behavior above the Tg, with class I molecules (low
GFA) also showing the lowest GS and class III molecules (high GFA) showing the
highest GS for this selection of drugs. Class II compounds (high GFA) could be dis-
tinguished from class III compounds (high GFA) as class II compounds recrystallized
upon storage (low GS). In a follow-up study, additionally using principal component
analysis (PCA) on thermal properties such as Tm, Tg, �H, �S, �G, and molecular
parameters, this was further investigated, and it could be shown that PCA in addition
to some compound properties may provide predictive capabilities of recrystallization
behavior (Van Eerdenbrugh et al. 2010).
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In general, it has been shown that the applicability of the simple calculated GFA
and “liquid GS” parameters in the field of small organic molecules is limited and that
conclusions drawn from the inorganic sciences do not hold true for pharmaceuticals.
As the physical stability is of great importance in the pharmaceutical field, other
methods of attempting to predict the stability are required to circumvent time- and
material-consuming experiments.

2.3.3 Calculation of Physical Stability

The observation that recrystallization is a complex process involving more than one
or two parameters and that PCA with thermal and molecular input parameters may
show some degree of predictability of stability was already noted by Graeser et al.
(2009b) who attempted to correlate the observed stability below the Tg with a number
of thermodynamic and kinetic factors they calculated from DSC experiments for a
set of 12 drugs. Unsatisfactory linear correlation prompted the authors to suggest
that multivariate analysis with the same parameters may be more successful.

In order to successfully develop an amorphous drug, a priori prediction of the
GS would be beneficial. This section does not deal with the underlying physics
and kinetics of recrystallization from the amorphous form; the details are covered
elsewhere in this book. Rather, it briefly highlights the attempts in the pharmaceutical
world to find predictive parameters of physical stability.

It is generally understood that the amorphous form possesses excess entropy, en-
thalpy, free energy (�S, �H, �G), and increased molecular mobility compared to
their crystalline counterparts and that these factors should, therefore, play a crucial
role in the recrystallization process. To date, the factors governing the recrystal-
lization process are poorly understood, making general rules challenging to apply.
Initially, it was considered that storing an amorphous compound at 50 ◦C below its
glass transition temperature should ensure sufficient stability, as molecular mobility
at this temperature was considered negligible. However, it could be shown that this
rule of thumb does not always hold true and recrystallization still occurs at temper-
atures well below the Tg (Yoshioka et al. 1994). Research in the past has focused on
molecular mobility and thermodynamic properties as the main factors governing the
physical stability.

A number of equations exist to calculate the molecular mobility or its reciprocal,
the relaxation time, τ (Andronis and Zografi 1997; Di Martino et al. 2000; Mao
et al. 2007; Yoshioka et al. 1994). The two most commonly used equations that
give an indication on the mobility within an amorphous sample are the Kohlrausch–
Williams–Watts (KWW) equation and the Adam–Gibbs (AG) equation.
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Fig. 2.6 Relaxation
endotherms of the glass
transition temperature for
quench-cooled simvastatin
annealed for different lengths
of time. (Adapted from
Graeser et al. 2009a)

2.3.3.1 Kohlrausch–Williams–Watts (KWW) Equation

The underlying assumption for the empirical KWW equation is that the relaxation
time of a sample can be determined by measuring the enthalpy lost during annealing
(Graeser et al. 2009a; Liu et al. 2002; Van den Mooter et al. 1999). An amorphous
compound will relax, thereby losing some of its excess thermodynamic properties,
e.g., enthalpy. Upon reheating of the sample, the enthalpy is recovered and can be
visualized in the DSC as an enthalpic overshoot at the Tg (see Fig. 2.6).

In Eq. 2.17, the enthalpic relaxation, �Hrelax, is related to the relaxation function
ϕ and the maximal theoretical enthalpic relaxation. Samples are aged for various
lengths of time and ϕ is obtained for various time points.

ϕ = 1 − �Hrelax

�H∞
(2.17)

�H∞ = �Cp(Tg − T ), (2.18)

where ϕ is the relaxation function, �Hrelax is the enthalpic relaxation, �H∞ is the
maximal theoretical enthalpic relaxation, �Cp is the heat capacity change at Tg, and
T is the annealing temperature.

The calculated relaxation functions are then fitted to the KWW equation
(Eq. 2.19) using nonlinear regression and the KWW parameters, relaxation time
τ , and the exponential parameter β are obtained.

ϕ = exp
[
−( t

τ
)β

]
, (2.19)

where t is the time, τ is the relaxation time, and β is the stretched exponential
parameter (0 < β < 1).
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The KWW equation has been widely used to estimate the average relaxation time
of single-component systems (Kawakami and Pikal 2005; Mao et al. 2006b; Surana
et al. 2005; Van den Mooter et al. 1999), as well as binary systems; however, it was
shown that the predictive capability from the KWW equation for physical stability
is limited. Limitations of the equation include:

• KWW equation assumes τ does not change significantly during relaxation;
however, studies have shown this not to be the case.

• The KWW value of τ is accompanied by the stretched exponential parameter β,
which makes direct comparison of τ values imprecise unless the β values are
close (± 0.1).

In small-scale studies with a limited number of drugs (i.e., two to three), the calculated
relaxation time showed some degree of correlation with stability of the amorphous
form; however, when the sample set was increased, this correlation could not be
supported (Graeser et al. 2009b). The predictive potential of the KWW equation in
terms of physical stability is small.

2.3.3.2 AG Equation

Limitations of the widely used KWW equation have been discussed and addressed
by employing the Vogel–Tammann–Fulcher (VTF) and AG equations in order to
calculate the relaxation time above and below the glass transition temperature more
precisely (Shamblin et al. 1999).

In brief, the VTF equation is commonly used to describe the temperature
dependence of relaxation time of a fluid:

τ (T ) = τ0 exp

(
DT0

T − T0

)
, (2.20)

where τ0 denotes a constant, taken as the lifetime of atomic vibrations, 10−14 s, D is
Angell’s strength parameter, and T0 is the temperature where no structural mobility
occurs.

As the temperature is decreased below Tg, free rotation of the individual molecules
decreases and molecular motions become restricted. In this temperature region, the
collective movement of cooperatively rearranging regions (CRR) of the molecules
dominates. Decrease of temperature leads to an increase in the size of the CRRs
and hence to the decrease of configurational entropy below Tg (Metatla and Soldera
2007). Any description of relaxation time below Tg therefore has to consider the
contribution of configurational entropy (Eq. 2.21):

τ (T ) = τ0 exp

(
c

T Sconf(T )

)
(2.21)

Here, C denotes a material-dependent constant and Sconf is the configurational
entropy.
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Once created, a glass will always strive towards a lower energetic state, hence
reducing a portion of its excess enthalpy and entropy. This results in the configu-
rational entropy being not only temperature dependent but also time dependent. A
convenient way of expressing the time and temperature dependence of Sconf is by
introducing the fictive temperature Tf . The fictive temperature is the temperature at
which the equilibrium system has the same thermodynamic properties as the real
(nonequilibrium) system at temperature T and time t, thus relating the nonequilib-
rium state (glass) to the equilibrium state (supercooled liquid) and enabling the use
of the AG equation. Introducing Tf into Eq. 2.21 leads to the modified AG equation
that allows description of relaxation times below the glass transition temperature:

τ = τ0 exp

⎛
⎝ DT0

T
(

1 T0
Tf

)
⎞
⎠. (2.22)

A straightforward way to assess the relaxation time from easily obtainable DSC data
is outlined in the literature (Mao et al. 2006a). Despite the improvement of the AG
equation over the KWW equation, relaxation times calculated from the AG equation
also did not show the capability of predicting the physical stability for a set of drugs.

In studies where the authors have calculated both, relaxation times from the KWW
and the AG approach, they found that these values differed considerably (Graeser
et al. 2009a, b; Karmwar et al. 2011b). This was not unexpected as both equations
have different underlying assumptions. The KWW equation is an empirical equation,
whereas the AG equation accounts for the nonlinearity of relaxation processes and
includes the time dependence of the configurational entropy. The AG equation also
suggests that that the relaxation time is controlled partly by the properties of the glass-
forming liquid. The shortcomings of the AG equation are the non-exponentiality of
the relaxation and neglecting other entropic contributions than configurational en-
tropy. In both cases, the equations are simplified to make them usable in a laboratory
environment. Despite these shortcomings, there seems to be some indication that the
relaxation time calculated from either the KWW or AG equation may predict the sta-
bility correctly for the same drug which is prepared as an amorphous form by different
methods (Graeser et al. 2009a; Karmwar et al. 2011b)—at least qualitatively.

2.3.3.3 Thermodynamic Properties

Other researchers have focused on the thermodynamic contributions to physical
stability and have investigated if these parameters could be exploited for stability
predictions. The configurational heat capacity (Cpconf ) is defined as the difference
between the heat capacity of the amorphous and crystalline forms of a material
(Eq. 2.23):

Cpconf = Cpamorph − Cpcrystal. (2.23)

The values for Cpconf are close but not identical to the heat capacity change at Tg

for amorphous compounds (�Cp) as shown in Fig. 2.7. Although this assumption
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Fig. 2.7 Heat capacity
difference (�Cp) and
configurational heat capacity
(Cpconf ) of indomethacin.
(Adapted from Graeser et al.
2010)

has often been made in order to simplify calculations of stability, the excess heat
capacity of the glass over the crystal has to be considered as it adds to the overall
excess configurational entropy.

The change in free energy is regarded as a driving factor for recrystallization from
the amorphous form: the larger the difference in free energy between the amorphous
and crystalline state, the more thermodynamically favorable is the situation upon
recrystallization.

Calculation of the free energy difference (equivalent to the thermodynamic driv-
ing force for recrystallization) can be achieved by taking into account the temperature
dependencies of the heat capacities for the amorphous and crystalline material. Upon
measurement of the heat capacities and calculation of the configurational heat ca-
pacity, the configurational enthalpy (Hconf ), configurational entropy (Sconf ), and the
configurational free energy (Gconf ) may be calculated:

Gconf(T ) = Hconf(T ) − Sconf(T ). (2.24)

The configurational enthalpy and entropy are the differences between the amorphous
and the crystalline forms (Eqs. 2.25 and 2.26), and the values may be obtained from
their relationship with the heat capacity (Eqs. 2.27 and 2.28).

Hconf(T ) = H amorph(T ) − H crystal(T ) (2.25)

Sconf(T ) = Samorph(T ) − Scrystal(T ) (2.26)

Hconf = �Hm +
∫ T

Tm

Cpconf dT (2.27)

Sconf = �Sm +
∫ T

Tm

Cpconf

T
dT . (2.28)
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The melting entropy can be obtained from the following relationship:

�Sm = �Hm

Tm
. (2.29)

These configurational thermodynamic values give an indication of the relationship
between the amorphous form and the crystalline state of a compound. The larger the
configurational values, the greater are the differences between the crystalline and the
amorphous forms.

A large value for Hconf indicates that the amorphous form holds a large amount
of excess enthalpy compared to the crystalline form. Hconf determines the enthalpic
driving force for crystallization, and as a consequence, compounds which show
large values of Hconf should show a higher tendency of recrystallization. The entropic
barrier of recrystallization is given by Sconf . For compounds with a high value, this in-
dicates high structural diversity of the amorphous and the crystalline states. It has been
suggested that the higher the entropic barrier, the more difficult it is for the molecule
to arrange itself in the correct conformation for recrystallization. Compounds with
a high Sconf value should therefore be more stable towards crystallization.

Investigation of this theory led to varying results. In some cases, a relationship be-
tween Hconf and recrystallization above the Tg was suggested (Marsac et al. 2006a),
and in other studies, researchers commented on the relationship of Sconf and re-
crystallization (Graeser et al. 2009b; Karmwar et al. 2011b; Zhou et al. 2002). It
should be noted, however, that these correlations were drawn for the stability of the
supercooled liquid, rather than the glass itself.

The procedure of evaluating thermodynamic parameters in terms of their con-
figurational properties is an attempt to incorporate not only the properties of the
amorphous form but also of the original crystalline state, as the driving force for
recrystallization is the energy difference between these two states.

Calculation of the thermodynamic quantities requires the system under investiga-
tion to be in equilibrium. For an amorphous system, this is achieved in the temperature
range above the Tg, in the supercooled liquid state. Theoretically, the calculations of
the configurational thermodynamic properties are not valid for the glass; however,
the behavior of the amorphous form above the Tg may give an indication on the
stability behavior below the Tg and calculation of these parameters provides further
information on the behavior of the amorphous form.

To summarize this section, the formulation scientist will consider an amorphous
approach for formulating a poorly water-soluble drug if sufficient solubility enhance-
ment compared to the crystalline form can be expected. In addition to a superior
solubility profile, the drug under consideration should be prepared easily in the amor-
phous form (high GFA) and it should show resistance against recrystallization (high
GS). These two factors can to date only be roughly estimated, despite the abundance
of equations available. In reality, an amorphous drug will rarely be manufactured on
its own; rather, it will usually be formulated with a polymer as a glass solution. The
polymer should be chosen to increase the physical stability in the solid state and in
the aqueous media of the GI tract and also maintain a degree of supersaturation.
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2.4 Drug–Polymer Miscibility: Theoretical Approaches

Solid polymer dispersions have become a preferred method to enhance drug dissolu-
tion and to stabilize the amorphous form of a drug (Sekiguchi and Obi 1961; Leuner
and Dressman 2000; Newman et al. 2012; Serajuddin 1999; Sethia and Squillante
2003; Williams et al. 2013; Zheng et al. 2012). As pointed out earlier, the term “solid
dispersion” is used for various solid mixtures of a drug with excipients; however, the
focus of this chapter is on amorphous single-phase dispersions, i.e., glass solutions.
There is an extensive amount of research on the mechanisms of how glass solutions
lead to increased physical stability of the amorphous drug, but in spite of this, there
is still a lack of sufficient understanding of the issue. However, some commonly
accepted generalizations can be made.

A high glass transition temperature (Tg) of the carrier polymers increases the
Tg of the glass solution compared to the pure amorphous drug, lowers the mobil-
ity of drug molecules, and kinetically acts as a crystallization inhibitor (Hancock
et al. 1995; Janssens and Van den Mooter 2009). Furthermore, intermolecular drug–
polymer interactions have been shown to be responsible for the stabilization of the
drug in solid dispersions, even with relatively small polymer amounts (Janssens and
Van den Mooter 2009; Matsumoto and Zografi 1999). Most importantly, however,
the drug and the polymer should be mixed homogeneously at the molecular level
during processing, and optimally, miscibility will also be maintained at the storage
conditions of the solid dispersions. In case the drug is supersaturated beyond its
solubility/miscibility limit in a particular polymer, thermodynamics dictates that the
systems will tend to phase separate, but due to slow dynamics, the blend may still be
kinetically stable enough for the intended use (Marsac et al. 2006b). Thus, knowl-
edge of the phase behavior of a drug–polymer system is needed to avoid potential
phase separation driven by supersaturation of the drug substance, and is essential
regarding estimation of correct drug loading for manufacturing stable solid disper-
sion formulations. It should be noted that miscibility describes the tendency of the
supercooled liquid/glassy form of the drug to mix with a polymer, whereas solubility
refers to the ability of the polymer to act as a solvent and dissolve a crystalline drug
(Qian et al. 2010a). Physical instability has been observed to be more common in
systems where the mixing is heterogeneous; drug–polymer miscibility is poor and
drug loading exceeds the drug–polymer miscibility limit (Marsac et al. 2009; Paudel
et al. 2010; Qian et al. 2010a).

Hence, drug–polymer miscibility is an essential prerequisite for the successful
formulation of a physically stable glass solution. In addition, glass solutions provide
an environment in which the solid state of the drug is altered to give rise to enhanced
solubility and dissolution rate. Owing to the potential for the successful formulation
of a poorly water-soluble drug, the study of miscibility of drug with polymer has
increasingly become a topic of interest in both academic and industrial research
(Djuris et al. 2013; Wyttenbach et al. 2013). However, many real pharmaceutical
formulation cases are particularly challenging because the drug loading in a single-
phase amorphous glass solution needs to be relatively high for the required drug dose
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to be achieved. Often, this means that the drug is present in a supersaturated form
relative to the solubility of the crystalline form in the system (Newman et al. 2012).
This supersaturation is maintained by the apparent miscibility of the components in
the amorphous form. However, also in these systems, a thermodynamic tendency for
phase separation and subsequent drug crystallization is present. True miscibility of
amorphous components would represent a thermodynamically stable single-phase
system, similarly to miscibility of liquids. The concept of miscibility is well defined
for polymer blends, in which the polymers are usually in a stable amorphous form.
However, in the case of miscibility of a low molecular weight amorphous drug with a
polymer in a solid dispersion, the drug is in an unstable form relative to the crystalline
form and has the tendency to crystallize. The measurable miscibility in the case of a
drug–polymer dispersion is therefore associated with a metastable equilibrium which
is different to that defined in polymer science. Thus, a miscible drug–polymer system
would eventually reach equilibrium with regard to the crystalline drug, and this
equilibrium composition would be the solubility of the crystalline drug in the polymer
(see Sect. 2.5). Miscibility at temperatures near and below Tg is only apparent and
involves the kinetics of phase separation and structural relaxation. The theoretical
equilibrium miscibility may practically only be estimated from extrapolation and
modeling (Qian et al. 2010a).

It is of interest to experimentally determine if miscible binary drug–polymer
systems were achieved upon processing, such as melt extrusion, spray drying, or
freeze drying. This is routinely done by DSC, where only a single Tg should appear
for miscible systems (Forster et al. 2001; Matsumoto and Zografi 1999). In an ideally
mixed system (assuming no interaction between the components), the single Tg lies
between the values of the pure component, depending on composition. However,
problems may arise if the drug and the polymer have similar Tgs, as it may not be
possible to resolve whether one or two thermal transitions are occurring. For such
situations, the aging method may be helpful (ten Brinke et al. 1994). In this method,
the sample is aged at a temperature somewhat below the lowest Tg and two distinct
endothermic peaks may be observed on heating through the glass transition region,
as the enthalpy lost during aging is recovered. Furthermore, the phase-separated
regions have to be large enough for a DSC to be able to detect phase separation. It
has been shown with amorphous solid dispersions consisting of BMS-A (a poorly
water-soluble drug) and PVP-VA that phase separation at the scale of tens of microns
may still be undetectable by DSC (Qian et al. 2010a).

The Tg of an ideally mixed solid solution can be predicted from the sum of the
weight fractions (w) and Tg values of the individual components of the mixture by
using the Gordon–Taylor equation (Gordon and Taylor 1952):

Tgmix = wdTgd + KwpTgp

wd + Kwp
, (2.30)

where Tg mix is the theoretical glass transition temperature of the drug–polymer blend
and wd and wp and Tgd and Tgp are the weight fractions and glass transition temper-
atures (in Kelvin) of the pure drug and polymer, respectively. K is a constant which
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can be estimated from the densities of the components by the Simha–Boyer rule (Eq.
2.31) or from the heat capacities (Eq. 2.32; Couchman and Karasz 1978; Simha and
Boyer 1962):

K ≈ ρdTgd

ρpTgp
(2.31)

K ≈ �Cpp

�Cpd
, (2.32)

where ρd and ρp are the true densities (g/cm3) and �Cpd and �Cpp are the changes
in heat capacity at Tg of the amorphous drug and polymer, respectively. Analogous
equations can be derived for mixtures containing more than two components (Gupta
and Bansal 2005).

In solid dispersion systems for which the Tg can be accurately predicted, the
two components may be ideally mixed in the liquid form and be fully miscible
at the molecular level (Baird and Taylor 2012). Deviations of the experimentally
determined Tg’s from the theoretical Tg’s are generally considered as indicative of
differences in the strengths of the intermolecular interactions between the individual
components and components in the blend (Nair et al. 2001). A positive deviation
from theoretical Tg would suggest that the amount and strength of bonding between
the components in the mixture would be higher than interactions existing in the
individual components due to, e.g., intermolecular hydrogen bonding (Gupta and
Bansal 2005). In contrast, a negative deviation has been explained by an overall loss
in the number and/or strength of interactions upon mixing (Shamblin et al. 1996;
Taylor and Zografi 1998). Related to this, an increase in free volume due to mixing
can be the cause for a lower Tg than predicted (Shamblin et al. 1998).

In addition to the measurement of the Tg, there are several other methods that can
provide information about miscibility in drug–polymer solid dispersions. These in-
clude solubility parameter calculations (Forster et al. 2001; Greenhalgh et al. 1999;
Hancock et al. 1997; Marsac et al. 2009), the use of partition coefficients (Yoo
et al. 2009), rheological methods (Liu et al. 2012), melting point depression mea-
surements (Marsac et al. 2006b; Paudel et al. 2010; Wiranidchapong et al. 2008),
and computational methods based on X-ray diffraction (XRD) data (Ivanisevic et al.
2009). An essential element in the solubility parameter and melting point depression
approaches is the determination of the Flory–Huggins (F–H) interaction parameter
as an estimate of miscibility, and thus these methods are described in detail later in
this chapter.

The extent of miscibility between a given compound and polymer is sensitive
to different variables, e.g., environmental factors (such as moisture) may all affect
the outcome. Whether the system forms a stable single-phase mixture or separates
into coexisting phases is determined by the thermodynamic miscibility of these two
components at the specific condition (temperature, pressure, and composition). In
many pharmaceutical circumstances, a change in the experimental conditions causes
phase separation to occur in a homogeneous one-phase system. This issue is also
covered later in this chapter.
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2.4.1 General Thermodynamics of Mixing

Amorphous miscibility is defined as the level of molecular mixing which is adequate
to result in macroscopic properties expected for single-phase amorphous material.
A miscible system in the amorphous form is represented by a single glass transition
which is not identical to the glass transition of any of the components included
in the system (Forster et al. 2001; Marsac et al. 2006b; Matsumoto and Zografi
1999). However, as stated above, a single Tg is not necessarily a definite indicator
of the miscibility of a system (Qian et al. 2010b) and it gives no information on the
thermodynamics of mixing.

Whether the formation of a one-phase binary amorphous system is thermodynam-
ically favorable is determined by different factors. In any case, for a system to be
thermodynamically miscible, the free energy, given by Eq. 2.33, must be negative:

�Gmix = �Hmix − T �Smix, (2.33)

where �Hmix and �Smix are the enthalpy and entropy of mixing, respectively, which
are both temperature and composition dependent. The combinatorial entropy of mix-
ing for the system of a drug and polymer can be represented mathematically by Eq.
2.34:

�Smix = −R(nd ln φd + np ln φp), (2.34)

where �Smix is the entropy of mixing, R is the gas constant, and nd,p and ϕd,p are the
number of moles and volume fraction of the drug and polymer, respectively. Since
ϕd,p<1, their logarithms will be negative and �Smix will be positive, as expected,
since mixing increases disorder of the system. Thus, a positive �Smix makes a neg-
ative contribution to �Gmix, as can be seen from Eq. 2.33, meaning that entropy
always favors mixing, and that amorphous–amorphous phase separation in solid dis-
persions will be largely driven by the positive enthalpy values (�Hmix), which can
be represented as:

�Hmix = (Hdd + Hpp) − Hdp. (2.35)

This means that the enthalpy of mixing (�Hmix) between two components is equal
to the difference between the enthalpies of the pure components and the mixture.

The significance of enthalpic interactions to determine the miscibility of a mixture
is known for polymer blends. Compared to enthalpy, the entropy of mixing of two
polymeric materials, although typically favorable, is very small due to the low number
of possible configurations for the two components in the binary mixture. However,
the combinatorial entropy is more favorable for mixing in the case of a small molecule
with a polymer, and as a consequence, the system can tolerate a larger unfavorable
enthalpy of mixing and still achieve a negative �Gmix. The enthalpy value is positive
in the case of endothermic mixing, negative in the case of exothermic mixing, or
zero in the case of athermal mixing (Baird and Taylor 2012; Marsac et al. 2006b,
2009).
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Exothermic mixing is achieved when adhesive interactions formed between the
two components are stronger and/or more numerous than cohesive interactions in the
pure components, as, for example, in the case of indomethacin–Eudragit mixtures,
where disruption of the indomethacin dimer due to strong drug–polymer associations
was observed upon formation of the solid dispersion (Liu et al. 2012). In contrast,
even if strong adhesive interactions may be formed between two components in a
binary mixture, these interactions come at the cost of breaking strong cohesive in-
teractions in the individual components and a positive �Hmix may result, as, for
example, in the case of mixtures of citric acid and indomethacin (Lu and Zografi
1998). Athermal mixing implies that adhesive interactions are formed between the
two components; however, these are similar in magnitude and/or extent to the co-
hesive interactions. Therefore, in order to predict miscibility between a drug and
polymer, it would be informative to estimate the magnitude of the interactions.

2.4.2 Prediction of Drug–Polymer Miscibility

Predictive models for drug–polymer miscibility have been introduced, and they are
largely derived from solution thermodynamics. Lattice-based solution models, such
as the F–H theory, can be used to assess miscibility in drug–polymer blends, for
which the F–H interaction parameter can be considered as a measure of miscibility.
In addition, solubility parameter models can be used for this purpose. The methods
used to estimate interaction parameters include melting point depression and the
determination of solubility parameters using group contribution theory.

2.4.2.1 Flory–Huggins (F–H) Lattice Theory

F–H theory is a classical theory of phase separation based on the Gibbs free energy
in polymer–solvent systems (Flory 1953). A small molecule drug–polymer pair can
be considered as analogous to a solvent–polymer system and thus can be described
by the F–H theory. The F–H lattice theory takes into account the nonideal entropy
of mixing of a large molecule with a small molecule, as well as any enthalpy of
mixing contributions (Baird and Taylor 2012; Zhao et al. 2011). It describes a lattice
model in which the structural units of a polymer and the solvent molecules are
placed. Changes in entropy and enthalpy can be calculated based on the location
of the molecule units in the lattice, and interactions between the structural units of
the polymer and the solvent molecules, respectively. In a solid dispersion, the free
energy of mixing (�Gmix) can be described as follows:

�Gmix

RT
= nd ln ϕd + np ln ϕp + χdpndϕp, (2.36)

where R is the gas constant, T is the absolute temperature (K), nd,p are the number
of moles of the drug and the polymer, respectively, ϕd,p are the volume fractions
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of the drug and the polymer, respectively, and χ is the F–H interaction parameter.
Using volume fractions instead of mole fractions in the equation allows accounting
for the comparatively large volume occupied by a polymer chain compared to the
drug in the binary system (Thakral and Thakral 2013). The first two terms on the
right-hand side describe the entropic contribution (combinatorial entropy), and the
last term describes the enthalpic contribution to the total free energy of mixing of the
binary system. As discussed above, entropy will always favor mixing by always being
positive. Thus, the enthalpic part of the equation will determine whether �Gmix will
become negative. The determining factor for this would beχ , which can consequently
be considered as an indicator for drug–polymer miscibility. A negative (or slightly
positive) χ value would lead to a negative (favorable) enthalpy of mixing between
the components and an overall negative free energy of mixing. This would be an
indication of adhesive forces between the drug and polymer, which have to be greater
than the cohesive (drug–drug and polymer–polymer) forces (Pajula et al. 2010).
However, the F–H theory only considers nonspecific dispersion force interactions
and the inability of the theory to take specific interactions, such as hydrogen bonds,
into account is a limitation. This should be kept in mind when determining χ for a
particular system in which drug–polymer hydrogen bonding exists (Janssens et al.
2010). It has been suggested that for polymers with hydrogen bonding and other
interactions, an extra free energy term (�GH/RT ) should be added to the Eq. 2.36.
This is referred to as the modified F–H theory (Coleman and Painter 1995; Li and
Chiappetta 2008). Thus, in this case, the enthalpy of mixing (which is proportional to
χ ) and specific interactions (�GH) would determine the miscibility of two polymers.
Other limitations of the F–H theory include the mean-field approximation to facilitate
the calculation for placement of a polymer molecule in a partly filled lattice, which
is only sufficient when the volume fraction of the polymer is high. In addition, in
F–H theory, the energy for breaking the crystal lattice is not taken into account
and therefore the theory can only describe the miscibility of amorphous drugs with
amorphous polymers (Zhao et al. 2011).

It is also important to note that χ is dependent on temperature, composition, and
polymer chain length. The temperature dependence can be described by Eq. 2.37
(Rubinstein and Colby 2003):

χ = A + B

T
C1ϕ + C2ϕ

2, (2.37)

where A is a temperature-independent constant (entropic contribution), B is a
temperature-dependent constant (enthalpic contribution), and C1 and C2 are fit-
ting constants of χ with respect to volume fraction. For a particular drug–polymer
combination, a simplification of Eq. 2.37 can be made:

χ = A + B

T
. (2.38)

Knowledge of the relationship between χ and temperature allows one to draw
temperature-composition phase diagrams, as described later.
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2.4.2.2 Estimation of the Interaction Parameter by Solubility Parameter
Approach

Calculation of solubility parameters (δ) for a drug and a polymer have been used as
a method for predicting miscibility in amorphous solid dispersions (Hancock et al.
1997), using, for example, the Hildebrand solubility parameter (Greenhalgh et al.
1999), which was calculated from the cohesive energy density (CED) by:

δ = (CED)0.5 =
(

�Ev

Vm

)0.5

, (2.39)

where �Ev is the energy of vaporization and Vm the molar volume.
CED is the cohesive energy per unit volume and it can be used to predict the

solubility of one material in another. Solubility parameters can be evaluated by
conducting solubility studies for the test materials in solvents of known cohesive
energies (Reuteler-Faoro et al. 1988), by using inverse gas chromatography (IGC;
Adamska et al. 2008; Phuoc et al. 1986), from heat of vaporization data (not suitable
for many polymers), or by calculation using group contribution methods. The Hansen
solubility parameters are calculated from the chemical structures of compounds using
the approaches of Hoftyzer/Van Krevelen. In this method, the dispersive forces,
interactions between polar groups, and hydrogen bonding groups are taken into
account:

δ2
coh = δ2

d + δ2
p + δ2

h , (2.40)

where δd, δp, and δh are the dispersive, polar, and hydrogen bonding solubility
parameter components, respectively, which in turn can be calculated as:

δd =
∑

Fdi

V
, δp =

√∑
F 2

pi

V
, δh =

√∑
Ehi

V
, (2.41)

where Fdi, Fpi, and Ehi are the group contributions for different components of struc-
tural groups and V is the group contribution to molar volume. The group contribution
values are listed in the literature (Van Krevelen 1997).

Compounds with similar δ values are generally considered miscible since the en-
ergy required for mixing the components is compensated by the energy released by
interactions between the components. For the evaluation of miscibility, it has been
suggested that if the difference between the solubility parameters of the components
to be mixed (�δ) is smaller than 7 MPa1/2, then the components are likely to be mis-
cible, and if �δ is smaller than 2 MPa1/2, the components might form a solid solution.
�δ values larger than 10 MPa1/2 denote immiscibility. Forster et al. (2001) used this
approach in order to predict formation of glass solutions upon melt extrusion of 2
model drugs and 11 different excipients. Miscibility of the drugs with these excipients
was determined experimentally by DSC and hot-stage microscopy (HSM), and the
experimental results agreed with solubility parameter predictions. The drug/excipient
combinations predicted to be generally immiscible exhibited more than one Tg upon
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reheating in the DSC. Melt extrusion of miscible components resulted in amorphous
glass solution formation, whereas extrusion of immiscible components led to amor-
phous drug dispersed in a crystalline excipient. In solid dispersions prepared by
solvent evaporation, the correlation between amorphous miscibility/physical stabil-
ity and physicochemical properties, such as the Hildebrand solubility parameters,
was investigated (Yoo et al. 2009). It was found that �δ values smaller than (or
equal to) 2.8 for drug–excipient systems indicated miscibility and formation of an
amorphous dispersion. However, when an acid–base interaction was present, amor-
phous miscible systems were formed regardless of the other parameters (hydrogen
bonding energy and log P). No correlation between �δ and physical stability could
be established.

The F–H interaction parameter can be estimated from solubility parameters as
follows. First, the enthalpy of mixing for a drug–polymer system can be described
by Eq. 2.42:

�Hm = Vdpϕdϕp(δd − δp)2, (2.42)

where ϕd and ϕp are the volume fractions of the drug and the polymer, respectively,
δd and δp are the solubility parameters of drug and polymer, respectively, and Vdp is
the volume of mixture. According to the F–H theory, �Hm can be given by the van
Laar expression:

�Hm = χdpRT ϕdϕp. (2.43)

Thus, when combining Eqs. 2.41 and 2.42, the interaction parameter between a drug
and polymer, χdp, can be calculated as follows:

χdp = Vdp(δd − δp)2

RT
. (2.44)

Solubility parameters, determined by group contribution theory, were used for
the estimation of interaction parameters using Eq. 2.44 for felodipine–PVP and
nifedipine–PVP systems. χ values of 0.5 and 2.0 were obtained, respectively, which
predicted that mixing in these two systems would be endothermic and that the
nifedipine–PVP system would be immiscible. However, this was found to be in
conflict with the experimental results which have shown that both nifedipine and
felodipine are miscible with PVP at all compositions. The authors explained that
Eq. 2.44 assumes the enthalpic interactions between the different components to be
equal to the geometric mean of the enthalpic interactions of similar components.
This assumption would generally be sufficient for systems with van der Waals inter-
actions, but not for systems with specific, directional interactions such as hydrogen
bonding. It has been shown that strong hydrogen bonding exists between nifedipine
and PVP. Thus, miscibility estimated by the interaction parameter, obtained through
the solubility parameter approach, is likely to be an underestimation for systems like
nifedipine–PVP (Marsac et al. 2006a, b).

When the interaction parameter is known, a phase diagram can be constructed for
a binary system, and several examples of this can be found in the literature (Thakral
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Fig. 2.8 Composition
dependence of the total free
energy of mixing calculated
for PEG 6000 and a sucrose
(χ = 22.313), b
phenylbutazone (χ = 0.063),
and c chlorampenicol
(χ = 2.45). (Schematic
drawing adapted from
Thakral and Thakral 2013)
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and Thakral 2013; Tian et al. 2013; Zhao et al. 2011). The phase diagram shows
the free energy of mixing as a function of different compositions, based on F–H
theory. Thakral and Thakral (2013) investigated polyethylene glycol (PEG) 6000 as
a model polymer and a dataset of 83 drugs and some commonly used excipients.
Molar volumes for each of the molecules in the dataset and volume fractions of
polymer and drug for each binary mixture were calculated. Subsequently, solubility
parameters for the polymer and all the drugs/excipients were calculated, and these
values were used to calculate χ according to Eq. 2.44. The phase diagrams were
then constructed for each drug/excipient combination by using Eq. 2.36. On the
basis of the shapes of the phase diagrams, the authors categorized the drugs in three
different groups. Type I compounds showed a negative value of total free energy of
mixing with all combinations (phase diagram for phenylbutazone/PEG 6000 shown
in Fig. 2.8b). Thus, drugs in this category can be considered miscible with PEG
6000 at all mixture ratios. The values for χ in this group were found to be < 0.98 (at
298 K). In contrast, type II compounds showed a positive total free energy of mixing
regardless of composition, and these compounds can be considered as immiscible
with the polymer at all mixture ratios (phase diagram for sucrose/PEG 6000 shown
in Fig. 2.8a). The χ values for the compounds in this category were found to vary
between 5.19 and 28.27 (at 298 K). For type III compounds, the total free energy
of mixing for compositions containing a low amount of polymer was found to be
positive, whereas increasing the polymer fraction turned the energy of mixing to
negative values (phase diagram for chloramphenicol/PEG 6000 shown in Fig. 2.8c).
Thus, these drug/excipient combinations form a biphasic system at low polymer
concentrations and a single phase at high polymer concentrations. In the study, this
kind of behavior was observed for compounds exhibiting χ values in the range of
1.09–4.19 (at 298 K). However, it should be noted that, as Eq. 2.38 shows, χ is
temperature dependent, and it is expected to be reduced at higher temperatures.
Thus, an immiscible system (at 298 K) becomes miscible when the temperature
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is raised. Vice versa, a single-phase binary system could be expected to undergo
phase separation when the temperature of the binary system is reduced. When the
authors studied miscibility of the model drugs with PEG experimentally by DSC,
they found that PEG-immiscible drugs (type II) were distinguished well from the
compounds showing complete miscibility and composition-dependent miscibility
with PEG (types I and III), but the differentiation between type I and type III was
less clear. Nevertheless, the authors concluded that the knowledge of the interaction
parameters could be helpful in drug development, in initial screening of polymers
that may yield a stable binary mixture with a particular drug.

2.4.2.3 Estimation of the Interaction Parameter Using Melting Point
Depression

The presence of a polymer changes the melting behavior of a drug in pharmaceutical
systems if the drug is miscible with the polymer. Thus, a reduction in the melting
temperature of the crystalline drug is observed, as, for example, for the piroxicam–
PVP system (Tantishaiyakul et al. 1999). This is due to the fact that there is a negative
free energy of mixing associated with the spontaneous mixing of the polymer with
the liquid phase of the drug and the chemical potential of the drug in the mixture
is decreased compared to that of the pure liquid drug. Thus, the melting process
becomes thermodynamically more favorable which leads to melting point depression
(Baird and Taylor 2012). If there is an amorphous proportion of the drug present, it
further lowers the initial chemical potential of the drug and thus lowers the melting
point additionally. When a polymer is above its Tg, it can act as a solvent for the
drug and the end point of the melting endotherm is the temperature at which all
the drug has dissolved in the polymer. Accordingly, if the temperature scanning
rate of the experiment is slow enough to allow the equilibrium to be reached, the
solubility of the crystalline drug in the supercooled polymer can be obtained, as will
be discussed in more detail later. The melting point depression is larger in the case of
strongly exothermic mixing, less for weakly endothermal or athermal mixing, and
if the drug and polymer are immiscible with each other, melting point depression
does not occur (Marsac et al. 2009). This phenomenon has been utilized for studying
miscibility of polymer–polymer and polymer–solvent systems. Reduction of melting
temperature of the crystalline phase as a function of composition and polymer–
polymer interaction has been analyzed using the Nishi–Wang equation (Nishi and
Wang 1975) based on the F–H theory:

T pure
m − T mix

m = −T
pure

m BV2ϕ
2
1

�Hfus
, (2.45)

where T
pure

m is the melting temperature of the pure crystalline component, T mix
m

is the melting temperature of the crystalline component of the mixture, B is the
interaction energy density between blend components, V2 is the molar volume of
the repeating unit of the crystalline component, ϕ1 is the volume fraction of the
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amorphous component in the blend, and �Hfus is the heat (enthalpy) of fusion of the
crystalline component per mole of the repeating unit. The value of B is independent of
composition, and it represents the intensity of molecular interaction during mixing
(Paudel et al. 2010). The more negative the value of B, the larger the interaction
between the components.

The Nishi–Wang equation was found to predict T mix
m , miscibility, and the existence

of a specific interaction between the components in the molten state when investigat-
ing the miscibility between 17β-estradiol and Eudragit RS (Wiranidchapong et al.
2008). The B value obtained from curve fitting was − 0.28 ± 0.0094 J/g cm3, indicat-
ing some degree of interaction between 17β-estradiol and Eudragit RS in the system.
The interaction-related B value was found to depend on the molecular weights of the
mixing components. Paudel et al. (2010) obtained B values of − 89.17, − 118.03, and
− 68.05 for naproxen mixed with PVP K12, PVP K25, and PVP K90, respectively.
This indicated that the interaction potential with the particular drug was highest
with PVP K25. By extending the equations for polymer–solvent systems (Hoei et al.
1992), the melting point depression data from DSC measurements was related to
the F–H interaction parameter for drug–polymer systems by Eq. 2.46 (Marsac et al.
2006b): (

1

T mix
m

− 1

T
pure

m

)
= −R

�Hfus

[
ln ϕd +

(
1 − 1

m

)
ϕp + χϕ2

p

]
, (2.46)

where T mix
m is the melting temperature of a drug in the presence of a polymer, T pure

m is
the melting temperature of the pure drug without a polymer, �Hfus is the heat of fusion
of the pure drug, ϕd,p are the volume fractions of the drug or polymer, respectively, and
m is the ratio of the volume of the polymer to the volume of the lattice site. Estimation
of the interaction parameters from melting point depression data for nifedipine and
felodipine mixed with PVP K12 was performed by rearranging Eq. 2.46 in order to
establish a linear relationship as a function of ϕ2

p from which χ was determined as
a slope of the curve. In addition, the visualization of the melting point depression
by DSC required a reduced scanning rate and controlled particle size, due to slow
mixing kinetics. For a polymer volume fraction up to 0.25, the curve was linear
for both felodipine and nifedipine, but at higher concentrations, linearity was lost.
This was explained to originate from the composition dependence of the interaction
parameter and the increasingly unfavorable kinetics of drug–polymer interaction as
the melting point is depressed closer to the Tg of the polymer. Thus, only the linear
part for low polymer concentrations was used to obtain χ values of − 3.8 and − 4.2
for nifedipine–PVP and felodipine–PVP, respectively. When compared to the values
obtained by the solubility parameter approach (2.0 and 0.5, respectively), it could be
concluded that the melting point depression method resulted in values that were better
in agreement with the experimental observations (Marsac et al. 2006a). In another
study, the interaction parameters for felodipine with Soluplus and hydroxypropyl
methyl cellulose acetate succinate (HPMCAS) were calculated using the solubility
parameter and melting point depression methods. Similar values were obtained,
indicating that either method is suitable in this case. The resulting values were in
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the range between 2.8 and 7.5 MPa1/2 which predicts the felodipine—Soluplus and
felodipine—HPMCAS systems to show limited miscibility (Tian et al. 2013).

The application of the melting point depression method for the evaluation of
the miscibility for several drug–polymer systems showed that systems identified as
miscible exhibited melting point depression, while systems identified as immiscible
or only partially miscible showed only slight or no melting point depression (Marsac
et al. 2009). Applying the melting point data to Eq. 2.46, χ values for the systems
could be obtained. Negative or close to zero values were estimated for all PVP
systems that were miscible, and systems previously known to be immiscible gave
large positive χ values. Although the theoretical interaction parameters have often
been found to be in reasonable agreement with the experimental results, there are
limitations associated with the melting point depression method. First, application of
the method to pharmaceutical systems requires that the drug and polymer are stable
over the temperature range of interest and that there are sufficient physical interactions
between the components for the melting point depression to be observed. In addition,
the melting point of the drug should be sufficiently high for the polymer to exist in
the supercooled liquid state, allowing mixing and interaction with the drug. Thus,
the method is best suited for systems where the polymer has a Tg significantly lower
than the Tm of the drug. Furthermore, Eq. 2.46 is linear only at comparatively low
polymer concentrations, which probably is due to the kinetics of mixing during the
experiment. It should also be noted that the method does not provide a universal
value for χ but an estimation close to the melting point of the drug.

Zhao et al. (2011) attempted to correlate χ with temperature and construct a
temperature phase diagram for indomethacin–PVP-VA systems. This would allow
an estimation of the miscibility behavior of a drug polymer pair at different tem-
peratures and compositions. In general, phase diagrams are useful in describing the
compatibility of binary mixtures (Lin and Huang 2010). Phase diagrams give infor-
mation on the temperature ranges in which the particular mixture would be miscible
and/or unstable. An unstable binary mixture will separate into two phases, the com-
positions of which can be seen from the phase diagram. Two different sets of χ

values, χ1(T1) and χ2(T2), were calculated, the first set being obtained from melting
point depression experiments at Tm and the other set from solubility parameter cal-
culations at room temperature. This allowed the authors to obtain values for A and
B in Eq. 2.38. By substituting Eq. 2.38 into Eq. 2.36 and taking into account the
fact that the component volume fractions equal 1, they were able to obtain the free
energy versus composition phase diagram for the indomethacin–PVP-VA system at
different temperatures (Fig. 2.9a). Subsequently, this relation was transformed to a
temperature-composition phase diagram which summarizes the phase behavior of the
mixture by showing regions of stability, instability, and metastability (Fig. 2.9b). The
first phase boundary was determined by the tangent of the free energy curve where
the first derivative of the free energy of mixing with respect to volume fraction is set
equal to zero (Fan et al. 1992; Zhao et al. 2011):
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Fig. 2.9 a Free energy versus
composition phase diagram
for the indomethacin and
PVP-VA system and b
temperature versus
composition phase diagram
for the indomethacin and
PVP-VA system showing the
spinodal curve (the binodal
curve was not determined in
the study). (Adapted from
Zhao et al. 2011)

∂�Gmix

∂ϕdrug
= ln ϕdrug + 1− 1

mpoly
− 1

mpoly
ln (1 − ϕdrug) + (1 − 2ϕdrug)χdrug−poly =0,

(2.47)

where �Gmix is free energy of mixing, ϕdrug and ϕpoly are the volume fractions of
the drug and the polymer, respectively, mpoly is the degree of polymerization of the
amorphous polymer, and χdrug−poly is the F–H interaction parameter.

The numerical solution of Eq. 2.47 is possible by combining it with Eq. 2.36 for
the interaction parameter at different temperatures. The phase boundary obtained
corresponds to the boundary between the stable and metastable region and is known
as the binodal curve. In addition, the spinodal curve that represents the boundary
between the unstable and metastable region can be obtained by setting the second
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derivative of the free energy to zero:

∂2�Gmix

∂2ϕdrug
= 1

ϕdrug
+ 1

mpoly

1

(1 − ϕdrug)
− 2χdrug−poly = 0. (2.48)

The highest or lowest point of the spinodal curve is the critical point (ϕc), a point
where the spinodal and binodal curves meet. It can be calculated by setting the third
derivative of the free energy to zero:

∂3�Gmix

∂3ϕdrug
= 1

ϕ2
c

− 1

mpoly

1

(1 − ϕc)2 = 0. (2.49)

The critical interaction parameter χc and the critical temperature Tc can be obtained
from substituting back to Eqs. 2.36 and 2.48. Binodal and spinodal curves do not
exist if the mixture has no critical point. This is usually due to χ being negative
or very small over the entire temperature range, i.e., the system is miscible at all
conditions.

From Fig. 2.9, it can be observed that the �Gmix curve is negative and convex
at 100 ◦Cƒ. At this temperature, thermodynamically stable single-phase mixtures
are obtained at all indomethacin–PVP-VA compositions. The temperature at which
�Gmix becomes positive depends on the volume fraction of the polymer, i.e., the
bigger the polymer fraction, the lower the temperature. The critical temperature for
the indomethacin–PVP-VA system was found to be 73 ◦C (Fig. 2.9). In addition, the
critical point is at a very low polymer concentration, meaning that a high amount of
polymer is required to prevent phase separation. The spinodal curve is the boundary
between unstable and metastable regions, meaning that below this curve, the system
would spontaneously phase separate into two phases with the compositions ϕα and
ϕβ at the temperature in question with any given homogenously mixed state ϕ0

(Fig. 2.9). After formation of the bicontinuous polymer-rich and drug-rich domains,
phase separation would proceed through a coarsening process. Generally, the binodal
curve (which was not studied in the publication in question) would be located above
(and adjacent to) the spinodal curve. Together, these give boundaries for a region
where the mixture is metastable, in the sense that the mixture will only start to phase
separate after a sufficiently large fluctuation in concentration or temperature. For
systems between the binodal and spinodal boundaries, amorphous phase separation
would occur through nucleation and growth, i.e., the drug-rich domains first appear
as small droplets which subsequently grow in size (Fan et al. 1992; Lin and Huang
2010).

2.4.2.4 In Silico Estimation of Miscibility

Advances in the computational field, such as molecular mechanics and dynamics,
are enabling a mechanistic understanding of different systems, thus allowing pre-
diction of the thermodynamic behavior for a system that is not well characterized
experimentally (Cui 2011). Molecular simulation tools in combination with the F–H
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Table 2.2 Solubility parameters for indomethacin (IND), polyethylene oxide (PEO), glucose
(GLU), and sucrose (SUC) obtained from molecular dynamics simulations and group contribution
methods (Van Krevelen and Hoy, MPa0.5). (Values obtained from Gupta et al. 2011)

Compound δVanKrevelen δHoy δSimulations

IND 23.3 21.9 23.9 ± 0.3

PEO 22.9 20.0 22.2 ± 0.2

GLU 39.0 37.8 34.8 ± 0.2

SUC 36.0 33.5 29.9 ± 0.5

IND indomethacin, GLU glucose, PEO polyethylene oxide, and SUC sucrose

theory were employed to estimate the free energy of mixing, which was subsequently
used to estimate the drug solubility in lipid excipients (Huynh et al. 2008). The mis-
cibility behavior of three different binary mixtures (solvent with solvent, polymer
with solvent, and polymer with polymer) was studied by using a combination of the
F–H theory and molecular simulation techniques (Fan et al. 1992). The temperature
dependence of the interaction parameter could be calculated by the extension to the
F–H theory, which also considers molecules that can be arranged irregularly, rather
than regularly, in the lattice (i.e., the off-lattice model). In all mixture types, the
calculated and experimentally observed upper critical miscibility temperatures were
in agreement. The approach provided an opportunity to test the F–H theory for a
number of model binary systems and estimates their miscibility behavior without
possessing specific knowledge or experimental data of the system under investiga-
tion. However, the simulation approach used in the study also possessed some of the
general deficiencies of F–H theory, namely the inability to predict the existence of
the lower critical solution temperature and composition dependence of χ , and to take
the entropic contributions other than simply mixing the components into account.
Nevertheless, it was possible to provide the molecular basis of the temperature de-
pendence of χ and thus calculate this dependence. In addition, the study supported
the previous observation that the F–H theory might strongly overestimate values of
the critical temperature.

A computational model based on molecular dynamics was developed to predict the
miscibility of indomethacin in the carriers polyethylene oxide (PEO), glucose, and
sucrose (Gupta et al. 2011). The cohesive energy density and the solubility parameters
were determined by simulations using the condensed-phase optimized molecular
potentials for atomistic simulation studies (COMPASS) force field. The simulations
predicted miscibility for indomethacin with PEO (�δ < 2), borderline miscibility
with sucrose (�δ < 7), and immiscibility with glucose (�δ > 10; Table 2.2).

The solubility parameter values obtained from the simulations were found to be
in reasonable agreement with those calculated using the traditional group contribu-
tion methods (Table 2.2). Furthermore, the miscibility/immiscibility prediction was
experimentally confirmed, since DSC showed melting point depression of PEO with
increasing levels of indomethacin and thermal analysis of blends of indomethacin
with sucrose and glucose verified general immiscibility. The solubility parameter
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values for glucose and sucrose obtained from the simulations were somewhat lower
than the calculated ones. The difference was explained by the strong hydrogen
bonding in glucose and sucrose, which cannot be described adequately using the
group contribution methods. The advantage of molecular dynamics is that it takes
such directional-dependent interactions into account during computations. The study
showed that molecular simulations are a powerful tool for screening and determin-
ing solubility parameters of pharmaceutical compounds and gaining molecular level
insight into the nature of interactions within complex systems. An additional advan-
tage of the in silico analysis is that it can be performed at relevant temperatures and
overcomes the temperature restrictions of experimental methods.

As an attempt to create an in silico model for sophisticated selection of stabiliz-
ing excipients for amorphous dispersions, experimental characterization techniques
(DSC and the pair distribution function (PDF)) have been coupled with different
molecular descriptors to provide insight into miscibility of drug–polymer (PVP-VA)
mixtures using a materials informatics approach (Moore and Wildfong 2011). It was
assumed that there is an underlying molecular property responsible for the ability of a
drug molecule to form a single phase upon mixing with a carrier. Molecular descrip-
tors were calculated for each of the 12 model compounds and tested for correlation to
solid dispersion potential using logistic regression. A univariate model was created
that predicted the solid dispersion potential from a single-molecular descriptor and
the model was challenged using three compounds not included in the calibration set.
Six of the model drug–PVP-VA mixtures in the calibration set were experimentally
classified as miscible, and the most promising molecular descriptor correlating with
miscibility was the R3m (the atomic mass-weighted third-order R autocorrelation)
index. When R3m increased, the probability for a miscible dispersion was found to
increase. This parameter predicted the dispersion potential probabilities well for 10
of the 12 compounds, while the remaining 2 compounds only slightly deviated. The
relationship between the R3m index and the mechanism of drug–polymer miscibility
could be attributable to multiple molecular features and, for example, in the case of
structurally related nifedipine and felodipine, differences in substitutes of the ben-
zene ring in the molecular structure caused an increase in the R3m index from 0.579
for nifedipine to 0.813 for felodipine, making felodipine completely miscible with
the polymer whereas nifedipine phase separated. The formation of a single-phase
mixture for two external and a phase-separated mixture for one external compound
was successfully predicted by the R3m model. However, it should be noted that
this computational model is not generally applicable to all systems; rather, it serves
as an attempt to use in silico tools to create models that may provide the means
for intelligent selection of polymers in the design of amorphous molecular solid
dispersions.

A similar concept was tested with the aim to develop a rapid screening method
for the miscibility of mixtures of two small molecules (Pajula et al. 2010). In their
approach, the F–H interaction parameter was determined in silico by using soft-
ware which combines the modified F–H model and molecular modeling techniques.
The temperature-dependent χ was calculated by generating a large number of pair
configurations and calculating binding energies by Monte Carlo simulation. This
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approach was more rapid than molecular dynamic simulations. This was followed
by temperature averaging of the results by using the Boltzmann distribution factor.
Arranging molecules off-lattice leads to the coordination number, Z, which is the
number of screen molecules A that can be packed around a single base molecule B.
By calculating an average of temperature-dependent binding energies and coordina-
tion numbers of all possible pair configurations of molecules A and B, the energy of
mixing (�Emix) at temperature T can be calculated by:

�Emix = 1

2
[Zbs(Ebs)T + Zsb(Esb)T − Zbb(Ebb)T − Zss(Ess)T], (2.50)

where Z is the coordination number, E is the binding energy, and s and b indicate the
base and screen molecules, respectively. With these extensions, the determination
of the temperature-dependent interaction parameter, temperature-and composition-
dependent free energy of mixing, the phase diagram, the critical point, as well as the
coexisting and stability curves of the binary system were obtained. Based on DSC
experiments, the 39 drug molecules in the study were classified into three differ-
ent categories according to their crystallization tendency, i.e., highly crystallizing,
moderately crystallizing, and noncrystallizing compounds. Subsequently, the au-
thors calculated interaction parameters for 1122 compound pairs in the study and
verified the miscibility/immiscibility experimentally by polarized light microscopy
for 26 binary mixtures randomly selected from the highly crystallizing component
category. The F–H interaction parameter was found to be a suitable predictor for
thermodynamic miscibility and phase stability, and predicted either miscibility or
immiscibility with 88 % confidence. As predicted, all of the analyzed immiscible
pairs crystallized during the experiment. However, 27 % of the miscible pairs crys-
tallized despite exhibiting favorable interaction parameters. The authors explained
this by a marginal difference between the calculated and critical interaction parame-
ter, meaning that the composition of crystallized binary mixtures may have been too
close to the thermodynamic line that separates miscible and immiscible mixtures.

2.4.3 Impact of Temperature, Pressure, and Moisture
on Miscibility

As discussed above, the stability of amorphous solid dispersions is influenced by
the miscibility of the components, which in turn is determined by the thermody-
namics of mixing, specifically by the mixing enthalpy. The mixing enthalpy in turn
is determined by the relative strength of the cohesive (drug–drug) and adhesive
interactions (drug–polymer). However, it is known that unfavorable conditions dur-
ing processing and storage, such as high temperature and/or humidity, can induce
amorphous–amorphous phase separation by affecting amorphous solid dispersion
structure on a molecular level.
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2.4.3.1 Impact of Temperature

The temperature dependence of kinetic factors and thermodynamic driving force
for nucleation have opposite signs, with thermodynamics and increased viscosity
favoring nucleation at low temperatures and kinetics and greater molecular motion
favoring nucleation at higher temperatures (Bhugra and Pikal 2008; Craig et al. 1999;
Hancock and Zograf 1997). As shown by the phase diagrams, temperature also in-
fluences miscibility of binary mixtures, meaning that they can undergo mixing and
demixing upon temperature changes if a thermodynamic driving force exists and the
process kinetics are not too slow. Variable-temperature Fourier transform infrared
(FTIR) was used to study the miscibility behavior of a felodipine–PVP system at dif-
ferent temperatures (Marsac et al. 2010). This system has previously been shown to be
miscible at room temperature, promoted by intermolecular interactions between the
drug and polymer. When studying the mixture in the temperature range of 0–180 ◦C,
it was observed that miscibility of the system and the drug–polymer interactions
were maintained until the melting point of the drug at all compositions was studied.
However, the hydrogen bonding interactions were found to weaken and/or become
less numerous upon increasing the temperature, but these changes were reversible,
indicating that the system was well mixed at all temperatures studied. In another
study, melting point depression data to construct plots of the free energy of mixing
(�Gmix) as a function of drug volume fraction for felodipine systems with HPMCAS
and Soluplus® were used (Tian et al. 2013). The temperature at which the �Gmix

became positive, and thus unfavorable for mixing, depended on the polymer and the
volume fraction of the drug. This was ≤ 120 ◦C for felodipine–HPMCAS systems at
high drug loadings. For felodipine–Soluplus systems, temperatures lower than 80 ◦C
resulted in positive �Gmix at drug volume fractions larger than 0.3. Plotting drug
solubility and miscibility as a function of drug weight fraction and temperature and
combination with the Tg values led to phase diagrams describing the stability of the
system.

2.4.3.2 Impact of Moisture

Amorphous materials can absorb water from the environment into their structure,
which can increase the molecular mobility significantly and thus plasticize the ma-
terial sufficiently to lower the Tg of the system to that of the storage temperature
or lower (Hancock and Zografi 1994). Absorbed moisture can be considered as
a third component in a drug–polymer mixture, addition of which alters the ther-
modynamic properties of the system. Thus, for an initially miscible drug–polymer
system, the presence of water may cause the system to become immiscible, induc-
ing amorphous–amorphous phase separation and subsequent crystallization (Konno
and Taylor 2008; Marsac et al. 2010; Vasanthavada et al. 2005). Systems particularly
prone to this phenomenon are those consisting of a hydrophobic drug and hydrophilic
polymer. In amorphous solid dispersions consisting of different hydrophobic drugs
and a hydrophilic polymer (PVP), the moisture-induced phase separation occurred
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in some cases at relative humidity (RH) values as low as 54 %, while other systems
remained miscible even at 94 % RH (Rumondor et al. 2009). Stronger hydrogen
bonding, which affects the mixing enthalpy, might lead to a better resistance against
moisture-induced immiscibility. Furthermore, it was suggested that drug crystalliza-
tion in hydrophobic drug–hydrophilic polymer systems can occur through different
routes: either from a plasticized one-phase solid dispersion or from a plasticized
drug-rich amorphous phase in a two-phase solid dispersion. In the former case, the
polymer can inhibit the crystallization more effectively, being in the same phase with
the drug. In addition to strong drug–polymer interactions, using a less hydrophilic
polymer, such as PVP-VA or HPMCAS, might protect from moisture-induced phase
separation. Compounds undergoing moisture-induced phase separation with PVP
did the same when mixed with PVP-VA, but to a lesser extent, whereas systems
containing the least hydrophilic HPMCAS seemed to be least susceptible to phase
separation (Rumondor and Taylor 2010).

In the case of absorbed moisture, the F–H model (Eq. 2.36) can be extended to
involve water as a third component in the mixture to calculate the Gibbs free energy
of mixing:

�Gmix

RT
= nw ln ϕw + nd ln ϕd + np ln ϕp + χwdnwϕd + χwpnwϕp + χdpndϕp,

(2.51)

where �Gmix is the free energy of mixing for the ternary system and the subscripts
w, d, and p refer to the components water, drug, and polymer, respectively. The first
three terms of Eq. 2.51 represent the combinatorial entropy of mixing (�Smix) and
the remainder of the terms form the enthalpy of mixing (�Hmix). Assuming that
adding the third component to the system is favorable to the mixing entropy, the
amorphous–amorphous phase separation should only occur when �Hmix becomes
sufficiently positive, which in turn depends on the relative values of the interaction
parameters (χwd, χwp, and χdp). Thus, drug–polymer interactions can be considered
important in preventing moisture-induced phase separation. In the case of hydropho-
bic drugs, the interaction parameter between drug and water (χwd) can be assumed
to be positive (unfavorable). However, the amount of the absorbed water (nw) also
affects the enthalpic contribution. The extent of water sorption in turn depends on the
hygroscopicity of the mixture components. At the same drug-to-polymer weight ra-
tio, the amount of water absorbed by solid dispersions containing PVP was observed
to be higher than in the case of HPMCAS. This resulted in less favorable enthalpic
contributions and may explain moisture-induced demixing in some drug–polymer
systems. In addition, hydrophobic drugs, with larger χwd, and thus an unfavorable
effect on �Hmix, would favor drug–polymer phase separation even at low moisture
levels (Rumondor and Taylor 2010).

In conclusion, miscibility of a ternary system (drug, polymer, and water) depends
on the balance between the thermodynamic factors, which in turn are affected by the
amount of water absorbed by the system. The extent of water sorption depends on
the hygroscopicity of both polymer and drug, in addition to the strength of the in-
termolecular interactions. Thus, a system that has strong drug–polymer interactions,
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low hygroscopicity of the amorphous solid dispersion, and a less hydrophobic drug
may lead to the best resistance against moisture-induced phase separation (Rumondor
et al. 2011).

2.4.3.3 Impact of Pressure

Compression can induce phase transformations in metastable materials (Chan and
Doelker 1985) and thus it might also induce phase separation in amorphous systems.
The effect of compression pressure on miscibility of naproxen–PVP spray-dried solid
dispersions with different compositions (20, 30 and 40 % of naproxen) was studied at
different compression pressures and their miscibility was evaluated prior to and after
compression by modulated DSC and FTIR (Ayenew et al. 2012). It was found that
a solid dispersion containing 20 % of naproxen remained intact after compression at
565.1 MPa, as demonstrated by the single Tg in DSC measurements and an unaltered
spectral profile. In contrast, a solid dispersion containing 30 % of naproxen showed
a single, but expanded, Tg after compression at 188.4 and 376.7 MPa, which was
considered as an indication for induction of inhomogeneity in the mixture. With
higher compression pressures (565.1 and 1130.1 MPa), two Tgs corresponding to
drug-rich and polymer-rich phases appeared in the thermogram. In addition, the FTIR
spectra indicated disruption of the hydrogen bonding between the drug and polymer,
induced by the higher compression pressures. The behavior of a solid dispersion
containing 40 % of naproxen was similar to that of the 30 % dispersion, with even
more pronounced changes inTg, suggesting formation of a higher fraction of the drug-
rich domain. The authors concluded that the composition of 30 % naproxen and a
compression pressure of 376.7 MPa was the threshold condition for the compression-
induced demixing in this case.

2.5 Drug (Crystalline) Solubility Within a Polymer Matrix

The preceding section on miscibility evaluated the theoretical miscibility of a drug
with a polymer. The aforementioned approaches, such as the F–H lattice theory and
the interaction parameter, allow prediction whether or not a certain drug and polymer
are miscible. However, they do not contain quantitative information about how much
of a drug is miscible or soluble in the polymer. From a pharmaceutical perspective,
this information is of importance for developing a glass solution with the maximum
drug load, but avoiding recrystallization of the drug due to supersaturation within
the polymer. This is of special interest since glass solutions are a means to overcome
poor solubility as new drug candidates increasingly belong to biopharmaceutics clas-
sification system (BCS) classes II and IV. Knowledge of drug–polymer solubility is
advantageous for formulation and production of stable glass solutions.

Solubility of a drug in liquid media can be determined directly, simply by disper-
sion of excess solid drug into the liquid and measurement of drug concentration once
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equilibrium has been established (Roy and Flynn 1989). However, determining drug
solubility in a polymer is not as straightforward as both components are normally
solid at room temperature. Different approaches have been applied to account for the
much slower kinetics of mixing, dissolution, and reaching equilibrium in the solid
state.

Drug–polymer solubility has been determined using:

• A low molecular weight polymer analog, e.g., methyl- or ethylpyrrolidone (EP)
for PVP (Marsac et al. 2006b, 2009; Paudel et al. 2010)

• Melting point depression of the drug in the respective polymer (Marsac et al.
2006b, 2009; Sun et al. 2010; Tao et al. 2009)

• Recrystallization from supersaturated glass solutions (Mahieu et al. 2013; Ma
et al. 1996)

• The F–H interaction parameter (Tian et al. 2013)
• The changes in the Gibbs energy (Bellantone et al. 2012)

2.5.1 Determination of Drug Solubility Within a Polymer Matrix

2.5.1.1 Melting Point Depression Methods

Polymer-induced melting point depression or drug dissolution into a polymer can
be used to experimentally determine drug–polymer miscibility (as discussed in
Sect. 2.4.2.3) and drug–polymer solubility by DSC. A physical mixture of drug
and polymer is scanned at a rate varying from 0.1 to 10 K/min (Marsac et al. 2006b,
2009; Sun et al. 2010). The end of the melting point endotherm (Tend) is determined
as the intersection of the end of the dissolution endotherm and the baseline after
dissolution. Tend can be used directly for extrapolation of solubility at lower temper-
atures than the measured melting point or for further calculations, e.g., to relate the
melting point depression to F–H lattice theory.

Problems in the accuracy of the measured Tend values arise due to the polymer’s
high viscosity that slows the mixing and dissolution process down. This is most
prominent at temperatures close to or below the glass transition temperature (Tg) of
the drug–polymer mixture as molecular mobility is reduced. The mixing and disso-
lution processes at temperatures close to the Tg may become so slow that equilibrium
is not reached during the time frame of a DSC scan. These measurements lead to a
wrong assumption of the equilibrium solubility. Therefore, solubility measurements
close to or below the Tg of the mixture are not feasible with DSC measurements due
to the time frame of the experiments.

During dissolution, a mass transfer from the crystalline drug (solute phase) to the
glass solution (solution phase) takes place. Particle size reduction of the raw material
and mixing of the drug and polymer before the DSC scan can facilitate dissolution
and reduce DSC measurement times. Cryo-milling of the drug–polymer mixture with
liquid nitrogen reduces plastic deformation and favors particle fracturing, reducing
the particle size while at the same time blending the components (Tao et al. 2009).
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Fig. 2.10 Schematic of a
temperature versus weight
fraction diagram: the straight
line represents the Tg of the
drug–polymer mixture, the
curved solid line represents
the measured Tend values, and
the dashed curve line
represents the extrapolated
Tend values of drug in
polymer. The intersection
marks the solubility at Tg for
a saturated solution. (Adapted
from Tao et al. 2009)

However, some drug–polymer combinations can be converted to the amorphous form
during the milling process as has been shown for piroxicam with either PVP, methyl
cellulose, or Soluplus® (Kogermann et al. 2013), indomethacin with PVP (Ke et al.
2012), and sulfathiazole or sulfadimidine with PVP (Caron et al. 2011). To prevent
solid-state changes, the milling time has to be optimized for each drug–polymer pair.

In the approach developed by Tao et al., the cryo-milled drug–polymer mixtures
were subjected to DSC runs and Tend was measured (Tao et al. 2009). DSC runs
were performed with different heating rates and the respective Tend values were
extrapolated to 0 K heating rate. Using this method, Tend values were obtained for
drug–polymer mixtures of different composition. However, with a high polymer
fraction, viscosity and Tg of the samples increase and the detection limit of the drug
melting point may be challenging. Hence, Tend cannot be determined over the entire
range of possible drug–polymer compositions but has to be extrapolated for low drug
loadings.

Graphically, this can be shown in a temperature versus weight fraction diagram
depicting the Tend and the Tg curve (Fig. 2.10).

The disadvantage of this method is that many DSC runs are necessary to determine
solubility and those runs require a very slow heating rate (e.g., 0.1 K/min). Further-
more, solubility measurements are only possible above a certain drug content due to
increased viscosity and the detection limit at low drug concentration.

Once solubility values were obtained, their accuracy can be further improved, by
annealing the drug–polymer mixtures close to their equilibrium solubility for 4–10 h
(giving the drug–polymer mixture additional time to equilibrate), followed by a DSC
scan with a standard heating rate (e.g., 10 K/min) to determine if any crystals remain
in the annealed sample (Sun et al. 2010). If the drug–polymer mixture is below its
equilibrium solubility, the drug should have completely dissolved in the polymeric
matrix and no melting event can be detected. In contrast, if the drug–polymer mixture
is above the equilibrium solubility, some drug crystals will remain independent of
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the annealing time and give a melting signal in the standard DSC run. Generally,
two approaches are possible, either to change the composition of the drug–polymer
mixture and anneal at a set temperature or to use one set composition and change
the temperature range. With the second approach, an upper and lower solubility of a
certain drug–polymer mixture can be determined with regard to the temperature.

When the equilibrium solubility values obtained with this improved method were
compared to Tao’s method described above, they were very consistent at higher drug
fractions. However, at lower drug fractions, Tend values were about 7 K lower with the
new method. Hence, the Tend curve in Fig. 2.10 would be lower. As outlined above,
viscosity in a drug–polymer mixture with a low drug content increases close to the
mixture’s Tg and at a higher polymer content. This may lead to measurements where
equilibrium has not been established during the DSC run, and equilibrium solubility
would be underestimated. The additional annealing step provides a higher certainty
of the equilibrium being reached and therefore improves the accuracy. However, this
method requires that the solubility of drug in polymer is roughly known beforehand
and that neither drug nor polymer degrade or undergo polymorphic changes during
annealing.

2.5.1.2 Recrystallization from Supersaturated Glass Solutions

Supersaturated glass solutions are thermodynamically unstable and are expected
to phase separate and the drug to recrystallize until the drug–polymer mixture has
reached equilibrium solubility. Glass solutions prepared by, e.g., solvent evaporation
can be stored at temperature and humidity conditions of interest, and the existence and
growth of crystals can be observed using polarized light microscopy (Ma et al. 1996;
Reismann and Lee 2012). Solubility can easily be assessed with a light microscope at
storage conditions of interest, under the prerequisite that no crystallinity is induced
by impurities. On the downside, the time until crystallization starts may be very long
(months or even years). This approach has been used for solubility determination of
drugs in films intended for transdermal application.

In another approach, a supersaturated glass solution (e.g., 85:15 (w/w) drug-to-
polymer ratio) can be created via milling of the drug–polymer mixture (Mahieu et al.
2013). The glass solution is then annealed at a defined temperature above its Tg

where molecular mobility is higher and excess drug can crystallize. At the equilib-
rium solubility, the excess drug has completely crystallized and a glass solution of
the soluble drug fraction and the polymer has formed. The Tg of the annealed sample
is analyzed and the composition of the sample can be determined with the Gordon–
Taylor equation. This way the equilibrium solubility of the drug in the polymer at the
annealing temperature is assessed and a solubility curve can be built up using several
annealing temperatures. In the case of indomethacin–PVP mixtures, annealing tem-
peratures between 120 and 160 ◦C for 2 h were sufficient to reach equilibrium. The
approach is faster than the melting point depression methods of Tao and Sun. The
kinetics of demixing and crystallization from supersaturation are supposedly faster
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than dissolution of drug into polymer and the Tg of the demixing drug–polymer mix-
ture is lower than that of the same composition during the mixing process. However,
with increasing demixing and crystallization of the excess drug, the Tg of the drug–
polymer mixture increases. Hence, solubility can only be determined in reasonable
time frames at annealing temperatures that are above the Tg of the resulting glass
solution. Solubility at lower temperatures has to be estimated by extrapolation.

2.5.1.3 F–H Interaction Parameter

The F–H lattice theory was described earlier in connection with miscibility and
molecular interactions. For solubility calculations, a monomer/oligomer of the poly-
mer (e.g., EP) in combination with the activity coefficient (Marsac et al. 2009) can be
used as well as calculated data such as the van Krevelen solubility parameter (Tian
et al. 2013).

The mole fraction solubility of drug, xdrug, can be calculated by Eq. 2.52 (Marsac
et al. 2009):

Inγdrugχdrug = − �Gfus

RT
= −�Hfus(Tm)

RT

[
1 − T

Tm

]
− 1

RT

∫ T

Tm

T �CpdT (2.52)

+ 1

R

∫ T

Tm

T
�Cp

T
dT ,

where γdrug is the drug’s activity coefficient in the drug–polymer mixture at the solu-
bility limit, �Gfus is the difference in the free energy between crystal and supercooled
liquid, and R and T are the universal gas constant and the absolute temperature, re-
spectively. Experimentally accessible are the heat of fusion (�Hf us), the melting
temperature (Tm), and the difference in heat capacity between the supercooled liquid
and the crystal, �Cp. The activity coefficient can be estimated either from solubility
measurements in EP or by usage of the F–H theory. For the EP solubility-based
approach, the ratio of ideal to experimental solubility (in EP) is adjusted assuming
that physicochemical properties, molecular mobility, and, hence, solubility are the
same in the liquid (EP) and the polymer (PVP). The activity coefficient and the F–H
interaction parameter can be related to each other via Eq. 2.53:

Inγ PVP
drug = MVdrug

MVlattice

[
1

mdrug
ln

φdrug

xdrug
+

(
1

mdrug
− 1

mPVP

)
φPVP + χφ2

PVP

]
, (2.53)

where γ PVP
drug is the activity coefficient of drug in PVP, MV is the molecular volume,

φdrug/polymer is the volume fraction of drug or polymer, respectively, mdrug/polymer is
the ratio of the drug or polymer volume to that of the lattice site, and X is the F–H
interaction parameter determined via melting point depression. The same approach
was also used to determine the solubility of itraconazole in Eudragit® E 100 using
a 2:1:1 w/w/w 2-dimethylaminoethyl methacrylate, methyl methacrylate, and butyl
methacrylate mixture as a polymer analog (Janssens et al. 2010).
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2.5.1.4 Changes in Gibbs Energy

This approach divides the formation of solid solutions into four different steps
(Bellantone et al. 2012):

• Heating of the pure drug from the starting temperature to its melting point, Tm

• heating of the pure polymer from the starting temperature to the Tm of the drug
• Mixing molten drug and polymer at Tm to form a solution
• Cooling of the solution down to the starting temperature

As the temperature at the start and end of the process is the same, the total change in
Gibbs energy can be described by the changes in the total entropy and enthalpy as:

�GSS = �HSS − T �SSS, (2.54)

where SS in �GSS stands for solid solution; it can be further divided into three
components where the first two use heat capacity values obtained via thermal analysis
and the third component uses the calculated F–H interaction parameter:

�G1 =
∫ TM11

T

[CP1 + CP2 − CP12] dT − T

∫ TM1

T

[
CP1 + CP2 − CP12

T

]
dT (2.55)

�G2 = n1�hM1

(
1 − T

TM1

)
(2.56)

�G3 = RT n1φ2χ (T ) + RT (n1 ln φ1 + n2 ln φ2), (2.57)

where CP1 represents the heat capacity of unmixed drug at constant pressure and
heat capacity CP2 and CP12 represent the heat capacity of the polymer and the solid
solution, respectively. �hM1 is the molar enthalpy of melting of the drug’s melting
point (TM1). Φ1 and Φ2 are the respective volume fractions of drug and polymer
in the solid solution and n denotes the moles of drug or polymer. The solubility is
determined as the minimum in the plot of �GSS divided by the weight of the polymer
versus the drug weight fraction.

Dissolution of a poorly soluble drug in a liquid has only a small effect on the
heat capacity. However, the difference in heat capacity of unmixed components and
the solid solution also contributes to the changes in Gibbs free energy. Hence, the
difference in heat capacity is an important aspect for the determination of solubility
of drugs in polymers, especially at room temperature.

2.5.1.5 Solubility Determination in PEG

PEG differs from other polymers commonly used in glass solutions. Depending
on the chain length, it may be liquid or solid at room temperatures, thus allowing
different approaches for solubility determination. Thermal analysis together with the
Fox equation was used to determine the solubility of six drugs in PEG 400, which is a
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viscous liquid at room temperature (Haddadin et al. 2009). DSC measurements were
performed in three cycles; drug and polymer were kept at predefined temperatures
below the melting point of the drug for 5 min. The drug dissolved into the polymer
and equilibrium should be reached a lot faster in liquid polymers compared to solid
polymers. In a second step, the solutions were quench cooled and scanned again
with modulated DSC to determine the Tg of the glass solution formed in the first and
second cycle.

The Tgs of the pure components (Tg1 and Tg2) are known and the Tg of the drug–
polymer mixtures, Tg(total), was measured in cycle 3 of the DSC scan. With the Fox
equation (Eq. 2.58), the weight fractions, w, of drug and polymer can be determined:

1

Tg(total)
= w1

Tg1
+ 1 − w1

Tg2
. (2.58)

2.5.2 Summary of Solubility Determination Methods

Neither of the abovementioned methods to determine the solubility of a drug in a poly-
mer is straightforward. Solubility measurements in low molecular weight polymer
analogs assume that the solubility is the same in a monomer as in the polymer, even
though their physicochemical properties and molecular mobility differ. Approaches
using melting point depression and recrystallization from supersaturated glass so-
lutions are only applicable over a certain range of drug–polymer compositions and
at elevated temperatures. This may be very useful to predict drug–polymer solubil-
ity during manufacturing of a glass solution (e.g., via hot-melt extrusion), rather
than being a stability indicator for the storage time of a pharmaceutical formulation.
Using the F–H theory, the interaction parameter is calculated from melting point
depression, but is extrapolated to room temperature, although a linear relationship
only was found for certain drug–polymer composition ranges.

2.5.3 Effect of Drug Solubility on the Physical Stability
of the Glass Solution

According to published data (Table 2.3), drug solubility in a polymeric matrix is
relatively low and often the drug load would be insufficient to reach therapeutic
concentrations.

However, that does not mean that glass solutions with drug content above equi-
librium solubility cannot be used for pharmaceutical applications. Even though such
glass solutions are not thermodynamically stable, they may be kinetically stable when
recrystallization is prevented over pharmaceutically relevant storage time periods.
Phase diagrams built up with data from drug solubility, miscibility, and Tg values of
the glass solutions (as indicated in Sect. 2.4) may function as a useful guide with re-
gard to thermodynamic and kinetic stability of a glass solution at a given composition.
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Table 2.3 Overview of determined solubility values of various drugs in polymers as reported in
literature

Drug Polymer Method Solubility value
(%)

Refs.

Felodipine PVP K12
PVP K29/32
or K90

Interaction parameter 7.2
6.5

Marsac et al.
(2009)

Ketoprofen PVP K12
PVP K29/32
or K90

1.1
1.0

Indomethacin PVP K12
PVP K29/32
or K90

14.4
13.4

Nifedipine PVP K12
PVP K29/32
or K90

5.4
4.9

Acetaminophen PEO N10 Interaction parameter 12.1 Yang et al. (2001)

Itraconazole Eudragit®
E 100

Interaction parameter 0.01 Janssens et al.
(2010)

Indomethacin
Nifedipine

PVP/VA Melting point
depression

50–60 (110◦C)
30–40 (123◦C)

Sun et al. (2010)

Indomethacin
Nifedipine

PVP/VA Melting point
depression

28 (85◦C)
12 (95◦C)

Tao et al. (2009)

Indomethacin PVP K12 Recrystallization from
supersaturation

67 (120◦C) Mahieu et al.
(2013)

Felodipine HPMCAS

Soluplus

Calculated Flory–
Huggins interaction
parameter using a or b

0.001a (25◦C)
0.6b (25◦C)

0.02a (25◦C)
3.69b (25◦C)

Tian et al. (2013)

Indomethacin

Griseofulvin

Itraconazol

PVP K30
Eudragit E 100
Eudragit L 100
PVP K30
Eudragit E 100
Eudragit L 100
PVP K30
Eudragit E 100
Eudragit L 100

Change in Gibbs free
energy

˜ 8 (25◦C for all)
˜ 9
˜ 10
˜ 9
˜ 9
˜ 12
˜ 9
˜ 8
˜ 13

Bellantone et al.
(2012)

Lidocain Polyacrylate Flux 20.8 Jasti et al. (2004)

PVP poly(vinylpyrrolidone), VA vinyl acetate, PEO polyethylene oxide, HPMCAS hydroxypropyl
methyl cellulose acetate succinate
aMelting point data
bVan Krevelen solubility parameter
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Fig. 2.11 Schematic representing a solid dispersion system with different drug loadings and temper-
atures. The regions (I–VI) are divided by the glass transition (Tg) of the solid dispersion, crystalline
drug–polymer solubility limit, and amorphous drug–polymer miscibility limit. The zones (I–VI)
are I: thermodynamically stable glass; II: thermodynamically stable liquid; III: supersaturated
glass; IV: supersaturated liquid; V: supersaturated and immiscible glass; and VI: supersaturated
and immiscible liquid. C1: drug solubility in the polymer at Tg and C2: miscibility of the drug in
the polymer at Tg. (Adapted from Qian et al. 2010a)

Several authors, including some of those mentioned above and others (Qian et al.
2010a; Tao et al. 2009; Tian et al. 2013), have provided schematics to identify suitable
drug–polymer compositions according to solubility and miscibility in combination
with the Tg. In Fig. 2.11, temperature is plotted versus drug fraction, showing the Tg of
the glass solution, the drug–polymer solubility, and miscibility curves. These curves
build up six areas (indicated I–VI) that can help to choose a suitable drug–polymer
composition. The zonesV andVI in the Fig. 2.11 are located above the drug–polymer
miscibility line and are areas where phase separation is thermodynamically favored.
Thus, at equilibrium, a drug-rich and a polymer-rich phase coexist and two separate
Tgs are observed for the system (Tian et al. 2013; Vasanthavada et al. 2005). The
amorphous drug–polymer miscibility line is always higher than the crystalline drug
polymer solubility line due to the fact that the amorphous drug has a higher chemical
potential than its crystalline counterpart. Equilibrium liquid zones (II, IV, VI) and
nonequilibrium glass (I, II, V) are separated by the Tg values of the solid dispersion,
which can either be measured by DSC or estimated from the Gordon–Taylor equa-
tion. In the equilibrium zone, structural relaxation occurs rapidly and miscibility
(and solubility) can be measured. In contrast, in the nonequilibrium glassy region,
molecular mobility is low and structural relaxation occurs slowly which leads to
equilibrium solubility not being strictly defined or experimentally measured. The
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solubility line is the limit between the thermodynamically stable (I, II) and unstable
(III–VI) regions. This defines the maximum limit for drug loading in the polymer,
below which any drug concentration or temperature fluctuation will not cause phase
separation or crystallization of the drug. Between the miscibility and solubility lines
(zones III, IV), a solid dispersion might be able to maintain its thermodynamically
metastable status depending on the crystallization behavior of the drug. Especially
in zone III, a solid dispersion may be stabilized both thermodynamically and kinet-
ically. In contrast, zone VI has no thermodynamic barrier to prevent crystallization
and it should be avoided, but zone V can be stabilized kinetically (i.e., by storage
at temperature sufficiently below the Tg). Furthermore, the drug solubility in the
polymer at Tg (C1 in Fig. 2.11) and miscibility of the drug in the polymer at Tg (C2
in Fig. 2.11) are illustrated. A solid dispersion at C1 would be thermodynamically
stable at temperatures above Tg and may be kinetically stable at temperatures below
Tg. Thus, a solid dispersion with a drug loading not higher than C1 could be able to
resist the stress coming from temperature fluctuation across Tg during processing and
storage, and thus remain stable. However, C2 may serve as a practical limit for solid
dispersion formulation design, if the drug can remain amorphous during the time
frame of formulation processing and storage, especially when a high drug loading is
needed to satisfy the dose requirement.

2.5.4 Maintenance of Supersaturated Conditions: The “Spring
and Parachute Effect”

The ultimate goal of an amorphous formulation is to increase the drug concentration
in solution (extent and time) after administration. Thus, the dissolution and crystal-
lization behavior of the drug after amorphous solid dispersions have been introduced
to physiologically relevant aqueous media requires careful consideration.

It is worth first considering the dissolution behavior of pure amorphous and crys-
talline drug (without polymer). The theoretical solution concentration profiles of a
drug that is added to an aqueous medium in its stable crystalline form (with respect
to the aqueous medium conditions) and pure amorphous form are shown in Fig. 2.12.
The crystalline drug dissolves until the solution concentration reaches the thermo-
dynamic solubility of the drug, after which the concentration remains constant. The
amorphous form, on the other hand, initially dissolves more rapidly than the crys-
talline form and reaches a higher concentration. This is often termed the “spring”
effect and is a direct function of the higher apparent solubility of the amorphous
form. However, the higher concentration is typically short-lived, as the solution is
supersaturated with respect to the crystalline form and therefore precipitation into the
crystalline form occurs until the concentration equals the solubility of the crystalline
form.

The exact supersaturation profile depends on the interplay between the dissolu-
tion and crystallization rates of the drug. When considering crystallization, there
are two potential recrystallization routes in aqueous media: direct solid–solid (same
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Fig. 2.12 Schematic showing
of theoretical solution time
profiles of a crystalline drug
(black, dashed) and b pure
amorphous drug without
polymer (black), and solid
dispersion with two different
polymers: A (medium gray)
and B (light gray). Note that
all three amorphous
formulations have a “spring
effect,” while the polymer A
exerts a parachute effect
while polymer B completely
inhibits recrystallization and
maintains the same degree of
supersaturation

as during storage) and solution-mediated crystallization. Direct solid–solid crystal-
lization can be accelerated in an aqueous medium. In such a medium, there is a
greater driving force for water penetration into amorphous solid than in humid (or
dry) conditions, and, as a result, a greater degree of plasticization of an amorphous
drug may occur, facilitating crystallization within the solid (direct solid–solid trans-
formation). If this occurs during dissolution, the spring effect (dissolution rate or
maximum concentration) may be reduced due to crystalline material replacing the
amorphous form available for dissolution. However, in a liquid medium, arguably
the more important crystallization mechanism is solution-mediated crystallization,
and this is the mechanism responsible for the drop in solution concentration until the
solubility of the crystalline material is reached (Bhugra and Pikal 2008; Ozaki et al.
2012; Savolainen et al. 2009).

When a polymer is introduced in the form of an amorphous solid dispersion, a
spring effect is also observed, but the subsequent drop in drug concentration may be
slower (known as the parachute effect) or even completely inhibited. This is due to
the polymer inhibiting solution-mediated crystallization of the drug. The theoretical
spring and parachute effects of two different polymers (A and B) are shown in
Fig. 2.12. Both the spring and parachute effects can be affected by polymer presence
and type. There are several mechanisms contributing to the concentration profile of
the drug during both the spring and parachute phases.

While the spring effect is due to the drug being in the amorphous form, the
rate and extent of dissolution is also affected by the polymer in the solid dispersion.
Dissolution of the polymer can promote more rapid dissolution of the drug by helping
to liberate drug molecules (or particles), increase the drug solubility in the solvent
(cosolvency effect), and inhibit direct solid–solid crystallization. On the other hand,
the drug’s chemical potential is lower for the solid dispersion than pure amorphous
drug (if solubility changes due to dissolved polymer are disregarded; Kawakami and
Pikal 2005; Ozaki et al. 2012). It is quite common that the spring effect is more
pronounced for the pure drug than for a glass solution.
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The parachute effect of the polymer is also due to a combination of mechanisms
(Murdande et al. 2011; Raghavan et al. 2001; Sekikawa et al. 1978; Yokoi et al.
2005). First, polymers can elevate the equilibrium solubility of the drug (cosolvency
effect) and therefore, can reduce the degree of supersaturation and hence, the ther-
modynamic driving force for solution-mediated crystallization (Warren et al. 2010).
The drug molecules and polymer may form complexes in solution via electrostatic
bonds, van der Waals forces, or hydrogen bonding. Even the addition of low amounts
(e.g., 0.1–0.25 % w/w) of polymers such as PVP and hydroxypropyl methyl cellulose
to solution have been shown to result in significant improvements in aqueous solubil-
ity (Loftsson et al. 1996). Second, polymers dissolved in the dissolution media can
become adsorbed onto the surface of any crystallites that start to form, which may
block the interaction of drug molecules with crystal surfaces. Electrostatic bonds,
van der Waals forces, or hydrogen bonding may affect the degree and strength of in-
teraction of the polymer and crystal faces, and therefore the degree of crystal growth
inhibition. Third, the viscosity of the polymer solution may also inhibit the diffusion
of the molecules during nucleation and crystal growth (Warren et al. 2010).

Many studies have shown that polymeric solid dispersions can be very effective
at promoting spring and parachute effects. In order to promote these effects, both
solid–solid and solution-mediated crystallization should be inhibited (Boersen et al.
2012). However, the partial or complete inhibition of crystallization alone does not
guarantee a sufficient or, indeed, any supersaturation. While there are many, some-
times competing, mechanisms affecting the dissolution and crystallization of drug,
there is evidence that the strength of polymer–drug intermolecular interactions is cru-
cial. If the interactions are very strong, crystallization may be completely inhibited
(during storage and administration), but both the drug and polymer may not dissolve
sufficiently in the aqueous medium. Further research is needed to help rationalize
polymer selection with respect to promoting both supersaturation generation and
maintenance.

2.6 Summary

In the field of amorphous solid dispersion research and development, the elucidation
of the theoretical basis for this increasingly important group of drug delivery systems
is still an active and intensely pursued area. In this chapter, we have attempted to
give an overview of the current status of the field. While it is obvious that much more
fundamental work needs to be done, the current body of knowledge on the theoretical
considerations in the development of amorphous solid dispersions lays a foundation
for the applied formulation scientist concerned with the rational development of these
drug delivery systems.
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Chapter 3
Overview of Amorphous Solid Dispersion
Technologies

Harpreet Sandhu, Navnit Shah, Hitesh Chokshi and A. Waseem Malick

3.1 Introduction and Background

A survey of recent literature shows considerable growth in the application of amor-
phous solid dispersion (ASD) to solve solubility-related challenges in product
development (Williams et al. 2010, 2013; Repka et al. 2013). This growth is primarily
driven by three factors:

a. development and expansion of acceptable excipients especially at the dose level
that is needed for solid dispersion,

b. application of newer technologies, and
c. enhanced understanding of amorphous systems using predictive analytical tools

for stability and dissolution.

The earlier developments in ASD were hindered by the lack of scientific understand-
ing of the metastable high-energy form and the availability of suitable technologies
(Sekiguchi et al. 1964). For the purpose of this chapter, the processing technologies
are classified into two main classes primarily, i.e., solvent based or fusion based. A
schematic of this classification is shown in Fig. 3.1 to help orient the readers (Miller
2012). Based on their maturity, selected technologies are covered in this chapter with
a goal to provide the necessary tools to help select an appropriate technology for a
specific application.
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Fig. 3.1 Commonly used processing technologies in the manufacture of amorphous solid dispersion
(ASD)

• Solvent-based technologies listed below rely on the preparation of a solution of
the drug together with the stabilizing component:
– Spray drying: Rapid removal of the solvent in a controlled environment

(temperature and pressure) that is accelerated by generating high surface area
– Fluid bed granulation/layering/film coating: Removal of solvent in various

conventional pharmaceutical equipments
– Coprecipitation: Solvent-controlled precipitation technologies, e.g., micropre-

cipitated bulk powder (MBP), evaporative precipitation into aqueous solution
(EPAS), Nanomorph, and flash precipitation, etc.

– Supercritical fluid- based technologies and its variations such as FormulDisp�

– Cryogenic processing, e.g., spray freeze drying (SFD) and thin film freezing
(TFF)

– Electrospinning: Drawing nanofibers from solution or molten material under
high electrostatic voltage

– Rotating jet spinning: Combination of centrifugation and pinning to produce
nanofibers

• Fusion-based technologies where the drug and the stabilizing component are
heated and mixed:
– Melt granulation
– Melt extrusion
– KinetiSol: High-shear mixing combined with high temperature
– Milling: High-shear milling/cryogrinding with and without excipients, e.g.,

Biorise�

– Deposition of molten material on a carrier by hot-melt coating in a fluid bed
process, e.g., Meltdose�
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3.2 Solvent Evaporation

A key prerequisite for ASD is the elimination of drug’s crystallinity and the best
means to achieve that state is by dissolving the crystalline drug in a suitable solvent.
In some cases, it may be possible to obtain pure amorphous drug but due to stability
considerations the drug is generally processed with a polymer that stabilizes the
amorphous form through mechanical and physicochemical interactions. An ideal
means to achieve coprecipitation involves the solubilization of active pharmaceutical
ingredient (API) and polymer in a common solvent followed by solvent removal.
Typically, solubility of a drug in organic solvents drives the selection of stabilizing
polymer and the process. The design of a formulation using solvent evaporation
process generally consists of the following sequential steps:

• Solvent selection
• Selection of polymer and additives
• Selection of an evaporation method that produces ASD with acceptable residual

solvent levels

To get a better insight into these processes, each of these steps is discussed in the
following sections.

3.2.1 Solvent Selection

For successful application of solvent-based techniques, adequate solubility in or-
ganic solvents is critical for generating an ASD. In most cases, the solubility screen
conducted during preformulation studies forms the basis for selecting a solvent. The
criteria for solvent selection include solubility of API and polymer in a common
solvent, drying efficiency of the solvent, acceptable level of residual solvents (based
on International Conference on Harmonization classification), and desired shelf-life
stability. From thermodynamic perspective, the drying of solvent involves complex
interplay of heat and mass transfer and depends primarily on the supply of heat and
efficiency of vapor removal. On a process level, the drying efficiency depends on
the solvent evaporation rate that in turn depends on the boiling point, specific heat
of solution, heat of vaporization, surface area, vapor pressure, percent solid content,
and solution viscosity (Abeysena and Darrington, 2013).

Drying is an energy-intensive process that requires careful selection of a solvent
that can provide adequate solubility of drug and polymer and is easy to remove. From
the thermal perspective, the amount of heat required to remove a solvent represents
the sum of latent heat of vaporization (�Hvap), heat required to raise the temperature
to the boiling point, and losses in the process (Murugesan et al. 2011). Assuming
that energy loss is an equipment factor and will be similar for different solvents, the
heat required (QH) to remove a solvent can be estimated by �Hvap and Cp�T :

QH = CP ∗ (Tb − TRT ) + �Hvap × 1000

Mol weight
,
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Table 3.1 Drying-related properties of some commonly used solvents

Solvent Mol wt
(g/mol)

Heat
capacity
(J/g ◦C)

Heat
of
vapor-
ization
(kj/mol)

Boiling
point
(◦C)

Vapor
pressure
@20 ◦C
(kpa)

Heat energy
required to
evaporate
1 kg solvent
(J)

Water 18 4.18 40.7 100 2.3 2596

Ethanol 46 2.44 38.7 78 5.8 983

Acetone 58 2.17 29.1 70 24 610

Dimethylsulfoxide 78 1.96 52.9 189 0.06 1009

Dimethylacetamide 87 2.0 46.2 165 0.3 828

N-methylpyr-
rolidone

99 1.7 54.5 204 0.04 846

where Cp is specific heat capacity, Tb is the boiling point, and TRT is room
temperature.

A summary of the relevant thermophysical properties of commonly used solvents
is provided in Table 3.1. In addition to boiling point and heat of vaporization, vapor
pressure of the solvent is also critical in assessing the drying efficiency as that de-
termines the surface renewal efficiency. Understanding the temperature-dependent
changes in vapor pressure can provide useful insights into the means of improving
drying efficiency. It has been shown that solvents such as water, toluene, n-heptane,
and N-methylpyrrolidone (NMP) are difficult to remove because the increase in vapor
pressure as a function of temperature is very slow. Furthermore, it is also important
to note that the properties summarized in Table 3.1 are for pure solvents and can vary
significantly depending on the additives and their interactions with the solvents.

Driven by the desire to maximize API solubility and for optimization of drying
efficiency, on many occasions the formulation scientists resort to using mixed sol-
vents. Although considered an annoyance from the perspective of purification, the
azeotropes are preferred for ASD in the event a pure solvent cannot be used. In the
absence of azeotropes, the differences in the evaporation rates of binary solvents
may result in variable supersaturation of the precipitating material thus potentially
resulting in phase separation. A list of some commonly used solvents that can form
azeotrope is provided in Table 3.2 for reference. When using mixed solvents for
ASD, it is likely that much more extensive work will be required to optimize the
right combination and ascertain its impact on product quality to derisk potential
problems during manufacturing and scale-up.

In the course of selecting a suitable solvent for ASD preparation, it is important
to ensure that material is chemically and physically stable in the solvent. The intent
of solvent selection is to convert crystalline material into amorphous form, however,
some solids may form solvates or the residual solvent may lower the glass transition
temperature (Tg) of the material resulting in unfavorable stability. The stability needs
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Table 3.2 Listing of commonly used solvents with respect to their ability to form azeotrope
(http://en.wikipedia.org/wiki/Azeotrope_(data), Accessed 10 Dec 2013)

Solvents Boiling Point of
Solvent (◦K)

Azeotropic Temp (◦K) Azeotropic
Composition
(%w/w)

Ethanol:Water 352/373 352 96:4

Acetone:Water 330/373 Zeotropic Zeotropic

Water:Acetone:Chloroform 373/330/334 334 4:38:58

Ethanol:Tetrahydrofuran 352/339 339 97:3

Ethanol:Ethyl acetate 352/350 345 69:31

Dichloromethane:Water 313/373 312 99:1

Dichloromethane:Ethanol 313/352 313 95:5

to be established to ensure that sufficient hold time can be achieved especially during
scale-up where the run times can extend over days.

3.2.2 Selection of Polymer and Other Additives

Primary criterion for the selection of a polymer for ASD by solvent evaporation
method depends on its solubility in the solvent. The other criteria which are also
important include miscibility with API in the solid state, ability to yield high-drug
loading, supportive toxicological data package, and its impact on achieving and
maintaining high supersaturation. These additional criteria are covered in details in
the other chapters. A brief summary of different polymers and the solvents that have
been used for various applications is provided in Table 3.3. Solvent-based processes
provide options to include other additives, such as surfactant or secondary stabilizers,
to augment product quality. Feed solution ranging from solution to suspension can
be processed by spray drying process; however, for ASD manufacture it is desirable
that all components are in the dissolved state. From a downstream processing per-
spective, most spray-dried intermediates require densification to improve the density
and flow properties prior to manufacturing the final dosage form. The predominant
consolidation mechanism for amorphous materials especially with relatively large
proportion of polymer is plastic deformation (Iyer et al. 2013). Choice of the polymer,
any additives and their relative amounts in the feed solution, and the characteristics
of the final amorphous intermediate may impact critical properties of the material
such as particle size and density that could have significant effect on downstream
processing.

http://en.wikipedia.org/wiki/Azeotrope_(data)
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Fig. 3.2 Selection of solvent removal process

3.2.3 Selection of Solvent Evaporation Process

There are several literature reports demonstrating the role of solvent removal process
in the development of ASD (Joe et al. 2010; Miller and Gil 2010). The choice of
solvent evaporation process is influenced by the scale, the stability of the formulation,
and the availability of equipment. Commonly used solvent removal processes in the
pharmaceutical industry are shown in Fig. 3.2. Even though spray drying is the
most efficient, well understood, and established process for ASD, other methods
are also frequently used. Fluid bed drying includes either spray granulation or fluid
bed layering on inert beads. The granulated product can be converted to tablets or
capsules although the multiparticulate pellets produced by fluid bed processes are
generally more suitable for encapsulation.

Owing to its suitability for high-throughput screening, solvent evaporation is the
most widely used process during preformulation screening for optimal selection of
solvent, polymer, and drug loading. Because of the small sample volume (typically
few microliters) and the efficiency of solvent removal process, the screening studies
tend to simulate the spray drying process fairly well. However, in the chronicles
of ASD development, the weakest link between preformulation screening and the
manufacture of small-scale batches has been the availability of suitable laboratory-
scale equipment. Rotary evaporators that are used in early development may lead
to false negatives for compounds with high crystallization tendency and the small-
scale spray dryers suffer from low yield. It is generally recognized that compounds
with low tendency for crystallization can be manufactured by any solvent evaporation
process but the rate of solvent removal and the long exposure time to high-temperature
conditions pose serious challenges for compounds with high crystallization tendency.
Due to the solvent removal efficiency and single-stream continuous processing, spray
drying offers the most favorable conditions for manufacture of ASD. With recent
developments in the design of spray dryers, spray drying can now be realized across
all scales ranging from laboratory to commercial. The laboratory-scale spray dryer
supplied by ProCepT� can work with volumes as low as 1 mL to 24 L with more than
90 % yield (ProCepT 2014). One of the challenges with all solvent-based techniques
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Fig. 3.3 Spray drying design space

is the complete removal of solvent. In addition to the safety concerns, the residual
solvent can have a detrimental effect on the stability of the product. Therefore, spray
drying is usually followed by secondary drying. Processes ranging from tray drying
to fluid bed have been used to achieve the desired level of residual solvent. Among
the various modes of solvent removal, spray drying has become the most widely
adopted process. The key features of spray drying processes that are relevant for
design and development of an ASD product are listed below:

• Design of spray dryer: Closed-loop versus open-loop systems
• Atomization and nozzle design: Rotary, multi-fluid pneumatic (two to four fluids),

pressure, and ultrasonic nozzles
• Drying gas: Type (cocurrent versus current orientation) and air volume
• Feed material: Solid content, foaming, viscosity, solvent system, Tg, and stability
• Collection system: Cyclone, filter bags, and electrostatic precipitators
• Secondary drying: Tray drying, fluid bed drying, rotary, agitated dryer, and

fluidized spray drying
• Downstream processing: Densification, compaction, agglomeration, dissolution,

and stability

The product quality and particulate properties can be controlled by optimizing the
process variables. Types of equipment setups that can be used to support the devel-
opment of ASD product from early screening phase to commercial scale are shown
in Fig. 3.2 and the key processing variables are shown in Fig. 3.3 (Appel 2009).
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3.3 Hot-Melt Extrusion

From the discovery of ASD, the two methods that have dominated the literature
are solvent evaporation and melt extrusion (fusion-based method). Although spray
drying continues to be an important technology, the commercial success achieved
with melt extrusion has placed hot-melt extrusion (HME) at the top of the tech-
nology list. This stems from the specific advantages of the HME process that
provides solvent-free continuous processing, modularity, and ability to produce a
close-to-final product. Comprehensive discourses focusing on the application of melt
extrusion in the pharmaceutical industry have been the subject of several research-
based textbooks that have become available in the recent past (Ghebre-Selassie et al.
2003; Douroumis 2012 and Repka et al. 2013). The following section provides an
overview of the formulation and process considerations in the development of the
HME process. The key areas that need special consideration are listed below and
elaborated further in the text:

• Selection of polymer, additives, and drug loading
• Selection of extruder and the processing conditions
• Downstream processing and performance optimization

3.3.1 Selection of Polymer, Additives (Plasticizer, Flow Aid
and Surfactant), and Drug Loading in HME

The use of a polymer in ASD development is primarily for stabilizing the amorphous
form, but in the case of the HME it is critical for processing as well. The molten
polymer provides a medium in which the drug is either solubilized or dispersed.
Therefore, in addition to improving the performance (dissolution and stability) of
the product, the polymer also serves as an enabler for processing. Key characteristics
of the polymer and the overall composition that are suitable for melt extrusion can
be summarized as:

• Melting point and/or Tg of the drug
• Melting point and/or Tg of the polymer
• Molecular weight and melt viscosity of the polymer
• Specific interactions between drug and polymer leading to plasticization or

antiplasticization, especially in the molten state
• Thermal stability of the components at the processing temperature
• Properties of additives such as physical state, melting point, miscibility, and

stability
• Particulate properties of the polymer

A systematic analysis of potential drug:polymer blends may provide insight into the
selection of a suitable polymer, e.g.:
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• Solubility parameter estimation and differential scanning calorimetry (DSC) help
assess the drug:polymer miscibility and determine drug loading.

• Rheological studies provide key insights into the viscoelastic properties and
potential torque-limited extrusion.

• Assessment of the plasticizer to improve processability (lowering processing
temperature or reducing torque).

• Microscopic investigation, especially atomic force microscopic and light micro-
scopic methods, in characterization of the extrudates.

• Dissolution studies to monitor the rate and extent of solubility enhancement as
well as to determine the need for surfactants.

Utilizing the melting point depression data from DSC, it is possible to calculate
the Flory–Huggins interaction parameter that can then be used to construct the
temperature–composition phase diagram for a binary system. The maximum drug
loading that can be achieved in the solid dispersion that provides acceptable dissolu-
tion performance depends on the thermal (Tm/Tg ratio) and hydrophobic properties
of the compound (logP). Based on the trend analysis of the available data, an empir-
ical relationship has been proposed that demonstrate that drug substance with logP
less than 6 and Tm/Tg ratio less than 1.3 may accommodate payloads as high as 50 %
w/w (Friesen et al. 2008; DiNunzio 2013).

Plasticizer Plasticizers are low molecular weight additives that may be used in the
HME process to help lower the processing temperature or reduce the melt viscosity
of formulations containing high-melting actives or high molecular weight polymers.
The processing of ASD by HME has been envisioned to occur in either the solubility
regime or miscibility regime. In most cases, it is the molten API that is mixed with
the molten polymer to produce an ASD. For some challenging compounds that do
not have adequate solubility in the molten polymer, plasticizers are added to the
formulation to aid in the process. Since plasticizers can have a negative impact on
other aspects of the product such as dissolution, physical stability, Tg, hygroscopicity,
chemical stability, appearance, and milling, their use in the formulation should be
based on balancing and optimizing their effect on both processing and performance
of the ASD.

A list of commonly used plasticizers is summarized in Table 3.4. Selection of the
plasticizer is based on its intended functionality in the formulation such as reducing
the processing temperature or reducing the melt viscosity. An ideal plasticizer is a
temporary plasticizer that imparts the desired processing advantage but is removed
from the formulation before final processing to minimize its negative impact. Super-
critical carbon dioxide (CO2), low boiling solvents, and reagents that can evaporate
or sublime are all being evaluated for this purpose (Verreck et al. 2005; Desai 2007).
In some cases, drug itself may provide adequate plasticization of the polymer (Zhu
et al. 2002).
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Surfactant Despite having successfully converted the crystalline drug to amor-
phous form, the HME product may not always provide the desired dissolution
advantage. This is attributed to the poor wetting of the extrudate caused by hydropho-
bicity of the drug and the low porosity of the extrudates. Inclusion of a surfactant in the
formulation improves the dissolution properties resulting in improved bioavailability
of the product (Rosenberg et al. 2005; Mosquera-Giraldo et al. 2014). Listing of the
commonly used surfactants is provided in Table 3.4. The key considerations in terms
of selection criteria include impact on stability, daily usage limit, and processing
feasibility.

FlowAids A key consideration in the development of HME process is being able to
uniformly feed the extruder. The consistent feed rate depends on the flow properties
of the material. Depending on the number of feeders used, the drug and the polymer
can be fed either as a common blend or separately through different feeders. To ensure
the uniformity of blend, it is important to closely match the particulate properties of
the drug and the polymer. A milling step may be required to ensure that drug and
polymer are adequately mixed prior to extrusion.

To aid in the dissolution of API in the molten polymer, micronized API is fre-
quently used in the extrusion process. However, this poses challenges in terms of poor
flow and electrostatic charges that may limit the feeding of the API:polymer blend
to the extruder. The low bulk density of the powder blend may further compromise
the feeding efficiency giving rise to feed rate fluctuations and process instability.
Commonly used pharmaceutical excipients shown in Table 3.4 can be included in
the HME formulation to aid in the flow of material. Since some of these materials
are crystalline in nature, they may affect the miscibility of drug in the polymer or
simply increase the analytical complexity.

Thus, formulation design requires judicious selection of each component while
considering their impact on the desired and undesired attributes of the product.

3.3.2 Selection of Extruder and the Processing Conditions

From the early days of introduction of melt extrusion processing in the pharmaceu-
tical world, co-rotating twin-screw extruders have dominated this technology owing
to their superior efficiency of mixing and self-wiping action ensuring first-in-first-out
material flow. Several extruder types and sizes are available to achieve the desired
product attributes that meet the phase-dependent needs of the product. Small-scale
extruders provide anAPI-sparing option to support early studies such as pharmacoki-
netic (PK) feasibility or range-finding toxicology. These, however, may not always
reflect the actual shear stress that the product will be subjected to during intermediate
to large-scale manufacturing. Some of the challenges faced during small-scale man-
ufacturing using a laboratory-scale extruder (degradation or incomplete conversion
to amorphous form) may be resolved with larger extruders due to more efficient ma-
terial flow and controlled residence time and residence time distribution. Typically,
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extruders greater than 12 mm provide representative extrusion conditions for scale-
up with respect to the geometric similarity between total length, screw geometry,
shear conditions, feeding mechanism, temperature of zones, and die dimension. The
key equipment considerations in the development of an extrusion process include:

• Selection of extruder type (corotating versus counter rotating, motor power, and
gear box)

• Length/diameter ratio (L/D ratio)
• Die design, size, and number of openings
• Feeding mechanism, number, and type of feeders including liquid injection port
• Optimization of screw geometry (distribution of kneading and conveying zones

across the screw length)
• Temperature of each zone
• Online processing of extrudates: Cooling belt, pelletization, milling, and chillers
• Calendaring or direct shaping of materials such as films, implants, or tablets
• Downstream processing of the extrudates

A key consideration in the development of scalable process requires maintaining ge-
ometric similarity, i.e., L/D ratio and the degree of fill. Similar L/D ratios along with
temperature and screw design across the barrel length provide comparable temper-
ature and shear stress profiles. And the comparable degree of fill ensures consistent
residence time and residence time distribution. This ensures that product is exposed
to similar energy as given by the following equation:

Specific energy(SE) = KwmEG%T S%
RPMrun
RPMmax

Qn

,

where SE is kw/h/kg, Kwm is motor power in kw (horsepower/1.34), EG% efficiency
of the gear system (95 %), TS% (percent of torque and is formulation specific),
RPMrun is the screw speed during the run and RPMmax the maximum feasible for
the machine, Qh is the feed rate (kg/h). Since most of the parameters are equipment
specific, the two process variables are screw speed and feed rate.

Owing to its direct impact on the performance and efficiency of the process,
feed rate is an important factor to consider during development. Representative feed
rates that can be geometrically scaled up ensure reproducibility of the process and
product. Multiple feeders can be used to improve the throughput as long as the
product robustness has been established in that feed rate range.

Screw Design (Screw Elements and Shaft) The unique feature of melt extrusion
process is its modularity and the prime illustration of that is in the design of screw
configuration. In most pharmaceutical operations, the screw design consists of three
elements: conveying, mixing, and zoning. Each of these regions can be moved,
lengthened, or shortened with relative ease to achieve desired product characteristics.
Conveying elements are low-shear elements, however, mixing elements depending
on the design can generate significant shear and result in distributive mixing whereas
zoning elements are primarily included to block the backflow especially in case of gas
or supercritical fluid addition. Screw design can be optimized to accomplish uniform
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mixing, modify residence time, and/or to improve the chemical stability of thermally
labile compounds. The screw elements are assembled on the shaft that controls the
amount of torque being transferred from the motor to the product. Optimal design of
screw shaft can further improve the extrusion efficiency by ensuring that the extruder
power is effectively transferred to move the screws especially for high-viscosity
products.

3.3.3 Downstream Processing and Performance Optimization

The most common type of output from pharmaceutical extrusion process is a
spaghetti-shaped extrudate that may appear as transparent glass for pure amorphous
material and has characteristically high density. For manufacture of standard oral
dosage forms, after adequate cooling, these extrudates are generally milled to obtain
granules. The granules are mixed with other excipients such as disintegrant, com-
pression aid, and lubricant for either encapsulation or compression into final dosage
form. Contrary to spray-dried material, HME granules possess excellent flow prop-
erties requiring minimal lubrication. However, HME granules generally have very
poor compaction characteristics that are attributed to low porosity of the extrudates
and ductile properties of the polymeric systems. Process modification, such as inclu-
sion of supercritical fluids in the extrusion, increases the porosity of the extrudates
that has favorable effect on the compaction properties. Thus, process and material
properties play an important role in achieving the desired quality attributes ranging
from appearance, integrity, and dissolution. Some of the issues encountered during
development and possible means of resolution are summarized below:

• LowTg product and milling: Ideally, selection of polymer and drug loading takes
into consideration the Tg, specifically for physical stability purposes, however, in
some instances it may not be possible to improve the Tg. Products with low Tg

(Tg < 50 ◦C), may not be suitable for conventional milling by impact mills such
as hammer mill due to the potential of melting and blinding of the screen. In
such cases, lowering the density of extrudate with inclusion of volatile solvents or
supercritical CO2 may improve the milling behavior. Alternatively, air jet milling
or cryo-milling may provide viable options to address the milling issues with the
extrudates. Particle size reduction may also improve the porosity of the granules
thus helping with compaction.

• Slow dissolution: Despite using the same formulation composition, HME prod-
ucts when compared to ASD manufactured by other techniques, such as spray
drying or microprecipitation, may provide slower dissolution rate (Dong et al.
2008). The slow dissolution rate is attributed to low surface area of the parti-
cle (low porosity surface and particle size). Several examples have been cited in
the literature that uses surfactants in the formulation to overcome the dissolution
problem. High hydrophilic–lipophilic balance (HLB) surfactants such as docusate
sodium, d-α-tocopheryl polyethylene glycol 1000 succinate (vitamin E TPGS),
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Fig. 3.4 Types of extruders used during product development

spans, tweens, cremophor, sodium laurylsulfate, and poloxamer are frequently
used to improve the dissolution rate. As mentioned earlier, the selection of surfac-
tant requires a systematic assessment of the allowable use limit, thermal stability,
physical stability, and dissolution. The processing factors such as particle size
reduction, use of superdisintegrants, and foaming agents in the extrusion can also
help in improving the release rate by increasing the surface area and porosity.

• Poor compaction: Although milling of the extrudates may produce fine parti-
cles but due to low inherent porosity and ductility of polymers, for most part
HME granules result in tablets of low tensile strength. This can be overcome by
increasing the porosity of the extrudates either by the use of foaming agents or
adding materials with brittle fracture characteristics during extrusion or prior to
compression.

Figure 3.4 shows the equipment train that has been commonly used in the indus-
try during different stages of development and Fig. 3.5 shows the key processing
considerations during the development of HME process (Schenck et al. 2011).

3.4 Microprecipitation: MBP

The microprecipitation technology is especially suited for APIs that do not have
adequate solubility in volatile organic solvents, and/or are thermally labile either
due to high melting point or poor stability. According to Yalkowski, solubility of
a compound can be estimated by its crystal structure (melting point and heat of
fusion) and hydrophobicity (Yang et al. 2002). It has been observed that some com-
pounds with high crystal lattice energy present solubility challenges in all types of
solvents, i.e., aqueous as well as pharmaceutically acceptable cosolvents and vehi-
cles. These brick dusts-like molecules have been shown to dissolve in polar solvents
like dimethylacetamide (DMA), dimethylformamide, dimethylsulfoxide, and NMP.
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Fig. 3.5 Design space consideration during development of the hot-melt extrusion (HME) formul-
ation

Such compounds are not suitable for either melt-based processes because of thermal
stability or spray drying due to of the high boiling points of these solvents. Mi-
croprecipitation takes advantage of the solubility of the API and polymer in these
polar solvents to produce amorphous form of API by solvent-controlled precipitation
(Shah et al. 2012, 2013).

A schematic of the process is shown in Fig. 3.6 where a solution of the drug and
polymer (ionic) is slowly added into a large volume of antisolvent to induce precip-
itation. The rapid precipitation conditions achieved due to insolubility of drug and
polymer in the antisolvent as well as low processing temperature help preserve the
amorphous form. From conceptual perspective, it can be visualized that the particle
formation in microprecipitation occurs by extraction of solvent by the antisolvent.
Because of high solubility of DMA in aqueous fluid, the extraction process is highly
efficient resulting in amorphous particles with high porosity and superior wetting
characteristics compared to spray drying. Although some work has been done us-
ing organic solvents as antisolvents, the most advanced systems use aqueous-based
antisolvents to induce precipitation (Kadir 2012). Figure 3.7 shows a hypothetical
scheme proposing the mechanism of particle formation during spray drying as well
as the microprecipitation process. It appears that due to the formation of a skin on
the surface of the particle, the rate of solvent removal could drop substantially in
spray drying whereas this is not a concern in microprecipitation where the porous
structure produced due to solvent removal is filled with aqueous fluid (antisolvent)
which further promotes the solvent exclusion.

The salient features of the microprecipitation technology include:
Advantages:

• Suitable for challenging compounds (low solubility in volatile organic solvents
and high melting point).

• Low temperature processing.
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Fig. 3.6 Schematic of a
microprecipated bulk powder
(MBP) process

Fig. 3.7 Particle formation
during solvent removal
process by spray drying
versus microprecipitation

• Suitable across different scales with high yield (few milligrams to thousand kilos).
• Superior particulate properties enable compaction and dissolution with least

amount of external additives.
• Reduction in the need for plasticizers or surfactants.
• Rapid rate of quenching may provide higher drug loading.
• Ionic polymers used in creating MBP may impart superior stability (ionic

interactions and low water activity).

Limitations:

• Some pH-sensitive compounds may not have an adequate window for processing
due to pH-dependent solubility and stability.

• Ionic polymers release drugs in certain region of the gastrointestinal tract that
may limit the applicability for drugs with narrow window of absorption.
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• Removal of the nonaqueous solvent is by extraction but the final drying of the
material containing water is generally performed in forced-air oven or a fluid bed
dryer. Heat and moisture during final drying may promote recrystallization.

3.4.1 MBP Methodology

The key components of MBP technology involve two main aspects: preparation of
amorphous dispersion and downstream processing to make the final product.

• Preparation of ASD:
– Dissolution of API and polymer in a common solvent
– Selection of antisolvent: Solubility and stability of API and polymer in solvent

and solvent-rich-antisolvent phase
– Precipitation conditions (pH, temperature, shear, solvent to antisolvent ratio,

and time)
– Mode of addition
– Batch versus continuous processing
– Washing of the precipitate to remove the residual solvents
– Isolation of the precipitate
– Drying of the precipitate

• Downstream processing:
– Milling/sizing
– Encapsulation or compaction
– Coating

3.4.2 Preparation of ASD

Even though it is counter-intuitive to use an aqueous phase as antisolvent for the
preparation of ASD, appropriate conditions can be generated that provide adequate
supersaturation for both the polymer and API to induce rapid precipitation. The
current literature is primarily based on using the pH condition that allows the precip-
itation of ionic polymers. Commonly used polymers include hypromellose acetate
succinate, L, M, H grades, cellulose acetate pthalate, cellulose acetate butyrate,
polyvinyl phthalate, hypromellose pthalate, polymethacrylates (Eudragit L100–55,
Eudragit L100, Eudragit S-100, and Eudragit EPO). Use of low temperature, low
solvent–antisolvent ratio, and appropriate shear help in maximizing the precipitation
efficiency. As shown in Fig. 3.7, due to the differences in the mechanism of solvent
removal process the surface properties of the two materials are also different. The
MBP material produced by solvent exchange process has high porosity and better
wetting compared to spray-dried or melt-extruded material that imparts better com-
paction and dissolution, thus reducing the need for additives such as compaction
and wetting agents. Furthermore, due to the rapid quenching of the solution phase
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Fig. 3.8 Selection of precipitation, filtration, and drying methodologies at different scales

Fig. 3.9 Design space considerations during microprecipitation process design (solvent to antisol-
vent ratio and mixing). Other relevant factors related to supersaturation include pH, temperature,
time, and shear

in solid state, it is also possible to increase the drug loading to as high as 70 % for
some compounds. A general overview of the various processing options that can be
used during different stages of development is summarized in Fig. 3.8 and the key
processing aspects are shown in Fig. 3.9.
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3.4.3 Downstream Processing

Depending on the particulate properties, the material may be of low bulk density
(∼0.1–0.3 g/cc) and densification may be required for further processing. Although
MBP is primarily produced from aqueous media, once isolated and dried, the product
requires appropriate protection from humidity and water due to physical stability of
the amorphous form. Therefore, dry granulation is the preferred method to achieve
the desired attributes of the granulates.

Several variations of the solvent-controlled precipitation have been evaluated to
produce ASD, e.g., EPAS, Nanomorph, flash nanoprecipitation, and controlled pre-
cipitation (CP). In EPAS, the solution of drug and polymer is atomized into a heated
aqueous solution, where the solvent (generally dichloromethane) is evaporated by
the heated antisolvent (Vaughn et al. 2005). Due to the use of heated aqueous fluid
as antisolvent, this process is limited to solvents such as dichloromethane that can be
easily evaporated and because precipitation occurs at elevated temperature, it may
not be suitable for the stability of ASD. Modification of EPAS process, CP involves
in-line removal of solvent by vacuum distillation. The CP process also uses low
boiling point solvents such as methanol as the preferred solvent. Alternatively, use
of organic solvents as antisolvents has also been examined in technologies such as
Nanomorph but robust development into a commercially viable product needs to be
demonstrated (Keck and Muller 2006). Along with the selection of appropriate sol-
vent/antisolvent pair and the processing conditions, these systems may be preferred
to produce nanocrystals rather than amorphous dispersions.

3.5 Supercritical Fluid Processing

Over the past two decades, utility of supercritical fluids (SCF) has gained substantial
momentum in the pharmaceutical industry. Although customarily used in the food
industry for extraction (caffeine, essential oils, etc.) or in separation science for
purification, the SCF offer promising opportunities in the development of special-
ized drug delivery systems such as particle design, nanoparticles, and amorphous
dispersions. The key advantage of using supercritical fluids lies in their liquid- and
gas-like properties that provide excellent media for solubilization with very low sol-
vent burden. Due to the flexibility in designing the system, SCF can be used either
as a solvent or antisolvent depending on the solubility of API and the stabilizing
polymer. Its applications to ASD development is as diverse as the technology itself,
e.g.:

• HME: As a processing aid in HME, SCF can serve multiple purposes ranging
from lowering the melt viscosity, lowering processing temperature, modifying
solubility of the drug in the molten polymer, and increasing the porosity of the
extrudates that can improve dissolution and compaction.
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• Spray drying: As an extraction solvent, SCF can be used to extract residual
solvents from spray-dried material.

• Microprecipitation: As a stand-alone system, depending on the solubility, SCF
may be used as a solvent or an antisolvent for microprecipitation technology that
is akin to rapid expansion of supercritical solvent (RESS) or SCF as an antisolvent
for precipitation (SAS).

Depending on how SCF is used, several techniques have evolved over the years
especially in the particle engineering area. The commonly used variations of different
processes are delineated below:

• Rapid expansion of supercritical solutions (RESS)
• Gas antisolvent precipitation (GAS)
• Supercritical antisolvent precipitation (SAS)
• Precipitation with compressed fluid antisolvent (PCA)
• Solution-enhanced dispersion by supercritical fluids (SEDS)
• Precipitation from gas-saturated solutions (PGSS)

Although there are very few case studies where SCF has been evaluated for produc-
tion of ASD, the literature is rich with its application in particle engineering areas
such as nanoparticles, and applications requiring low-temperature processing. Few
examples showing the utility of RESS in producing amorphous particles include ce-
furoxime axetil (Varshosaz et al. 2009), ibuprofen, and indomethacin (Pathak et al.
2004). Similarly, there are few examples demonstrating the potential of using SAS
techniques to produce ASD, e.g., itraconazole (Lee et al. 2005), rifampicin (Rever-
chon et al. 2002) and amoxicillin (Kalogiannis et al. 2005). While some formulation
and processing factors may be similar for SAS or RESS system, it is critical to op-
timize the temperature and pressure in the SCF chamber to ensure that solubility
conditions are fine-tuned to induce rapid supersaturation to ensure the precipitation
of amorphous system.

The formulation and processing factors that can be tailored to customize the
product attributes include:

• Use of cosolvents
• Nozzle dimension, spray rate, temperature, and pressure
• Conditions in the extraction chamber

– Temperature
– Pressure
– Volume
– Precipitation in aqueous phase with stabilizers (surfactants and polymers)

The selection of SCF technology to produce ASD depends primarily on the solubility
of API and polymer in the most commonly used SCF, supercritical CO2. Further
formulation modification may be necessary to achieve desired particle morphology,
e.g., polymers and surfactants are widely used to deagglomerate the particles and
improve dissolution. Application of SCF in the development of ASD is still in its
infancy, however, based on the flexibility in designing the process and properties of
the SCF, it offers great potential for future advancement. For instance:
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• Supercritical fluids could potentially enable the fastest rate of quenching and hence
may open new possibilities in the solubilization space especially for challenging
compounds.

• Differential solubility of API and polymer in the SCF may provide novel means
of stabilizing the amorphous form.

• Processing temperatures may be suitable for thermo-labile compounds.
• By process design, the true particle size can be controlled in the submicron to

nano range, thus offering dual advantage in improving the dissolution rate.

Once a suitable amorphous system has been produced, the downstream processing
considerations will need to be addressed. Based on the nanoparticles work that has
been conducted in this field, it is apparent that the amorphous product produced by
the SCF will generally be of low density and high porosity and further densification
will be required to make final dosage form.

3.6 KinetiSol

Poor aqueous solubility is a growing challenge in the pharmaceutical industry.
Although several technologies have been successfully developed to produce com-
mercially viable products, there is still a need for newer technologies that can be
applied to challenging compounds and/or provide additional benefit of simplifying
the process or increasing drug load. KinetiSol� is a promising new technology that
has specific advantage for compounds that cannot be processed with more estab-
lished processes such as ASD and HME. Similar to microprecipitation technology,
KinetiSol is developed to address the processing needs of difficult compounds that
are limited by either high melting point and/or low solubility in volatile organic
solvents (DiNunzio et al. 2010; Hughey et al. 2010).

The core aspect of the technology is a specific type of equipment that has been
used in the plastic industry to mix high-melting, high-viscosity products. The primary
mechanism of making amorphous form is a variation of the fusion method. Similar to
HME, it utilizes the frictional and shear energy to melt the drug and polymer blend.
However, its distinguishing features are the intensity of mixing that causes material
to melt within few seconds as opposed to HME where total residence time can vary
from 30 s to few minutes. Faster heat transfer and melting result in shorter exposure
time to high temperature that is specifically useful for high-melting and thermo-labile
compounds. Due to the short exposure times, chemically labile compounds can be
processed by KinetiSol� (Miller et al. 2012). Although this technology is in the early
stages of development, prototype equipment have already been designed to provide
insights into scale-up and production. Laboratory-scale equipment is generally run in
batch mode to conserve the API, however, the pilot- and production-scale equipment
are being designed to run in semicontinuous mode with relatively high-throughput
rate

In addition to being suitable for thermo-labile compounds, the short exposure to
high temperature also expands the range of polymers that are generally not stable
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for high-temperature HME. From a downstream processing perspective, the material
appears to be similar to HME and requires particle size reduction prior to processing
into the final dosage form. Additives such as plasticizer and wetting agents may also
be included to improve product performance.

3.7 Ultrasonic-Assisted Compaction

To harness the full potential of amorphous systems for all types of chemical
compounds, alternate technologies are constantly being added to the toolbox.
Ultrasonic-assisted compaction is a modified tabletting process that can provide
heat, pressure, and shear due to ultrasonic energy to the powder mixture during
compaction. The application of ultrasound to solubility enhancement is based on
the fusion method and in some ways mimics the extrusion process (Fini et al. 1997;
Sancin et al. 1999). The ultrasonic frequency vibration is applied at the same time
as compaction force. The key features of the technology include:

• Need small amount of material to conduct feasibility.
• Eliminates need for downstream processing since the manufacturing process

delivers the final product.
• Current tablet presses may be retrofitted with the needed components.
• Product may show some inhomogeneity due to lack of distributive mixing with

ultrasonic energy.
• The low porosity of compressed tablet may require use of hydrophilic fillers

to improve the dissolution rate that may be at the expense of drug/polymer
interactions.

A schematic of the process is shown in Fig. 3.10 with a representative tablet sample
showing amorphous glass. Although research in this area is still limited, if successful,
this may be a useful tool for early screening and for minimization of downstream
processing.

3.8 Cryogenic Processing

Bottom-up particle engineering technologies based on cryogenic processing such as
SFD, spray freezing into liquid, and TFF can produce amorphous nanostructured
aggregates (Yang 2010). Cryogenic technologies involve use of cryogens such as
liquid nitrogen to introduce a change in the temperature of the solubilized system
that causes supersaturation, nucleation, and precipitation. Use of cryogens combined
with a particular mechanism of addition can produce very high cooling rates thus
resulting in rapid quenching of the amorphous form. These technologies are further
classified based on the differences in the type of injection devices (capillary, rotary,
pneumatic, and ultrasonic), location of nozzle (spray into the liquid or applying
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Fig. 3.10 Amorphous
compacts generated using
ultrasound-assisted
compaction unit

the solution onto cryogenic substrate), and the composition of the cryogenic liq-
uid (hydrofluoralkanes, liquid nitrogen, liquid argon, compressed CO2). Generally,
these technologies involve rapid freezing of the solvent that can then be removed by
sublimation, thus producing a powder. These techniques are particularly useful for
temperature-sensitive materials such as proteins and peptides. Key considerations in
applying these technologies are:

• Formation of feed solution: For amorphous processing, a solution formulation
is preferred over suspension or emulsion. The total solid content may affect
particulate properties.

• Ease of lyophilization of solvents: Solvents with high vapor pressure, melting
point close to room temperature, high viscosity, and low toxicity. Commonly
used solvents include acetonitirile, dioxane, and t-butanol.

• Due to the nature of the process, it may be possible to obtain amorphous materials
at relatively high drug loading; however, stability during storage and dissolution
may still limit the drug loading.

• Downstream considerations will be similar to spray-dried material.

3.9 Electrospinning and Rotating Jet Spinning

Analogous to HME, electrospinning is also a widely used technique in the polymer
industry. A schematic of electrospinning process is shown in Fig. 3.11. A polymer
solution is drawn through a capillary tube that is subjected to an electric field. As
the electric field increases, the feed solution forms a Taylor cone at the tip of the
capillary. Once the electric field overcomes the surface tension of the solution, the
polymer solution is ejected as an electrically charged jet. Due to the increase in
surface area, the solvent evaporates leaving thin filaments of material (50 nm to 5
microns). These fibers are then collected on collector screens for further processing.
This technique has been applied for pharmaceutical systems by several researchers
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Fig. 3.11 Schematic of the electrospinning process

(Verreck et al. 2003; Nagy 2010). For amorphous processing, drug and polymer are
generally dissolved in a common solvent similar to spray drying. Key factors in the
processing include:

• Selection of the common solvent (generally ethanol is used).
• Electric potential from 16 to 24 kV has been used in some case studies.
• Downstream processing of fibers may be performed by milling.

Although this technique relies on solvent-based processing, the ability to form
nanofibers can provide further advantage compared to other processing techniques.
As the research in this area grows, there will be an opportunity to better under-
stand the properties of pharmaceutical materials under high electric voltage. For
most application in the literature, solvent-based processing has been evaluated, but
nonsolvent-based processing using polymer melt is also feasible.

Rotating jet-spinning process is an evolution of the “cotton-candy” manufacturing
equipment and uses centrifugal force of the rotor to create thin fibers that are deposited
on the receiving chamber. Instead of a sugar solution, the drug:polymer solution in
a suitable solvent is sprayed through the rotating jet. As shown in Fig. 3.12, the
apparatus consists of a perforated reservoir containing polymer solutions attached to
a motor. When the reservoir is spun about its axis of symmetry at a rate that exceeds
the capillary and centrifugal forces, a viscous jet is ejected from a small orifice
(Badrossamay et al. 2014). This jet is thrown outwards along a spiral trajectory as
the solvent evaporates due to the creation of a high surface area. While moving, it
is extended by centrifugal forces and solvent evaporates at a rate dependent on the
diffusion coefficient of solvent through the polymer (Mellado et al. 2011). Compared
to spray drying, the key limitations of this process may be the ability to remove the
residual solvents to a satisfactory level, batch mode processing and downstream
processing.
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Fig. 3.12 Overview of the
rotating jet-spinning process

3.10 Milling and Cryogrinding

Particle size reduction has been known to reduce crystallinity and induce amorphous
characteristics for a long time (Mura et al. 2002). Since the naked amorphous API
does not have adequate physical or chemical stability, co-grinding with polymers or
stabilizers has also been used. Because milling is a standard unit operation in solid
dosage form processing, this appears to be the most convenient means to produce the
amorphous form, however, this simplicity comes with much higher risks. Due to the
fact that milling is a top-down approach, there is always a risk that some material may
exist in a nanocrystalline state that could act as seeds to induce nucleation and cause
reversion of amorphous form to crystalline state. Several studies have been conducted
to evaluate different milling mechanisms as well as stabilizers albeit with limited suc-
cess. Media milling such as ball mill or cryo-milling with wide range of excipients
such as Neusilin (magnesium aluminometasilicate), crospovidone, sodium chloride,
or sugar (Gupta et al. 2002, 2003) have met with limited success. Although not
claimed as one hundred percent amorphous, an anti-inflammatory product has been
successfully manufactured using SoluMatrix� technology that involves dry milling
the crystalline drug with a hydrophilic carrier (iCeutica 2014). Similarly, another
milling technology that involves media milling in the dry state with crospovidone
has been employed in a commercially available drug product (Perret 2014) by Ap-
talis. Considering that dry milling may have challenges for compounds with a high
tendency to convert, it may be suitable for compounds that are inherently amorphous
or have low tendency to crystallize. The products where drug could exist as a mixture
of amorphous and nanocrystalline forms present much higher development risk and
require stringent controls to ensure product consistency.

3.11 Hot-Melt Coating/Granulation

In an effort to extend the concept of lipid solubilization to produce solid dosage
forms, a solution of drug substance in molten lipid is either coated or dispersed on an
inert carrier (Faham et al. 2000; Holm et al. 2007). Several technologies have been
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Fig. 3.13 Distribution of compounds and technologies based on late-stage experience (all formula-
tions may not be amorphous solid dispersion (ASD))

developed where amorphous drug can be trapped in the molten lipid which is cooled
during processing. The fluid bed processing used for this purpose is retrofitted with a
temperature-control setup to ensure that the product can be maintained in the molten
state. Depending on the carrier, the processing conditions and the properties of the
drug, the amorphous form of the drug may be obtained by these processes. However,
it is critical to ensure that molten feed material is stable for the duration of the process
and the quality of amorphous material is consistent and reproducible. Since drug and
polymer melt requires spraying, these technologies are generally limited to polymers
that melt at relatively low temperature and have relatively low melt viscosity such
as poloxamers and/or high HLB gelucires. Generally, these carriers are not highly
regarded as suitable stabilizers for amorphous form.

3.12 Process Selection Guide

The path to making an amorphous form requires two basic types of processes, i.e.,
either dissolve the crystalline form in a suitable solvent or melt the crystalline form
with the stabilizing polymer. Numerous variations have been developed in each
of these two categories to match the compound’s properties, product needs, and
organizational preference. Several compounds are in development using one of the
many ASD technologies; however, melt extrusion and spray drying are leading the
way with regard to the number of commercially successful products (see Fig. 3.13).
The chart also depicts the degree of difficulty in assuring the conversion to complete
amorphous form with some technologies. For example, technologies such as milling
and spray coating perform similar to nanocrystalline formulations rather than the true
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Fig. 3.14 Empirical guide to
select a solid dispersion
technology based on
physicochemical properties of
the active pharmaceutical
ingredient (API)

amorphous form. Some of the newer technologies on the horizon have yet to meet
the rigors of full-scale development as well as regulatory challenges to demonstrate
their utility.

Usually the solubility in volatile organic solvents and melting point serve as the
first level screen. The selection paradigm based on these two attributes is shown
in Fig. 3.14. Compounds with melting point below 200 ◦C are generally suitable
for melt extrusion and compounds with solubility of 10 mg/mL or greater in low
boiling point solvents such as ethanol and acetone may be suitable for spray drying.
Microprecipitation and KinetiSol provide alternate options for compounds that are
not suitable for melt extrusion or spray drying due to processing difficulties.

3.13 Summary

As a first principle, it may be possible to estimate the solubility advantage that can
be gained by completely destroying the crystalline lattice of a compound; how-
ever, it does not necessarily predict the impact on dissolution and bioavailability.
Despite having totally similar X-ray amorphous structure and no apparent melting
endotherm, the material produced by one process could have a widely different PK
behavior than the material produced by another method. In some cases, the differ-
ences are attributed to certain physical properties of the amorphous material such as
porosity but in other cases they are truly due to the type of interactions that may oc-
cur in solvent-based systems versus nonaqueous melts resulting in different product
performance (Dong et al. 2008; Huang et al. 2011; Tominaga 2013). Therefore, the
challenge to select the right processing method goes beyond the ability to make the
amorphous material. In cases wherever multiple methods are possible, the selection
criteria should take into consideration bioavailability followed by other factors such
as stability, robustness, downstream processing, organizational capability, and cost.
Important considerations in the selection of the processing technologies include:

• Physicochemical properties of the compound, e.g., solubility in aqueous, volatile,
and other organic solvents

• Thermal stability of the compound and the polymer
• Extent of improvement in bioavailability
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• Selection of stabilizing polymer and other processing aids
• Formulation complexity and ability to achieve highest drug loading
• Availability of equipment train from laboratory scale to commercial scale
• Product robustness (processability, amorphous stability, and dissolution perfor-

mance)
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Chapter 4
Excipients for Amorphous Solid Dispersions

Siva Ram Kiran Vaka, Murali Mohan Bommana, Dipen Desai,
Jelena Djordjevic, Wantanee Phuapradit and Navnit Shah

4.1 Introduction

Amorphous solid dispersions (ASD) have been a topic of interest in recent years for
the pharmaceutical community due to their potential in improving the oral bioavail-
ability of poorly water-soluble drugs (Craig 2002; Leuner and Dressman 2000).
Amorphous forms, which have high free energy and greater chemical and thermo-
dynamic activity as compared to crystalline polymorphs, provide faster dissolution
rates and higher apparent solubility. However, the most common concerns of ASD
are the lack of thermodynamic stability. One of the approaches typically used to
overcome the stability problems with amorphous active pharmaceutical ingredients
(APIs) is to formulate them with pharmaceutically acceptable polymers to form
ASD. The ability to form intermolecular interactions (hydrogen bonding, ionic in-
teraction, or dipole–dipole interactions) is one of the most important criteria in the
formation of amorphous molecular dispersions. In case of miscible ASD, improved
physical stability can be attributed to the reduction of molecular mobility of the API
molecules and/or by inhibition of nucleation and crystal growth through preferential
API–polymer interactions (Ivanisevic 2010).

The polymer serves as a carrier in which API is dispersed in an ASD. Polymer
selection is very important as it influences manufacturing, bioavailability, and sta-
bility of the ASD. Initial assessment of potentially “useful” excipients should be
based on basic physicochemical properties of the polymers such as glass transition
temperature (Tg), hygroscopicity, solid solution capacity and solubilization capacity
to name a few.
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4.2 Challenges of Amorphous Solid Dispersions

ASD are certainly a valuable formulation strategy to enhance bioavailability of poorly
soluble drugs by improving their solubility and dissolution rate. However, inherent
thermodynamic instability leading to relaxation, nucleation, and crystallization dur-
ing storage is one of the biggest challenges associated with the development of ASD.
Critical parameters, namely temperature, moisture, and pressure, which are gen-
erally encountered during manufacturing, could adversely affect physical stability
of amorphous solids. Some amorphous solids easily get plasticized with water re-
sulting in low Tg. Typically, plasticization enhances the molecular mobility, leading
to gelling or crystallization of the amorphous solid. Temperature naturally enhances
molecular mobility and crystallization rate of an amorphous drug. As a rule of thumb,
the storage temperature for an amorphous solid should be at least 50 ◦C below its
Tg, irrespective of other factors such as the impact of water and pressure. Similarly,
pressure may initiate nucleation of the drug, which could act as seeds and adversely
impact long-term physical stability of the amorphous formulation. Crystallization of
amorphous solids could also occur during the transit through gastrointestinal (GI)
tract.

Pure amorphous drugs are not commonly developed as commercial dosage forms
but are manufactured in combination with excipients to stabilize the amorphous state
during storage as well as to prevent crystallization of API during in vivo dissolution
in the GI tract. The high kinetic solubility of the amorphous form can drop to the
equilibrium solubility of the crystalline form if devitrification is induced by the
dissolution medium. Therefore, appropriate carriers that can serve as stabilizers
of the amorphous state of the API are needed in the formulation. The dissolved
carrier can also influence the supersaturated drug solution that is formed following
dissolution. Some carriers solubilize the released drug, whereas others stabilize the
supersaturated drug solution. Ideally, it is preferred to have an ASD with improved
extent and rate of dissolution and one which maintains supersaturation of the drug
in the GI fluids to maximize drug absorption. It should be noted that in the case of
amorphous systems, kinetic solubility carries a thermodynamic representation of a
high-energy form, and quantifies the degree of metastability of the amorphous phase
relative to the crystalline form. Therefore, a supersaturation kinetic study is typically
performed for initial screening of ASD.

4.3 Role of Excipients in Amorphous Solid Dispersions

In many instances, amorphous drug by itself cannot withstand the processing condi-
tions involved in manufacturing. Polymers impact shelf-life stability of amorphous
solid dosage forms by immobilizing and isolating amorphous drug in a rigid glass,
preventing drug crystallization. ASD stabilized by polymers can be categorized
into solid solutions and solid suspension. However, in general, ASD refers to solid
solution.
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Fig. 4.1 Schematic
representation of the
amorphous solid dispersion
stabilization by embedding
the drug in the polymer
matrix

A. Solid Solution If an amorphous drug is miscible with the polymer, the system
is known as an amorphous solid solution or molecular dispersion distinguished by
one Tg value. The physical stability of these systems is expected to be API concentra-
tion dependent. The major determining factors for designing solid solutions include
solubility parameters, drug loading, and other properties of drug and polymer. Van
Krevelen and Fedor group contribution methods are useful for solubility parameter
calculation as a first screening tool in selecting appropriate polymers. The differences
in solubility parameters of less than 7.0 MPa1/2 between materials predict miscibility
or a one-phase system (Greenhalgh et al. 1999). For an amorphous solid solution, Tg

of the drug/polymer can be predicted by using the Gordon–Taylor (GT) equation:

Tgmix = w1.Tg1 + K.w2.Tg2

w1 + K.w2
,

where Tg is the glass transition temperature, w1 and w2 are the weight fractions of
components, and K is calculated from the densities ρ and Tg of amorphous com-
ponents. One-phase system is preferred only when the system has sufficiently high
Tg.

B. Solid Suspension If the amorphous drug is dispersed in the polymer matrix at
the particle level, it is referred to as an amorphous solid suspension, distinguished by
two separate Tg values of the drug and the polymer. The physical stability relies on
immobilization and isolation of the amorphous particles in a rigid polymer matrix.

To maximize the stabilization effect, it is critical to ensure that the amorphous
drug is molecularly embedded in the polymer matrix as solid solution (Fig. 4.1).

Polymers play a pivotal role in (a) attaining and maintaining supersaturation, (b)
preventing API from nucleation and crystallization, and (c) modulating the hygro-
scopicity of the amorphous API. In addition, drug polymer interactions can also
impart stability to ASD by providing mechanical rigidity due to increase in the glass
transition temperature of a given matrix.

It is essential to understand the molecular and thermodynamic properties that
contribute to the solubility and stability of an ASD. The properties include glass
transition temperature, fragility, molecular mobility, devitrification kinetics, and
chemical interactions. A thorough understanding of all of these aspects is imperative
for a rational formulation strategy.
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4.3.1 Glass Transition Temperature (Tg)

Glass transition temperature is defined as a temperature at which the material is
converted from a “rubbery” to a “glassy” state. Generally speaking, polymers with a
“hard” monomer and high molecular weight have high glass transition temperature
(e.g., cellulose ethers: hydroxypropyl methylcellulose, HPMC, and hypromellose
acetate succinate, HPMCAS). The glass transition temperature of the polymer can
be lowered by using a plasticizer that should be perfectly mixed with the polymer
at the molecular level. When choosing a polymer for ASD, one has to be careful to
select one that has a high enough glass transition temperature to reduce molecular
mobility and hence decrease crystallization tendency of the API while still having
acceptable attributes from the processing point of view.

4.3.2 Molecular Mobility

Molecular mobility in amorphous materials is related to the macromolecular prop-
erties like viscosity; it is generally quantified in terms of mean relaxation time and
it determines physical stability and reactivity. The relaxation time is defined as the
time necessary for a molecule or chain segment to diffuse across the distance of
one molecule or chain segment. The relaxation time varies with temperature and the
typical relaxation times at Tg are estimated to be 100–200 s (Ediger et al. 1996).
Molecular relaxation times can be characterized by the change of several bulk prop-
erties like enthalpy or volume or spectroscopic properties. The extent of relaxation is
described empirically by the Kohlrausch–Williams–Watts equation (Hodge 1994):

φ(t) = exp

[
−

(
t

τ

)β
]

,

where �(t) is the extent of relaxation at time t, τ is mean relaxation time constant,
and β is relaxation time distribution parameter. Molecular mobility is also viewed as
antiplasticizing of the drug by the polymer. MiscibleASD will typically have a higher
glass transition temperature (Tg) compared to the amorphous API due to the antiplas-
ticizing effect of a high Tg polymer in the formulation. In addition, certain specific
chemical interactions between the drug and polymer can also limit the molecular
motion of the drug in the amorphous state resulting in stabilization of the system.
Polymer content and its molecular weight have been found to be a major contributory
factor in restricting the molecular mobility of amorphous drugs (Kaushal et al. 2004;
Albano et al. 2002).
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4.3.3 Polymer Molecular Weight

Selection of an ideal polymer with the desired structural features is very important
to the performance of ASD. Molecular weight of the polymer is directly related to
its Tg; hence, a polymer with high molecular weight has a high Tg, thereby favoring
its use as a stabilizing carrier. In addition, the molecular weight of the polymer is
also directly related to its intrinsic viscosity which in turn affects drug dissolution. A
high molecular weight polymer will form a high viscosity diffusion boundary layer
around the ASD particles, resulting in diffusion-controlled release of drug, whereas
a low molecular weight polymer will dissolve rapidly, resulting in release of drug as
a single entity (Kaushal et al. 2004; Omelczuk and McGinity 1992).

4.3.4 Drug–Polymer Ratio

The drug–polymer ratio inASD is based on the influence of the polymer on the drug’s
physical form. Moreover, the maximum amount of the polymer that can be employed
is governed by its ability to formulate the ASD into a dosage form of administrable
size. High drug loading may lead to crystallization within the dispersion. On the
other hand, a high polymer amount in the formulation may ensure absence of drug
crystallinity, but at a cost. The low drug loading would potentially result in a higher
pill burden. The polymer also prevents fusion/nucleation of amorphous API particles
under compaction. Hence, drug–polymer ratio needs to be optimized to formulate
an ASD into a stable dosage form (Kaushal et al. 2004).

4.3.5 Solubility Parameters

Solubility parameters are used to predict drug–polymer miscibility. Systems with
similar solubility parameter values are likely to be miscible because the energetics
of interactions within one component are similar to those in other component. As
a result, the overall energy needed to facilitate the mixing of components will be
small because the energy required to break the interactions within like molecules
will be equally compensated for the energy released by interactions between unlike
molecules. Hilderbrand solubility parameters have been used to predict drug–
polymer miscibility and were found useful in selecting suitable polymers. However,
the limitation of Hilderbrand solubility parameters is that it does not consider the
various types of forces such as hydrogen bonding/polar/dispersion operating in the
system. Hence, Hansen solubility parameters were developed to take into account
all of these forces, in addition to molar volumes and molar attraction constants. As
it has been reported that drug’s crystallinity affects the solubility parameter values,
due care must be taken while calculating these parameters (Kaushal et al. 2004).
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4.3.6 Solid Solution Capacity

Solid solution capacity is the maximum concentration of an active ingredient which
can be completely dissolved in a polymer. Typically, solid solution capacity is influ-
enced by drug lipophilicity, solubility parameters, presence of hydrogen bonds, as
well as presence of amide structures that can act as hydrogen bond acceptors. For
example, polymers with amide structure such as polyvinyllactam polymers (e.g.,
Kollidon® VA 64) have better solid solution capacity than the polymers with other
structures.

4.3.7 Solubilization Capacity

Solubilization capacity is defined as solubilization effect of polymers on active in-
gredients in an aqueous solution. Needless to say, if the polymer can retain the drug
in supersaturation state in the GI tract, it will significantly enhance bioavailability.
Of all polymers used in ASD, amphiphilic polymers such as Soluplus® have better
solubilization capacity due to their ability to create micellar structures. On the other
hand, most of ionic polymers such as methacrylate copolymers can create complexes
with the drug and thus increase its solubility.

4.3.8 Hygroscopicity

Moisture is known to have a profound effect on the Tg of amorphous solids, acting
as a plasticizer by increasing the free volume of the material, enhancing structural
mobility, and thereby decreasing Tg. At any particular temperature, the amorphous
system may change from the glassy to the rubbery state if water uptake takes place.
Apart from plasticization, moisture can accelerate chemical degradation and crys-
tallization. Therefore, water vapor sorption analysis is very useful for the early
evaluation of amorphous solids. Also, storage at high relative humidity is also an im-
portant factor influencing solid-state properties of the amorphous system. As shown
previously by other researchers, the enteric polymers, e.g., HPMCAS, and acrylate
polymers such as Eudragits® are somewhat less hygroscopic than the water-soluble
polymers like povidone or copovidone, thereby imparting better stability to the amor-
phous form (Rumondor and Taylor 2010). In addition, due to the hydrophobicity and
somewhat low hygroscopicity, the ionic polymers also offer distinct advantage with
respect to water immiscibility (pH-dependent solubility). As these polymers are wa-
ter insoluble, they can absorb water without dissolving and hence the polymer: API
interactions may be preserved to ensure stability of the amorphous form. As dis-
cussed previously, the amorphous state has greater free volume, molecular mobility,
and enthalpy relative to the crystalline state, resulting in higher dissolution rates.
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4.3.9 Chemical Reactivity

Amorphous forms tend to degrade at a higher rate than the crystalline forms. This may
be due to increased specific surface area and enhanced level of molecular mobility
which reduces the activation energy for solid-state chemical reactions. Moreover,
higher hygroscopicity of amorphous forms may enhance the rate of degradation
by plasticization. Increasing molecular mobility consequently mediates degradation
reactions. It has been reported that in presence of moisture, thermal degradation
rates of β-lactam antibiotics were a magnitude higher in amorphous form than in the
crystalline form (Pikal et al. 1977). The chemical reactivity in case of amorphous
systems could be reduced by formulation interventions such as the addition of high
molecular weight polymers to the amorphous formulation; this results in a high level
of positional specificity between reacting components. In addition, the enhanced
chemical reactivity in case of amorphous systems can be overcome through the use
of appropriate packaging and storage conditions (Kaushal et al. 2004).

4.4 Classification of Excipients

The excipients used in solid dispersions can be broadly classified as (a) polymeric
and (b) non-polymeric excipients. Polymeric excipients are the primary excipients,
whereas the non-polymeric ones are the auxiliary excipients. Polymeric excipients
are further classified based on their charge into the following categories: (a) nonionic
or non-pH-dependent and (b) ionic or pH-dependent polymers. Further, nonionic
polymers are classified as polyvinyllactam polymers and cellulose ethers. The ionic
polymers are further classified as cationic and anionic polymers (Fig. 4.2).

A summary in Table 4.1 lists important properties of commonly used polymers in
solid dispersions, including glass transition temperature (Tg), hygroscopicity, solu-
bility parameters, and degradation temperature, based on which initial assessment of
potentially “useful” excipients can be made. In general, polymeric materials having
higher glass transition temperatures will result in solid dispersions with higher glass
transition temperatures and lower molecular mobility. However, stability will also
be influenced by intermolecular drug polymer interactions and moisture absorption
during storage. Therefore, when selecting excipient, one should consider polymer
chemistry together with the properties of the API and manufacturing aspects.

4.4.1 Nonionic/Non-pH-Dependent Polymers

4.4.1.1 Polyvinyllactam Polymers

This family of excipients is typically synthesized using vinylpyrrolidone as a
monomer. This monomer is polymerized to the homopolymer polyvinylpyrrolidone
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Fig. 4.2 Classification of excipients used in solid dispersions

(povidone; PVP) or copolymerized with vinyl acetate to copovidone. In recent years,
a new addition to this family of excipient is vinylcaprolactam (Soluplus®).

4.4.1.1.1 Polyvinylpyrrolidone (Povidone)

The different grades of povidone are predominantly based on their molecular weight
(Reintjes 2011). They have good solubility in water and organic solvents with
medium lipophilicity (Table 4.1) and most importantly have the ability to inter-
act with both hydrophilic and lipophilic active ingredients. Due to their hydrophilic
nature, they have been the most commonly used as precipitation inhibitors. PVP-
based hydrophilic matrices prevent drug crystallization by arresting reorientation
and forming stronger drug–polymer interactions. Furthermore, once the matrix is in
the GI tract, it maintains the supersaturation state by inhibiting drug crystallization
by preventing aggregation of nuclei formed due to increased mobility of the matrix.
The crystal inhibition is very drug specific and may be dependent on the type of the
polymeric excipient. In one of the classic examples, Lindfors et al. used PVP as a
crystal inhibitor for the bicalutamide; in this case, PVP gets adsorbed on the fresh
nuclei of the drug. However, PVP did not control the formation of nuclei; it rather
inhibited the addition of solute onto the nuclei, preventing crystal growth. Hydrogen
bonding between the drug and the polymer excipients in the aqueous solution also
led to the crystal inhibition (Lindfors et al. 2008).
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4.4.1.1.2 Copovidone (Kollidon® VA64/ PlasdoneTM S-630)

Kollidon® VA64 is a vinylpyrrolidone–vinyl acetate copolymer, soluble in water
and alcohols. This polymer is amorphous in nature, with a Tg value of 101 ◦C, with
a degradation temperature around 230 ◦C (Table 4.1). It has good processability
and is commonly used for manufacturing of solid dispersions using either hot-melt
extrusion (HME) or spray drying (SD). Kaletra® is the most successful example
of copovidone-based solid dispersions on the market. Kaletra®, a combination of
lopinavir and ritonavir, is used for the treatment of HIV-1 infected individuals. This
tablet formulation is practically a solid solution, which serves two purposes: (a)
increases the dissolution rate of the APIs and (b) stabilizes the amorphous drug as a
solid solution in the solid glassy hydrophilic polymer. In case of Kaletra®, Meltrex®

technology using melt extrusion with copovidone was employed to manufacture the
extrudates; these were further subjected to downstream processing to produce a stable
product with an acceptable shelf life.

4.4.1.1.3 Polyvinylcaprolactam–Polyvinyl Acetate–Polyethyelne Glycol Graft
Copolymer (Soluplus®)

This polymer was designed to be amphiphilic in nature, soluble in organic solvents,
having a high molecular weight, low glass transition temperature, and a high degra-
dation temperature (Table 4.1). All of these characteristics indicate that this polymer
is an excellent candidate for the manufacture of solid dispersions using either HME
or SD. Also, due to its amphiphilic nature, Soluplus® provides high solid solution
and solubilization capacity.

Soluplus®-based solid dispersions showed promising results when used with
model drugs like itranconazole, fenofibrate, and carbamazepine, to name a few.
For example, solid solution of itranconazole in Soluplus® showed significantly en-
hanced absorption by 26-fold, while the absorption of fine crystals of API was
enhanced approximately twofold for the marketed product Sempera®. Overall, due
to its amphiphilic properties, Soluplus® can serve as an excellent solubilizer and
matrix former in solid dispersions.

4.4.1.2 Cellulose Ethers

Several research groups have successfully used cellulose ethers in solid dispersions.
These polymers are hydrophilic in nature and have high molecular weight and good
thermal and mechanical properties, which makes them good candidates for HME
(Table 4.1). The most commonly used polymers in this family of excipients are
HPMC and hydroxypropyl cellulose (HPC).
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Fig. 4.3 Dissolution profiles
of tacrolimus from solid
dispersion formulations, (•)
with HPMC, (�) with PVP,
(� ) with PEG 6000 and (◦)
tacrolimus crystalline powder.
JP 14 Paddle method, 200
RPM, medium- JP 14 first
fluid (pH 1.2)

4.4.1.2.1 Hydroxypropyl Methyl Cellulose

HPMC, a cellulosic derivative with a melting point of approximately 190 ◦C is a
water-soluble polymer used extensively in the pharmaceutical solid dispersions.
HPMC has been shown to be a good stabilizer for amorphous tacrolimus by maintain-
ing a kinetic supersaturation over a much more prolonged period of time as compared
to PVP and PEG (Yamashita et al. 2003; Fig. 4.3). The PVP and PEG polymers are
well known for solubility enhancement, but they lack stabilization effect for ASD.

To date, there are numerous commercial products in the market such as Certican®,
Nivadil®, Crestor®, Prograf®, and Sporanox® in which HPMC is used as a carrier
for the solid dispersions. Sporanox® utilized spray-dried layering of the HPMC and
the drug onto non-pareil beads. The amorphous API was shown to be stabilized by
the hydrophilic matrix.

4.4.1.2.2 Hydroxypropyl Cellulose

HPC has excellent thermoplastic properties, low-melt viscosity, fast melt-flow prop-
erties, and low glass transition temperature (−4 ◦C) which makes it a good candidate
for HME (Table 4.2). Low molecular weight grades such as Klucel EF or ELF
are typically processed at lower temperatures (120 ◦C) and are commonly used in
immediate release applications to enhance solubility of low solubility drugs. In gen-
eral, Klucel acts as a matrix in which APIs are immobilized and dispersed in either
nanocrystalline or amorphous state. On the other hand, high molecular weight grade
(HF) is processed at high temperature (200 ◦C) and is used for controlled release
applications.

Due to the unique mechanical properties of HPC, it is widely used in many ap-
plications such as extruded films, solid dispersions, and hot-melt extruded tablet
formulations to name a few.
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Table 4.2 Effect of HPC grade on thermoplastic and mechanical properties

Type MW
Processing 

Temperature 
(° C)

Melt 
viscosity

Tensile 
strength

Solubility 
rate

HF 1,150,000 205 High

Low

Slow

Fast

MF 850,000 190

GF 370,000 176

JF 140,000 160

LF 95,00 150

EF 80,000 137

ELF 40,000 120

High

Low

4.4.2 Ionic/pH-Dependent Polymers

Ionic/pH-dependent polymers are further categorized into two categories: (1) cationic
polymers and (2) anionic polymers.

4.4.2.1 Cationic Polymers

4.4.2.1.1 Eudragit® EPO

Eudragit® EPO is a cationic copolymer composed of dimethylaminoethyl methacry-
late, butyl methacrylate, and methyl methacrylate. The polymer gets ionized and
solubilized at pH below 5.5. It is swellable and permeable at higher alkaline pH con-
ditions. The molecular weight of the polymer is approximately 47,000 g/mol with a
glass transition temperature of 48 ◦C (Table 4.1). Although glass transition temper-
ature is low, due to its cationic nature, Eudragit® EPO has the capability to form a
complex with anionic drugs, thus stabilizing the amorphous drug in the matrix due
to strong intermolecular drug polymer interactions. Due to these unique properties,
Eudragit® EPO is commonly used as an excipient in solid dispersions as well as in
taste-masking applications using the melt extrusion and SD process. For example,
Eudragit® EPO with cationic tertiary amine groups was shown to form a complex
with anionic drugs like ibuprofen and masking the taste of the bitter API. High load-
ing of drug > 35 % with 10 % talc using an extrusion process gave good results in
terms of taste masking (Gryczke et al. 2011). In another study, bioavailability of
fenofibrate solid dispersions manufactured using HME with Eudragit® EPO was
significantly enhanced compared to conventional formulations (He et al. 2010).
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4.4.2.2 Anionic Polymers

4.4.2.2.1 Eudragit® L 100-55

Eudragit® L100-55 is an anionic polymer based on methacrylic acid and ethyl acry-
late, which starts dissolving at pH 5.5. It is a high molecular weight polymer, with
a Tg value of 110 ◦C, and capable of strong molecular interactions which results in
improved supersaturation of amorphous drugs. Since it is an anionic polymer, it has
a strong intermolecular interaction with the cationic drugs. For example, Maniruz-
zaman et al. have demonstrated that Eudragit® L100-55 interacted strongly with
propranolol and diphenhydramine hydrochloride salts. The drugs were shown to be
stable and maintained the amorphous state in the Eudragit® L100-55 polymer ma-
trices (Maniruzzaman et al. 2013). Further, this polymer has ideal attributes for the
formation of solid solution using the microprecipitated bulk precipitation (MBP)
technique. The great potential of this polymer for application to MBP technology
due to its anionic nature can be tapped to great advantage. Shah et al. successfully
demonstrated the utility of the polymer in the preparation of solid dispersions using
the MBP technique (Shah et al. 2012). Eudragit® L100-55 shows onset of significant
degradation at 160 ◦C.

4.4.2.2.1 Eudragit® L-100

Eudragit® L100, a pH-dependent anionic polymer that is fully ionized at pH 6.80,
is extensively used as an excipient for controlled MBP, HME, and fluid bed layering
to stabilize the amorphous dispersions. This polymer is commonly used for enteric
functional coating as well as for controlled release delivery applications. Fan et al.
2009 have studied the effect of anionic (Eudragit® L100) and nonionic (Kollidon®

K30) polymers on the dissolution profile of an amorphous gellable drug with low
glass transition temperature (60 ◦C). The API was coated on cellet beads in a fluid
bed with the help of either Eudragit® L100 or Kollidon® K30. The authors have suc-
cessfully demonstrated that the anionic polymer (Eudragit® L100) protected API by
preventing its gelling and clumping in situ, while the nonionic polymer (Kollidon®

K30) promoted gelling. The observed phenomena can be explained by the fact that
API molecules were dissolved in Eudragit® L100 matrix; in this manner, intermolec-
ular interaction of drug molecules with water was minimized during the dissolution
process and the surface area of interaction of the water molecules with that of the
drug was increased before the drug molecules could be clumped into small parti-
cles. Eudragit® L100, being an ionic polymer, dissolves by exchanging ions with the
alkaline phosphate buffer ions; hence, surface erosion is mainly the mechanism of
dissolution. Ion-exchange ability results in fast erosion of the film. Additionally, the
steady and fast hydration of the polymer is accelerated by the ion water-absorbing
capacity of the API (Fig. 4.4; Fan et al. 2009).
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Fig. 4.4 API release mechanism from Eudragit® L100 coated beads

4.4.2.2.3 Eudragit® S100

Eudragit® S100, an anionic methacrylate copolymer which ionizes at pH 7.0, is
primarily used as an excipient for colonic drug delivery. However, this polymer has
recently gained importance in the amorphous formulation development. Chauhan
et al. showed that Eudragit® S100 inhibited the precipitation kinetics of the dipyri-
damole primarily due to drug–polymer interaction and increase in glass transition
temperature. Also, Eudragit® S100 was shown to be superior compared to polymers
with similar glass transition temperature such as Eudragit® E100, HPMC, PVP K90,
and Eudragit® L100 (Chauhan et al. 2013). In another case, solid dispersions of
piroxicam with Eudragit® S100 were prepared using spherical crystallization tech-
nique. The dissolution rate of piroxicam increased in vitro, and the amorphous state
of the drug was stabilized over its shelf life (Maghsoodi and Sadeghpoor 2010).

4.4.2.2.4 Hypromellose Acetate Succinate

HPMCAS is a commonly used excipient in solid dispersions due to its desirable
melt viscosity, high glass transition temperature, good thermal stability, and low
hygroscopicity. It is soluble in organic solvents and insoluble in water and acidic
media (pH < 5.5), but it dissolves at pH higher than 5.5. It is important to note
that selection of the appropriate grade of HPMCAS polymer plays a significant role
in terms of solubilization and crystallization inhibition. There are three available
chemical grades (MF, AF, and LF) based on the succinyl to acetate ratios, each of
which has two physical grades with different particle size (Table 4.1). The LF and LG
grades are soluble at pH ≥ 5.5, MF and MG at pH ≥ 6.0, and HF and HG at pH ≥ 6.80.
Higher succinyl to acetate ratio leads to higher hydrophilicity compared to lower
ratios, which are more hydrophobic in nature. In case of drugs having higher melting
temperature, lower succinyl to acetate ratio HPMCAS produce greater crystallization
inhibition. In contrast, higher succinyl to acetate ratio HPMCAS produce better
solubilization of the lipophilic drugs.

HPMCAS was extensively researched in the field of amorphous spray-dried
dispersions, HME, and controlled precipitation and was proven to significantly
enhance the solubilization of APIs, as well as physical stability and manufacturing
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reproducibility (Morgen et al. 2013; Friesen et al. 2008). Miller et al. reported that
HPMCAS ASD enhanced the solubility and permeability of progesterone over other
solubility enhancement techniques such as use of surfactant (SLS)/cyclodextrin
(HPβCD) cosolvent (PEG-400). HPMCAS is indeed the excellent candidate for
solid dispersions technology due to its high Tg in the un-ionized state, high solubility
in organic solvents, and low hygroscopicity. In addition to its amphiphilic nature,
it has the capability to interact with the hydrophobic and hydrophilic pockets of
the drug molecules. Moreover, its low adsorption of water molecules enhances the
physical stability of the ASD (Miller et al. 2012).

4.4.2.2.5 Hydroxypropyl Methylcellulose Phthalate

Hydroxypropyl methylcellulose phthalate (HPMCP) is a phthalic half ester of
HPMC. Two types of HPMCP with different solubility (HP-55 and HP-50) are avail-
able. In addition, there is HP-55S, a special type of HP-55 which has higher molecular
weight, higher film strength, and higher resistance to simulated gastric fluid compared
to the regular grades. It has been reported that the ASD of griseofulvin prepared by
coevaporation and of a new triazol antifungal drug candidate by SD using an enteric
cellulosic ester HPMCP showed drastic increase in the dissolution rate compared to
the pure drugs (Hasegawa et al. 1985; Kai et al.1996). Engers et al. reported that the
amorphous SDD of itraconazole with HPMCP displayed the best homogeneity (the
narrowest Tg width) and the highest physical stability among the different stabilizers
tested (Engers et al. 2010).

4.4.2.2.6 Cellulose Acetate Phthalate

Cellulose acetate phthalate (CAP) is a partial acetate ester of cellulose. One carboxyl
group of the phthalic acid is esterified with the cellulose acetate. The finished product
contains about 20 % acetyl groups and about 35 % phthalyl groups. In the acid form,
it is soluble in organic solvents and insoluble in water. The salt formed is readily
soluble in water. DiNunzio et al. investigated the effect of CAP on the bioavail-
ability of itraconozole (ITZ) solid dispersions prepared by ultra-rapid freezing. The
results indicated that ITZ to CAP ratio formulations provided the greatest degree
and extent of supersaturation in neutral media. Although not fully investigated, it
has been reported that the stabilization mechanism was due to interactions between
the drug and polymer, primarily attributed to steric hindrance resulting from the
molecular weight of the polymer chain and chemical composition of the polymer
backbone relative to position of hydrogen-bonding sites. In addition, in vivo testing
conducted in Sprague-Dawley rats (n = 6) demonstrated a significant improvement
in oral bioavailability from the 1:2 ITZ:CAP (AUC = 4516 ± 1949 ng*h/mL) com-
pared to the Sporanox pellets (AUC = 2132 ± 1273 ng*h/mL; p ≤ 0.05). From the
results, it was concluded that amorphous compositions of ITZ and CAP provided
improved bioavailability due to enhanced intestinal targeting and increased durations
of supersaturation (DiNunzio et al. 2008).
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4.4.2.2.7 Polyvinyl Acetate Phthalate

Polyvinyl acetate phthalate (PVAP) is a vinyl acetate polymer that is partially hy-
drolyzed and then esterified with phthalic acid. It has been reported to have a
promising ability as a solid dispersion polymer for low solubility APIs due to a
high Tg and its propensity for hydrogen bond donating and accepting ability. Minikis
et al. reported that PVAP spray-dried dispersions of fenofibrate, carbamazepine,
and dipyridamole are found to be amorphous by powder X-ray diffraction (PXRD)
and exhibited high Tg values relative to the crystalline drug. Non-sink dissolution
performance of the solid dispersions formulated with PVAP also showed increased
solubility in vitro compared to the respective native crystalline drug. In addition, it
has also been reported that the stability studies with PVAP as a dispersion polymer
indicated no change in performance under accelerated storage conditions (Minikis
et al. 2013).

4.4.3 Non-Polymeric Excipients

4.4.3.1 Amino Acid Derivatives

The high Tg of the polymer does not always lead to protection of the amorphous
drug from crystallization. Hence, very few drugs are commercially available on
the market due to the physical instability of the drug in solid solutions. The smart
concept of “co-amorphous drugs” utilizes low molecular weight polymers together
with the amorphous drug. They protect the amorphous drugs by strong specific
molecular interactions, which are better than the higherTg effect of the solid solutions.
Löbmann et al. used the concept with the low molecular weight amino acids (e.g.,
phenylalanine, arginine, tyrosine, and tryptophan) as the polymer excipients for
the co-amorphous drug formulations. The low molecular weight of the amino acids
results in lower fraction of the excipient in the formulation. These materials are
generally regarded as safe (GRAS) materials (Löbmann 2013).

4.4.3.2 Mesoporous Silica

Mesoporous silica was recently investigated as an excipient for formulations of
molecules with low water solubility. These materials have very high specific surface
area and small pore size. The customized template synthesis produces highly porous
silica materials which can enhance the drug dissolution of hydrophobic molecules.
Due to the porous nature and the controlled pore size volume of these materials,
surface adsorption of the molecules to the mesoporous silica not only enhances the
dissolution but also prevents the recrystallization of the amorphous materials. Due
to the relatively finite space available to the amorphous molecules, the probability to
align with their crystalline counterparts is low to negligible, resulting in amorphous
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stabilization of the drug. Van Speybroeck et al. used fenofibrate as the model drug
for evaluating the SBA-15 (mesoporous silica) solid dispersion formulations. The
DSC study showed the glassy nature of fenofibrate at a 40 % drug load, compared to
20 % load in their previous formulations. The amorphous nature could be attributed
to the decrease in the availability of pore space, decreased surface adsorption of the
fenofibrate molecule, as well as no molecular interaction with silanoyl groups. The
formulations are stable over 6 months, thus the mesoporous silica could be a viable
option for those drugs which are less miscible with the established polymers (Van
Speybroeck et al. 2010).

4.4.3.3 Solubilizers and Wetting Agents

Surfactants are most commonly used as solubilizers or emulsifying agents in ASD.
Their primary objective is to increase the apparent aqueous solubility and bioavail-
ability of the drug. As with polymers, solubility in organic solvents is an important
consideration when preparing ASD from solutions in solvents. In the case of HME,
surfactants can have a plasticizing effect, which allows processing at lower temper-
atures. Some of the commonly used surfactants include Polysorbate 20, Polysorbate
80, Vitamin E polyethylene glycol succinate, Polyoxyl 40 hydrogenated castor oil,
etc. (Padden et al. 2011).

4.4.3.4 Plasticizers

The use of polymeric carriers in the case of HME processes generally requires the
incorporation of a plasticizer into the formulation in order to improve the processing
conditions of certain high molecular weight polymers or to improve the physical
and mechanical properties of the final product. According to the free volume theory,
with the inclusion of plasticizers (usually small molecules) in the polymers, the free
volume between the polymer chains is increased, resulting in increased molecular
motion, which is referred to as the plasticization effect. The choice of the suitable
plasticizers depends on factors such as plasticizer–polymer compatibility and plas-
ticizer stability (McGinity et al. 2000). Plasticizers help in lowering the processing
temperatures necessary for production and improving the stability profile of the active
compound and/or of the polymeric carrier (Repka and McGinity 2000). Plasticiz-
ers also lower the shear forces needed to extrude a polymer, thereby improving the
processing of certain high molecular weight polymers (Zhang and McGinity 1999;
Follonier et al. 1994).

Although researchers have investigated triacetin, citrate ester, and lower molecular
weight polyethylene glycols as plasticizers in hot-melt extruded systems, most of
them are in liquid state (Zhang and McGinity 1999; Follonier et al. 1994, 1995). It is
difficult to get a homogeneous blend of ingredients prior to extrusion in case of liquid
plasticizers. An incomplete mixing of a polymer powder with a liquid additive has
been shown to result in unstable mass flow when feeding the mixture into the extruder
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Fig. 4.5 Effect of solid-state plasticizers on Tg of Eudragit® EPO

(Tate et al. 1996). Studies have shown that the evaporation and loss of plasticizer,
during a high-temperature process, may lead to stability problems in the finished
dosage forms (Frohoff-Hulsmann et al. 1999; Gutierrez-Rocca and McGinity 1993).
To overcome the shortcomings of liquid plasticizers, it may be useful to evaluate
solid-state pharmaceutical excipients with plasticizing properties.

Desai investigated the effect of three plasticizers, stearic acid (284.48 g/mol),
glyceryl behenate (414.66 g/mol), and PEG 8000 (8000 g/mol), on Eudragit® EPO
during HME processing with respect to Tg and percentage motor load. From the
thermal analysis results, it was reported that with increasing concentration of the
plasticizer, the Tg of the polymer was found to decrease in case of stearic acid and
had no effect on glyceryl behenate and PEG 8000, indicating that stearic acid is
miscible with the polymer, whereas glyceryl behenate and PEG 8000 are immiscible
(Desai 2007; Fig. 4.5).

In case of the HME process, the motor load is generally considered as a dependent
parameter and mainly depends on feed rate, screw speed, as well as molecular and
rheological properties of polymers and overall formulation. In another study, feed rate
and screw speed were kept constant and the motor load was used as a response variable
to determine the effect of solid-state plasticizers on the HME process. The results
indicated that all the three plasticizers were successful in lowering percentage motor
load with increase in concentration of plasticizers. This is attributed to increase in
the free volume of the polymer which permits greater freedom of movement, thereby
reducing the viscosity resulting in lowering the motor load (Desai 2007; Fig. 4.6).
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Fig. 4.6 Effect of solid-state plasticizers on the percentage motor load

However, the impact of plasticizer on long-term stability of ASD and maintenance
of supersaturation kinetics of the amorphous drug needs to be carefully assessed.

Repka et al. prepared films with HPC and polyethylene oxide by HME with
and without Vitamin E TPGS. It was shown that Vitamin E TPGS reduces glass
transition temperature by almost 11 ◦C compared to the films without Vitamin E
TPGS (Fig. 4.7). In addition, films containing 3 % Vitamin E TPGS had similar
mechanical properties to the films plasticized with PEG 400 and showed improved
processing conditions by decreasing barrel pressure and torque during extrusion
(Fig. 4.8; Repka et al. 2007).

4.4.3.5 Antioxidants

Antioxidants are most effective in stabilizing oxidation-prone drug formulations.
They have the ability to inhibit or slow down chain reaction oxidative processes
at relatively low concentrations. This property of the antioxidant substances is of
considerable importance with respect to formulations because of the large number
of chemically diverse medicinal agents known to undergo oxidative decomposition.
Antioxidants are classified as preventive antioxidants or chain-breaking antioxidants
based upon their mechanism. Preventive antioxidants include materials that act to
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Fig. 4.7 Effect of plasticizer on glass transition temperature of HPC/PEO (50:50) films [Triethyl
citrate (TEC), Acetyl tributyl citrate (ATBC)]

Fig. 4.8 Effect of plasticizer on tensile strength of HPC/PEO (50:50) films
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prevent initiation of free radical chain reactions. Reducing agents, such as ascorbic
acid, are able to interfere with autoxidation in a preventive manner since they pref-
erentially undergo oxidation. The preferential oxidation of reducing agents protects
drugs, polymers, and other excipients from attack by oxygen molecules. Chelating
agents such as edetate disodium (EDTA) and citric acid are another type of preven-
tive antioxidant that decrease the rate of free radical formation by forming a stable
complex with metal ions that catalyze these reduction reactions.

Hindered phenols and aromatic amines are the two major groups of chain-breaking
antioxidants that inhibit free radical chain reactions. Commonly used antioxidants
such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and vi-
tamin E are hindered phenols. Because the O–H bonds of phenols and the N–H bonds
of aromatic amines are very weak, the rate of oxidation is generally higher with the
antioxidant than with the polymer (Crowley et al. 2007).

4.4.4 Selection and Optimization of Excipients

As discussed in previous sections, there are various types of polymers, solubilizers,
plasticizers, antioxidants, and other suitable fillers that can be used in the formulation
of ASD. However, based on the physicochemical properties of the API, the type and
level of excipients need to be carefully selected, as these would significantly impact
the overall stability of ASD and eventually the bioavailability. Hence, it is strongly
recommended to perform a proper study design based on quality by design (QbD)
by varying ratios within the specifications of the excipients to better understand their
effect on the selected API.

For example, there are three commercial grades of HPMCAS with fixed succinyl
and acetyl content (wt %). In order to better understand the effect of the succinyl and
acetyl content on solubility enhancement, Dow Pharma & Food Solutions in col-
laboration with Bend Research carried out the QbD studies within the United States
Pharmacopoeia (USP) specifications of succinyl and acetyl content. The results of the
studies of ASD of various drugs with varying physicochemical properties prepared
by SD indicated that there is a big difference in solubility enhancement with respect
to substitution of succinyl and acetyl content. However, some compounds are insen-
sitive to changes in substitution level of succinyl and acetyl content. Hence, selection
of right grade of HPMCAS is very crucial to maximize the solubility enhancement or
find an area within the substitution space that will give an overall robust formulation
and be less sensitive to change. In addition, the effect of molecular weight (succi-
nate/acetate, wt %/wt %) on solubility enhancement has been studied and was found
that in case of spray-dried dispersions, the solubility enhancement would depend
on the type of API. In order to overcome the effect of molecular weight (high/low)
during the SD process, Dow Pharma & Food Solutions developed AffinisolTM High
Productivity HPMCAS (HP-HPMCAS) which falls within the USP monograph. It
is a low molecular weight, low viscosity grade which allows increased solid loading
as compared to commercial HPMCAS.
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4.5 Impact of Excipients on Amorphous Solid Dispersion
Processes

ASD are generally prepared by melting (fusion) or solvent methods (Chiou and
Riegelman 1971). Polymers are the critical components in the manufacturing of
ASD as they act as carriers for the drug and inhibit crystallization in both the dosage
form and in vivo. The most important properties of the polymers such as the glass
transition temperature (Tg), solubility in organic solvents, and hygroscopicity need
to be considered to make ASD that are stable and manufacturable so as to achieve
target pharmacokinetic profiles for bioavailability enhancement.

4.5.1 Melting (Fusion) Methods

The critical polymer attributes that need to be considered for the manufacture
of ASD by melt extrusion includes the melt viscosity, melting point/Tg, and
miscibility/solubility.

Melt Viscosity of the Polymer Melt viscosity determines the extent of miscibility of
the drug and polymer as well as the efficiency of the process. Polymers with low-melt
viscosities and high thermal conductivity exhibit a more efficient melting process
(Crowley et al. 2007). In contrast, if the melt viscosity of the polymer is too high, it
may limit miscibility of the API and polymer (Forster et al. 2001). The melt viscosity
of Kollidon® VA-64 is shown to be much lower than that of HPMCAS as shown in
Fig. 4.9. Melt viscosity regulates motor load and diffusivity during processing. With
respect to melt viscosity and solid solution capacity, Kollidon® VA-64 is a good
candidate for HME, as it enables lower processing temperature with lower motor
load and faster melt-dissolution rates compared to HPMCAS.

Melting point/Tg To facilitate easy material transfer during the melt extrusion, the
processing is performed at temperatures at least 20 ◦C above the melting point of
a semi-crystalline polymer (or drug) or the Tg of an amorphous polymer (Chokshi
et al. 2005). Other material variables such as molecular weight and molecular weight
distribution of the polymer, hygroscopicity, and presence of monomeric impurities
can affect the melting point/Tg and should be taken into consideration. As a rule of
thumb, the processing temperature should be lower than TM of the crystalline drug
substance but greater than TM or Tg of the polymer.

Miscibility/Solubility In order to form a one-phase system, the two molten compo-
nents (drug and polymer) have to be miscible. It has been reported that the changes in
melting point/Tg as a function of polymer concentration provide a phase diagram to
establish the boundary of solid-state miscibility and helps in selecting the processing
temperature (Chokshi et al. 2005).
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Fig. 4.9 Melt viscosity of Kollidon® VA-64 and HPMCAS at different temperatures

In addition, the selection of optimal melt-extrusion conditions depends on the
chemical stability of the drug and polymer and the physical properties of the poly-
mer. The processing parameters for melt extrusion and the impact of solid-state
intermolecular drug–polymer interactions on supersaturation have been investi-
gated by several research groups. HME performed on physical mixtures of poorly
water-soluble drugs (Indomethacin, Itraconazole, and Griseofulvin) and hydrophilic
polymers (Eudragit® EPO, Eudragit® L100-55, Eudragit® L100, HPMCAS-LF,
HPMCAS-MF, Pharmacoat® 603, Kollidon® VA-64) at different drug to polymer ra-
tios (30:70, 50:50, 70:30) indicated that higher supersaturation could be achieved for
indomethacin, itraconazole, and griseofulvin using Eudragit® EPO, HPMCAS-LF,
and Eudragit® L100-55, respectively. Transparent glassy extrudates were produced
from most of the physical mixtures of indomethacin, itraconazole, and griseofulvin
at the temperatures within ± 20 ◦C of their softening temperatures and speeds of 100,
150, and 200 rpm, respectively. It was reported that when the temperatures for HME
were reduced significantly below their softening temperatures in order to compen-
sate for low zero-rate viscosity of physical mixtures, nontransparent extrudates were
produced as a dispersion of crystalline drug into the polymer matrix, whereas when
the temperatures for HME were significantly increased above the softening tempera-
tures, charring was reported due to degradation of the polymers (Sarode et al. 2013).
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Fig. 4.10 Overview of various polymers with respect to their Tg and degradation temperatures
(Tdeg)

Based on rheological properties of the materials, the HME conditions such as the
lowest processing temperature and speed can be determined to prevent degradation
of the drug and the polymer. An overview of various polymers with respect to their Tg

and degradation temperature (Tdeg) is summarized in Fig. 4.10. The polymer utility
for melt extrusion is strongly related to the Tg toTdeg ratio. The processing conditions
must be below the degradation temperature of the polymer, as thermal stability of
the polymer can become an operating constraint in HME.

HPMCAS exhibits trend of increasing polymer degradation with temperature and
rate of shear; the LF grade appears to be the most stable as shown in Fig. 4.11 (Sarode
et al. 2014).

The stability of HPMCAS at higher temperatures for shorter periods of time has
been examined to understand its behavior while considering processes such as HME
(Shin-Etsu Chemicals Co., Ltd). In this study, the stability was tested at 150–180 ◦C,
for 15–30 min. A powder sample was stored in an oven, and the tests were carried
out according to Japanese Pharmaceutical Excipients (JPE), with the exception of
the yellowness index, which was measured using a color computer. The observed
changes were a decrease in viscosity (due to a decrease in the molecular weight of the
polymer), an increase in free acid, and discoloration. From the results, it is suggested
that the polymer itself will be fairly stable up to about 150 ◦C when subjected to this
temperature for a short period of 15 min. The results are shown in Table 4.3.

Drug dissolution in molten polymer can be accelerated to achieve a solid solution
in the same way dissolution in aqueous media is improved:
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HPMCAS when exposed to different temperatures and shear rates

Table 4.3 The effect of processing temperatures at different time intervals on the viscosity and
yellowness index of different grades of HPMCAS

HPMCAS-LF HPMCAS-MF HPMCAS-HF

Temperature
(◦C)

Minutes Viscosity
(mm2/s)

Yellowness
index

Viscosity
(mm2/s)

Yellowness
index

Viscosity
(mm2/s)

Yellowness
index

150 0 2.61 4.4 2.65 4.0 2.65 4.4

30 2.57 15.0 2.47 11.4 2.59 12.6

165 0 2.61 4.4 2.65 4.0 2.65 4.4

15 2.43 4.3 2.62 4.4 2.63 6.5

180 0 2.61 4.4 2.65 4.0 2.65 4.4

15 2.13 60.9 2.18 51.6 2.37 24.2

• Increase A (drug surface area): pre-micronization dM
dt = DA(CS−C)

h
• Increase Cs: Increase T, choice of polymer, cosolvents
• Increase D: reduce viscosity, addition of plasticizers
• Decrease h: screw design, screw speed, reduce viscosity
• Increase Δt: HME residence time

In addition to the processing conditions, the miscibility of drug and polymer relies on
their solubility parameter and interactions, hydrophobicity, and interfacial tension.
An overview of the key points to consider for the commonly used polymers during
HME process is summarized in Table 4.4. To reduce the processing temperature for



150 S. R. K. Vaka et al.

Table 4.4 Key points to consider for the commonly used polymers during HME process

Polymer Grade Tg (◦C) Points to consider

Nonionic polymer

Hydroxypropyl
methycellulose

Methocel® E5 170–180 1. Non-thermoplastic
2. API must plasticize
3. Excellent

nucleation inhibition
4. Difficult to mill

Vinylpyrrolidone Povidone® K30 163 1. API must plasticize
2. Hygroscopic
3. Residual peroxides
4. Easily milled

Vinylpyrrolidone–
vinylacetate
copolymer

Kollidon® VA 64 163 1. Easily processed by melt
extrusion

2. No API plasticization required
3. More hydrophobic than PVP
4. Processed around 130 ◦C

Polyethylene
glycol, vinyl
acetate, vinyl
caprolactam graft
copolymer

Soluplus® 70 1. Newest excipient for HME
2. Low Tg can limit stability
3. Not of compendial status
4. Stable up to 180 ◦C

Ionic polymer

Amino methacrylate
copolymer

Eudragit® EPO 56 1. Processing at 100 ◦C
2. Degradation onset is > 200 ◦C
3. Low Tg can limit stability

Polymethacrylates Eudragit® L100-55
Eudragit® L100
Eudragit® S100

130 1. Not easily extruded without
plasticizer

2. Degradation onset is 155 ◦C

Hypromellose
acetate succinate

AQOAT®-L
AQOAT®-M
AQOAT®-H

120–135 1. Easily extruded without
plasticizer

2. Process temperatures
> 140 ◦C

3. Stable up to 190 ◦C depending
on processing conditions

high Tg polymers, such as HPMC and PVP, it is a prerequisite that API is plasticized
in the polymer.

4.5.2 Solvent-Based Methods

An important prerequisite for the manufacture of amorphous formulation using this
process is that both the drug and the carrier polymer are sufficiently soluble in a
low boiling point solvent (practically less than 75 ◦C). The solvent can be removed
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Fig. 4.12 Crushed API beadlets in the pH 7.4 phosphate buffer solution, (a) Eudragit® L100
beadlets with exposed cores and (b) PVP® K30 beadlets exhibiting the characteristic gelling of the
amorphous API

commonly by SD. SD is a common method to produce amorphous pharmaceuticals.
In case ofASD prepared by solvent method like SD, the drug is dissolved in a solution
of the hydrophilic polymer in an organic solvent. The critical material attributes that
need to be considered include the solubility of the polymer in the solvent or solvent
mixture and the viscosity of the feed solution. In general, 10 % or higher solubility
of the polymer and the drug is desired to achieve a sufficient SD efficiency. The
affinity of the solvent to the polymer and the drug as well as the drying conditions
will determine the amount of residual solvent, which would impact the stability of
the ASD. The viscosity of the feed solution should be kept below 250 cps for the
pressure nozzles and centrifugal atomizers to assure adequate atomization (Gibson
2001).

Some amorphous drugs may be easily plasticized by water, resulting in gelling
and incomplete dissolution recovery. Solid dosage form development of such amor-
phous drugs is considered quite challenging. Fan et al. (2009) have successfully
shown that by understanding the drug and polymer properties together with appro-
priate selection of a manufacturing process, it is possible to develop an ASD with
a low glass transition temperature of 60 ◦C and aqueous solubility of 0.8 mg/mL by
overcoming gelling issues of the amorphous drug during dissolution. The drug and
polymer (e.g., Eudragit® L100 versus PVP K30) are first dissolved in a solvent. This
solution mixture is sprayed through a nozzle onto the surface of microcrystalline
cellulose spheres in a fluid-bed coater. No drug–polymer interactions were reported
when examined using FTIR, implying that this factor did not play a role in the dif-
ferences observed in the release profiles. The anionic polymer protected the drug by
preventing its gelling and clumping in situ, while the nonionic polymer promoted
gelling (Fig. 4.12). On the other hand, gelling, clumping, and agglomeration were
observed on the surface of the particles coated with PVP K30 which resulted in slow
and incomplete release of the drug. From the anionic polymer coating, greater than
90 % drug was dissolved in 50 min, whereas the nonionic polymer coating released
60 % drug in 5 h (Fig. 4.13). As the drug gels at a critical moisture level and at a
critical time interval, any delivery system that can protect the drug from reaching the
critical moisture level can control the drug release. The drug is released via surface
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Fig. 4.13 Dissolution profiles of API from PVP K30 and Eudragit® L100 surface coatings in pH
7.4 phosphate buffer, respectively (T = 37 ◦C). USP basket method, 100 RPM

erosion from the Eudragit® L100 coating, whereas PVP K30, the nonionic polymer,
releases the drug via a diffusion process. The results indicate that polymer properties
can play a critical role in the release mechanism and kinetics of gellable drugs. An
understanding of mechanisms involved in drug–polymer interactions will be useful
to screen the polymers that are useful in engineering suitable delivery systems for
such drugs.

4.5.3 Solvent-Controlled Precipitation/Microprecipitated Bulk
Powder

This method is useful for the manufacture of ASD of poorly soluble compounds
that do not have adequate solubility in low boiling point solvents and those that
have very high melting points, rendering them less attractive for SD or melting
(fusion) methods. Due to the nature of precipitation process employed in this tech-
nology, it is applicable only to ionic polymers that have pH-dependent solubility.
Shah et al. (2012) investigated the efficiency of this technology in the manufacturing
ofASD of two oncology compounds with different physicochemical properties using
the solvent-controlled precipitation method. The polymers which were evaluated in
this study included anionic polymers like Eudragit® L100, Eudragit® L100-55, and
HPMCAS. The MBP formulation showed approximately 20-fold higher bioavail-
ability compared to the micronized crystalline drug, suggesting that the amorphous
form of API produced using MBP process was able to maintain the desired stability
that resulted in complete dissolution and absorption. Based on the dog PK results,
it was observed that the MBP process provided consistent pharmacokinetic profiles
at different batch scales. The stabilization of amorphous dispersion was attributed
to the high Tg, ionic nature of the polymer that helped to stabilize the amorphous
form by possible ionic interactions, and/or due to insolubility of polymer in water.
As these polymers are water insoluble, they can absorb water without dissolving
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and hence the polymer: API interactions may be preserved to ensure stability of the
amorphous form. Commonly used solid dispersions where water-soluble polymers
such as povidone or copovidone are used as hydrophilic carrier can produce amor-
phous form due to high drug concentration: polymer miscibility, hydrogen bonding,
and/or high Tg. These, however, fail to maintain amorphous solid state because the
carrier has high affinity for water, resulting in a drop in Tg followed by disruption
of the stabilizing hydrogen bonds. The enteric-polymers provide added advantage
of ionic interactions that can better withstand the heat and moisture stress. This has
been observed with other processes as well as HPMCAS in SD or melt extrusion
(Rumondor and Taylor 2010; Dong et al. 2008). In addition to being an alternate
technology to SD or HME, MBP technology provides advantages with respect to
stability, density, and downstream processing.

An intrinsic primary particle size of the drug in the two-phase ASD system is one
of the key factors that are critically important for bioavailability enhancement and
amorphous stabilization. Shah et al. have shown that in an investigational oncology
drug present in a two-phase ASD system, the particle size can be determined by strip-
ping the polymer in an appropriate medium (i.e., Eudragit® L100 in phosphate buffer,
pH 10, in which the drug is practically insoluble). The intrinsic primary particle size
of the drug present in the ASD called MBP is much finer with narrower distribution
than that produced by SD process. MBP is produced by a solvent-controlled precip-
itation (CP) method. Microscopic examination with high magnification, such as a
Hirox digital camera, revealed that phase separation between drug and polymer was
observed in the ASD produced by SD process due to differences in precipitation rate
between drug and polymer (Fig. 4.14).

The bioavailability of the drug from ASD produced by SD was substantially re-
duced after downstream densification processing by roller compaction (Table 4.5).
The densification processing of ASD via roller compaction may not be robust for
handling the segregated amorphousAPI in the spray-dried formulation; hence, appro-
priate processing methods need to be established based on the solid-state properties
of the ASD. In contrast, bioavailability of the drug from ASD produced by MBP
process was maintained after downstream processing by roller compaction. Micro-
embedding amorphous drug in the polymer matrix enhanced wettability of the ASD;
therefore, the intrinsic dissolution of the ASD produced by MBP process was su-
perior to the SD process. Wettability and intrinsic primary particle size of the drug
present in the ASD are of critical importance to ensure bioavailability of poorly
soluble compounds.

In addition, physical stability of the ASD produced by MBP process was main-
tained after 6-month storage at 40 ◦C/75 %RH, while crystal formation was observed
in the ASD produced by the SD process.

Availability and utilization of various analytical techniques are essential to ensure
the quality of the drug product throughout the development ofASD including process
selection to effectively micro-embed the amorphous drug into the polymer matrix,
downstream processing, and physical stability upon storage.

Intrinsic dissolution rate has been shown by Dong et al. to differentiate the quality
attributes of an identical HPMCAS- basedASD composition of a poorly soluble drug,
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Fig. 4.14 Comparison of intrinsic primary particle size of the drug present in the ASD produced
by (a) MBP and (b) spray-dried (SD) process

Table 4.5 Pharmacokinetic parameters of a poorly soluble drug from the ASD-produced MBP and
SD process

Drug product Cmax/Dose
(ng/mL)/(mg/kg)

AUC/Dose
(ng.h/mL)/(mg/kg)

% Relative
bioavailabilitya

As Is

MBP 113 ± 39 630 ± 221 100

SD 96 ± 32 509 ± 214 81

After densification by roller compaction

MBP 109 ± 44 653 ± 310 104

SD 61 ± 24 329 ± 162 52

aCompared to the MBP (as is) administered orally at 10 mg/kg in beagle dogs (N = 6) under fasting
condition

prepared by two different methods: (1) CP and (2) HME. The CP product was more
porous and had a larger specific surface area than the HME product, as indicated
by the BET results and SEM micrographs. Dissolution study using USP apparatus
2 showed that the CP product had a faster dissolution profile but slower intrinsic
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Fig. 4.15 Dissolution results of the HME and CP product using USP paddle method (on the left
side) in comparison with intrinsic dissolution rate of the HME and CP products using USP method
(on the right side)

Fig. 4.16 Extent of drug
absorption from the HME and
CP products in dogs when
administered orally at various
doses
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dissolution rate than the HME product (Fig. 4.15). The intrinsic dissolution rate of
the HME product was shown to be higher than the CP product and it seems to have
correlated well with the extent of drug absorption observed in dogs, particularly
when given at a higher dose level (Fig. 4.16; Dong et al. 2008).

4.6 Marketed Products Using Amorphous Solid Dispersions

The selection of the polymer and manufacturing process are key factors in the success
of the ASD development. An overview of marketed products using ASD is summa-
rized in Table 4.6. Itraconazole is an interesting example of a drug product that was
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Table 4.6 Marketed products using amorphous solid dispersion

Trade name Manufacturer Drug Processing
technology

Polymer Dosage
form

FDA
approval

Isoptin®

ER-E
Abbott Verapamil HME HPC/HPMC Tablet

Cesamet® Valeant Nabilone Solvent
evaporation

PVP Tablet 1985

Sporanox® Janssen Itraconazole Fluid-bed
bead layering

HPMC Capsule 1992

Nivadil® Fujisawa Nivaldipine HPMC Tablet 1989

Prograf® Fujisawa Tacrolimus Solvent
evaporation

HPMC Capsule 1994

Kaletra® Abbott Ritonavir/
Lopinavir

HME PVP-VA64 Tablet 2007

Intelence® Janssen Etravirine Spray drying HPMC Tablet 2008

Zortress® Novartis Everolimus Spray drying HPMC Tablet 2010

Norvir® Abott Ritonavir HME PVP-VA64 Tablet 2010

Onmel® Stiefel Itraconazole HME HPMC Tablet 2010

Zelboraf® Roche Vemurafenib Solvent-
controlled
precipitation

HPMCAS Tablet 2011

Incivek® Vertex Telaprevir Spray drying HPMCAS Tablet 2011

Kalydeco® Vertex Ivacaftor Spray drying HPMCAS Tablet 2012

commercialized using an ASD technology and is among the first marketed solid
amorphous dispersion products. The compound is a potent broad-spectrum triazole
antifungal drug and is practically insoluble in water (solubility 4 ng/ml). Itracona-
zole is so insoluble in intestinal fluids that drug therapy with the compound could not
be achieved without substantial solubility enhancement by formulation intervention.
The original solid oral formulation, Sporanox® Capsule, was produced by a fluid-bed
bead layering process that used a cosolvent system of dichloromethane and methanol
to dissolve itraconazole and HPMC which was then sprayed on inert sugar spheres
(Verreck et al. 2003). The resultant product provided a significant enhancement of
itraconazole bioavailability with approximately 55 % of the administered dose ab-
sorbed (Lee et al. 2005). Itraconazole has recently been reformulated into a tablet
composition that contains an amorphous dispersion in HPMC by HME utilizing
MeltRx Technology®. The trade name is Onmel®; it is available in 200 mg strength
for once-daily administration and was approved by the Food and Drug Administra-
tion (FDA) in April 2010 for the treatment of onychomycosis. The HME formulation
not only eliminated the use of organic solvents in manufacturing but also reduced
dosing frequency from twice daily to once daily (Six et al. 2004). ZelborafTM is a
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Table 4.7 Summary of safety information of commonly used excipients in ASD

Polymer IID limits LD50

Poly(butyl methacrylate-co-
(2- dimethylaminoethyl)
methacrylate-co-methyl
methacrylate) 1:2:1
(Eudragit® EPO)

10 mg N/A

Poly(methacylic
acid-co-methyl
methacrylate) 1:1 (Eudragit®

L100)

93.36 mg LD50 rat >15,900 mg/kg
LD50 mouse >10,000 mg/kg
LD50 dog >10,000 mg/kg

Poly(methacylic acid-co-ethyl
acrylate)
1:1 (Eudragit® L100–55)

99.99 mg N/A

Hypromellose acetate
succinate
(HPMCAS)

560 mg > 2.5 g/kg

Hypromellose (HPMC) 480 mg > 4000 mg/kg/day

Copovidone (Kollidon® VA64) 853.8 mg > 10,000 mg/kg (BASF test)

Polyvinyl caprolactam–
polyvinyl acetate–
polyethylene glycol
graft copolymer
(Soluplus®)

N/A > 5000 mg/kg (BASF test)

Polyvinylpyrrolidine (PVP) 80 mg > 100 g/kg

tablet dosage form containing an amorphous dispersion of vemurafenib in HPMCAS-
LF produced by a solvent/anti-solvent precipitation method called MBP technology
(Shah et al. 2012). In initial phase I clinical studies with a conventional formula-
tion of vemurafenib, patients did not respond, i.e., no tumor regression, to doses
as high as 1600 mg (Harmon 2010b). The issue was identified as low oral bioavail-
ability stemming from poor solubility, which caused halting of the clinical study
until it could be reformulated into a more bioavailable form. Due to melting point
and organic solubility limitations, traditional ASD processes could not be applied,
therefore necessitating the application of the MBP technology. When clinical trials
resumed with the new MBP-based formulation, substantial tumor regression was
achieved in majority of patients as a result of the enhanced formulation (Harmon
2010a). The application of the MBP technology to vemurafenib is a compelling case
study for the application of ASD technology because formulation intervention was
directly responsible for enabling the drug therapy and prolonging the lives of patients
suffering from metastatic melanoma.
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4.7 Safety and Regulatory Consideration of Excipients

Most of the pharmaceutical polymers used in ASD have already been approved for
oral applications by major regulatory agencies (e.g., FDA, EMA) and have been
published in the pharmacopeias (USP; European Pharmacopoeia, Ph. Eur.; Japanese
Pharmacopoeia, JP). When evaluating safety of excipients used in solid dispersions,
several factors have to be considered such as maximum allowable limit (IID) and
LD50 (Table 4.7).

4.8 Summary

A thorough understanding of excipients and processes is crucial for achieving
stable amorphous formulations with maximum bioavailability, as excipients and
processes play a vital role in stabilization of the amorphous drug throughout its shelf
life and in maintaining supersaturation of drug in solution in vivo. While select-
ing polymers, desirable attributes such as high Tg, moisture scavenger capability,
high molecular weight, and nucleation inhibition properties need to be evaluated.
Micro-embedding amorphous drug in nano or micron sizes in the polymer matrix
tremendously improves the wettability and physical stability of amorphous drugs.
In addition, downstream processing needs to be selected appropriately based on the
physicochemical and particulate properties of the ASD.

References

Albano AA, Phuapradit W, Sandhu HK, Shah N (2002) Stable complexes of poorly soluble
compounds in ionic polymers. U.S. Patent 6.350,786 B1

Chauhan H, Hui-Gu C, Atef E (2013) Correlating the behavior of polymers in solution as pre-
cipitation inhibitor to its amorphous stabilization ability in solid dispersions. J Pharm Sci
102(6):1924–1935

Chiou WL, Riegelman S (1971) Pharmaceutical applications of solid dispersion systems. J Pharm
Sci 60:1281–1302

Chokshi RJ, Sandhu HK, Iyer RM, Shah NH, Malick AW, Zia H (2005) Characterization of
physico-mechanical properties of indomethacin and polymers to assess their suitability for
hot-melt extrusion process as a means to manufacture solid dispersion/solution. J Pharm Sci 94:
2463–2474

Craig DQM (2002) The mechanism of drug release from solid dispersions in water soluble polymers.
Int J Pharm 231:131–144

Crowley MM, Zhang F, Repka MA, Thumma S, Upadhye SB, Battu SK, McGinity JW, Martin
C (2007) Pharmaceutical applications of hot-melt extrusion: part I. Drug Dev Ind Pharm 33:
909–926

Desai D (2007) Solid state plasticizers for melt extrusion. Dissertations and Master’s Theses Paper
AAI3276980

DiNunzio JC, Miller DA, Yang W, McGinity JW, Williams RO III (2008) Amorphous composi-
tions using concentration enhancing polymers for improved bioavailability of itraconazole. Mol
Pharm 5(6):968–980



4 Excipients for Amorphous Solid Dispersions 159

Dong Z, Chatterji A, Sandhu H, Choi D, Chokshi H, Shah N (2008) Evaluation of solid state
properties of solid dispersions prepared by hot–melt extrusion an solvent co-precipitation. Int J
Pharm 355:141–149

Ediger MD, Angell CA, Nagel SR (1996) Super cooled liquids and glasses. J Phys Chem 100:
13200–13212

Engers D, Teng J, Jimenez-Novoa J, Gent P, Hossack S, Campbell C, Thomson J, Ivanisevic I,
Templeton A, Byrn S, Newman A (2010) A solid-state approach to enable early development
compounds: selection and animal bioavailability studies of an itraconazole amorphous solid
dispersion. J Pharm Sci 99:3901–3922

Fan C, Pai-Thakur R, Phuapradit W, Zhang L, Tian H, Malick W, Shah N, Kislalioglu MS (2009)
Impact of polymers on dissolution performance of an amorphous gelleable drug from surface-
coated beads. Eur J Pharm Sci 37(1):1–10

Follonier N, Doelker E, Cole ET (1994) Evaluation of hot-melt extrusion as a new technique for
the production of polymer-based pellets for sustained release capsules containing high loadings
of freely soluble drugs. Drug Dev Ind Pharm 20:1323–1339

Follonier N, Doelker E, Cole ET (1995) Various ways of modulating the release of diltiazem hy-
drochloride from hot-melt extruded sustained-release pellets prepared using polymeric material.
J Control Release 36:342–250

Forster A, Hempenstall J, Tucker I, Rades T (2001) Selection of excipients for melt extrusion with
two poorly water-soluble drugs by solubility parameter calculation and thermal analysis. Int J
Pharm 226:147–161

Friesen DT, Shanker R, Crew M, Smithey DT, Curatolo WJ, Nightingale JAS (2008) Hydrox-
ypropyl methylcellulose acetate succinate-based spray-dried dispersions: an overview. Mol
Pharm 5(6):1003–1019

Frohoff-Hulsmann MA, Schmitz A, Lippold BC (1999) Aqueous ethyl cellulose dispersions con-
taining plasticizers of different water solubility and hydroxypropyl ethyl cellulose as coating
material for diffusion pellets, I. Drug release rates from coated pellets. Int J Pharm 177:69–82.

Gibson SG (2001) How to optimize your spray dryer’s performance. Powder Bulk Eng 15:31–41
Greenhalgh DJ, Williams AC, Timmins P, York P (1999) Solubility parameters as predictors of

miscibility in solid dispersions. J Pharm Sci 88(11):1182–1190
Gryczke A, Schminke S, Maniruzzaman M, Beck J, Douroumis D (2011) Development and evalua-

tion of orally disintegrating tablets (ODTs) containing Ibuprofen granules prepared by hot melt
extrusion. Colloids Surf B Biointerfaces 86(2):275–84

Gutierrez-Rocca JC, McGinity JW (1993) Influence of aging on the physical-mechanical properties
of acrylic resin films cast from aqueous dispersions and organic solutions. Drug Dev Ind Pharm
19:315–332

Harmon A (2010a) After long fight. Drug gives sudden reprieve. The New York Times, February
23, Page A1

Harmon A (2010b) A roller coaster chase for a cure. The New York Times, New York, February 22,
Page A1

Hasegawa A, Kawamura R, Nakagawa H, Sugimoto I (1985) Physical propertiesof solid disper-
sions of poorly water-soluble drugs with enteric coating agents. Chem Pharm Bull (Tokyo) 33:
3429–3435

He H,Yang R, Tang X (2010) In vitro and in vivo evaluation of fenofibrate solid dispersion prepared
by hot-melt extrusion. Drug Dev Ind Pharm 36(6):681–687

Hodge IM (1994) Enthalpy relaxation and recovery in amorphous materials. J Non-Cryst Solids
169:211–266

Ivanisevic I (2010) Physical stability studies of miscible amorphous solid dispersions. J Pharm Sci
99(9):4005–4012

Kai T, Akiyama Y, Nomura S, Sato M (1996) Oral absorption improvement of poorly soluble drug
using solid dispersion technique. Chem Pharm Bull (Tokyo) 44:568–571

Kaushal AM, Gupta P, Bansal AK (2004) Amorphous drug delivery systems: molecular aspects,
design and performance. Crit Rev Ther Drug Carrier Syst 21(3):133–193



160 S. R. K. Vaka et al.

Lee SL, Nam K, Kim MS, Jun SW, Park J-S, Woo JS, Hwang S-J (2005) Preparation and char-
acterization of solid dispersions of itraconazole by using aerosol solvent extraction system for
improvement in drug solubility and bioavailability. Arch Pharm Res 28:866–874

Leuner C, Dressman J (2000) Improving drug solubility for oral delivery using solid dispersions.
Eur J Pharm Biopharm 50:47–60

Lindfors L, Forssén S, Westergren J, Olsson U (2008) Nucleation and crystal growth in
supersaturated solutions of a model drug. J Colloid Interface Sci 325(2):404–413

Löbmann K (2013) Co-amorphous drug delivery systems. Pharm Solid State Res Cluster 18:19
Maghsoodi M, Sadeghpoor F (2010) Preparation and evaluation of solid dispersions of piroxicam

and Eudragit S100 by spherical crystallization technique. Drug Dev Ind Pharm 36(8):917–925
Maniruzzaman M et al (2013) A review on the taste masking of bitter APIs: hot-melt extrusion

(HME) evaluation. Drug Dev Ind Pharm:1–12 [Ahead of Print]
McGinity JW, Koleng JJ, Repka MA, Zhang F (2000) Hot-melt extrusion technology. In: Swarbrick

J, Boylan JC (eds) Encyclopedia of pharmaceutical technology, 19th edn. Marcel Dekker, New
York, pp 203–225

Miller JM, BeigA, Carr RA, Spence JK, DahanA (9 Jun 2009–2016; 2012)A win win solution in oral
delivery of lipophilic drugs: supersaturation via amorphous solid dispersions increases apparent
solubility without sacrifice of intestinal membrane permeability. Mol Pharm 9(7):2009–2016

Minikis R, Konagurthu S, Freauff A, McVey A, Wilmoth J, House B, Kerkmann M, Pickens
C (2013) Polyvinyl Acetate Phthalate (PVAP) as a solid dispersion polymer for improving
bioavailabilityof poorly soluble compounds. AAPS J. San Antonio, Texas

Morgen M, Lyon D, Schmitt R, Brackhagen M, Petermann O (2013) New excipients for solubilizing
APIS: tablets and capsules 2013-BASF

Omelczuk MO, McGinity JW (1992) The influence of polymer glass transition temperature and
molecular weight on drug release from tablets containing poly (DL-lactic acid). Pharm Res
9:26–32

Padden BE, Miller JM, Robbins T, Zocharski PD, Prasad L, Spence JK, LaFountaine J (1 Jan-
uary 2011) Amorphous solid dispersions as enabling formulations for discovery and early
development. Am Pharm Rev 14(1): pp 66

Pikal MJ, Lukes AL, Lang JE (1977) Thermal decomposition of amorphous beta-lactam antibacte-
rials. J Pharm Sci 66:1312–1316

Reintjes T (2011) Solubility enhancement with BASF polymers: solubility compendium. October
2011

Repka MA, McGinity JW (2000) Influence of vitamin E TPGS on the properties of hydrophilic
films produced by hot melt extrusion. Int J Pharm 202:63–70

Repka M, Battu S, Upadhye S, Thumma S, Crowley M, Zhang F, Martin C, McGinity J (2007)
Pharmaceutical applications of hot-melt extrusion: part II. Drug Dev Ind Pharm 33:1043–1057

Rumondor AC, Taylor LS (2010) Effect of polymer hygroscopicity on the phase behavior of
amorphous solid dispersions in the presence of moisture. Mol Pharm 7:477–490

Sarode AL, Sandhu H, Shah N, Malick W, Zia H (2013) Hot melt extrusion for amorphous
solid dispersions: predictive tools for processing and impact of drug-polymer interactions on
supersaturation. Eur J Pharm Sci 48:371–384

Sarode AL, Obara S, Tanno FK, Sandhu H, Iyer R, Shah N (2014) Stability assessment of hypromel-
lose acetate succinate (HPMCAS) NF for application in hot melt extrusion (HME). Carbohydr
Polym 101:146–53

Shah N, Sandhu H, Phuapradit W, Pinal R, Iyer R, Albano A, Chatterji A, Anand S, Choi DS, Tang
K, Tian H, Chokshi H, Singhal D, Malick W (2012) Development of novel microprecipitated
bulk powder technology for manufacturing stable amorphous formulations of poorly soluble
drugs. Int J Pharm 438:53–60

Six K, Verreck G, Peeters J et al (2004) Increased physical stability and improved dissolution
properties of itraconazole, a class II drug, by solid dispersions that combine fast- and slow-
dissolving polymers. J Pharm Sci 93:124–131



4 Excipients for Amorphous Solid Dispersions 161

Tate S, Chiba S, Tani K (1996) Melt viscosity reduction of poly (ethylene terephthalate) by solvent
impregnation. Polymer 37 (19):4421–4424

Van Speybroeck M, Mellaerts R, Mols R, Thi TD, Martens JD, Van Humbeeck J, Annaert P, Van
den Mooter G, Augustijn P (2010) Enhanced absorption of the poorly soluble drug fenofibrate
by tuning its release rate from ordered mesoporous silica. Eur J Pharm Sci 41(20105) 623–630

Verreck G, Six K, Van den Mooter G et al (2003) Characterization of solid dispersions of itracona-
zole and hydroxypropylmethylcellulose prepared by melt extrusion—part 1. Int J Pharm 251:
165–174

Yamashita K, Nakate T, Okimoto K, Ohike A, Tokunaga Y, Ibuki R, Higaki K, Kimura T (2003)
Establishment of new preparation method for solid dispersion formulation of tacrolimus. Int J
Pharm 267(1–2):79–91

Zhang F, McGinity JW (1999) Properties of sustained-release tablets prepared by hot-melt extrusion.
Pharm Dev Tech 4:241–250



Part II
Technologies



Chapter 5
Miniaturized Screening Tools for Polymer
and Process Evaluation

Qingyan Hu, Nicole Wyttenbach, Koji Shiraki and Duk Soon Choi

5.1 Introduction

Amorphous solid dispersion (ASD) is one of the most remarkable formulation tech-
nologies in the delivery of poorly water-soluble compounds in recent years (Hancock
and Zografi 1997). Earlier chapters in this book described the chemical and physi-
cal characteristics of amorphous API and ASD, and various processing technologies
in detail. As discussed in Chaps. 1 and 2, an ASD is thermodynamically unstable
and has a tendency to revert back to the crystalline state. The key factors in the
development of successful ASD are designing and preparing complete amorphous
dispersion systems, maintaining the amorphous state over the product shelf life, and
maintaining supersaturation during dissolution and absorption. These attributes can
be achieved by employing the right polymer at the right drug concentration, i.e.,
designing a one-phase ASD system in which the drug molecule and the matrix poly-
mer are intermixed at the molecular level using the right processing technology. The
selection of the right polymer is the most important determinant in the development
of ASD. The best matching polymer(s) to the API has to be determined at the onset
of ASD development, as it is impractical to change the polymer in the middle of
development. It should be clearly understood that the polymer plays a major role in
ASD performance and dictates the overall ASD properties such as glass transition
temperature, molecular mobility, hygroscopicity, hardness, microstructure, etc. Nu-
merous approaches have been reported in literature to identify the right polymer for
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ASD including the use of in silico solubility parameter (δ) calculation (Ghebremeskel
et al. 2007), Flory–Huggins (F–H) interaction parameter calculation (Marsac et al.
2006b; Zhao et al. 2011), drug–polymer thermodynamic phase diagrams predic-
tion (Tian et al. 2013), crystallization inhibition with molecular dynamic calculation
(Pajula et al. 2012), etc. However, in spite of their use and popularity, these theo-
retical methods have limitations and lack predictability, reliability, and thereby have
limited utility.

Several experimental-based miniaturized high throughput (HT) ASD screening
systems have been published to facilitate the selection of polymer, drug loading,
and ASD performance evaluation (Chiang et al. 2012; Hu et al. 2013; Wyttenbach
et al. 2013). These screening systems rely on amorphous preparation at miniaturized
scale with no presumptions or a priori theories. Typically, HT miniaturized ASD
screening is conducted in a 96-well format using minimal quantity of API (less than
10 mg of compound per test condition). The general scheme of miniaturized ASD
screening can be broken down into two major components: (1) The generation of
ASD at miniaturized scale exploring large experimental design space with minimum
consumption of API; (2) fast and reliable characterization scheme to evaluate the
quality and in vitro performance of ASD. The output of miniaturized screening can
be used to guide amorphous formulation development in a systematic way.

Authors believe that the practice of miniaturized ASD screening is extremely
valuable and should be employed, particularly in the early formulation development
phase when availability of API is limited. Miniaturized ASD screening not only
provides early readout whether a drug molecule is a viable candidate for ASD, but
also provides a pool of polymer candidates and drug loadings that can be evaluated
for the scale up, using milligram quantity of a drug in a few days.

5.2 ASD Screening Assessment

In general, ASD processing technologies have two main classes, solvent based and
melt based. Solvent-based technology includes spray drying, spray granulation,
freeze drying, fluid bed layering, coprecipitation, supercritical fluid, electrospinning,
etc. Melt-based technology includes melt extrusion, melt granulation, cogrinding,
Kinetisol®, etc. Among these, spray drying, fluid bed layering, hot melting extru-
sion, and MBP (Microprecipitated Bulk Powder) technologies have been successfully
adopted for the manufacture of commercial ASD products. Selection of a process-
ing technology depends on the API properties. Understanding the physicochemical
properties of API, therefore, will streamline the amorphous formulation screening
design. Table 5.1 lists the key physicochemical properties that should be evaluated
in advance related to screening system.
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Table 5.1 Physicochemical properties of drug/polymer related to ASD screening systems

Attributes Applicable screening systema

Solubility and stability in organic solvent (acetone, methanol,
ethanol, THF, DMA, DMSO, DMF, etc.)

Solvent casting
Solvent shift
Spin coating
Freeze drying
Coprecipitation

pH solubility and stability (pH 1–12) Coprecipitation
Solvent shift

Thermal properties (melting point, Tg, thermal stability) Melt fusion

Melt rheology Melt fusion

aScreening systems are reviewed in Sect. 5.3
THF tetrahydrofuran, DMA dimethylacetamide, DMSO dimethyl sulfoxide, DMF dimethylfor-
mamide

5.2.1 API Physicochemical Properties Evaluation
for ASD Feasibility

As discussed in this book, certain drugs are readily amenable to ASD whereas other
drugs are not suitable forASD owing to their unique molecular properties. Therefore,
assessment of ASD feasibility is the first step in the development of successful ASD.

Glass-forming property of an API is suggested to be one of the key factors in ASD
formation (Baird et al. 2010; Pajula et al. 2010). The glass-forming property can be
extracted from the physicochemical properties of API as summarized in Table 5.2.
Among these, glass transition temperature has been most frequently used for the
prediction of glass-forming properties, although the use of Tg alone has limited
predictability (Marsac et al. 2006a). When thermal parameters along with chemical
structure information were treated by statistical analysis, glass-forming prediction
is improved (Baird et al. 2010; Mahlin et al. 2011; Mahlin and Bergström 2013).
Molecular weight seemed to be one of the major indicators of the glass-forming
property with the higher the molecular weight, the better the glass-forming ability.

DSC has been extensively used to study thermal properties of drugs and polymers.
To study glass-forming properties, a number of drugs were subjected to DSC heating
and cooling cycles, and from the DSC results, compounds were categorized into
three classes depending on melt and crystallization behaviors (Van Eerdenbrugh
et al. 2010; Mahlin et al. 2011):

Class 1: Highly crystallizing compounds crystallized during the cooling segment.
Class 2: Moderately crystallizing compounds crystallized during the second
heating segment.
Class 3: Noncrystallizing compounds that did not crystallize at all during cooling
and heating cycles.
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Table 5.2 Physicochemical properties used for prediction of good or poor glass formers

Literature Attribute Drug property Glass-forming
propertya

Baird et al. (2010);
Mahlin et al. (2011);
Mahlin and Bergström
(2013)

Chemical structure MW ↑
Rotational bonds ↑
Benzene rings ↓
Molecular symmetry ↓
Branches ↑
H-bond acceptors/H-bond
donors

↑

Hancock et al. (1995);
Marsac et al. (2006a);
Friesen et al. (2008);
Graeser et al. (2009);
Baird et al. (2010);
Mahlin and Bergström
(2013)

Thermal properties Glass transition temp, Tg ↑
Crystallization temp, Tc ↑
Configurational entropy, Sc
(above Tg)

↑

Free energy ΔGv (negative) ↑
Melting point/glass transi-
tion temp, Tm/Tg

↓

a↑Drug property correlates with glass-forming property positively, ↓ drug property correlates with
glass-forming property negatively

Although not explicitly discussed, it implies that class 1 compounds may not be
amenable for ASD formation, while class 3 compounds are the ideal candidates for
ASD formation. This DSC-based classification system provides an early readout
from a simple experiment to assess ASD feasibility (with exception of thermally
labile compounds).

Microprecipitated bulk powder (MBP) is a unique ASD technology based on
coprecipitation of drugs and ionic polymers using acidic water as an antisolvent.
MBP technology has been used to manufacture Zelboraf®, and frequently used for
toxicology-enabling formulations of poorly soluble compounds. Realizing that not
all poorly soluble compounds are viable for MBP processing, Shiraki (unpublished
report) studied relationship between physicochemical properties of clinical candidate
compounds and MBP formation. By studying more than 20 model compounds,
Shiraki developed an MBP classification system (MCS) shown in Fig. 5.1.

In Fig. 5.1, API was classified as “easy” when the resulting MBP was XRPD
amorphous and the drug recovery was greater than 98 %. Otherwise, API was clas-
sified as “difficult” for making MBP. Among all the parameters investigated, log D
value, hydrogen-bonding acceptors and MW of API were identified as the critical
physicochemical parameters to classify the drug into “easy” or “difficult”. Shiraki ra-
tionalized that hydrophobic interaction between a drug and a polymer is important in
MBP formation, as it could be the major attractive force between nonpolar molecules
in aqueous solutions (Jancsó et al. 1994). The MCS predicts “easy” compounds with
the following parameters: Log D > 2 and total number of hydrogen bond acceptors
> 8–10. In addition, molecular weight alone is also an important indicator to predict
ASD propensity. “Easy” compounds usually have molecular weight over 500.
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Fig. 5.1 MBP classification system (MCS). Circle stands for “Easy” drug and triangle stands
for “Difficult” drug. DIP dipyridamole, DNZ danazol, FFB fenofibrate, GRI grisoefulvin, IDM
indomethacin, ITR itraconazole, NPX naproxen, NIF nifedipine, NIL nilvadipine, NTP nitrendipine,
PHE phenytoin, PMZ pimozide, PTX paclitaxel, KTZ ketoconazole. A-L, Roche in-house drugs.
MBP preparation condition: polymer; HPMCAS; pH 2; drug/polymer ratio = 3/7

Interestingly, the two independently developed classification systems (DSC-based
glass forming classification and MCS) generate comparable results. All drugs in MCS
categorized as “easy” were class 3 drugs (although not necessarily vice versa), and
no class 1 drugs were categorized as “easy” drugs by MCS.

5.2.2 Drug–Polymer Interaction for ASD Feasibility

ASDs should have good physical and chemical stability and provide enhanced API
dissolution and oral bioavailability. Optimal performance can be delivered by single-
phase amorphous mixtures of the API and a polymer, i.e., glass solutions with
molecularly dispersed drug molecules in the polymer (Janssens and Van den Mooter
2009; Padden et al. 2011). Molecular interactions play a key role in such systems.
They (1) ensure the long-term physical stability of the amorphous drug and (2)
prevent drug precipitation from the supersaturated solution formed upon in vivo dis-
solution. Miniaturized screening methods probe both of these aspects. The relevant
drug–polymer interactions are briefly discussed below.

5.2.2.1 Drug–Polymer Interactions in the Solid State

The ability of polymers to inhibit crystallization in glass solutions is primarily related
to the overall increase in the glass transition temperature (Tg) of the dispersion,
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which reduces the molecular mobility of the API at the normally encountered storage
temperatures and relative humidity (Shamblin et al. 1998; Bhugra and Pikal 2008).
If a drug and a polymer are miscible to form a one-phase system, the glass transition
temperature of ASD will lie in between the API Tg and the polymer Tg, depending
on the composition of the system. If immiscible, however, the system will produce
two separate glass transition temperatures of the drug and the polymer. The strong
interactions between a drug and a polymer via hydrogen bonding, acid–base ionic
interactions, dipole–dipole interactions, and hydrophobic interactions will favor the
one-phase ASD system (Taylor and Zografi 1997; Matsumoto and Zografi 1999;
Khougaz and Clas 2000; Miyazaki et al. 2004; Weuts et al. 2005; Marsac et al.
2006b; Rumondor et al. 2009a; Yoo et al. 2009).

Mode of ASD stabilization by polymers can also be attributed to interfering with
the nucleation and crystal growth processes. It has been well documented that specific
hydrogen bonding between drug and polymer inhibits nucleation process (Hancock
et al. 1995; Taylor and Zografi 1997; Matsumoto and Zografi 1999). In fact, other
types of molecular interactions between a drug and a polymer can also interfere
nucleation process of API (Van den Mooter et al. 2001; Weuts et al. 2005).

Moisture can disrupt drug and polymer interactions, promoting demixing of drug
and polymer with eventual crystallization of the drug (Konno and Taylor 2006; Ru-
mondor et al. 2009b). Recently published work showed that the physical stability
of solid dispersions depends on the hygroscopicity of the ASD and the strength of
drug–polymer interactions (Rumondor et al. 2009b; Rumondor et al. 2009c, Rumon-
dor and Taylor 2010). Hygroscopic polymer tends to pose stability challenges and
should be well protected from moisture.

Recently, Van Eerdenbrugh and Taylor (Van Eerdenbrugh and Taylor 2011) ap-
plied crystal engineering principles to arrive at an ab initio rank order of polymers
for the ability of crystallization inhibition. The working hypothesis of this study was
that polymers inhibit the crystallization of a drug better if the hydrogen-bonding
interactions between the drug and the polymer are more favorable than those present
in the crystalline drug. Relative strength of hydrogen bonding of drugs and polymers
was calculated to assess the ability of a given drug–polymer mixture to prevent crys-
tallization. The predicted rank order was in good agreement with the observation
from an extensive experimental dataset. The crystallization inhibition was strongly
dependent on the functional groups of the drug and polymer. As summarized in
Table 5.3, the results of this study facilitate the rational selection of polymers for the
development of stable ASDs and even guide the design of novel polymers.

From a practical point of view, various analytical methods are commonly applied
to study the solid phase behavior of ASDs (Table 5.4). Their use in combination
is generally recommended as each has its own advantages and limitations. FTIR,
Raman, and solid-state nuclear magnetic resonance (SS-NMR) spectroscopy are
generally used to investigate molecular drug–polymer interactions. Changes in the
FTIR and/or Raman spectra (new bands, disappearing bands, widening and inten-
sity changes of existing bands, or band shifts) can indicate such interactions. With
SS-NMR changes of chemical shifts, relaxation times and/or cross-signals in HET-
COR spectra (Pham et al. 2010) may be induced by closer spatial proximity of the
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Table 5.3 Predicted and observed best API–polymer combinations with favorable drug–polymer
hydrogen bond interactions for optimal crystallization inhibition. (Adapted from data by Van
Eerdenbrugh and Talyor 2011)

API functional
group

Best polymers Remarks

Carboxylic acids E100a

PVPb

PVPVAc

Molecular API self-association will be most disrupted by
polymers bearing strong acceptor groups that can effec-
tively compete with the drug acceptor groups. Indeed, the
best results were obtained with polymers bearing strong
acceptors and no donors

Acidic NH groups E100
PVP
PVPVA

As for the carboxylic acids, the best crystallization
inhibiting performance was obtained for polymers con-
taining strong acceptor groups that provide a competitive
hydrogen bond alternative for the acidic N–H group

Alcohols E100
PVP
PVPVA

As the OH group acts as a strong donor and medium
acceptor, polymers with strong acceptors would be ex-
pected to compete successfully for these donors. Indeed,
the polymers having strong acceptors showed the best
results in terms of crystallization inhibition

Amides and bases PSSAd

PAAe

PVP
PVPVA

Competitive hydrogen bond formation would be ex-
pected in the presence of polymers with strong donor
and/or extremely strong acceptor groups. Accordingly,
the polymers containing strong donors (PSSA and PAA)
were the best crystallization inhibitors for this category
of APIs, and polymers containing the very strong pyrroli-
done acceptor group (PVP/PVPVA) also performed
well. The lower performance observed for HPMCf and
HPMCASg is explained by the lower strength of its
donors (compared to PAA/PSSA) and acceptors (com-
pared to PVP/PVPVA)

aEudragit® E100
bPoly(vinylpyrrolidone) (PVP, K 12, Ph. Eur., USP)
cPoly(vinylpyrrolidone-vinyl acetate) (PVPVA, K 28, Ph. Eur.)
dPoly(styrene sulfonic acid)
ePoly(acrylic acid) (Mv 450.000)
f Hypromellose USP, substitution type 2910, viscosity 6 mPa s
gHydroxypropylmethylcellulose acetate succinate, grade AS-MF

components in the drug–polymer system. However, SS-NMR cannot reliably distin-
guish between force-like interactions and spatial proximity. Detailed characterization
principle and application should be referred to Chap. 14.

5.2.2.2 Drug–polymer Interactions in Aqueous Media for ASD Feasibility

An amorphous formulation gives rise to the higher apparent solubility than crystalline
drug and become supersaturated (Brouwers et al. 2009). The supersaturated solution
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Table 5.4 Commonly used analytical instruments to study ASD

Detection of: AFMa DSCb XRPDc PLMd FTIRe Ramanf SS-
NMRg

Single-phase amorphous
mixtureh

x x xi

Crystallinity x x x x x x x

Molecular drug–polymer
interactions

x x xi

aAtomic force microscopy
bDifferential scanning calorimetry
cX-ray powder diffraction
dPolarized light microscopy
eFourier transform infrared spectroscopy
f Raman spectroscopy
gSolid state nuclear magnetic resonance spectroscopy
hPhase separation detectable at a nanometer scale (Newman et al. 2008; Lauer et al. 2011)
iAmorphous mixtures and strong drug–polymer interactions require the components in the system
to be in close spatial proximity, which can be detected by SS-NMR

has the tendency to return to equilibrium by drug precipitation. Supersaturated con-
dition can be maintained by incorporating the right polymers to the ASD. Polymer
can modulate the dissolution rates and extents of precipitation by various modes as
described below, and these effects should be considered in the selection of polymers
for ASD. The most important factors that generally influence drug precipitation and,
more specifically, the interaction between polymers and drug molecules are:

1. Polymer as a antinucleation agent: A polymer can inhibit nucleation and crys-
tal growth of a drug by specific interaction with functional groups of the drug
(Curatolo et al. 2009; Alonzo et al. 2010). Polymers such as PVP, HPMC and
HPMC-AS have been extensively studied for the amorphous stabilization effect
in aqueous solution (Lindfors et al. 2008; Miller et al. 2008; Alonzo et al. 2010).

2. Ionic interactions: Polymers with opposite charge to the drug can form ion pair
complexes and stabilize drug solution (Warren et al. 2013).

3. Hydrogen bonding: Increasing the number of hydrogen bonding sites increase
the interaction with drug. Itraconazole interacts with HPMC stronger than with
PVP (Miller et al. 2008).

4. Viscosity of solution: High viscosity decreases the rate of molecular diffusion and
molecular collision, retarding nucleation and crystal growth (Wyttenbach et al.
2013).

5. Molecular weight of polymer: High MW polymers interact with drug molecules
strongly. This effect has been observed for large MW PVP and HPMC, which
have been shown to maintain the supersaturation of itraconazole longer for a
long period of time (Miller et al. 2008). It can be attributed to either an increase
in viscosity or large number of functional groups in the polymer chain that can
interact with API.
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6. Temperature: Interaction between drug and polymer is weaker at higher tem-
peratures because of thermal motions of the molecules. The concentration of
felodipine during dissolution of amorphous felodipine was higher at 25 ◦C than
at 37 ◦C, suggesting that weaker drug–polymer interaction at higher temperature
can be the cause of faster crystallization (Alonzo et al. 2010; Wyttenbach et al.
2011).

7. pH shifts: The dissolution of ionic polymers or drugs will shift the pH of disso-
lution media, which can influence the solubility and precipitation behaviors of
drugs and polymers (Wyttenbach et al. 2013).

8. Interfacial tension: Polymers can reduce the interfacial tension and prevent the
aggregation of fine drug particles upon dissolution of ASDs. On the other hand,
a decreased interfacial tension also can increase the nucleation and induce drug
crystallization (Lindfors et al. 2008).

9. Co-solvent effect of dissolved polymers: Polymers in solution can act as solubiliz-
ers and increase the solubility of drugs, thus reducing the degree of supersaturation
and the risk of drug precipitation (Rodríguez-Hornedo and Murphy 1999; Warren
et al. 2010).

In addition, amorphous formulations often contain surfactants such as Tween 80,
Span 80, TPGS, or Cremophor for a variety of reasons as processing aids. One should
be mindful as the inclusion of surfactants to the ASD formulation can either prevent
crystallization (Pouton 2006) or promote crystallization (Rodríguez-Hornedo and
Murphy 2004). Bile salt micelles and other lipids (e.g., digestion products) presented
in the GI tract may help to maintain high levels of supersaturation of drugs.

In silico prediction of the in vivo dissolution behavior of amorphous systems
is currently almost impossible. Thus, in vitro screening for the identification of
suitable drug-excipient combinations with appropriate dissolution and/or high su-
persaturation potential has become a vital step in the development of ASDs. Today,
supersaturation screening is commonly carried out by solvent-shift approaches (e.g.,
the co-solvent quench method) or by dissolution testing (e.g., amorphous film
dissolution in solvent-casting approaches). These topics are discussed further in
Sect. 5.3.

5.3 ASD Miniaturized Screening

The aims of ASD screening study are: (1) to explore large experimental design space
while consuming small quantity of API; (2) to handle large number of experiments in
parallel preferably using an automated system; (3) to complete the screening in a short
period of time. The outcome of miniaturized ASD screening should be applicable to
the quality by design (QbD) and to large production scale of ASD development.

In this section, several miniaturized ASD screening methods are discussed.
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5.3.1 Solvent-Casting Method

Solvent-casting method is one of the most commonly used miniaturizedASD screen-
ing method in the literature, which can be operated either in manual mode or
automated mode (Table 5.5). The schematic representation of experimental pro-
cedure of solvent-casting method is shown in Fig. 5.2. Drug and polymer(s) are
dissolved in volatile organic solvents or solvent mixtures, respectively. Drug and
polymer solution can then be combined at the desired drug/polymer ratio. The pre-
pared solutions are dispensed into a 96-well plate or an appropriate vessel using
suitable liquid-handling device. Organic solvent is allowed to evaporate from the
plate using a stream of inert gas or vacuum with heat, leaving a film of drug and
polymer residue in the bottom of the vessel.

The residue films are then analyzed for crystallinity, solubility, dissolution, su-
persaturation behavior, and solid-state stability. Two recent publications on solvent
casting-based screening approaches are described in more detail in the following
subsections.

5.3.1.1 96-Well Plate Vacuum Dry System for ASD Screening

Chiang et al. reported a 96-well plate-based high-throughput miniaturized screening
method for the identification of the polymer and optimum drug loading for ASD
(Chiang et al. 2012). Screening samples were prepared in special 96-well plates
with a glass substrate (Freeslate S120464) by solvent casting. A 40 μL of API stock
solution (10 mg/ml in ethanol or acetone) and 80 μL of polymer stock solution (2.1–
45 mg/mL in ethanol or acetone) were transferred to the 96-well plate. The solvent
was evaporated using an EZ-2 Plus centrifuge vacuum dry system (SP Scientific,
Stone Ridge, NY) with the maximum temperature set at 80 ◦C and a vacuum of
6–8 mbar or lower. Duplicate plates were made for each sample set. One plate was
used for XRPD analysis, and the second plate for the solubility measurements. After
drying, plate 1 was disassembled and the glass plate (substrate) containing residue
films was examined by XRPD in reflection mode for the crystallinity. After initial
examination, the glass plate was placed in a 50 ◦C and 75 % RH oven for 7 and 14
days to assess physical stability. The plate 2 was directly placed in a 50 ◦C and 75 %
RH oven without analysis. On day 14, the plate 2 was removed from the oven and
(kinetic) solubility was measured. To each well, added was 500 μL of 50 mM pH 6.5
sodium phosphate buffer with 0.1 % Tween 80 (preheated to 37 ◦C). The plate was
then placed on a shaker heated to 37 ◦C for 1 h. After 1 h of shaking, samples were
vacuum filtered for HPLC analysis. The best set of polymer(s) and drug loadings
were selected from the solid-state stability and solubility data for the large-scaleASD
development.
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API stock solution

Polymer stock solution

Premixtures Amorphous films

Solubility, dissolution, supersaturation
(UV spectroscopy, HPLC)

Solid state miscibility, crystallinity, stability
(DSC, XRPD, AFM)

Solid state molecular interactions
(FTIR, Raman)

solvent
evaporation

Applications/
Analyses:

Fig. 5.2 Schematic representation of the experimental procedure used in solvent casting approaches

5.3.1.2 SPADS Approach

Wyttenbach et al. published a characterization scheme of amorphous film gen-
erated by solvent casting method, “Screening of Polymers for Amorphous Drug
Stabilization (SPADS)” (Wyttenbach et al. 2013). It focuses on the evaluation of
supersaturation potential, drug and polymer miscibility, and stability. In the SPADS,
three assays are performed in a 2-step process.

Step 1: SPADS dissolution assay. Dissolution profile of an amorphous film is
measured to assess the spring and parachute effect (Guzman et al. 2007). Selected
polymer and drug loading set of ASD that meets the preset dissolution criteria
moves to step 2 characterization.
Step 2: SPADS interaction and SPADS imaging assays. FTIR microspectroscopy
is used to study intermolecular interactions. Atomic force microscopy (AFM) is
used to examine the molecular homogeneity (uniformity) of ASD and the effect
of physical stress on uniformity.

5.3.1.2.1 SPADS Dissolution Assay

The SPADS dissolution assay is performed on amorphous drug–polymer films pre-
pared in 96-well plates by solvent casting using 0.2 mg of sample per well. Specific
drug–polymer mixtures are prepared from polymers and drug stock solutions (typ-
ically 10 mg/ml) in volatile solvents (e.g., acetone, ethanol, methanol etc.) and
dispensed to a 96-well polypropylene microtiter plate according to a predetermined
filling scheme. Organic solvent is evaporated by a heated nitrogen flow at 60 ◦C de-
livered through 96 stainless-steel needles (UltravapTM device) to leave residue films
on the bottom of the well plates.

After solvent evaporation, stirring elements and 200 μL of dissolution medium
(e.g., simulated fasted state intestinal fluid, FaSSIF, pH 6.5) are added to each well.
The 96 microtiter plate is sealed with a cover plate and agitated by head-over-head
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rotation at 37 ◦C. After 1 h and 3 h of agitation (one microtiter plate per time point),
100 μL of the solution is transferred to a 96 microtiter filter pate. Filtration is per-
formed by centrifugation. The filtrates are collected in a new receiver 96-well plate.
Drug contents in the filtrates are determined by UPLC after appropriate dilution. To
evaluate the extent of supersaturation for each drug–polymer system, the equilib-
rium solubility of the crystalline drug is determined in an additional experiment in
the presence of the corresponding polymers dissolved in FaSSIF (24 h equilibration
at 37 ◦C by head-over-head rotation).

Figure 5.3 shows the results of a SPADS dissolution screening with felodipine
and seven polymers at two drug loading (50 and 20 % w/w). In this example, the
most promising polymers at both drug loadings tested were PVP VA 64 and HPC LF.
Outstanding supersaturation was observed for Eudragit E PO with high drug con-
centrations for at least 3 h, but only at a drug loading of 20 %. High supersaturation
was also observed with HPMCAS-MF at 50 % drug loading. The result demonstrates
that the ability of amorphous drug–polymer mixtures to generate and maintain su-
persaturation is strongly dependent on both the type of carrier polymers and the drug
loadings. In this experiment, the polymers (PVP VA 64, HPC LF, HPMCAS-MF,
and Eudragit E PO in the felodipine example) with the best dissolution and supersat-
uration behavior are progressed to step 2 for SPADS interaction and SPADS imaging
assays.

5.3.1.2.2 SPADS Interaction Assay

The SPADS interaction assay is used to examine molecular interactions between
the drug and polymer set selected from the SPADS dissolution assays. Amorphous
films are prepared in DSC aluminum pan by dispensing 100 μL of selected drug–
polymer solution and allowing solvent to evaporate. After the solvent is evaporated,
amorphous films are examined using FTIR spectroscopy in reflection mode using a
standard FTIR microscope. The FTIR spectra of the amorphous films are compared
to the spectra of the pure amorphous drug and the pure polymers to detect if any
change in IR spectra as indicative of molecular interactions.

5.3.1.2.3 SPADS Imaging Assay

The AFM method developed by Lauer et al. (Lauer et al. 2011) is applied to ana-
lyze the molecular homogeneity and stability of promising amorphous API–polymer
combinations on the nanometer scale. For these investigations, glassy film frac-
ture surfaces are generated on glass slides. Subsequent examination in the AFM
allows homogenous (one phase) and heterogeneous (two phase) drug–polymer films
to be distinguished. Homogenous films are analyzed further to assess their physical
stability after exposure to stress conditions (increased temperature and humidity,
e.g., 40 ◦C/75 % RH) for a few hours. Physical instability is generally initiated
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Fig. 5.3 Results of SPADS dissolution experiments with felodipine in FaSSIF at pH 6.5. The
SPADS dissolution results of the amorphous drug–polymer films (light gray) are depicted on the
same graph as the equilibrium solubility data of the crystalline drug (dark gray) to allow the degree
of supersaturation to be roughly estimated. Data are reported as the mean of three replicates, and
the error bars represent the standard deviation
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Fig. 5.4 Phase maps recorded from fracture surfaces of a 50 % drug loading (w/w) test compound
A—PVP VA 64 combination by tapping-mode AFM. The maps indicate the surface homogeneity
of the mixture on the nanometer scale. Left, homogeneous surface before stress treatment. Right,
heterogeneous surface after sample exposure to stress conditions (40 ◦C/75 % RH for 2 h) indicating
phase separation. The scale bars correspond to a length of 1 μm

by amorphous–amorphous phase separation, and crystallization starts in the drug-
enriched amorphous phase. These changes are easy to detect by AFM and can be
studied directly on the molecular level and, importantly, over the corresponding
short-time scale during which they occur in the glassy films (Fig. 5.4).

Predicting the long-term stability of amorphous systems is challenging. Tra-
ditionally, amorphous formulations are analyzed for recrystallization by various
techniques, e.g., PLM, DSC, or XRPD. Since crystallization kinetics might be very
slow, time-consuming stress tests (weeks or months) have to be performed to identify
appropriate formulations with sufficient shelf life. In contrast to these classical ana-
lytical methods, the above AFM approach allows API-polymer systems with a low
long-term phase separation potential to be identified within hours (Lauer et al. 2013).
Together, the SPADS interaction and SPADS imaging assays provide a comprehen-
sive view of drug–polymer miscibility and, in combination with the enhanced stress
test (e.g., 2 h at 40 ◦C/75 % RH), allow long-term physical stability to be predicted.

The hierarchic SPADS approach ensures that only systems with promising dis-
solution performance proceed to the second step where the objective is to identify
ASDs with long-term physical stability (long shelf life). Prediction of the latter is
greatly facilitated by the incorporated imaging assay. Combinations that successfully
absolve all three assays are promising formulation candidates from which it is rea-
sonable to prepare tailored prototype ASDs for examination by classical processes,
such as spray drying, hot-melt extrusion or fluid bead layering.

Although solvent-casts cannot be considered as true formulations, their solid state
physical stability and dissolution behavior can provide useful information for solid
dispersion development. Solvent casting allows components to be accurately dis-
pensed and mixed, and permits the development of rapid, miniaturized, parallel,
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and automated screening assays with minimum compound consumption. However,
the level of residual solvent after evaporation can be a concern, and the screening
compounds need to be soluble and stable in the same volatile solvents (e.g., ethanol,
acetone, etc.) for the polymers and/or other excipients. Further, drug crystallization
during the evaporation process can be an issue for compounds with a high crystal-
lization tendency (class 1 compounds). The impact of particle size and morphology
of processed ASDs (e.g., prepared by spray drying) on the dissolution cannot, of
course, be predicted by amorphous film dissolution studies.

5.3.2 Solvent-Shift Method for the Selection of Polymers

Solvent-shift method has been extensively used to identify polymers that can maintain
supersaturation of poorly soluble compounds in an aqueous media. In this procedure,
drug is dissolved in a solvent(s) at a high concentration and then slowly added
to the aqueous media containing polymer(s) to study polymer’s ability to inhibit
drug precipitation. An excellent paper reviewed various screening assays for the
polymer’s ability to maintain supersaturation and inhibit precipitation with focus on
solvent-shift method (Bevernage et al. 2013). Generally, two solvent-shift methods
are described in the literature: (1) the co-solvent quench method and; (2) the pH-shift
method. Examples of both are given in Table 5.6.

In the co-solvent quench method, a drug is dissolved in a water-miscible organic
solvent at a high concentration. The drug solution is then slowly added to an aqueous
media (typically simulated gastric fluid (SGF) or simulated intestinal fluid (SIF))
that contains the dissolved polymer(s) till the drug precipitation is apparent. The pH-
shift method is an alternative way to assess the supersaturation potential of ionizable
drugs. In the pH-shift method, the drug is dissolved in acidic or basic media at high
concentration, and then the pH of the media is changed by adding acid or base to
induce precipitation. The concentration of drug in aqueous media can be monitored by
UV or HPLC, or alternatively by turbidimetric or nephelometric methods (Fig. 5.5).

Solvent-shift method is simple and fast in the selection of polymers that can be
used in ASD development, and does not require any special laboratory equipment
(standard laboratory equipment can be used). This method can be readily automated
in a 96-well format or can run in any size of laboratory scale. The co-solvent quench
method is broadly applicable to most poorly water-soluble drug candidates while
pH-shift method is limited to ionic compounds.

Although solvent-shift method enjoys simplicity and versatility in selection of the
polymer, the outcome of this study is somewhat questionable as the organic solvent
may interfere with precipitation kinetics and thermodynamics, and may not reflect
amorphous solid system. In addition, supersaturation or precipitation inhibition po-
tential of specific polymers is highly concentration dependent. Since local in vivo
drug–polymer concentrations are difficult to predict, it is thus challenging to define
suitable biorelevant polymer concentrations for in vitro experiments.
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API stock solution
(organic or aqueous solvent)

Dilution phase
(aqueous, SGF, FaSSIF 
with dissolved polymer)

Solubility/supersaturation/
precipitation inhibition potential
(UV spectroscopy, HPLC, UPLC,

turbidimetric/nephelometric methods)

mixing

addition of small aliquot

Applications/

Fig. 5.5 Schematic representation of the experimental procedure of solvent-shift approaches

5.3.3 Coprecipitation Method

Coprecipitation method uses combination of solvent and antisolvent to generateASD
(Karnachi et al. 1995; Huang et al. 2006; Dong et al. 2008; Shah et al. 2012). With
the coprecipitation method, a drug and a polymer are dissolved in a common organic
solvent and then coprecipitated by a common antisolvent. MBP technology is a
subset of the coprecipitation technique with demonstrated superiority in generation
of ASD of poorly water-soluble compound. MBP technology is unique as it uses
water as the antisolvent to generate ASD.

A high throughput miniaturized coprecipitation screening (MiCoS) based on a
96-well plate format was reported by Hu et al. (2013). The screening consists of
five steps, and the schematic representation of the method is shown in Fig. 5.6.
In the first step, the polymer and the drug stock solutions are prepared in water
miscible solvents such as DMA. The drug stock and polymer stock solutions are
mixed to make the desired drug/polymer ratio typically in the range of 10–60 %
of drug, with around 10 % total solid content. Polymers in MBP preparation are
limited to the ionic polymers such as HPMC-AS, Eudragit® L100, and Eudragit®

L100–55. In the second step, coprecipitation is carried out in 1-mL glass vials with
V-shaped magnetic stir bars in a 96-well insert. Each glass vial is pre–filled with
acidic water chilled to 5 ◦C. The drug–polymer solutions are added dropwise using
a multi-channel pipet to the acidic water to induce coprecipitation. Recommended
settings of the MiCoS screening, such as the pH of the acidic water, stirring speed,
antisolvent/solvent ratio, and coprecipitation temperature are shown in Fig. 5.6. In
the third step, filtration and washing are carried out using two 96-well filter plates.
One plate is used for solid-state characterization of ASD, and the second plate is used
for kinetic solubility test. The amount of the drugs in resulting MBP is calculated by
measuring the drug concentration in the filtrate. In the fourth step, collected solids
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Fig. 5.6 Schematic presentation of coprecipitation screening method

are dried on the 96-well filter plates with an air-forced drier or vacuum drier. In the
final step, the dried solids are characterized by HT-XRPD and Raman spectroscopy
to assess if amorphous ASD is formed. Optionally, a polarized microscope can be
used. The same plate is stored at 40 ◦C at 100 %RH for 24 h to determine stability of
ASD. The second plate is used to determine kinetic solubility profile using FaSSIF
at two time points (1 and 3 h).

With the above method, MiCoS has been applied to glybenclamideASD screening
with four enteric polymers at five drug loadings (Hu et al. 2013). Based on both the
solid state properties and kinetic solubility, HPMCAS LF was recommended to
prepare glybenclamide ASD at up to 40 % of drug loading.

MiCoS shares similar pros and cons to solvent-casting methods. With parallel
preparation, it is highly efficient and effective in evaluating polymer types, drug
loadings and antisolvent/solvent ratio comprehensively. However, the residue sol-
vent and antisolvent content, which are critical for amorphous stability, cannot be
determined due to low amount of solid products. The kinetic solubility results can
only be interpreted qualitatively rather than quantitatively, as the particle size of the
miniaturized products are not tightly controlled.
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5.3.4 Melt-fusion Method

Melt extrusion is a solvent-free ASD process, in which ASD is generated by co-
melting of a drug and a polymer or dissolution of a drug in a molten polymer. Because
of high viscosity, aggressive physical mixing is needed to ensure complete mixing
of viscous liquids. Well mixed molten solution is solidified to form amorphous solid
dispersion upon cooling. Clear glass often indicates solid solution whereas turbid or
translucent glass often indicates incomplete conversion to amorphous drug.

HME is a complex engineering process composed of blending, heating, mixing,
kneading, and extrusion. The concept of melt-fusion is simple. The development
of a miniaturized melt-fusion screening system is, however, technically challenging
owing to the aggressive mixing and blending requirements at elevated temperature.
Additional issues in HT miniaturization may include delivery of miniscule quantity
of drug and polymer to small reaction vessel, control of temperature and heating time,
and mechanical mixing of viscous molten polymer. Many attempts have been made
for automated small scale melt extrusion, but currently there is no report of high-
throughput miniaturized melt-fusion screening of polymers for ASD development.

A few small scale low throughput melt-fusion methods were reported at milligram
to gram scale to assess the feasibility for HME process. Table 5.7 summarizes the
small-scale fusion methods to assess drug and polymer miscibility and HME feasi-
bility. These small scale fusion methods utilize a heating apparatus such as hot plate,
oil bath, oven, DSC thermal cycle, capillary melting and hot-stage microscope to
prepare small quantities of ASD. Usually, in these methods, aggressive mixing of
viscous liquid cannot be accomplished. The ASDs were characterized by a DSC,
XRPD, FTIR, dissolution and solubility as discussed in previous sections.

In a specific example, Forster et al. conducted melt-fusion study using DSC and
hot plate heating with five drugs, indomethacin, lacidipine, nifedipine, piroxicam,
tolbutamide and polyvinylpyrrolidone (PVP) at 1:1 mass ratio (Forster et al. 2001).
Desired quantity of the drug and the polymer were weighed into a DSC pan, respec-
tively, and the DSC pan was heated to the melting point of drug. After cooling to room
temperature, the melt-fusion mixture was recovered from the DSC pan for analysis.
Except piroxicam which degraded, all fused dispersions showed high solubility at
60 min compared to crystalline drugs and physical mix of drugs and polymers. The
fused solid dispersion was also characterized by XRPD and DSC before and after
stress condition. Below 60 % RH, all solid dispersions remained amorphous at 30 ◦C
after 5 weeks. At 75 % RH, all solid dispersions, except for indomethacin, recrys-
tallized after 5 weeks of storage. The results were in good agreement with the solid
stability and dissolution of HME extrudates.

Chokshi et al. utilized a torque rheometer to study the physical and viscoelastic
properties of binary mixtures of indomethacin and polymers considered for HME
processing (Chokshi et al. 2005). Selected polymers were Eudragit EPO (EPO),
polyvinylpyrrolidone/vinyl acetate copolymer (PVP-VA), polyvinylpyrrolidone K30
(PVPK30), and poloxamer 188 (P188). The zero rate viscosity (ηo) for binary mix-
tures of indomethacin and EPO, PVP-VA and PVPK30 were lower than the pure
polymers, whereas ηo for indomethacin/P188 mixture was higher than the pure
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polymer. The activation energy (Ea) of indomethacin/EPO increased with the increas-
ing drug concentration, whereas Ea of indomethacin/PVP-VA decreased with the
increasing drug concentration. Using thermal and rheological properties of various
drug/polymer mixtures and the actual hot melt processing, Chokshi et al. developed
a model correlating viscoelastic properties to the HME processes.

Although these examples demonstrated polymer selection and performance of
melt fused ASD, the screening throughput was low. The learnings from small scale
melt fusion, though valuable in providing guidance, showed limited applicability to
HME manufacturing.

5.3.5 Freeze-Drying method

Freeze-drying is a solvent removal process utilizing the sublimation of frozen liquid.
It is a mature technology in biotech industry for manufacturing lyophilized drug
products. The technique, however, is poorly exploited to study ASDs. For com-
pounds with poor aqueous solubility, organic solvents are usually required for drug
solubilization. Removing organic solvents by freeze-drying is challenging as most
organic solvents have low freezing point or low vapor pressure.

Although there is no marketed ASD drug product manufactured by freeze-drying,
the technology has been reported to prepare lab-scale ASDs which showed superior
bioavailability over crystalline drugs. Betageri and Makarla (Betageri and Makarla
1995) reported glyburideASD with PEG by freeze-drying at − 75 ◦C using cyclohex-
anol as the solvent. The ASD prepared by freeze-drying showed significantly higher
dissolution rate than glyburide/PEG physical mix and the corresponding ASD by
melt-fusion. This is likely due to the porous structure, increased surface area and
intimately-mixing of the freeze-dried ASD. Later, Engers et al. (Engers et al. 2010)
reported polymer screening for itraconazole (ITZ) ASD by freeze-drying method.
ASD were prepared with seven polymers at four drug loadings by removing p-
dioxane using freeze-drying. Based on physical characterization and solid stability,
1:2 (w/w) ITZ/HPMC-P dispersion was selected for further characterization, testing,
and scale-up. In a recent study (Moes et al. 2011), anticancer drug docetaxel ASDs
were prepared with seven polymers and SLS at various drug loadings by removing
water/t-butanol using freeze-drying. Based on stability and dissolution studies, for-
mulation of docetaxel/PVP-K30/SLS (sodium lauryl sulfate) in weight ratio of 1/9/1
was selected for the clinical study.

One variation of freeze-drying method is ultra-rapid freezing (also known as
thin film freezing), during which droplets of API/excipient(s) solution are rapidly
frozen onto a cryogenically-cooled substrate to form an ASD (Overhoff et al. 2007).
The process produces amorphous high surface area powders with submicron primary
particles to enhance dissolution. Zhang et al. (2012) prepared and characterized solid
dispersions with fenofibrate/polymer blends at ratios of 1:4, 1:6, and 1:8 by ultra-
rapid freezing. The resulting solid dispersion showed trace amount of crystallinity
at low polymer content (1:4), while the solid dispersion was amorphous at high
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polymer content (1:6 and 1:8). Dissolution testing showed the HPMC E5 provided
higher degree of supersaturation than Soluplus®.

Although freeze drying is not widely used in preparing ASDs presumably owing
to technical challenges and costs, it may provide special advantages particularly for
thermally labile drug. The low operational temperatures of freeze-drying minimize
the risk of thermal degradation of drug candidates. In addition, the low temperature
lowers molecular mobility, and thus reduces the recrystallization potential of the
amorphous phase during processing.

5.3.6 Spin-coating Method

Spin-coating technique has been widely used to study solid-state drug–polymer mis-
cibility in academia as well as pharmaceutical labs. Drug and polymer are dissolved
in a suitable volatile solvent or solvent mixture and 1–2 drops of this solution are
placed in the center of a substrate rotating at typically 2000–8000 rpm. The solution
is spread across the substrate and the excess is spun away by the centrifugal force.
The solvent evaporates by forced convection near the rotating surface, leaving a thin
film of dried solid dispersion across the glass substrate. This process is very quick
and requires approximately 3–20 s. Spin-coating is usually performed at room tem-
perature and in some cases the thin film obtained is additionally heated (e.g., up to
90 ◦C) for several seconds to remove residual solvent if nonvolatile solvents are used.
Different substrates can be used in this technique, depending on the analytical meth-
ods used to characterize the films. Lee and Lee (2003) used 2 × 2 cm silicon wafer
chips, and other authors used glass microscope cover slips (Konno and Taylor 2006;
Van Eerdenbrugh and Taylor 2010) in combination with polarized light microscopy
to investigate the ability of different polymers and drug–polymer ratios to inhibit
the crystallization of amorphous drugs. Spin-coated glassy drug–polymer films have
also been prepared on ZnS discs to evaluate drug–polymer molecular interactions by
FTIR measurements (Marsac et al. 2006a; Konno et al. 2008).

Spin coating is a small-scale rapid method for ASD screening that requires mini-
mum amounts of API. Sample preparation is simple and the technique is compatible
with a number of analytical characterization methods. Automation of the process is
possible but parallel processing obviously has certain limitations. Similar to solvent
casting approaches, the level of residual solvent after evaporation can be an issue,
and the compounds need to dissolve and remain stable in the same volatile solvents
(e.g., ethanol, acetone, etc.) as the polymers and/or other excipients used.

5.4 Miniaturization Screening Strategy and Decision Making

The primary objective ofASD screening is to assessASD feasibility and to identify the
suitable polymer and drug loading when ASD is feasible. The selected combination
of polymer and drug loading can be further optimized during ASD scale up. As
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the ASD generation is a highly engineered process, evaluation of manufacturing
parameters is beyond the scope of ASD screening.

With parallel ASD preparation and multi-dimensional characterization in minia-
turized screening, large quantity of data is collected. It is important to interpret the
data scientifically and make rational decision on polymer and process evaluation.

5.4.1 Polymer Evaluation in Miniaturized Screening

At the beginning of miniaturized screening study, the polymer candidates are selected
based on their physicochemical properties and in-silico assessment of drug–polymer
interaction. The selected polymers are then evaluated in miniaturized screening
experiments using the methods described in Sect. 5.3 for the ASD formation.

The preparedASDs are generally characterized in two steps: physical stability and
degree of supersaturation in dissolution medium. The analyses can be performed in
parallel or in a stepwise approach. Firstly, amorphous physical stability of ASDs is
evaluated by XRPD, DSC, polarized microscopy, IR and/or Raman spectroscopy.
XRPD is commonly used as the primary characterization tool for the physical sta-
bility evaluation of the ASDs. XRPD, however, is not sensitive for the detection
of trace level of crystallinity, particularly when total amount of sample analyzed is
miniscule as commonly encountered in the miniaturized screening study. As XRPD
suffers from poor detection limits of crystallinity, caution must be exercised and
any sign of crystallinity should be considered as incomplete conversion to amor-
phous ASD. Alternative techniques such as PLM, IR, or Raman spectroscopy should
be employed whenever secondary confirmation is needed. Secondly, the degree of
supersaturation as a surrogate of biopharmaceutical performance is measured by
solubility time profile or kinetic solubility. Obviously, polymer should provide high
degree of supersaturation as long as possible.

The physical stability and kinetic solubility of ASD do not necessarily go together
side by side. For example, in the miniaturized coprecipitation screening for glyburide
(also known as glybenclamide), physical stability evaluation indicated that Eudragit
L100–55 was the best stabilizing polymer for glyburide (Hu et al. 2013) as its ASDs
remained amorphous even at 50 % drug loading after 100 % RH storage (24 h at
40 ◦C). However, subsequent dissolution test indicated that Eudragit L100–55 was
not the best polymer in maintaining glyburide supersaturation (glyburide precipitated
quickly after initial supersaturation). The final polymer selection has to balance both
aspects.

The chemical stability of ASDs is equally important if not more. Since the amor-
phous state of drug generally has higher chemical reactivity as compared to the
crystalline drug, the compatibility between drug and polymer(s) should be evaluated
thoroughly early in the ASD development. It is critically important that the selected
polymers or any additives do not chemically interact with the drug substance.
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Fig. 5.7 Flow chart of miniaturized screening to evaluate amorphous solid dispersion preparation
and processing methods

5.4.2 Process Evaluation in Miniaturized Screening

Figure 5.7 is a flow chart of miniaturized screening to evaluate ASD preparation
and processing methods. Generally, at early ASD screening stage when API sup-
ply is limited, a step-by-step strategy is recommended. Drug candidates with good
solubility in volatile solvents (spray-drying candidates) are first screened with sol-
vent casting methods for selection of stabilizing polymers. HME candidates with
low melting point can be evaluated by small scale melt-fusion methods. For high
throughput screening, HT solvent casting methods can also be used for HME candi-
dates if they have good solubility. Coprecipitation candidates (with poor solubility in
volatile organic solvents and high melting point) with good solubility in non-volatile
water-miscible solvents are screened by MiCoS for ASD feasibility.

Alternatively, a parallel screening approach with different screening methods
(solvent-casting, melt-fusion and coprecipitation) can also be adopted in case: (1)
ASD with high solubility and stability is required; (2) drug candidates are amendable
for different ASD processing (3) API supply is not the limiting factor.

Once the best performing polymers, drug loading and processes are identified in
miniaturized screening, the ASD can be prepared in lab-scale for further in vitro and
in vivo assessment (animal PK studies).
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5.5 Summary

Miniaturized high throughput screening can add tremendous value to ASD de-
velopment, particularly during early drug development. It allows exploring vast
experimental design space for the selection of polymer and optimal drug loading as
well as guidance to processing conditions. High throughput mode of screening uses
a 96 well plate format and consumes only a few mg of API per well. Solvent-casting
methods, (e.g., 96-well plate vacuum dry system; SPADS) and the MiCoS approach
are well suited for high throughput experimentation. Initial readout of the experiment
usually comes out within a few days although stability assessment may take longer.

ASD screening relies on experimental results without any presumption or a priori
theory; thereby allowing practical selection of polymer and drug loading. Selected
combination of polymer and drug can be further scaled up for the prototype ASD
generation and provide the basis for further ASD development.
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Chapter 6
Hot-Melt Extrusion for Solid Dispersions:
Composition and Design Considerations
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6.1 Introduction

Pharmaceutical hot-melt extrusion (HME) has been an area of great interest in
academia and pharmaceutical industry alike since the 1980s (Crowley et al. 2007),
with numerous patents and research papers having been published since then. How-
ever, extrusion technology is a very mature platform widely used in the polymer and
food industries. Some examples of plastic products manufactured through extrusion
include medical tubing, electric cables, pipes, and plastic bags, among others. In
the food industry, the extrusion process, often referred to as extrusion cooking, is
used to manufacture numerous products such as cereals, snacks, pet food, flours, and
precooked mixtures for infant feeding (Singh et al. 2007).

Through the HME process, one or more active pharmaceutical ingredients (API)
are blended with at least one molten excipient in an extruder. The API in the extru-
date (or HME product) may exist in its crystalline or amorphous state. Some of the
applications of pharmaceutical HME include products designed to promote oral ab-
sorption, sustained release (either for oral delivery or implants; Follonier et al. 1995),
targeted release (Doelker 1993; Follonier et al. 1995; Andrews et al. 2008), and pre-
vention of substance abuse (Oshlack et al. 2001; Arkenau-Maric and Bartholomaus
2008). Some of these applications are listed in Table 6.1, where the commercial status
and the purpose of the HME process are summarized for several drug products.

HME is a continuous melt manufacturing process consisting of the elementary
steps of solids conveying, melting, mixing, devolatilization, pumping, and pressur-
ization for shaping (Tadmor and Gogos 2006; Todd 1998). The API, the polymer
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carrier, and other excipients are fed as solid particulates, either as a preblend or inde-
pendently, through the hopper. Additional solids and/or liquids can be independently
fed downstream. Solids are conveyed by one or more screws down the length of the
extruder barrel, followed by melting of the polymer carrier. In the case of miscible
systems, the API is progressively dissolved in the molten polymer. In the case of im-
miscible systems, a crystalline API is homogenously dispersed in the process stream.
Devolatilization may be required to remove entrapped air, moisture, and/or residual
solvent. Finally, pressure is generated and the molten blend is forced through the die
with the desired shape. After the material exits the die, the process stream is then
cooled and subjected to secondary processing steps, such as milling, pelletization,
or direct shaping.

Although both single-screw and twin-screw extruders are widely used for poly-
mer processing and have been utilized in pharmaceutical research, the following
discussion is centered on the latter. Fully intermeshing corotating twin-screw ex-
truders are of the greatest interest for pharmaceutical applications since they provide
more efficient mixing, tight residence time distributions (RTD), and minimal material
stagnation (McCrum et al. 1997; Tadmor and Gogos 2006).

As schematically shown in Fig. 6.1, the properties of the HME product, or ex-
trudate, are a function of three groups of variables: (1) design variables, (2) process
variables, and (3) material variables. It is important to point out that these three
groups are not fully independent but strongly interrelated.

The design variables can be further subdivided into three groups: extruder, screw,
and die design. A twin-screw extruder is schematically depicted in Fig. 6.2, and
it consists of a heated barrel that encloses the screws, which convey the material
forward and force it through the die. Extruders are primarily defined by the diameter
of their screws and their length to diameter ratio (L/D). The barrel can be modular
or fixed, and is independently heated and cooled by means of a control system.

Modular screws are often used since they provide an additional degree of free-
dom to the design space. Furthermore, screw configuration should be defined based
on the formulation and process objectives. Screw configurations are built by com-
bining the three basic types of screw elements: conveying, kneading blocks, and
special mixing elements. Conveying elements are employed for material transport
and pressure buildup. They also provide some degree of mixing through shearing
and linkage or backflow. The main geometrical characteristics of conveying elements
are pitch, flight angle, length, and number of flights. A comprehensive geometrical
description of these elements and fully intermeshing twin-screw extruders has been
published (Booy 1978). Kneading blocks consist of a stack of paddles, of a given
thickness and offset angle. Depending on their design, kneading block sections may
be conveying, neutral, or reversing and cause varying extents of polymer melting
and mixing. Mixing is predominantly due to elongational flows (i.e., dispersive mix-
ing) and the multiple divisions and recombinations (i.e., distributive mixing) of the
process stream. Specialized mixing elements are sometimes used to promote dis-
persive or distributive mixing. Detailed description of the flow patterns and mixing
mechanisms in diverse screw elements is out of scope for this discussion but can
be found elsewhere (Brouwer et al. 2002; Ishikawa et al. 2002; Tadmor and Gogos
2006; Kohlgrüber and Bierdel 2008).
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Fig. 6.1 Summary of the variables that affect the properties and performance of the extrudate or
HME product

Fig. 6.2 Schematic representation of a twin-screw extruder and elementary steps
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Process variables can be subdivided into two groups: (1) independent variables
such as screw’s rotating speed, temperature profile of the barrel, and feeding rates
and (2) dependent variables such as product temperature or actual temperature of the
process stream, RTD, pressure, and torque.

Typically, the barrel temperature profile is set at least 30 ◦C above the glass tran-
sition temperature (Tg) of the polymer or above its melting point, in the case of a
semicrystalline polymer excipient. Furthermore, these temperatures are generally
below the melting point of the API, although process temperatures can be above the
API’s melting point, if the components do not degrade. It is important to bear in mind
that although the extruder barrel is heated, much of the energy utilized for melting
is provided by the rotation of the screws—particularly at larger scales. As the solids
are conveyed, heat is generated through frictional energy dissipation, followed by a
combination of plastic and viscous energy dissipation in fully filled kneading blocks
(Todd 1998; Tadmor and Gogos 2006).

Feeding rate in twin-screw extrusion is very important as it defines the manufac-
turing throughput. Twin-screw extruders are starve-fed, where the amount of material
fed to the extruder does not completely fill its free volume. In general, conveying
elements tend to be partially filled, while kneading blocks tend to be fully filled. The
residence time of the melt in partially filled elements is solely dependent on the screw
speed and screw element pitch; while in the fully filled sections, it is independent of
the screw speed, i.e., only depends on throughput (Todd 1998). However, the length
of the fully filled sections is a function of the screw speed. A practical implication
of this is that the residence time of the material—for a fixed-screw configuration—is
predominantly controlled by the feeding rate.

Finally, material variables will have a direct impact on the design and process
variables. Both the properties of the individual components and those of phases
formed during processing are important in the design of extrusion processes. For
example, the melt viscosity of a polymer can be lowered by the addition of plasticizer
or increased by the addition of an immiscible dispersed phase. This behavior was
clearly shown (Yang et al. 2011) for an API–polymer binary system.

As such, it is clear that the design of extruded amorphous dispersions will be
dependent on formulation and process considerations. The flexibility provided by
the extruder yields unique opportunities to address many of the challenges faced
during development. The subsequent sections detail the considerations for selection
of the extrusion platform, classification of dispersion systems, formulation design,
characterization, commercialization, integration within the supply chain, scale-up,
inline monitoring through process analytical technologies (PAT), and implementation
of extrusion operations within a quality-by-design (QbD) framework.

6.2 Enabled Technology Platform Selection

At its core, an amorphous solid dispersion formulation is simply a single-phase
mixture of drug with other components. However, multiple paths exist for achieving
that single-phase mixture, including mechanical activation, spray drying, and HME,
among others. At a high level, all process routes to manufacture an amorphous
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solid dispersion follow the same generalized set of activities: mixing of individual
components followed by a quench step. In the case of spray drying, the mixing
of individual components is achieved through dissolution of the components in a
common solvent system, whereas the quench step is the actual spray drying process
where atomized droplets are rapidly dried. In contrast to spray drying where mixing
is relatively simple and achieved through dissolution in a solvent system, the melt
extrusion process itself is where mixing takes place. For melt extrusion, quenching
occurs following extrusion, where the extrudate is rapidly cooled by forced air, dry
ice, chilled rolls, or other techniques.

Much has been written in the literature on the impact of amorphous solid dis-
persion composition on the stability or performance of the drug product, including
studies covering the stability of polyethylene glycol (Zhu et al. 2013), the stability
of PVP (Taylor and Zografi 1997), the stability of PVP-VA64 (Wang et al. 2005), the
performance of HPMC (Suzuki and Sunada 1998), and the performance of HPM-
CAS (Friesen et al. ? ). Some published studies have examined the impact of process
route on the stability or performance of amorphous solid dispersions with the same
composition, including publications covering melt/quench methods relative to ball
milling (Patterson et al. 2005), comparing HME to spray drying and ball milling (Pat-
terson et al. 2007), evaluating HME and solvent coprecipitation (Dong et al. 2008),
and examining spray drying relative to HME (Patterson et al. 2008). However, very
few studies have examined the impact of process parameters on the stability or
performance of amorphous solid dispersions having the same composition.

One seeking to determine the best process technology to leverage for a given
amorphous solid dispersion often attempts to determine whether spray drying or
HME is a more appropriate route. In some ways, the choice is straightforward. All
else equal, an HME process occupies a smaller facility footprint, requires compar-
atively lower-cost capital equipment, enables higher throughput, and fits into many
existing pharmaceutical processing suites (Breitenbach 2002). However, all else is
generally not equal: both the process route and the process parameters themselves
can substantially impact the stability or performance of the drug product. Any given
process could result in a product of poor quality, and in some cases, several different
processes can produce an amorphous solid dispersion with similar quality attributes.

Each process presents different challenges toward achieving the desired product.
Amorphous solid dispersions manufactured by HME are often challenged by the
ability to achieve a single-phase mixture, whereas this goal is rather easily achieved
during spray drying by dissolving all components in a solvent system. Those for-
mulations manufactured by spray drying may be challenged by the capability to
maintain a single-phase mixture throughout the manufacturing process, given rel-
ative drying rates and the presence of residual solvent in the spray-dried product
that may substantially plasticize the material. The HME process largely decouples
the phase state of the amorphous solid dispersion from the physical properties of
the particles generated through the use of a separate milling step. In contrast, the
spray drying process largely links the phase state of the formulation to the physical
properties of the resultant particles. Changing the size and density of the spray-dried
particles requires changes in heat and mass transfer in the spray dryer, which may
impact homogeneity and phase state.
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Fig. 6.3 Conceptual design space for an amorphous solid dispersion manufactured by hot-melt
extrusion, where failure modes are depicted with respect to thermodynamic and kinetic variables

Achieving a single-phase mixture by HME requires a balancing of thermodynamic
and kinetic driving forces, as shown by Fig. 6.3. From a thermodynamic perspective,
both the temperature and composition of the formulation may impact its risk of crys-
tallization or phase separation. From a kinetic perspective, single-phase mixtures
require sufficient temperature, time, and surface area for diffusion to occur. These
principles are made more complex by the reality that there is not a single temperature,
time, composition, or surface area within the extruder. Instead, there is a distribution
of temperatures and compositions, owing to a physical mixture of particles flowing
through a barrel with axially varying screw profile, axially changing barrel tempera-
ture profile, and even radially different temperature and shear profiles within a given
screw segment (Griffith 1962).

Too much energy input is not necessarily a good thing. Excessive time, temper-
ature, or stress may result in degradation of API, polymer, or components. Limits
of API degradants in drug products have been well established through International
Conference on Harmonisation International Conference on Harmonization(ICH)
guidelines (ICH Q3B(R2): Impurities in New Drug Products, 2006); however, degra-
dation of excipients may play a more critical role for amorphous solid dispersions
than for other drug products. Although nearly all pharmaceutical excipients are func-
tional, the excipients present in the amorphous solid dispersion often link directly
to the stability and performance of the formulation. Consequently, excipient degra-
dation may result in loss of functionality, which could translate to a change in the
stability or dissolution behavior of the drug product.

High melting point drugs usually present considerable challenges toward achiev-
ing a single-phase mixture while avoiding degradation of any components. Diffusion
of the individual components into a single phase over the timescales relevant to a con-
tinuous process is facilitated by mixing all components in the liquid state, so drugs
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with melting points in considerable excess of 200 ◦C require that the components in
the extruder experience very high temperatures or be formulated with excipients that
melt soluble materials far below the melting point of the pure API. Some polymers
commonly utilized for amorphous solid dispersion formulations have been reported
to degrade above 220 ◦C (Schenck et al. 2011), with some materials even showing in-
stability as low as 150 ◦C. Thermally labile drugs also present a significant challenge
to the extrusion of a single-phase formulation without the onset of degradation (Ver-
reck et al. 2006a). In particular, the gap between the melting point of the crystalline
drug and its onset of decomposition needs to be wide enough to ensure a sufficient
operating window exists.

While high melting point and thermally labile drugs add complexity to HME
process development, there are still opportunities to develop a process that ensures a
single-phase mixture while avoiding degradation. Depending on specific interactions,
polymers may depress the melting point of drugs considerably, such that these drug
compounds will dissolve into the polymer at temperatures well below degradation
onset (Marsac et al. 2006). Another opportunity to mitigate degradation risk is to
incorporate components into the amorphous solid dispersion formulation whose sole
function is to depress the melting point of the drug and enable lower processing
temperatures (Ghebremeskel 2007). A liability with this approach is that the very
components which facilitate processing may plasticize the resultant amorphous solid
dispersion, potentially increasing the physical stability risk of the drug product during
shelf life. A compelling response to this risk is the injection of supercritical fluid into
the extruder barrel, which can dissolve into the formulation, temporarily depress the
melting point, and subsequently evaporate from the extrudate (Nalawade 2006). This
technique has the advantage of having no impact on the glass transition temperature
of the amorphous solid dispersion on storage, thereby avoiding additional physical
stability risk.

Another consideration in the selection of technology platform is the polymer
chosen for the amorphous solid dispersion formulation. The fact that many pharma-
ceutical polymers degrade, crosslink, or lose functionality at high temperatures has
already been discussed. However, the melt viscosity of a polymer is critical to the
ability to extrude the amorphous solid dispersion within the capabilities of the extru-
sion equipment. The melt viscosity as a function of temperature and shear rate varies
considerably across pharmaceutical polymers (Chokshi et al. 2005). Formulation
melt viscosities in the range of 10–100,000 Pa s are generally acceptable for HME,
although the range depends heavily on the torque limit capability of the particular
extruder.

Process technology selection for the manufacture of amorphous solid dispersions
requires consideration of the particular complexities of the drug and excipients.
HME offers the possibility to manufacture drug products in a continuous, cost-
effective manner, yet it presents unique challenges that must be tackled. Noting the
significant interplay between formulation and process, a risk-based classification
system has been developed to aid in the early assessment of dispersion success using
melt extrusion.
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6.3 Drug: Polymer Systems for Extrusion

The complexity of compounding an API and a polymer into an amorphous dis-
persion is dependent on the physical and mechanical properties of the constituent
ingredients, and the processing conditions. Both thermodynamic and kinetic mixing
considerations are at play during the formation of a solid dispersion in a hot-melt
extruder. HME compounding classification schemes have been reported previously
(DiNunzio et al. 2012; Liu et al. 2012). Categorization of formulations into two
types of systems may provide insight into ultimate process development. The first
system is characterized by the dissolution of solid API particles into a “liquid-like”
polymer melt. The second system is described by the mixing of miscible liquids
of differing viscosities. These two systems can be further subdivided based on the
following system attributes: the melting point of the API, the extent of API melting
point depression observed in the presence of the polymer, and the melt viscosities
of the API and polymer. In this section, an expanded classification system for binary
API/polymer amorphous dispersion compounding problems is presented based on
the above attributes (Troup classification system; TCS) and summarized in Table 6.2.
The main features of solid/liquid and liquid/liquid systems and details on each class
are explained in the following subsections.

6.3.1 Classes I and II: Solid/Liquid Systems

Solid/liquid systems are categorized by high-melting-point APIs that exhibit negli-
gible melting point depression in the presence of polymer. In class I systems, the
polymer is highly viscous, while in class II systems, the polymer is inviscid. The
system behavior of these two classes can be described as a solid drug dissolution
problem (Liu et al. 2010), and can be understood in terms of the Noyes–Whitney
equation (Noyes and Whitney 1897), given as Eq. 6.1:

dC(t)

dt
= Dapi,polymer × Asurface × [Csat − C(t)]

h × Vmelt
(6.1)

where Dapi,polymer is the diffusion coefficient of the API in the polymer melt at the
processing temperature, Asurface is the total surface area of the API in contact with the
polymer melt, Csat is the saturation solubility of the API in the polymer melt at the
processing temperature, C is the concentration of API in the bulk polymer melt, h is
the diffusion boundary layer thickness, and Vmelt is the volume of the polymer melt.
Analysis of Eq. 6.1 suggests that increasing API surface area, reducing the boundary
layer thickness, and increasing convective mixing are required to drive homogeneity
of solid/liquid systems. General processing guidelines for classes I and II systems
are briefly described in the following subsections.
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Table 6.2 Troup classification system characterizing the risk of dispersion production

Class Melting
temperature of
API

Extent of
melting point
depression

Polymer
system

Complexity Phase attributes

I High Negligible Viscous Mixing
degradation

Solid/viscous
liquid

II High Negligible Inviscid Mixing
degradation

Solid/inviscid
liquid

III High Significant Viscous Mixing Liquid/liquid

IV High Significant Inviscid Mixing Liquid/liquid

V Low NA Viscous Mixing for
extreme
viscosity ratios

Liquid/liquid

VI Low NA Inviscid Mixing for
extreme
viscosity ratios

Liquid/liquid

API active pharmaceutical ingredient, NA not available

6.3.2 Class I: High T API
melt , Negligible Melting Point Depression,

and Viscous Polymer System

Class I systems require high processing temperatures and long residence times to
fully compound the API and polymer into an amorphous dispersion. At these pro-
cessing conditions, thermal degradation of the polymer and/or the API is often an
issue. From Eq. 6.1, increasing the total surface area by jet-milling the API should
improve processing performance by reducing the required residence time. Preblend-
ing the feedstock prior to melt extrusion may also improve processing performance
by maximizing the initial amount of API in contact with bulk polymer. Distributive
mixing sections in the extruder will promote drug dissolution into the bulk. Higher
viscosity polymers are anticipated to be more challenging in these cases because it
is more difficult to refresh the boundary layer during mixing in the extruder. The
addition of low levels of melt-solubilizing polymers and/or plasticizers should be
considered for this class.

6.3.3 Class II: High T API
melt , Negligible Melting Point Depression,

and Inviscid Polymer System

Similar to class I, class II systems also typically require high processing temperatures
and long residence times to fully melt and disperse the API. Thermal degradation of
the polymer and/or the API is again an issue. The inviscid polymers may possibly be
prone to thermal degradation at these temperatures, but the lower viscosity should
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lead to improved mixing performance due to rapid surface renewal of bulk polymer
at the boundary layer during mixing. Both jet-milling the API and preblending the
feedstock should improve processing performance. Distributive mixing sections are
also recommended for this class. If the API dissolution rate is sufficiently high, lower
temperature processing may be possible.

6.3.4 Classes III and VI: Liquid/Liquid Systems

In contrast to classes I and II, where the drug dissolution into the polymer dominates
system behavior, classes III and VI are better characterized by liquid/liquid mixing
phenomenon. In these cases, the API rapidly melts, forming discrete fluid pockets
enriched with API in a continuous matrix of pure polymer melt. A disparity in
viscosity ratio will transiently exist between the discrete API-enriched phase and
the continuous polymer-enriched phase as the two components are mixed and as the
API diffuses and dissolves. For a rigorous theoretical treatment of laminar mixing of
homogeneous fluids, interested readers should refer to (Tadmor and Gogos 2006).
Laminar mixing theory reveals that mixing in liquid/liquid systems is dependent on
the total strain, the volume fraction of the minor component, and the initial striation
thickness, in this case the droplet diameter. The final striation thickness, which is a
measure of mixedness, as a function of these parameters is given in Eq. 6.2 (Tadmor
and Gogos 2006), which is derived for an arbitrarily oriented surface element in a
homogeneous simple shear flow field

r = 2L

3Xvolγ
= 2r0

γ
(6.2)

where r is the final striation thickness, L is the characteristic length, Xvol is the
volume fraction of the minor component, γ is the total strain, and r0 is the initial
striation thickness. This simplified model shows that the key variable in liquid/liquid
systems is the total strain allowed by the screw design and process conditions. Ad-
ditionally, from inspection of Eq. 6.2, it is evident that the problem can be amplified
if a low volume fraction of API is being incorporated. For nonhomogeneous liquid
mixing, it is generally regarded that mixing a low-viscosity minor component into
a viscous matrix or mixing high-viscosity minor component into a low viscosity
matrix are the two most challenging scenarios (Rauwendaal 1998, 2002, Tadmor
and Gogos 2006). The former case is the common situation for most pharmaceutical
compounding problems. In liquid/liquid systems, the droplet breakup theory devel-
oped for immiscible systems (Grace 1982) could also partially apply, as there will
be a transient surface tension difference between the discrete and continuous phases.
In particular, glass-forming APIs in inviscid polymer systems may exhibit droplet
breakup behavior. General processing guidelines for classes III and VI are briefly
described in the following subsections.
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6.3.5 Class III: High T API
melt , Significant Melting Point Depression,

and Viscous Polymer System

The melting point depression of the API/polymer systems exhibited in class III sys-
tems should result in more moderate processing temperatures compared to classes I
and II. The complexity in this system arises from the potential for large differences
in the viscosities of the API-enriched phase and the bulk polymer phase. Distribu-
tive mixing sections will be beneficial to reduce the length scale of discrete-phase
API-enriched fluid droplets, and dispersive mixing may aid in API-enriched droplet
deformation and breakage. In these systems, it may be useful to have a distributive
mixing section, followed by a dispersive mixing section, then followed by a second
distributive mixing section to homogenize the dissolvingAPI into the polymer matrix.

6.3.6 Class IV: High T API
melt , Significant Melting Point Depression,

and Inviscid Polymer System

Class IV systems are simpler to process than class III systems due to the lower viscos-
ity polymer, leading to a lower viscosity ratio and the potential for improved mixing
efficiency with low-viscosity APIs. Less dispersive mixing should be required in this
class compared to class III systems, as length-scale reduction should proceed more
readily. However, APIs that can transform into a viscous glass requiring mixing of a
viscous minor component into a lower viscosity matrix can complicate processing.

6.3.7 Class V: Low T API
melt and Viscous Polymer System

Class V systems are analogous to class III systems in that they result in a liquid/liquid
mixing problem. Class V systems should result in lower complexity due to the higher
degree of freedom afforded by low melting point APIs to increase process tempera-
tures above the melting point of the pure drug substance. Also, in the cases where the
API plasticizes the polymer, further processing benefits may be realized, for example,
lower absolute processing temperature and improve mixing efficiency. Again both
classes III and V will benefit from both dispersive and distributive mixing sections.
Complexity in this class may arise if a low-viscosity minor component needs to be
compounded.

6.3.8 Class VI: Low T API
melt and Inviscid Polymer System

This class is expected to be the least complex system to compound since it re-
quires slower processing temperatures and should have improved mixing efficiency
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by virtue of its lower viscosity polymer system. The low melting pointAPIs in classes
V and VI should result in processing temperatures that are more a function of API
properties than viscosity reduction of the polymer. These systems are less prone to
thermal degradation issues and should be reasonably robust to changes in extrusion
operating conditions.

6.4 Formulation Design

Formulation and process design for the production of solid solutions must be con-
sidered simultaneously. As discussed previously, the properties of the API have a
significant influence on the way in which the dispersion is formed and also influence
the thermodynamic end point for the process. In general, the TCS can be used to de-
scribe the relative risk for producing amorphous dispersions. While many examples
exist in the literature covering classes IV–VI systems (Verreck et al. 2003, Keen et al.
2013, DiNunzio et al. 2010, Chokshi et al. 2005), only a few have been described
for classes I–III (Hughey et al. 2010). Likely, the absence of examples for classes
I–III is tied to the basic challenges of appropriately identifying and manufacturing
these systems. However, even with these challenges, extrusion remains a preferred
manufacturing technology for a number of solid dispersion products.

For extrusion, viewed as a mixing process at elevated temperature and subsequent
quenching, it becomes possible to describe the phase behavior of the dispersion.
Shown in Fig. 6.4, this diagram describes the melting temperature of the API as a
function of composition as well as the glass transition temperature of the dispersion.
Phase envelopes can also be described in this space, leading to a comprehensive
understanding of dispersion behavior at relevant temperatures. Serving as a guide
for design, additional kinetic factors must also be accounted for, which contribute to
the final dispersion properties.

The concentration of API in a solid solution formulation is typically evaluated to
understand the effect of drug loading on solid solution properties such as propensity
for phase instability. The addition of some APIs directly influences properties critical
to melt extrusion process design and development. For example, APIs influence melt
rheology as plasticizers, anti-plasticizers, or fillers.

Compatibilizers, excipients that help promote miscibility or interactions between
one component (often the API) and other components (e.g., the polymer; Work et al.
2004), may be incorporated into solid solution compositions. Compatibilizers may
be added to manipulate solid-state properties and/or the properties of solid solutions
upon dissolution. Surfactants often serve the role of compatibilizers in solid solution
formulations, influencing dissolution behavior, and, ultimately, bioavailability.

The dependence of formulation properties (e.g., supersaturation maintenance
upon dissolution) on both formulation and production process complicates aspects of
early formulation screening. Specific formulation compositions may be erroneously
disregarded because of the way in which they are prepared during screening. The
use of heated ovens and thermogravimetric analysis (TGA) to simulate extrusion
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Fig. 6.4 Phase diagram of
amorphous dispersion in
temperature and composition
space

can lead to relatively long exposures of formulations to heat compared to typical
extrusion residence times. Extended heating times can lead to polymer and/or API
degradation (DiNunzio et al. 2010). Polymers like HPMCAS do not appreciably mix
during differential scanning calorimetry (DSC), making cyclical DSC experiments
suboptimal for screening many formulations based on this polymer. Attempts have
been made to experimentally improve miscibility assessment via thermal methods for
polymers like HPMCAS by particle size reduction, cryomilling, and systematically
varying heating rates (Sun et al. 2009, 2010; Tian et al. 2012; Mahieu et al. 2013a,
2013b). Solvent casting (Verreck et al. 2003), a technique directly amenable to high-
throughput screening (Chiang et al. 2012), may require multiple solvents and/or
relatively slow quench kinetics, both of which have the potential to lead to phase
separation during preparation which could undesirably bias formulation definition.

Conversely, process constraints may lead to changes in formulations. Plasticiz-
ers, including surfactants (Ghebremeskel et al. 2007) and dissolved gases (Verreck
et al. 2006a, 2007), may be employed in extrusion processing in order to reduce the
temperature and/or stress required to form a homogeneous melt.

Given the complexity of amorphous dispersions, both in terms of criteria related
to production as well as stability and bioperformance, it is necessary to develop
such systems using a structured design approach. In this type of approach, outlined
generally in Fig. 6.5, feedback between process performance, stability, and bioper-
formance are all necessary to define the optimum system (DiNunzio et al. 2012).
This requires strong communication between multiple functions within an organi-
zation and also necessitates the appropriate characterization tools for performance
assessment. When developing amorphous dispersion formulations, one can consider
several paradigms based on the stage for which the technology is utilized. In gen-
eral, many limitations exist that are prohibitive for implementation of extrusion in
the early development space. Specifically, restrictions on equipment scale and small
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Fig. 6.5 Pathway for prototype dispersion development

batch size can make implementation logistically challenging. Additionally, restric-
tions based on API/polymer systems that were previously discussed can also limit
the utility. As such, many organizations will adopt a strategy of developing disper-
sions using another processing technology, such as milling, coprecipitation, or spray
drying, and then transitioning to extrusion to leverage process advantages for larger
production runs. Alternatively, by nature of the properties of the compound and/or
organizational philosophy, an end-to-end development of extrusion may be utilized.
This section outlines the general approaches for designing melt-extruded solid dis-
persions under each of these paradigms, with a focus on compositional design to
optimize manufacturability, bioavailability, and stability.

6.4.1 Early Formulation Development Considerations

Amorphous solid dispersions are leveraged at varying stages in development for a
number of reasons. For extruded dispersions, a limited number of polymer systems
summarized in Table 6.3 form the backbone of the compositional definition. In early
development, they are most commonly used to support elevated exposures necessary
for preclinical assessment and/or assure phase stability when a crystalline form is not
readily isolated. At this stage of development, the amount of material available for
development will be restricted. As discussed previously, this constraint can challenge
the utility of extruded systems where minimum batch sizes are significantly larger
than for development of spray-dried dispersions or coprecipitated material.

The small-scale characterization approaches are often conducted in an automated
format where the dispersion is produced using solvent casting and then exposed to
thermal cycling to simultaneously devolatilize and anneal the system (DiNunzio and
Miller 2013). While an effective approach is to regulate the thermal history of the
product, these types of approaches do not accurately reflect the quench rate kinetics
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Table 6.3 Properties of common excipients used in solid dispersions

Polymer Tg or Tm (◦C) Grades Notes

Hypromellose 170–180 (Tg) Methocel® E5 Non-thermoplastic
API must plasticize
Excellent nucleation inhibition
Difficult to mill

Vinylpyrrolidone 168 (Tg) Povidone® K30 API must plasticize
Potential for H-bonding
Hygroscopic
Residual peroxides
Easily milled

Vinylpyrrolidone–
vinylacetate
copolymer

106 (Tg) Kollidon® VA 64 Easily processed by melt extrusion
No API plasticization required
More hydrophobic than
vinylpyrrolidone
Processed around 130 ◦C

Polyethylene
glycol, vinyl
acetate, vinyl
caprolactam graft
copolymer

70 (Tg) Soluplus® Newest excipient for melt-
extruded dispersions
Easily processed by melt extrusion
Low Tg can limit stability
Not of compendial status
Stable up to 180 ◦C

Polymethacrylates 130 (Tg) Eudragit® L100-
55
Eudragit® L100

Not easily extruded without plasti-
cizer
Degradation onset is 155 ◦C
Ionic polymer soluble above pH 5.5

Hypromellose
acetate succinate

120–135 (Tg) AQOAT®-L
AQOAT®-M
AQOAT®-H

Easily extruded without plasticizer
Process temperatures 140 ◦C
Ionic polymer soluble above pH 5.5
depending on grade
Excellent concentration-enhancing
polymer
Stable up to 190 ◦C depending on
processing conditions

Amino
methacrylate
copolymer

56 (Tg) Eudragit® E PO Processing at 100 ◦C
Degradation onset is 200 ◦C
Low Tg can limit stability

Methacrylic acid
ester

65–70 (Tg) Eudragit® RS
Eudragit® RL

Extrudable at moderate temperatures
(> 100◦C)
Excellent CR polymer

Poly(ethylene
vinylacetate)

35–205 (Tm) Elvax® Extrudable at low temperatures
(60 ◦C)
Excellent controlled-release polymer
but nonbiodegradable
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Table 6.3 (continued)

Poly(ethylene ox-
ide)

< 25–80
(Tm)

Polyox® Mechanical properties ideal for
abuse-deterrent applications and
CR
Process temperatures 70 ◦C
Excellent CR polymer

Poly(lactic-co-
glycolic
acid)

40–60 (Tm) RESOMER® Low-melt viscosity for certain
grades is challenging to process
Biodegradation rate controlled by
polymer chemistry
Excellent for implantable systems

API active pharmaceutical ingredient, CR controlled release

associated with typical spray drying processes or the impact of mechanical energy
associated with typical extrusion processes on the critical product attributes. Some
researchers have utilized rheometers as surrogates to the extrusion process to assess
material performance under a stress field (Yang et al. 2011). While able to simulate
shear stresses in extrusion, they do not provide the distributive mixing experienced
in extrusion operations. The maximum shear rate in an extruder can be estimated
from the clearance between the screw and barrel (overflight; C), screw speed (N),
and the outer diameter of the screw (D):

πDN

C
= γ̇ .

The maximum shear rate is on the order of 1000 s−1 for a typical intermeshing
16–18-mm corotating extruder (D = 16 mm; N = 200 revolutions/min; C = 0.1 mm).
Alternative methods leveraging DSC to identify the solubility of drug in molten
polymer (DiNunzio et al. 2010) have also been advocated as an approach to support
selection of the optimum dispersion compositions; however, viscosity limitations
associated with several pharmaceutical polymers may inhibit sufficient diffusion
during the timescale of the experiment. Forming a homogeneous composition dur-
ing prototype screening is a critical first step in designing amorphous dispersions.
Assessing the stability and bioperformance of these compositions is needed to de-
fine the compositional design space that will result in successful products. While
methods like TGA and stressed stability can provide insight into the performance
(Hughey et al. 2010), there is not an effective way to conduct all of these tests in a
truly representative fashion without direct manufacturing on an extrusion platform.

Supporting formulation identification at this stage can be facilitated by small-
scale characterization and manufacturing of prototype batches using customized
low-volume extruders. To address the scale limitations, a number of small-scale ex-
trusion options are available, ranging in size from 3 to 16 mm that are capable of
producing batch sizes as low as 5 g. At this size, geometric similarity to pilot and
production scale units may not be preserved as designs are engineered to maximize
yield and minimize batch size. However, these systems do serve an important role
by providing a representative platform for assessing formulation performance using
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melt extrusion. Within these systems, a design approach can be implemented through
stepwise manufacturing of probe formulations. Supported by early characterization
that identifies the optimum formulation for dissolution performance and stability,
manufacturability attributes can be assessed in the early development space and used
to identify compositions of interest for extrusion development. During the extrusion
process, the performance is evaluated based on the operating temperatures and motor
loads that will be predictive of larger batch production. Additionally, samples of the
dispersion are analyzed for attributes covering the physical and chemical stability
of components in the formulation. The scope of this characterization may also be
more limited at this stage, focusing primarily on API stability during production and
initial assessment of amorphous form generation. Homogeneous and stable disper-
sions can be further evaluated at this point via dissolution behavior and preclinical
pharmacokinetic studies. In this manner, critical attributes related to bioperformance
and stability can be optimized, in addition to setting a basis for development of
manufacturability attributes in later development.

6.4.2 Pilot-Scale Development Considerations

Optimized formulations developed for clinical trials will typically be produced on
larger-scale extrusion equipment than the equipment used during early screening. As
extruders transition between the lab and pilot scale, a number of geometric differences
can drive changes in performance. These differences, including changes in screw
type (i.e., conical to parallel), element design difference (for example, outer to
inner diameter ratio), and feed method (manual vs. volumetric vs. gravimetric),
can all influence the energy input to the system and the approach for scaling. It is
not generally possible to quantitatively map the operating space from these early-
screening extruders to pilot-scale extruders because of these differences. Experience
and empirical correlations more typically guide process development as programs
transition between these disparate pieces of equipment.

Maintaining a constant maximum shear stress between extruders is often not
possible because of the exceptionally small clearances that would be required to
do this for screening scale extruders. These smaller extruders are often shorter to
minimize their free volume (maximizing yield), which necessarily means they will
be more limited in the amount of distributive mixing that can be incorporated into
the extrusion process. As a result, small-scale equipment may provide misleading
results with respect to the mixing that can be achieved readily using larger-scale
extruders. Reducing the feed rate can compensate for the reduced mixing in these
small-scale extruders. However, many benchtop systems are manually fed or fed
with poor control due to the relatively low feed rates required. Variable feed rates
inherently cause variation in both the residence time and specific energy input the
processed material experiences. The ability to effectively cool or heat the product via
the barrel wall with the smaller-scale extruders often used in early pharmaceutical
development (e.g., < 16 mm) can lead to challenges with process scale-up.
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In order to address these limitations, development at the pilot scale may be
necessary prior to current good manufacturing practice (cGMP)—particularly for
products requiring a narrow processing window (e.g., where significant degradation
is observed near temperatures required to ensure a homogeneous glass is formed).
Development and optimization are designed around addressing issues associated
with energy input and residence time through formulation and process modifica-
tion, where uniformity of the dispersion and thermal stability of the formulation are
paramount. As such, characterization techniques designed to determine the physical
and chemical stability of the drug and polymer are routinely utilized. Specific chem-
ical approaches include gel permeation chromatography, infrared (IR)-coupled gel
permeation chromatography (DiNunzio et al. 2010), and chemometric titration (Di-
Nunzio et al. 2010), all of which are intended to determine backbone and side-group
changes. Advanced characterization of solid-state properties which are discussed in
more detail in the following section are also used at this stage to provide a more
comprehensive understanding of molecule distribution and molecular interactions
that govern performance of the system.

The extrusion RTD will often be characterized at this stage to provide a baseline
for the process and assess the impact of process changes that are conducted to yield
a final optimized system. In one approach, the effect of a bolus tracer is measured
at the discharge of the extruder, by (i) visual determination with colored tracer, (ii)
offline analysis using a chemical tracer, and/or (iii) inline analysis using a chemical
tracer. With any of these techniques, it is possible to extract mean and moment infor-
mation about the distribution that can be related back to the performance. In a recent
example of this, Keen et al. (2013) characterized RTDs of corotating and counter-
rotating extruders, highlighting performance differences between the units as shown
in Fig. 6.6. In general, process modifications (as opposed to compositional modifi-
cations) are the most preferred approach to address manufacturing challenges facing
prototype formulations. The section below discusses options for addressing two of
the most common challenges observed at the early stage of extrusion development:
(i) formulation modifications to expand processing windows and (ii) compositional
changes to reduce chemical impurity formation during extrusion.

Plasticizers have been well documented for their ability to reduce processing tem-
peratures during extrusion, which translates into a wider operational space (DiNunzio
et al. 2010). Although many plasticizers are liquids at room temperature, addition
can easily be facilitated by pregranulation or direct injection during extrusion. Solid-
state plasticizers, such as citric acid, can also provide a convenient way to reduce
processing temperature while facilitating addition via gravimetric feeders (Schilling
et al. 2007). However, careful consideration must be given when adding plasticizers
into a formulation as the material will also reduce the glass transition temperature
of the dispersion, thereby potentially negatively impacting stability and/or dissolu-
tion of the dispersion. One method for addressing this is with the use of transient
plasticizers, such as supercritical carbon dioxide, where the gas is injected into the
processing section under supercritical conditions. Within this environment, the in-
jected material behaves as a supercritical fluid, facilitating molten flow of the melt
while functioning as a molecular lubricant. On discharge from the die, the material
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Fig. 6.6 Residence time distribution of corotating and counter-rotating extruders

experiences a dramatic pressure drop that drives a rapid expansion of gas within
the melt and creates a foam structure as the additive leaves the system. By this
mechanism, supercritical fluids or subcritical gases added directly to the extruder
or incorporated separately provide reductions in melt viscosity through transient
plasticization (Verreck et al. 2007).

Beyond plasticizers, it is also well known that polymer selection influences molten
solubility of drug substances in a system. Careful selection of polymer type has
been shown to improve solubilization and reduce impurity formation during thermal
processing (DiNunzio et al. 2010). Adapting this approach, researchers have recently
illustrated the utility of polymer blends for enhancing the processing characteristics
of solid dispersion formulations by incorporating low levels of melt-solubilizing
polymer into the dispersion (Albano et al. 2012). This addition allows for greater
levels of drug substance to be dissolved in the molten polymer, which provides a
viable approach for expanding the operational space of extrusion when dealing with
group classes I and II systems. Importantly, because many polymers have high glass
transition temperatures, often > 100◦C, the polymeric additive will generally have
less impact on physical stability when compared with plasticizers or surfactants that
are typically characterized by low Tg’s. However, care must be given to maintain
levels of the solubilizing polymer below which they would impact bioperformance
aspects associated with the primary polymer system.

Addressing the chemical impurity formation during extrusion is also generally
achieved through process modification by altering the mechanical energy input and
residence time of the process. However, it may not be possible to adjust these
attributes independently of the composition while balancing requirements for amor-
phous material formation and minimization of impurity formation. Formulations may
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also be modified to incorporate additives, such as pH modifiers and antioxidants, that
help to reduce degradation during the process (Crowley et al. 2007). These materials
provide a means to reduce impurity formation by altering the local environment or
scavenging free radicals that would drive decomposition. Another important point
to take note of is the purity of the starting materials since many pharmaceutical
polymers, such as polyvinylpyrrolidone and polyethylene oxide, have high levels of
peroxides, which can be detrimental at elevated temperatures. Although antioxidants
can improve performance of extruded dispersions, many vendors now supply high
purity grades of these excipients that can also aid in performance. Careful selec-
tion of the composition, therefore, begins with the identification of appropriate raw
materials and continues on to additives that facilitate manufacturing.

6.5 Solid-State Characterization of Melt-Extruded
Amorphous Dispersions

Solid-state characterization of amorphous solid dispersion systems prepared by HME
is essential to understand their physical behavior. Several tools and techniques to de-
tect physical failure modes such as crystallization or amorphous–amorphous phase
separation will be outlined with an emphasis on the strengths and weaknesses of each
approach. Characterization tools such as thermal methods may help to inform pro-
cess development, specifically the phase diagram, inherent restrictions in processing
space, and potential thermal liabilities. Finally, approaches aimed at understanding
the fundamentals of amorphous solid dispersions will be discussed. In particular,
tools and techniques which offer insight into the thermodynamics and molecular
mobility of amorphous systems will be emphasized.

6.6 Detection of Crystallization and Amorphous–Amorphous
Phase Separation

Demonstrating the absence of physical failure most often requires the application
of multiple characterization tools and techniques. Detectability of relevant failure
modes must be demonstrated along with the absence of failure at all relevant process-
ing and storage conditions. The two most common modes of failure are crystallization
and amorphous–amorphous phase separation. Crystallization is most often detected
using X-ray powder diffraction (XRPD). The exceptional discriminating power of
XRPD is largely the result of amorphous materials, lacking in long-range order,
giving no constructive interference of incident X-rays. Relevant crystalline forms of
the API most often display peaks which are resolved from those peaks associated
with excipients used in the formulated product. The absence of API peaks, therefore,
provides strong evidence for the stability of the amorphous solid dispersion.
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Other spectroscopic techniques may also be used to detect crystalline API in the
amorphous matrix. Solid-state nuclear magnetic resonance (ssNMR) spectroscopy
can be used to push limits of detection exceptionally low when the API contains
an atom which is of high natural abundance and is present exclusively in the API.
For instance,19F and31P sometimes present exclusively in the API and data can be
acquired with reasonable speed. Raman spectroscopy most often provides discrimi-
nating power as a result of the API having unique chemical moieties and, therefore,
unique vibrational bands as compared to most excipients. Differences between the
crystalline and amorphous forms in some instances allow for excellent limits of
detection (Sinclair et al. 2011). Advances in nonlinear spectroscopy may provide
yet another tool in the solid-state pharmaceutical scientist’s toolbox (Strachan et al.
2011). Second-harmonic generation (SHG) operates under the principle that crys-
talline materials possessing a chiral space group will double the frequency of the
incident radiation. Amorphous materials show no second-harmonic signal, and there-
fore, the discriminating power of SHG can be exceptional (Wanapun et al. 2010,
2011; Kestur et al. 2012). In the presence of finished dosage forms, excipient in-
terferences have been observed. Coupling SHG with two-photon fluorescence may
provide additional discriminating power (Toth et al. 2012).

Although the above approaches may all be amenable to detection of crystalliza-
tion in finished products, they can also be used to characterize the HME (i.e., prior
to downstream processing). Further, many other techniques are often applied exclu-
sively to the HME intermediate. For instance, optical microscopy offers excellent
detectability of crystalline material in transparent extrudates. Dielectric analysis
(DEA; Alie et al. 2004; Bhugra et al. 2007, 2008) and thermally stimulated current
IR spectroscopy (Shah et al. 2006; Rumondor and Taylor 2010), atomic force mi-
croscopy (AFM; Lauer et al. 2013; Marsac et al. 2012; Price and Young 2004), and
calorimetric methods have also been used to detect crystallization from an amorphous
matrix (Baird and Taylor 2012; Pikal and Dellerman 1989; Avella et al. 1991).

Phase separation into two amorphous phases may also be of concern. Most gener-
ally, a property which discriminates between the amorphous dispersion and a physical
mixture of each of the component amorphous materials can be leveraged to detect
amorphous phase separation. In practice, detecting amorphous–amorphous phase
separation can be very difficult. This is because amorphous materials inherently
present analytical signatures which are less well defined as compared to the crys-
talline counterpart. Further, amorphous phase separation will not often present as
well-defined phases of discrete composition as is the case for crystallization. Instead,
it is likely that a distribution of compositions may be observed, making detectability
very difficult. Most often, DSC is used to detect the presence of multiple amorphous
phases (Lu and Zografi 1988). Specifically, if the glass transition temperature (Tg) of
each component of the dispersion is unique and if the Tg shows a strong functional
dependence with composition, phase separation may be detected with DSC. Alter-
natively, if the components have similar Tg’s or if the compositional dependence
of Tg is subtle near the target composition, detection may be difficult. Further, the
measurement itself may homogenize the sample, the samples may have an inherently
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small change in heat capacity across the Tg, or the distribution of molecular environ-
ments may be very broad as a result of the distribution of molecular weight in the
components which make up the solid dispersion. These and other difficulties may
present challenges in measuring a well-defined Tg and are not necessarily unique
to DSC. Nevertheless, there is a clear need to consider orthogonal approaches to
measure the phase separation. Mathematically transformed X-ray data may be used
to understand the phase behavior of amorphous solid dispersions. Specifically, the
X-ray signal from amorphous materials may be used to produce a pair distribution
function (PDF) via Fourier transformation with the results describing the probability
of finding two atoms separated by a specific interatomic distance. Mixing, of course,
influences the result and provides useful information about the miscibility of a sys-
tem or lack thereof (Newman et al. 2008). Vibrational spectroscopy can also be used
to detect amorphous phase separation. When interactions between species within
the mixture manifest as a change in the frequency and distribution of vibrational
modes, this may be detected using approaches such as IR spectroscopy (Rumon-
dor et al. 2009; Marsac et al. 2010; Rumondor and Taylor 2010; Rumondor et al.
2011). Raman spectroscopy has also shown sensitivity to detect amorphous phase
separation. In one example, two solid dispersions prepared at different HME pro-
cessing conditions showed differences in physical stability despite both displaying
a single Tg (Qian et al. 2010). Confocal Raman spectroscopy was used to explain
the varying degrees of compositional homogeneity between the samples. Although
Raman mapping is quite time consuming, nonlinear approaches such as broadband
coherent anti-Stokes Raman scattering may expedite the collection process signifi-
cantly (Hartshorn et al. 2013). In addition to detecting crystalline material within an
amorphous matrix, ssNMR may also be used to demonstrate compositional hetero-
geneity. For instance, two-dimensional correlation techniques and 1H T1 relaxation
methods are showing utility in understanding amorphous systems (Pham et al. 2010).
Dynamic mechanical analysis (DMA) has found great utility in the study of polymer
processing and may be extended to pharmaceutical systems (Karabanova et al. 2008;
Carpenter et al. 2009; Szczepanski et al. 2012). DEA and thermally stimulated cur-
rent have also been shown to provide sensitivity in understanding the homogeneity of
the amorphous phase (Power et al. 2007; Shmeis et al. 2004a). Yet another approach,
AFM, has been shown to detect amorphous phase separation in samples presented as
thin films. For instance, felodipine and polyvinylpyrrolidone were shown to phase
separate as indicated by changes in surface roughness and phase shifts after exposure
to high relative humidity (Marsac et al. 2010). In another study, differences in HME
processing conditions were shown with AFM. Specifically, preparation of a solid
dispersion at two processing conditions showed differences in the homogeneity as
measured by AFM. The material produced at the higher temperature showed a signal
more similar to a control sample with the lower temperature signal showing signs of
heterogeneity (Lauer et al. 2013).

Regardless of the method used and the mode of failure detected, all approaches
share the common issues of having to discriminate the API from the excipients. Fur-
ther, desired and undesired phases must show reasonable discrimination and therefore
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the limit of detection is inherently a function of the system. Most often, several tech-
niques must be explored in parallel during development before a commercial quality
control approach that balances the ease of measurement and discriminating power is
selected.

Characterization Informs Process Development and Provides Insight into the
Fundamentals of Amorphous Solid Dispersions

Characterization of HME-based solid dispersions is not solely motivated by the
need to directly measure physical failure. By extension, characterization tools and
techniques provide insight into the fundamental properties which facilitate physi-
cal failure. For instance, measures of the thermodynamic properties and modes of
motion associated with amorphous systems serve to better assess risk of physic-
ochemical failure. Also, as was noted above, in several instances, although the
material may be rendered amorphous, the differences in length scale of mixing may
manifest as differences in performance, and, thus, characterization tools also inform
process development.

Process space can be better understood through construction of the phase diagram
and definition of temperature boundaries where failure modes occur. Various charac-
terization approaches may be used to define phase boundaries and robust processing
space. For instance, consider a binary API–polymer system. The liquidus line defin-
ing equilibrium between the crystalline API and the molten binary API–polymer
phase represents the lowest temperature at which the extruder can be operated while
still achieving a homogeneous single-phase amorphous solid dispersion system. This
line can be generated via approaches such as melting point depression experiments
and variations thereof (Marsac et al. 2006,. 2009; Marsac 2006, 2009; Mahieu et al.;
Tao et al. 2009; Tian et al. 2009; Sun et al. 2010). However, it is often difficult to
access the thermodynamic end state for highly viscous samples and so the kinet-
ics of mixing should always be considered when interpreting DSC results. In the
extruder, the combination of dispersive mixing, distributive mixing, and thermal
homogenization expedites the formation of a single-phase amorphous system. Vis-
cosity measurements as a function of shear rate and temperature may inform screw
design but may also provide insight into the location of the liquidus line for mate-
rials of high viscosity. Once a homogeneous system is achieved, cooling below the
liquidus line creates a thermodynamic driving force for crystallization. DSC may
be used to understand the tendency for a material to crystallize on cooling below
the liquidus line (Baird and Taylor 2012). The kinetics of crystallization is system
dependent and inhibited by increased viscosity of the material below the liquidus
line. Further, the temperature dependence of viscosity as Tg is approached can vary
significantly across materials and so the risk of crystallization is case dependent.
Yet another important limitation in extrusion is the temperature at which thermal
liabilities become relevant over the timescale of the extrusion run. Samples from
the DSC experiments may be analyzed by appropriate chemical assays to determine
risk. Further, thermogravimetric experiments may be conducted with various time–
temperature profiles and assays conducted with the same end in mind. A view of the
liquidus line, the glass transition temperature as a function of composition, and the
temperature at which thermal degradation exists provides a baseline understanding
of processing limitations.
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Applying thermodynamic principles to unstable amorphous systems allows for a
more complete understanding of the driving forces associated with various failure
modes. The tools used to measure these failure modes were discussed above, and here
the focus is on how these tools can be used to measure fundamental thermodynamic
properties of the amorphous systems. Melting point depression experiments not only
provide definition of the phase boundary as discussed above, they also provide insight
into the thermodynamic changes which occur as a result of mixing. Specifically, the
extent of melting point depression reflects the change in chemical potential of the
API, as shown in Fig. 6.7. The greater the melting point depression, the greater
the reduction in chemical potential of the drug in the molten phase (Marsac et al.
2006, 2009). More recently, a method for measuring the chemical potential of an
API in the presence of a polymer at room temperature was developed. Specifically,
solution calorimetry provides a direct method to measure the heat of mixing drugs
and polymers and can be used to calculate the solubility of an API in a polymer
matrix at room temperature (Marsac 2012). Thermodynamics provides insight into
the driving force for crystallization, but mobility facilitates crystallization. Although
physical stability risk is most often considered negligible below the Tg, examples
of sub-Tg crystallization exist (Vyazovkin and Dranca 2007), nucleation may occur
during production of amorphous materials (Baird et al. 2010), and growth rates of
crystalline materials may exceed those expected based on diffusion control by an
order of magnitude at temperatures below the Tg (Hikima et al. 1995; Ishida et al.
2007; Sun et al. 2008a, 2008b;Yu 2006). These results, among others, have motivated
the research toward linking molecular mobility with crystallization tendency. Many
of the tools outlined above offer access to various modes of molecular mobility and
may offer fundamental insight into the motions linked to physicochemical changes.
Most generally, if the activation energy associated with a particular molecular motion
matches the activation energy associated with a failure mode, this provides strong
evidence that the two are linked. Many of the tools and techniques outlined above
can also be used to access various timescales of motion. Most notably, DEA offers
access to motions spanning the range of about 10−11–104 s, the complimentary TSC
approach offers access to motions which occur over timescales of roughly 20–300 s,
and ssNMR provides insight into motions on the order of 10−11–103 s (Ediger et al.
1996; Correia et al. 2001). In some instances, these approaches have shown some
success in linking sub-Tg motions with crystallization tendency, but this remains
an area of active research (Alie et al. 2004; Shmeis et al. 2004a, 2004b; Bhugra
et al. 2007, 2008; Bhattacharya and Suryanarayanan 2009; Dantuluri et al. 2011;
Bhardwaj and Suryanarayanan 2012a; Bhardwaj et al. 2013).

Given the versatility of current amorphous characterization techniques, it is clear
that a range of resolutions and data can be generated on amorphous dispersions. As
discussed previously, within a risk-based development approach, it becomes possible
to triage testing to yield the appropriate balance of resolution and resource utilization
so that the extruded product can be successfully positioned for commercialization.
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Fig. 6.7 Melting point depression as a function of drug loading for amorphous dispersions for
indomethacin using onset (square) and offset (diamond) data. (Reproduced with permission from
Marsac et al. 2009)

6.7 Mechanical Properties of Melt-Extruded
Amorphous Dispersions

The mechanical properties of amorphous solid dispersions prepared by HME are
an important yet often overlooked feature of these materials. The impact of an ex-
trudate’s mechanical properties is realized in further downstream processes such as
particle size reduction and compaction.

The particle size distribution resulting from a milling operation is primarily de-
termined by both the method of particle size reduction as well as the mechanical
properties of the material such as fracture toughness, elastic modulus, and hardness.
Thus, two extrudate samples with different mechanical properties milled under the
same conditions will yield different particle size distributions. Beyond the intrinsic
properties of the system, the mechanical behavior of extruded material is also affected
by features of the bulk extrudate itself such as air bubbles, particle inclusions, or other
defects that can increase the apparent brittleness of the material. Foamed extrudate,
for example, could have different milling behavior as compared to a nonfoamed
extrudate of the same composition.

The milled extrudate’s particle size is often a critical quality attribute for the
drug product performance for many reasons. It is well known that the dissolution
rate of a particle is determined in part by the particle’s size and surface area. For
polymer-based materials such as extrudate, particle size can influence phenomena
such as swelling and gelling, which may or may not be desirable for the product
performance. Particle size may also affect powder flow in feeders and hoppers and
can result in segregation risks that impact content uniformity in the final drug product.

In addition to particle size reduction, roller compaction and tableting are other
downstream processes that will likely to be impacted by the mechanical properties
of the milled extrudate. In the case of tableting, the extrudate may be subjected
to localized high stresses which can induce particle breakage, elastic deformation,
and/or plastic flow that affect compactability and tablet hardness.
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Amorphous solid dispersions are prepared primarily with amorphous and/or
semicrystalline materials, and therefore, the mechanical behavior of the extrudate is
generally viscoelastic in nature. The materials’ viscoelasticity implies a strain-rate
dependence of the mechanical response and time-dependent mechanical behavior
such as creep and stress relaxation. For example, in cases of high strain rates, these
materials tend to be more brittle than under slower strain rates where viscous flow
and other molecular relaxations can dissipate the energy without fracture. Thus, high
strain rates are beneficial for particle size reduction operations.

Some of the important mechanical property descriptors of polymeric materials
such as hot-melt extrudate are as follows:

• Elastic modulus: Stiffness, resistance to deformation, analogous to the spring
constant in Hooke’s law.

• Yield strength: The stress at which the behavior deviates from the linear elastic
region and permanent plastic deformation is achieved.

• Ductility: The amount of plastic deformation that occurs before fracture.
• Fracture toughness: The resistance to fracture in the presence of a crack.
• Hardness: Resistance to localized plastic deformation.
• Creep modulus: A measure of the continued, time-dependent strain for a constant

applied stress.

Mechanical testing of hot-melt extrudate can be performed on a variety of equipment
typically used to test other types of materials. Loading configurations such as tensile,
three-point bend, and cantilever deflection can assess different mechanical proper-
ties of the material under different stress states. If quasi-static methods are used,
tests may be performed under different strain rates to assess viscoelastic effects of
mechanical properties as discussed above. From a practical standpoint, the specimen
tested should have uniform dimensions devoid of defects and ideally be of regular
cross-sectional shape such as a circle or rectangle, enabling accurate determination
of the cross-sectional area and the stress state for a given applied load. Perhaps
the most ubiquitous device for testing polymers and therefore, hot-melt extrudate is
the DMA. In addition to the ability to perform quasi-static tests in multiple loading
configurations, a DMA can also test materials with oscillatory loading with varying
frequency, temperatures, and even relative humidity for some models. The complex
modulus obtained from a dynamic test can be separated into its elastic (storage mod-
ulus) and viscous (loss modulus) components. With the ability to ramp temperature
during the test, changes in the mechanical properties can be assessed as a function of
temperature and frequency, thus enabling not only temperature-dependent mechan-
ical properties but also other sub-Tg relaxations that other techniques such as DSC
may not be sensitive enough to detect. When amorphous polymers are heated through
their glass transition, the elastic modulus can drop by a few orders of magnitude, and
since the glass transition is related to changes in molecular dynamics, the transition
temperature itself as measured with DMA will be a function of the applied strain
rate with increases in Tg observed with increasing strain rates.

In addition to temperature, other environmental factors such as relative humidity
can have a strong impact on the mechanical properties of the extrudate as many of
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Fig. 6.8 Hardness versus weight fraction of clotrimazole in Kollidon VA 64 measured by
nanoindentation at 18 % (o) and 49 % (o) relative humidity

the polymers used in the process tend to be hygroscopic. With some exceptions,
water generally acts as a plasticizer for these polymers, lowering the glass transition
temperature and reducing mechanical properties, such as modulus and hardness. It
is important to control the relative humidity during mechanical tests performed on
extrudates and also to be aware of the storage conditions the materials were exposed
to prior to testing. For example, if extrudate is stored under desiccated conditions
but tested at ambient laboratory conditions, the mechanical properties could change
over time as the materials slowly absorb moisture. For accurate measurement and
comparison between samples, it is recommended to equilibrate the materials at de-
sired environmental conditions and then test at the same. Equilibration times will
depend on the thickness of the samples and rates of moisture diffusion into and out
of the sample.

A final consideration with respect to mechanical properties of hot-melt extrudate
is the composition of the amorphous solid dispersion itself. Just as water content de-
scribed above can impact the mechanical properties of the material, so can the other
components such as plasticizers, surfactants, and the API itself. In one study, the
effect of both API loading and humidity on the mechanical properties of amorphous
solid dispersions was determined using nanoindentation and nanoDMA (Lamm
et al 2012). This is illustrated in Fig. 6.8, where dispersions of clotrimazole and
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copovidone were tested, and it was found that adding the drug to the polymer actu-
ally increased the hardness and modulus of the materials up to approximately 50 %
drug loading despite the fact that glass transition temperature decreased with increas-
ing drug load. This phenomenon, known as anti-plasticization, can have significant
impact on the materials performance in downstream processes as discussed above.
For all the extrudate compositions tested, increasing humidity lowered the hardness
and modulus of the dispersions, thus highlighting water’s plasticizing effects on the
dispersions.

Beyond this, there are also a limited number of examples describing mechanical
properties that can be used to indirectly relate mechanical properties of extrudates to
milling and compression performance. In a recent study, using three-point bend anal-
ysis of extruded parts, the modulus, yield strength, and toughness of materials were
characterized with particular properties ascribed to the downstream processability of
these materials (DiNunzio et al. 2012). For HPMCAS, a material known to be par-
ticularly challenging to mill, both brittle and ductile behavior was observed. As drug
loading increased, the yield strength and toughness decreased; however, the modulus
remained largely unchanged, explaining why drug loading may favorably influence
milling performance of these systems. When compared to other extruded polymers,
specifically copovidone and amino methacrylate copolymer, a significantly greater
toughness is observed for HPMCAS that falls in line with the millability of these
systems. Additional characterization of polyethylene glycol showed no brittle failure
of the sample, only a continuous deformation. This behavior, unique to polyethylene
oxide among the systems studied, illustrated why this material exhibits challenges
during milling operations and can provide significant benefits for abuse-deterrent
formulations.

6.8 Summary

Among process options for commercial amorphous solid dispersion generation,
HME is often preferred due to its continuous nature, small manufacturing footprint,
and lack of solvents. Preclinical development may require alternative processes, but
these can often be transitioned to HME. Designing HME amorphous solid dispersions
requires a thorough understanding of polymer, plasticizer, and surfactant selection,
extrusion equipment design, and process parameters, guided by increasingly effec-
tive characterization tools to assure drug particle dispersal and dissolution into the
matrix and stabilization throughout the shelf life of the product to finally deliver an
effective dose to the patient. Furthermore, the limitations of the use of HME are
quickly being overcome by application of formulation understanding and the use of
supercritical fluids to allow processing of high melting point APIs with additional
understanding of mechanical properties, leading to improved milling efficiency and
compaction performance.

By building on the extensive product and process design experience of the poly-
mer and food industries, pharmaceutical development is now able to add its unique
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considerations to incorporate HME as a core capability for commercial manufactur-
ing. As will be described in a following chapter, HME can be rapidly scaled up based
on product and process design space understanding after successfully demonstrating
drug product quality in early development.
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Chapter 7
HME for Solid Dispersions: Scale-Up
and Late-Stage Development

Chad Brown, James DiNunzio, Michael Eglesia, Seth Forster,
Matthew Lamm, Michael Lowinger, Patrick Marsac, Craig McKelvey,
Robert Meyer, Luke Schenck, Graciela Terife, Gregory Troup, Brandye
Smith-Goettler and Cindy Starbuck

7.1 Introduction to Commercialization of Extruded Dispersions

Solid dispersions are typically produced using nonextrusion-based approaches to
support early screening. Small, often customized extruders can be used to produce
more representative materials with compositions identified from these early screening
experiments. The throughput and yields obtained from small twin-screw extruders
(e.g., < 20 mm Do) are well suited to supply early clinical studies. Scale-up from
these small pilot-scale extruders is often facilitated by the geometric similarity of
extruders in this size range (although differences in design from one manufacturer
to another can make this more challenging).

Several key design principles are critical including product degradation tempera-
ture, feed configurations, screw/barrel layout, and process control elements. Product
temperature can be utilized as a scale-independent attribute and is an important
parameter in design space definition because it is generally related to amorphous
conversion and thermal degradation. Several methods are described in Table 7.1 for
measuring product temperature. Immersion probes and infrared (IR) methods provide
the best translation across scales and line of sight for implementation in commer-
cial extrusion lines (Godavarti and Karwe 1997; Karwe and Godavarti 1997; Baugh
et al. 2003). While product temperature can be utilized throughout development as
a key scale-independent attribute, one must exercise caution when trying to relate
measured process temperatures to thermal stability. At small scale, users may utilize
relatively low product flow rates in an effort to conserve material during process
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Table 7.1 Product temperature measurement methods for extruded dispersions

Advantages Disadvantages

Handheld Accurate Inexpensive No continuous monitoring Not
applicable to manufacturing In-
vasive User bias

Flush mount Continuous monitoring Applicable to
manufacturing Noninvasive No user
bias

Biased by conduction from barrel

Immersion May be accurate Continuous monitor-
ing Applicable to manufacturing Rela-
tively inexpensive No user bias

May disrupt flow stream Shear
effects

IR Accurate Continuous monitoring En-
hanced spatial resolution across flight
Applicable to manufacturing Noninva-
sive No user bias

Requires method development
Environmental factors

Thermal imaging May be accurate Continuous monitor-
ing Noninvasive

Expensive User bias Environ-
mental factors

development and/or prototype production. These low-flow rates result in longer resi-
dence times which can lead to thermal degradation. Challenges with thermal stability
can be improved upon scale-up as shorter residence times are achievable.

One-dimensional modeling software such as WinTXS
TM

and Ludovic® (Carneiro
et al. 2000) can be utilized to further probe the interaction between residence time,
product temperature, and thermal degradation across scales.

There are several design and geometry considerations to keep in mind as one
progresses through the product development life cycle toward commercialization
of a hot-melt extrusion (HME) product. Early in development at the small/pilot
scale, it may be necessary to preblend feed components to ensure homogenous and
consistent material supply to the extruder. This is particularly relevant while active
pharmaceutical ingredient (API) attributes are still under investigation and prone to
change from lot to lot. A variety of feeders can be selected to accurately feed materials
with a wide range of flow characteristics. In addition, as a last resort, the cost of
preblending feed materials for a low- to mid-volume product is likely economically
beneficial over constraining the API design space to produce material required for
independent feed streams. Once the final API attributes are identified, thoughtful
feeder studies can be conducted for appropriate feeder selection. Laboratory scale
tests of physical properties such as particle size distribution, Flodex, bulk density,
and Carr’s Index can be utilized to help guide appropriate feeder selection.

Once a feed strategy is identified, appropriate screw configuration and barrel
design for commercial extrusion must be identified (Schenck et al. 2011).As a process
is scaled from pilot to commercial scale, often a need for more efficient moisture
removal is identified. This requires optimal placement and design of melt seal sections
near the feed zone to prevent premature plasticization of the feedstock by water
vapor. In addition, vents must be placed accordingly along the extruder barrel with
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Fig. 7.1 Integration of in-line monitoring into melt extrusion production line. (Bigert and Smith-
Goettler 2011)

material experiencing necessary residence time under the vents to efficiently remove
residual moisture in the system. Finally, upon scale-up to larger extruders, there is less
reliance on thermal energy from the barrel to melt the material as mechanical energy
imparted by the screw becomes a more dominant source of energy input. At pilot
scale, a particular screw profile may be adequate to provide mixing of components
once melted via thermal energy input (e.g., via the barrel walls) for a wide range of
formulations. However, at commercial scale, greater concern over the aggressiveness
of the downstream melting/mixing section is needed to ensure the process provides
a quality solid solution over an adequate design space.

Process analytical technology (PAT) can be developed early in development with
a line of sight to commercial process control (ICH Q11 2011a). Easily integrated
into the process equipment, as shown in Fig. 7.1, the application of in-line probes
can provide unique opportunities to monitor processes in line. Spectroscopic tech-
niques such as ultraviolet/visible (UV/VIS), near-infrared (NIR), and Raman can be
utilized in line at the extruder die to ensure critical quality attributes (CQAs) such as
composition and amorphous conversion of the API. Validation of these techniques at
the pilot scale and transfer to the commercial scale allow for efficient manufacture
of commercial material in a continuous manner and the implementation of a process
control strategy that enables material outside the design space to be diverted to waste
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in real time. The successful development and validation of appropriate process ana-
lytical tools within the control strategy framework allows the full commercial benefit
of utilizing extrusion to produce solid dispersions to be realized.

7.2 Integrating Melt Extrusion into Drug Substance
Manufacturing

Beyond dispersion compounding, melt extrusion provides a platform for complet-
ing a number of unit operations, including devolatilization. Noting that one of the
last steps in API manufacturing is drying, this offers an enticing opportunity to
improve manufacturing efficiency by concurrently conducting compounding and
drying operations. An efficient process for removing solvent from hard to dry APIs
can be developed by integrating the drug substance and drug product processes
with HME devolatilization. Drying of stoichiometric solvates with bound solvent,
nonstoichiometric solvents with unbound solvent, or APIs with elevated levels of
unbound, high-boiling residual solvent to the International Conference on Harmo-
nization (ICH) levels can take an extended period of time in traditional API drying
equipment such as pressure filters, agitated filter dryers, and Summix dryers (ICH
Q11 2011a). In addition to higher manufacturing costs at larger production scales,
these long-drying cycle times can lead to greater thermal product degradation, re-
ducedAPI particle size, and poorAPI flowability; all of which may negatively impact
final drug product CQAs. For drug products that already use HME to form amorphous
solids, HME devolatilization offers a potential optimal solution to these challenging
drug substance drying issues.

7.2.1 HME Devolatilization

HME devolatilization is an established process within other nonpharmaceutical in-
dustries such as the plastics industry, where it is performed to remove or recover
solvent and monomers, to improve the properties of the polymer, and to increase
the extent of polymerization (Albalak 1996). In the pharmaceutical field, the use of
devolatilization and concurrent amorphous dispersion production can help to realize
significant manufacturing efficiencies using the HME platform. HME can overcome
the mass transfer limited, falling rate drying regime which handicaps the traditional
API drying process by increasing the drying rate through the use of high temper-
atures, melt surface renewal, vacuum, and short residence times. APIs, even with
thermal degradation concerns, can be processed via HME at temperatures in excess
of 150 ◦C because materials are only exposed to these temperatures for a short period
of time.

Utilizing HME to devolatilize APIs may allow for the delivery of API solvates or
APIs with high-boiling residual solvents as the amount of residual solvent in these
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APIs is well within the devolatilization capabilities of hot-melt extruders. Delivering
API solvates to the drug product process can also result in improved product quality as
the isolation ofAPI solvates can yield improved purity profiles, better flow properties,
and compressibility (Fachaux et al. 1993; Wirth and Stephenson 1997; Che et al.
2010). Additionally, drug substance process cycle time improvements may be seen
when delivering APIs with low levels of high-boiling solvents to the HME drug
product process as lengthy solvent distillations are typically performed to remove
these solvents prior to the finalAPI isolation step in traditionalAPI drying equipment.

The amount of solvent that can be removed during HME is dependent on a number
of extruder design and extrusion process variables. While some of these variables,
such as whether a single-screw or twin-screw extruder is used, are fixed by the
equipment available to the user, the HME process can be configured and optimized
to remove solvents with a wide range of boiling points down to ICH levels. Mathe-
matically described in Eq. 7.1, devolatilization efficiencies greater than 90 % of the
solvent removed can be seen through the manipulation of the number of extruder vents
used, proper screw profile design, and the optimization of extruder process parame-
ters such as mass throughput, screw speed, temperature, and pressure (Biesenberger
and Kessidis 1982):

EF = 1 − wf

wo

1 − we

wo

(7.1)

where EF , the devolatilization efficiency, can be calculated by analytically measuring
the volatile content in the extruder feed, wo, and in the extrudate, wf , and through
the assumption that the equilibrium volatile mass fraction, we, is zero at the high
temperatures used during HME.

7.2.2 Extrusion Process Parameters and Raw Material Properties
for Devolatilization

The drying rate (dM/ dt) and devolatilization efficiency is dependent upon the HME
operating conditions used to form the amorphous API solid dispersion. This can be
seen in Eqs. 7.2–7.4 which describe the mass transfer limited drying seen in HME
devolatilization. More surface area (A) for mass transfer will be generated when
the melt is exposed to vacuum which results in foam/bubble generation (Albalak
et al. 1990). More solvent will be removed when extruding at higher temperatures
as this lowers the viscosity of the melt (μ), raises the diffusion coefficient (D), and
increases the vapor pressure of the volatile material. Placing the vent(s) under vacuum
will increase the pressure difference (dP) between the solvent vapor pressure and
the operating pressure thereby increasing devolatilization efficiency. Running with
higher screw speeds will increase melt surface renewal ensuring that the melt surface
is continuously enriched with volatiles in a very thin melt surface layer (dx):

dM

dt
= −Mw

RT
DA

dP

dx
(7.2)
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D = kT

6π roη
(7.3)

η = ηo exp
(

E
RT

)
(7.4)

where A is the heat or mass transfer surface area (m2), D is the diffusion coefficient
(m2/s), Do is the maximum diffusion coefficient at infinite temperature (m2/s), E
is the activation energy (J/mol), hy is the heat transfer coefficient (W/m2K), k is
Boltzmann’s constant (J/K), M is the mass of the volatile component (g), Mw is the
molecular weight of the volatile component, P is pressure (N/m2), ro is radius of
the volatile (m), R is the universal gas constant (J/mol K), t is time (s), T is the
temperature (K), Tb is the boiling point (K) of the volatile component, x is the mass
transfer distance or melt thickness (m), λi is the latent heat of vaporization (J/g), η

is viscosity (kg/s m), and ηo is the Arrhenius viscosity coefficient (kg/s m).
Raw material properties are also an important factor to consider for HME

devolatilization operations. Using lower molecular weight polymers or adding
plasticizers like surfactants will lower the melt viscosity and improve the rate of
mass transfer. Meeting the targeted end of drying residual solvent levels will be
more difficult when dealing with higher boiling solvents or when trying to remove
ICH class I (benzene, carbon tetrachloride, etc.) or class II (acetonitrile, toluene,
dichloromethane, etc.) solvents which have much lower permitted daily exposure
limits than ICH class III solvents such as acetone, ethanol, and heptane.

7.2.3 Extruder Design for Devolatilization

The efficiency of the devolatilization step will be impacted by the type of extruder
used and the design of the venting system. Higher devolatilization efficiencies will
be seen in twin-screw extruders (TSEs) compared to single-screw extruders (SSEs)
as TSEs provide greater mixing and melt surface renewal capabilities. Greater melt
surface renewal will lead to higher mass transfer rates and better drying of the melt.
Extruders can also be designed as single venting stage or multiple venting stage
systems. Increasing the length of the vented screw sections will increase the area (A
in Eq. 7.2) for devolatilization. The use of a multi-vent design also allows for staged
venting (i.e., different operating pressures in each vented section) or the addition
of stripping agents such as water, nitrogen, or supercritical carbon dioxide (CO2),
which can enhance devolatilization efficiency through the generation of additional
mass transfer surface area.

Extruder screw profile design is critical to HME devolatilization. For optimal
devolatilization performance, the screw must completely melt the material fed into
the extruder in a mixing zone of the screw, prior to the first vent zone, and this mixing
zone must be filled with molten material. This melt seal upstream of the first vent
zone will ensure that any vacuum applied to the first vent zone will not leak past
the first mixing zone and pull powders from the feed zone up into the vent. The
melt seal downstream of the first vent zone can be formed by adding another mixing
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Fig. 7.2 Drying of a nonstoichiometric heptane solvate in a Summix dryer with a continuous
agitation throughout drying b continuous agitation to 3 wt% residual heptane and then intermittent
agitation afterwards and c intermittent agitation throughout drying

section or through the die pressure build section at the end of the screw. The material
residence time within the mixing sections of the screw must be optimized for the
devolatilization process. Short mixing sections with minimal residence time will not
impart enough shear to completely melt the feed, preventing melt seal formation.
Mixing sections that are too lengthy will cause material to backflow into the feed zone
or vent(s) as mixing elements have very little (if any) forward conveying capability.
The conveying screw elements chosen for the vented sections of the screw should
have low degrees of fill when the HME process is operating at targeted flow rates.
This will help prevent molten material from flowing into the vent(s) and will allow
for proper expansion of the surface of the molten material when it is exposed to the
lower operating pressures seen in these vented screw sections.

7.2.4 Integrated Drug Substance and Drug Product Processing

Figure 7.2 shows the drying of three batches of a nonstoichiometric API heptane
solvate in a Summix dryer with varying amounts of agitation used during the drying
cycle. These batches were approximately of the same size and similar temperatures
and vacuum levels were used during drying. Going from intermittent to continuous
agitation increased the mass transfer rate and decreased the amount of time needed to
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Fig. 7.3 Hot-melt extrusion devolatilization efficiencies for drying of nonstoichiometric heptane
solvate with various HME operating conditions

reach the target residual solvent level (< 0.5 wt%) from approximately 150 h to 10 h.
When the continuous agitation drying process was scaled up, however, a cohesive,
poorly flowing API powder was produced which could not be easily fed into the
downstream HME step.

An improved production process was developed by integrating the API drying and
HME steps. The heptane solvate was dried down to approximately 3 wt% residual
heptane in the Summix dryer as this part of the drying process was robust and
scalable and took slightly less than 5 h to complete. The 3 wt% heptane solvate was
then mixed with a polymer and a surfactant and desolvated in a corotating TSE.
Figure 7.3 shows the HME devolatilization efficiencies seen at the 16-mm and 27-
mm corotating TSE scales. Devolatilization efficiencies are directly correlated with
the specific mechanical energy (SME) input from the extruder to the material fed
into the extruder. Higher SME input levels are seen with the smaller TSE and this
leads to 100 % solvent removal at the small scale. Devolatilization efficiencies of
0.45–0.90 were seen at the 27-mm scale with SME levels of 260–575 kJ/kg. Higher
devolatilization efficiencies can be achieved at a given SME input level through any
combination of raising the product temperature in the vent zones, lowering the vent
zone pressures, or increasing screw speeds. Assuming geometrically similar screw
profiles are used, maintaining a constant specific feed rate when scaling up will give
a similar degree of fill within the conveying elements of the vented sections of the
screw and help prevent material vent flow upon scale-up.
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Table 7.2 Production rate and equipment sizes at various scales

Product stage Scale Screw outer
diameter
(mm)

Production
rate
(kg/hr)

Typical limitations Manufacturers

Phase I Micro 3–12 < 0.1–1 Torque, material
feeding, lack of
geometric
similarity, short
L/D, long residence
time

Brabender,
Steer, Thermo,
ThreeTec,
custom
manufacturers

Phase II and
biocomparison
studies

Small 16–20 1–10 Torque, long
residence time at
low-flow rates

Thermo,
Leistritz, Cope-
rion Thermo,
Leistritz,
Coperion

Phase III and
launch

Intermediate 24–30 10–50 Material handling
such as refilling,
feeding

Thermo,
Leistritz,
Coperion

Supply Large 40–50 50–250 Heat transfer, vent-
ing, product cooling

Leistritz,
Coperion

This integrated process resulted in a more robust and scalable process compared to
the traditional continuous agitation API drying process and this will help ensure that
all final drug product CQAs are met. Additionally, no increase in HME cycle time
was needed to achieve the target residual heptane level (< 0.5 wt% heptane relative
to the weight of API in the amorphous solid dispersion) resulting in a reduction of
at least 5 h of traditional API drying cycle time as shown in Fig. 7.2 (5 h needed to
go from 3 wt% residual heptane to < 0.5 wt% with continuous agitation throughout
drying). This is possible, even with the shortened material residence times within
the 27-mm extruder (30–110 s as shown in Fig. 7.3), due to the optimization of the
extruder temperature, pressure, and screw speeds.

7.3 Scale-Up of Extrusion Operations

When considering the scale-up of the extrusion process, it is instructive to first
consider the scale of production which might be needed in the course of drug devel-
opment, and the scale of equipment needed to reach that level of production. Because
extrusion is an inherently continuous process, the level of production can be classi-
fied in terms of mass of extrudate produced per unit time, whereas the equipment
used to achieve a given production rate is primarily classified by the outer diameter
of the screw cross section. Table 7.2 lists typical production rates and equipment
sizes for various product stages encountered in pharmaceutical development.
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7.3.1 Production Considerations at Different Scales

Because HME is a continuous process with wide flexibility in terms of production
rate and time, scale-up does not need to happen very often. Generally, only two
equipment scales would be required, with additional scales being useful to minimize
raw material usage during the development process.

For early phase formulation screening experiments around the time of phase I, a
typical flow rate might be 1–10 g/min, which can be achieved on machines ranging
from 3 to12 mm in diameter. Although numerous manufacturers advertise equipment
on the larger end of the size range, for screw diameters of 10 mm or less, there are few
“off-the-shelf” options commercially available. At this scale of production, it is dif-
ficult to produce a product in a manner that is completely analogous to larger scales.
Because of the size of powders relative to the size of equipment, it can be difficult to
even deliver the material into the TSE without overfilling the feed screws, a condi-
tion known as flood feeding. Furthermore, at very low rates, loss-in-weight feeders
begin to lose accuracy because scale fluctuations are large relative to the weight loss
being measured. The torque limit of the extruder screws is also quickly reached,
further limiting mass throughput. Finally, due to the small size (e.g., length:diameter
ratio/L:D), there are fewer barrel segments, and thus barrel temperatures cannot be
as finely controlled compared to larger scales. For these reasons, formulation scien-
tists will often move directly into small-scale manufacturing if enough material is
available.

Small-scale manufacturing using 16–20 mm diameter screws is often the easiest,
because the 1–10 kg/h production rate is easy to handle, and the equipment size is
on par with the size of those operating the equipment. Operating conditions can be
quickly tested, but care must be taken that the conditions chosen for production have
analogues at larger scales, a topic that will be covered later in the chapter. As with
the micro scale, machine torque or flood-feeding limits are often what restrict overall
production.

At the intermediate scale encountered during phase III and product launch, pro-
duction rates grow to around 10–50 kg/h, and a screw diameter in the 24–30 mm range
is typical. The systems required to operate the TSE process become more complex,
with operations often switching from a single feed of preblended materials to multi-
ple raw material feed streams entering the extruder at multiple feed ports. Adding to
the complexity, raw material refill systems must be operated simultaneously without
disrupting the extruder feeding process, and the quenching of molten extrudate after
exiting the extruder becomes an important consideration. Due to the lower barrel
surface area available compared to smaller scales, venting, devolatilization, and heat
transfer become more difficult, thus requiring careful consideration during process
development at the small scale. Because production times grow longer, phenomena
like product buildup in feeders, vents, and around the die can cause intermittent
disruptions or even product degradation. Product temperature rise generally occurs
above what is seen at small scale, because the shear rate is typically higher due to the
faster rotational speed. Ultimately, production is limited by whatever process occurs
at the slowest rate, from refilling, feeding, extrusion, or product quenching.
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During large-scale commercialization and supply, a simple analysis can provide
insight into the maximum production rate which might be needed. An extrudate
drug loading of 20 % and a dose of 100 mg would lead to 500 mg of extrudate per
dose, and a high volume product may sell 2 billion doses per year, equivalent to 1
million kg of extrudate. Because extruders are normally operated around the clock,
with periodic shutdowns for cleaning and maintenance, the maximum operating time
per year would be about 6700 h, resulting in a required average production rate of
150 kg/h. Because this figure is well within the capacity of a 40–50 mm extruder, we
need not consider larger equipment except in exceptional circumstances. For smaller
volume products, on the order of 10–100 million doses per year, intermediate scale
equipment can readily meet production demand, and parallel intermediate scale
machines are often considered in lieu of a single large-scale machine if there is
uncertainty in the product demand or when multiple products must share extrusion
equipment. Although the same scale-up principles apply broadly, it is expected that
in most circumstances, pharmaceutical products will not require equipment larger
than the intermediate scale.

7.3.2 Tools for Assessing Scale-Up

Before considering the different methods used to scale-up, the objective of the ex-
trusion process deserves to be revisited. In asking the question “What should our
extruder do?” it is obvious that the intent is to mix API, polymer, and surfactant, if
present. Oftentimes, the desired result is a single phase, amorphous solid solution,
though other mixtures containing multiple phases are occasionally targeted. This
is achieved through the addition of heat and mechanical shear (i.e., mixing) to the
product ingredients without degradation.

So how does one measure scale-up success? The answer depends on the product
being considered for scale-up. For some products, the degree of mixing is of utmost
importance, and a quality product is produced by ensuring a stable single-phase
mixture as the result. For products where a single phase is not achievable, ensuring
that the domain size of the mixture’s phases reaches the smallest dimensions possible
is desirable. Other products may be sensitive to residual moisture or solvents from
the API production process, and, thus, devolatilization is a key concern. Finally,
degradation of the API or excipients is often a limitation. In some cases, these
attributes might be considered CQAs, depending on the definition that is applied. In
practice, more than one quality attribute will govern which path towards scale-up is
selected.

Looking first at the online analyses, extrudate API concentration (< cAPI >) is
generally considered a CQA, and the API standard deviation (σAPI) is an indicator of
process control. When PAT enables online measurement of API concentration, both
measurements can be quickly captured as a function of operating conditions and
equipment scales. PAT also enables straightforward measurement of the residence
time distribution (RTD; Bigert and Smith-Goettler 2011). If the RTD and product
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exit temperatures are maintained, then this can indicate that the product’s time-at-
temperature is maintained across scales. Although product temperature and residence
time vary in a complex way throughout the extruder, the simple measures of mean
residence time, tmean, and product exit temperature, Tmelt, indicate that the amount of
time and energy allowed for mixing, diffusion, and devolatilization are approximately
equal across scales. Further, it indicates that the amount of any degradation products
will remain similar across scales. Thus, these measures are recommended for use in
any scale-up study.

In addition to the online analyses described, offline tests are also required. Specifi-
cally, standard release tests such as a product’s dissolution profile and any degradation
products must be assessed. If not obtained online via PAT, the assay and content uni-
formity of extrudate must be measured via off-line lab tests. Any residual solvents
(including water) should be measured as they can have a plasticizing effect poten-
tially influencing both extrudate physical and chemical stability. Finally, tests such
as differential scaling calorimetry (DSC), X-ray diffraction (XRD), or others must
be conducted before and after holding the product at controlled environmental con-
ditions, to ensure that the phase state of the extrudate is understood and controlled
over time.

7.3.3 Types of Scale-Up

In a typical scenario, a lot (i.e., batch) of material will be manufactured success-
fully using a certain equipment scale, screw and barrel configuration, and operating
conditions like screw speed, mass throughput, and barrel temperature profile. Sub-
sequently, the need for additional material mandates that the process be scaled up.
For a conventional batch process such as bin blending, scaling the number of lots
produced requires repeating the same process over and over again, or changing the
size of the equipment. However, to scale-up a continuous process like melt extrusion,
there are four primary options:

1. Scaling in parallel—duplicating unit operations so that identical equipment and
production conditions can be used

2. Scaling with time—increasing quantity produced on same equipment at same
production conditions

3. Scaling with operating conditions—increasing production rate on same equip-
ment using different production conditions

4. Scaling with equipment size—changing equipment size and matching smaller
scale production conditions

For each of the above options, there is a unique set of risks and benefits which are
discussed in the following paragraphs.
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7.3.4 Scaling in Parallel

Ostensibly the easiest, this option is tempting for risk-averse organizations because
a known equipment design and operating conditions can be copied, thereby reducing
risk. In general, scaling with time or with operating conditions should be attempted
first, and only after maximizing production with these options should scaling in
parallel be considered. Although it is tempting to assume that the previously men-
tioned analyses for assessing scale-up are not needed when using this option, it is
wise to check < cAPI >, Tmelt, and the RTD, as subtle differences between machine
dimensions, calibrations, wear, etc. must be understood.

7.3.5 Scaling with Time

Scaling with time involves simply operating at known conditions for longer peri-
ods of time. In many industries outside of pharmaceuticals, extruders are operated
around the clock with limited shutdown periods. Within the pharmaceutical indus-
try, cleaning and maintenance schedules can restrict TSEs from operating on the
order of months, but it is common to find around the clock production for periods
lasting 1 week or more. Thus for a dedicated production line, equipment uptime of
5000–7000 h can be achieved. When extended periods of uptime are being consid-
ered, equipment and product must be analyzed for signs of material buildup, hang-up
and/or degradation, as this can often limit how long equipment can be run between
cleaning and maintenance cycles. For long production time periods, steady-state
analyses looking at < cAPI >, Tmelt, and other parameters should be conducted based
on concepts from statistical process control, such as the Western Electric rules (Mont-
gomery et al. 1994). If PAT is available, advanced analyses can be conducted to infer
the RTD based on the system’s dynamic response to upsets in API feed rate or other
process disturbances (Bigert and Smith-Goettler 2011), and these RTDs can then be
compared across time to identify any drift in process performance.

For products with a filed design space or proven acceptable range, scaling pro-
duction by changing operating conditions is a straightforward endeavor. In this case,
scaling up production simply means increasing the mass throughput of the extruder,
and this should be done while keeping response parameters (i.e., both noncritical
and CQAs) within the range of what is known to be acceptable.

In many situations, an extruder will be operated with fixed screw configuration,
barrel configuration, and barrel temperature set points, while screw speed and mass
throughput can be adjusted in response to production demands. Typically, screw and
barrel configuration are set early on in product development based on the product
characteristics such as number and type of feed streams, degree of mixing needed, and
venting requirements. Once these are set, the barrel temperature profile is adjusted to
minimize heat flow into and out of the screw chamber, a condition known as adiabatic
operation. When this is done correctly, all energy input to the product will come from
the screw, and thus changes to the material residence time will not result in additional
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Fig. 7.4 N-Q operating
diagram for a 27-mm
twin-screw extruder (TSE)
with adiabatic barrel
temperature settings

heat addition or removal via the barrel. Since only two operating parameters remain,
the space can be conveniently visualized in a screw speed (N) and mass flow rate
(Q) operating diagram, as shown in Fig. 7.4.

When attempting to move about in the operating space, it is nearly impossible
to change the production rate without impacting the system’s RTD. However, when
the mass flow rate is changed simultaneously in proportion to the screw speed, the
system’s specific feed rate, SFR = Q/N, is held constant (Gao et al.1999). Because
the numerator and denominator both have units of time, the units of SFR, kg/hr/rpm,
can be reduced to a more convenient form, g/rev. Thus, if SFR is held constant,
the average degree of fill in the extruder screw will be held constant. Even though
tmean changes, the RTD at different SFRs will take on a common form, and will
overlie one another when normalized by tmean (Zhang et al. 2008). Furthermore, the
average mixing rotations = tmean × N will remain constant, which implies that, to
a first approximation, the degree of mixing will remain constant. And finally, the
SME for the product will remain constant, which will result in an approximately
equal Tmelt if adiabatic barrel temperature settings are maintained. For the example
system shown in Fig. 7.4, the operating space is based on N = 380 ± 80 rpm and
Q = 26 ± 13 kg/hr, the bounds being defined primarily by equipment limitations.
For high-viscosity polymers, the TSE’s torque limit might also restrict production.
Other limitations related to system residence time, venting, heat transfer, or shear rate
could be dominant when considering different products. For the product described
in Fig. 7.4, moving to opposite ends of the operating space along the line SFR =
0.07 kg/hr/rpm results in a change in Q from 21 kg/hr to 32 kg/hr, and a change in
tmean from 60 s to 40 s. For most products, a change of this magnitude would not
be substantial enough to impact product quality, though that determination must
be made case-by-case based on the individual product characteristics. For example,
time-dependent reactive extrusion processes would be one exception to this.

In summary, moving about the operating space at a given scale along lines of
constant SFR has an empirical backing to justify that the product manufactured
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Table 7.3 Analyses for assessing scale-up of melt extrusion

Online steady-state analyses Online dynamic analyses Off-line analyses

Tmelt (a.k.a. product or exit
temperature)

Overall residence time
distribution (RTD, a.k.a. exit
age distribution = E(t))

Standard release tests (e.g.,
assay, content uniformity,
dissolution profile, degrada-
tion products)

<cAPI> and σAPI (mean and
standard deviation of API
concentration)

tmean, σ2 (mean and variance
of RTD)

Standard solid dispersion
tests (e.g., DSC, XRD)

Tpost−quench tlag, τ (lag time and time
constant of distribution, found
when modeling RTD)

Residual moisture/solvents
stability studies

Specific mechanical energy
(SME = screw energy
input/kg of product)

Extruder average percentage
fill, mixing mass, and mixing
rotations

Mixedness (e.g., NMR, AFM,
or �Cp via DSC if more than
one phase)

�Pdie

Barrel heat flow

DSC differential scaling calorimetry, XRD X-ray diffraction, NMR nuclear magnetic reso-
nance,AFM atomic force microscopy

at different operating conditions are nearly equivalent. When changing conditions
results in SFR not being held constant, the analyses listed in Table 7.3 can be used
to assess the impact of the changes on the resultant product properties.

7.3.6 Scaling with Equipment Size

Scaling between different equipment sizes would be expected only one or two times
for most products. When it does occur, it is usually because scaling with time and
operating conditions has already been conducted, and still additional production is
required. When this is the case, the main scale-up strategy recommended here is
based upon the geometry of the extruder, as shown in Fig. 7.5.

For a perfectly self-wiping corotating bilobal TSE, only two parameters define
the entire cross-sectional geometry (Booy 1963), namely the screw inner and outer
diameters, Di and Do. Together, these parameters set the screw centerline distance,
CL = (Di +Do)/2. In practice, screws are not perfectly self-wiping with each other or
the barrel, but instead a small clearance is maintained that also must be defined. Thus,
the diameter of the barrel, Db, is slightly greater than Do, so typically 0.1 mm < Db–
Do < 0.2 mm. The interstitial space between the screws and the barrel is referred to
as the free volume, Vfree, and it is this volume that is of most interest during scale-up
calculations.



246 C. Brown et al.

Fig. 7.5 Critical element
dimensions for extruder
components

7.3.7 Volumetric Scale-Up Strategy

Although Do/Di may vary from one manufacturer to another, this parameter is often
held constant as a function of scale within equipment made by the same manufacturer
(these machines are referred to as having geometrically similar cross sections). This
cross section of the screw is the same for nearly all element types, be they conveying
or mixing segments. Figure 7.5 shows conveying and mixing elements for three
scales in the Leistritz ZSE HP family of TSE, where Do/Di = 1.5.

For machines with geometrically similar cross sections, the free area of the cross
section can be determined from a single parameter, Do. As the length of the TSE is
also specified in terms of its length to diameter ratio, L/Do, Vfree of a TSE can be
determined by the definition of Do, and consequently Vfree α D3

o.
The volumetric scale-up strategy, also referred to as scaling by free volume,

requires that the mass throughput to free volume ratio, Q/Vfree, be held constant
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when moving between extruder scales. As a result, the mass throughput between
different scales for geometrically similar machines is simply Q2 = Q1(Do,2/Do,1)3.
If a change in extruder manufacturers results in dissimilar geometry, then the mass
throughput relationship changes to Q2 = Q1(Vfree,2/Vfree,1)3.

Overall, the volumetric scale-up strategy, described extensively by a number of
authors (Tadmor and Gogos 2006) can be summarized by the following rules which
describe what to do when changing scales:

1. The length to diameter ratio of the extruder screws is maintained
2. The extruder screw profile (i.e., mixing zone and conveying zone types and

positions) is matched to the extent possible
3. The extruder barrel configuration (i.e., feed position, vent port position, etc.) is

maintained
4. The extruder barrel temperature profile remains the same
5. The extruder barrel temperature is set for adiabatic operation
6. The extruder screw speed is kept constant
7. The mass flow rate through the extruder is scaled in proportion to the extruder

screw free volume
8. In the die, the pressure drop is maintained, which is achieved when the diameter

of bores is held constant and the cross-sectional area is increased proportional to
the increase in mass flow rate

When these principles are used, the following process responses will be similar
between different extruder scales:

a. Specific mechanical energy, SME
b. Product temperature at the extruder exit, Tmelt

c. Fill fraction along the length of the extruder
d. Overall RTD, E(t)
e. Average mixing rotations = N × tmean

By way of example of how the volumetric scale-up strategy can work, Fig. 7.6
shows RTD obtained from two Leistritz ZSE series extruders. Using this strategy, a
Leistritz ZSE18-HP extruder with Do = 17.8 mm and operating at N = 380 rpm and
Q = 6.8 kg/hr is expected to scale to a Leistritz ZSE 27-HP with Do = 27.0 mm and
operated at a throughput of Q = (27 mm/17.8 mm)3 × 6.8 kg/hr = 23.7 kg/hr.

The RTD is only one measure of the similarity between scales, but because it
plays such a dominant role in determining product characteristics, it is the focus
here, and other analyses have been omitted for sake of brevity. It is recommended
that anyone conducting scale-up operations for pharmaceuticals manufactured with
TSEs conduct all of the analyses listed in bold in Table 7.3 to ensure that products
are equivalent across scales. Additionally, verification of steady-state process per-
formance using the testing strategy outlined in Table 7.4 to probe various aspects of
the operation is recommended to confirm manufacturing robustness.
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Fig. 7.6 Residence time distribution (RTD) monitoring of extrusion operations

Table 7.4 Critical quality attributes (CQAs) and formulation/process impact during extrusion

Critical quality
attribute

Excipient
feed

Melt/mixing Die outlet/shaping Quench Downstream:
dry granulation,
compression,
and packaging

Content uniformity . . . . . .

Assay

Purity/degredates

API form

Physical properties—
density, particle size

. . . . . .

Suspected or confirmed impact of the processing step on the CQA

7.3.8 Heat Transfer Limited Scale-Up Strategy

Although it is recommended that extruder barrel temperatures be set for adiabatic
operation, this is not always achievable, especially when the desired product tem-
perature is well below the temperature at which mixing takes place. In this case, the
barrel might be set higher around the more restrictive mixing elements, and then
set to cooler temperatures downstream, such that the product temperature decreases
as it approaches the die. Because heat transfer occurs across the barrel surface, and
the barrel surface area changes proportional to D2

o across scales, a first approxima-
tion would be that Q2 = Q1(Do,2/Do,1)2. But because scaling throughput in this way
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changes the RTD, more time will be allotted for heat transfer with the barrel at longer
residence times, and the flow rate Q2 that results in equal product temperature Tmelt

will be somewhere between Q1(Do,2/Do,1)2 < Q2 < Q1(Do,2/Do,1)3. Because aver-
age shear rate also increases with increasing Do, SME can increase even when N is
held constant, and this effect becomes more prominent at low product temperatures
where the viscosity is higher. As can be seen, scaling based on heat transfer limi-
tations is a complex process with many interacting parameters. To effectively scale
these types of processes, additional experimentation and modeling may be necessary
to yield an optimum process at scale.

7.4 Process Analytical Technology for Melt Extrusion

Extrusion and process analytical technologies (PAT) have been used for nearly a
century in the plastics and food industries, yet both are relatively new to the phar-
maceutical industry (Akdogan 1999; Workman et al. 2005; Crowley et al. 2007). In
2002 the Food and Drug Administration (FDA) began an initiative, “Pharmaceuti-
cal CGMPs for the twenty-first century: A Risk-Based Approach,” that yielded the
2004 guidance “Process Analytical Technology (PAT)— A Framework for Innova-
tive Pharmaceutical Manufacturing and Quality Assurance” (Guidance for Industry
2004a, b). The scope of PAT as defined by the FDA guidance encompasses on-
line, in-line, or at-line measurements for enhanced process understanding to enable
optimization, control and product quality by design via the following mechanisms:

• Multivariate tools for design, data acquisition, and analysis
• Process analyzers
• Process control tools
• Continuous improvement and knowledge management tools

Process analyzer measurements, e.g., spectra or chemical images, typically require
a mathematical transformation, e.g., multivariate data analysis, to correlate the pro-
cess analytical data to a more relevant critical product attribute for design space
definition. For brevity, throughout this section the measurement system that yields
process analytical data is noted as a PAT method and the subsequent mathematical
transformation is described as a model. To forego a debate regarding what constitutes
a process analyzer, i.e., temperature sensor versus a Raman fiber optic probe, herein
focuses on process analyzers that yield multivariate data.

Particular advantages of HME cannot be fully realized without the use of PAT.
For example, the utilization of a polymer matrix is advantageous from a drug deliv-
ery perspective; however, it complicates drug substance extraction from extrudate for
off-line analysis such as high-performance liquid chromatography (HPLC; Tumuluri
et al. 2008). Additionally, continuous processing, or the potential thereof, necessi-
tates real-time quality assurance. PAT better enables continuous manufacturing as
any quality attribute deviations can be identified in real time as opposed to having to
discard the entire batch.
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Fig. 7.7 Schematic of process analytical technology (PAT) integration into melt extrusion

In 2008, Tumuluri et al. used an on-line Raman method and model to quanti-
tate drug substances in two respective formulations, confirmed transferability of the
model from lab scale to pilot scale, and inadvertently demonstrated form change
detection (Tumuluri et al. 2008). Additionally in 2008, in-line UV/VIS spectroscopy
for thermal degradation detection was reported by Wang et al. (2008). Since then,
multiple PAT applications of NIR and Raman spectroscopy during pharmaceutical
HME have been reported for real-time drug substance quantitation (Saerens et al.
2011, 2012; Krier et al. 2013; Wahl et al. 2013), solid-state characterization (Saerens
et al. 2011, 2012; Almeida et al. 2012; Kelly et al. 2012 ), and material residence
time determination (Markl et al. 2013).

The implementation of an in-line, transmission mode, Fourier transform (FT)-
NIRS method and a partial least squares (PLS) model to support the HME
manufacturing platform is detailed herein to demonstrate how PAT can yield pro-
cess understanding, process fault detection, and real-time quality assurance of
intermediate drug product.

The NIR spectrometer was integrated to the extruder via a custom in-line
temperature-controlled die adapter with a fixed optical path length, as shown in
Fig. 7.7. The single-fiber transmission probes have standard 1/2–20 UNF- mounting
threads and are screwed into the die adapter such that they are perpendicular to the
plane of the material. The probes have been designed to be seated flush within the
die adaptor to minimize optical path length fluctuations, to be resistant to the exterior
operating temperatures, and to withstand pressures up to 1500 psi.



7 HME for Solid Dispersions: Scale-Up and Late-Stage Development 251

PLS is a commonly used multivariate linear regression technique and was applied
to spectral data for real-time drug substance and surfactant concentration predictions.
For such a model to be utilized, an upfront investment needs to be made as PAT
calibration samples are typically manufactured rather than prepared in a laboratory.
Calibration samples were purposely extruded with varying levels of drug substance
and surfactant while varying material throughput rates. Samples were thieved upon
exit from the die adaptor, allowed to cool, labeled with the NIRS time stamp at the
time of collection and sent for off-line reference measurements, i.e., HPLC assay.
The potential risk regarding inaccurate alignment of spectra to the off-line reference
measurement was mitigated by ensuring a steady state was established during sample
collection.

An accurate and robust PAT model requires a calibration set that contains chem-
ical or physical insight to the attribute of interest and includes anticipated sources
of variation. Anticipated variation includes but is not limited to, different lots of
raw material, different scales of production, and different spectrometers and pro-
cessing equipment. It is of utmost importance that an independent validation set
that spans the operational space defined by the calibration set be used for model
validation. Achieving all these model requirements in a single campaign is improb-
able. As such, models are typically a work in progress until they are transitioned
to support routine commercial production. Thus PAT model development should be
viewed as a lifecycle and ideally would progress in parallel with process develop-
ment. Concurrent development is an efficient approach to yield a model that is robust
to parameters varied during processing scoping experiments, e.g., screw speed and
extrudate Tmelt. A model update approach has been with each manufacturing cam-
paign to add calibration samples into the existing calibration set and to regenerate
the model. Once routine, commercial production is achieved, model updates should
be solely dependent upon manufacturing process changes.

A validated model is required for real-time quality assurance of intermediate drug
product. Once a model development lifecycle has been initiated, the model can be
deployed for process understanding and process fault detection. It is recommended
that validation elements such as specificity, linearity, precision, and accuracy be
assessed prior to deploying the model for development purposes and then the model
be formally validated using a representative and independent validation set prior to
deployment for the purpose of real-time quality assurance.

7.4.1 Process Understanding

Process understanding applications of the given NIRS HME method has been used to
monitor the transition from placebo extrusion to active extrusion during active batch
start-up and purging of the extruder during shutdown and cleaning. Additionally, the
NIRS HME method has been used to study the RTD of drug substance in the extruder
and the extent of mixing. Significant process understanding has been achieved via
application of the given PAT method for the determination of drug substance RTDs as
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Fig. 7.8 Real-time monitoring of extrudate composition using in-line monitoring. (Bigert and
Smith-Goettler 2011)

a function of varying process conditions (e.g., material throughputs, varying barrel
temperatures, and different screw profiles). Illustrated in Fig. 7.8, a multicomponent
analysis allows for the assessment of other material levels in the formulation as well
which can be integrated to support rejection in the event of system perturbations. Ul-
timately, this can be extended to provide a comprehensive understanding of extrusion
performance capable of supporting real-time release.

7.4.2 Process Fault Detection

A balance between process monitoring and manufacturing support has to be main-
tained by the manufacturing scientists and operators. In regard to the process
monitoring aspect, it is easier to simplify the multivariate nature of such a com-
plicated process into a reduced data stream that is representative of product quality,
i.e., NIRS prediction of drug substance and surfactant concentration. During HME,
process faults have been immediately and easily identified from alarms triggered by
concentration predictions exceeding specifications. When this happens, drug prod-
uct intermediate collection is diverted to waste. Then various process parameters are
checked to identify the root cause of the compositional deviation.

The importance of PAT instead of simply relying on mass feed rates and mass
balance to determine concentration is best described by an example. During a repre-
sentative development example of such a process fault, drug substance concentration
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(%wt/wt) drifted upward, ultimately exceeded the alarm limit. The extrudate stream
was immediately diverted to waste and while being diverted to waste, process param-
eters associated with the material feeders were investigated. In this circumstance, a
change in drug substance lots with different bulk densities, led to material being fed
at a faster rate than the set point. The material continued to be diverted until the feeder
reached steady state around an adjusted set point and the NIR response was closely
watched to deem the result of this action. In a matter of minutes, the problem was
identified, the suspect extrudate was isolated from quality extrudate, the fault was
corrected and quality product collection was resumed. Without the real-time con-
centration predictions provided by PAT, the drum of extrudate would have needed
to be quarantined for further testing. The worst-case scenario is that the entire batch
would have been lost. As earlier noted, one could argue that monitoring the material
flow would have ultimately identified the process upset if PAT monitoring was not
in place. However, the issue is much more complex in that if the upset had been
detected by a process parameter, i.e., flow rate, it would not have been known if the
upset was of enough significance to put product quality at risk, and, if so, for how
long.

7.4.3 Real-Time Quality Assurance

For the specific example described, the calibration model was tested for linearity,
accuracy, and bias with independent validation samples, meaning that they were
not included in the calibration set. The respective drug substance and surfactant
concentration prediction models yielded correlation coefficients > 0.990 and a root-
mean-squared error of prediction (RMSEP) values < 1 % (wt/wt) which correspond
to accuracy and linearity expectations defined in the United States Pharmacopoeia
(USP) and ICH for lab-based testing methodologies. There was no significant bias
between the estimates from the PAT model and those from the reference off-line
HPLC method. Noteworthy is that scale-up from development to commercialization
for continuous manufacturing processes, if even applicable, is not as significant
relative to batch processes. This is important in regard to ease of PAT model transfer.
In the given example, as well as in other hot-melt extruded drug products, a formal
PAT model transfer was mitigated given the PAT model was built across development
and commercialization sites as the same model spectrometer and same scale extruder
were used from development to commercialization.

A risk mitigation strategy in multivariate regression models, such as the model
described here for concentration prediction, is employing outlier detection methods.
Outlier detection methods are statistical tests which are conducted to determine if
the analysis of a multivariate response using a calibration model represents a result
outside the calibration space. Hotelling’s T 2 values and residual variance values can
be reported in real time. Both metrics are representative of model distances, where
Hotelling’s T 2 values represent the distance of an observation (spectrum) to the
model origin and residual variance values represent the distance of an observation
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(spectrum) to the model plane. Thus, the residual variance metric would be sensitive
to an outlier that was at the XY origin, but displaced from it along the Z-axis. Yet,
the Hotelling’s T 2 metric is more sensitive to other types of outliers; for example,
where the Z coordinate is described by the model but the X or Y coordinate is
quite different. Hence it is advisable to look at both types of outlier detection plots.
Thus, on a routine basis for every spectral measurement, these diagnostics have
been calculated to reduce the risk of making concentration predictions with spectra
that are outside the validated range or calibration space. There are multiple reasons
a spectrum may be identified as an outlier, including: there is no extrudate at the
spectroscopic interface, there is probe fouling, the concentration is outside of the
validated prediction range, or there is a difference such as chemical degradation or
a phase transformation.

7.4.4 PAT Operationalization

PAT operationalization is achieved through integrated hardware and software which
enables instrument control, data analysis, visualization and archiving, and integration
of the instrument to an automation system. PAT methods/models are intended for
implementation into routine supply when the drug product is released to market. The
next step in the previously described example was to use the drug substance and
surfactant concentration prediction values to automate diversion to waste whenever
there is an out of specification alarm. Automation logic uses packages such as SIPAT
inputs to control the extruder switch gate (quality product collection versus waste).
An enabled component which is outside of the limits will generate an alarm and
a nonenabled component which is outside of the limits will generate a warning.
Alarm acknowledgement is required. Alarming is enabled once the drug product
status has been established as “good,” to allow the process to come to a normal,
steady-state condition. Examples of enabled components for switch gate control
have been material constituent concentrations (drug substance and surfactant), outlier
diagnostics (Hotelling’s T2 and spectral residuals), and process parameters.

The benefits of PAT span development, commercialization, and supply. PAT inte-
grated into the HME platform early in process development has facilitated a model
robust to process variations and thus will yield process flexibility post-drug product
regulatory approval. In multiple HME drug product applications, PAT monitoring
has identified and facilitated the correction of process faults while yielding quality
assurance via waste gate switch feed-forward control.

7.5 Quality by Design for Melt Extrusion

The quality by design (QbD) initiative arose to encourage innovation and implemen-
tation of new manufacturing technology along with enhancing science and risk-based
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regulatory approaches. As defined in ICH Q8, (2009a), QbD is viewed as a system-
atic approach to development beginning with predefined objectives and emphasizing
product and process understanding and process control, based on sound science and
quality risk management.

The “carrot” for QbD initially resided in regulatory agencies proposing that effec-
tive demonstration of enhanced product understanding in the registration application
would create regulatory flexibility, perhaps in the form of real-time release or reduced
end-product testing, reduced post approval change notifications, manufacturing scale
flexibility, and opportunities for continued process optimization once in commercial
space. The degree of regulatory flexibility actually achieved with QbD can certainly
be debated. What seems to have consensus is that structured, QbD-focused develop-
ment yields improved process understanding that results in more robust processes at
manufacturing scale. These processes in general should have less risk at validation,
higher assurance of supply, less atypical events, and more consistent performance in
commercial space even in the event that the full range of regulatory flexibility is not
realized.

Expectations for QbD are that development activities progress by first consid-
ering the patient experience via the quality target product profile. This should be
followed by a definition of product CQAs. Risk assessment (RA) activities occur
next to identify how these CQAs are influenced. The RA activities also ensure that
development efforts are proportional to the degree of risk to the patient. The nat-
ural end to development activities should be when enhanced understanding exists
to assure the consistent achievement of CQAs through a rigorous control strategy.
Upon tech transfer and transition into routine commercial production, system lifecy-
cle elements come into play, assuring the process is monitored, process changes are
managed, and the process is maintained in a state of control. Each of these stages of
the quality risk management process that achieves QbD will be discussed in turn in
greater detail within the context of HME.

7.5.1 Quality Target Product Profile, CQA definition,
and Initial RA

A guiding principle within QbD is driving the enhanced understanding with a focus
on the product quality defined in the context of the intended patient experience. This
effort begins with the quality target product profile (QTPP), where elements including
intended dosage form, strength, release profile, purity, and appearance (while not
directly linked to the safety and efficacy, this is important for dose recognition and
adherence) are outlined. The QTPP allows for an easier identification of those CQAs
that must be controlled to ensure product quality.

Focusing on these CQAs, activities progress by considering where within the
process the CQAs might be influenced, for instance by parameter settings or incoming
material attributes. Here, structured RA tools come into play, ensuring the process
in its entirety is considered, with all sources of potential impact on CQAs vetted.
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Table 7.5 Release attributes and control strategy for melt extrusion

CQA Material control In process control Control by process
design

Drug product re-
lease criteria

Final API form
in tablet

Polymer and sur-
factant meet CoA
specifications

Melt/Mix: Actual
barrel temperature
values in zones up-
stream from the die

Melt/Mix: fixed
screw profile. RPM
range, barrel
temperature, and
feed rate w/in design
space parameters.
Screw speed
designated CPP

NA (no crys-
talline API at
HME outlet)

Die outlet:
Monitor pressure
and die melt
temperature.
Online
spectroscopy for
form

Die outlet/shaping:
barrel temperature

Quench: chilled rolls
gap, and temperature
design space ranges

Downstream dry
granulation,
compression and
packaging: specified
max humidity range

COA certificate of analysis, CQA critical quality attribute, API active pharmaceutical ingredient,
HME hot-melt extrusion, RPM revolutions per minute, CPP controllable pitch propeller

Prudent RA exercises ensure appropriate effort is deployed in accordance with the
degree of risk. An example of such an RA for final API form in the drug product is
shown in Table 7.5.

The ICH guidance does indicate that “it is neither always appropriate nor always
necessary to use a formal risk management process” (ICH Q9 2006). However, RA
activities are most value added when they are attempted early enough within a de-
velopment program to help prioritize activities. This also helps ensure quality is
designed into the product, rather than relying solely on product specifications and
release testing as the means for process control. Early RA activities can also help en-
sure elements of scale are considered and are factored into the development strategy.
Considering the material sensitivities, for instance shear, time at temperature, or min-
imum temperature to achieve conversion to the amorphous state, can help prioritize
where development activities might progress, and do so in a way mindful of produc-
tion scale equipment. For instance, if the polymer is known to be shear sensitive,
perhaps focusing on understanding the impact of screw tip speed on performance
and maintaining this across scales would trump attempts to achieve identical max
temperature and residence time. Effectively addressing these concerns can reduce
risk around verifying design space or proven acceptable ranges at scale. This is also
in-line with regulatory guidance specifying the “. . . need to consider the effects of
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scale. However, it is not typically necessary to explore the entire operating range at
commercial scale if assurance can be provided by process design data.”

Early experiments may include exploratory one-factor at-a-time trials to under-
stand process sensitivity, or highly fractionated Plackett–Burman type designs to
screen for main effects, or high-level second-order interactions. Once again with a
line of sight to commercial manufacture, evaluations could start to consider design
space versus proven acceptable range designations. The expectation for design space
ranges would be to provide the technical details to support that operating within the
defined ranges assures the achievement of the CQAs. When this process understand-
ing is multivariate in nature, that is the interdependence between process variables is
understood to allow multiple parameters to be modified and understanding of their
additive influence still achieves quality attributes, this is said to be a design space.
When the influence of individual parameters is not understood in the context of other
process parameters, these ranges are said to be proven acceptable ranges.

7.5.2 Late-Stage Risk Assessment and Control Strategy

As knowledge about the process increases, so should the rigor of the RA activities,
requiring revisiting early stage activities. The expectation for the RA activities is
that they should achieve decision making that is transparent and reproducible, and
can entail adding elements including probability of occurrence, detectability, and the
likelihood of occurrence to the early stage RAs.

It is also helpful to consider where the iterations on the RA end. The natural end
occurs when the enhanced knowledge gained through focused design of experiments
(DOE’s) or targeted one-factor at-a-time experiments is sufficient to demonstrate
understanding of the sources of variability. Here, process parameters can be adjusted,
and the impact on CQAs effectively predicted. This suggests RA activities were
prudent, with the significant sources of variability identified and controlled. An
example of the opposite would be if parameters were changed to achieve CQA target
only to find upon implementation at pilot or manufacturing scale that the actual CQA
value does not match the target. This would suggest there were parameters that are
influencing quality attributes that were missed during the RA activities, or the impact
of process parameters on CQAs is poorly understood. Beyond the regulatory benefits
of QbD, this is the type of residual risk that could put validation or launch at risk but
can be successfully managed through QbD activities.

With the sources of variability better understood, the route to control and assure
CQAs can be effectively mapped. The routes for control should span (1) control
on raw materials, (2) in process control, and (3) control by process design. The
following example shows how detailed RA could evolve into this control strategy.
The example below has built off of the early RA grid, once again considering the
various stages across the HME process that were identified to impact the specific
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CQA, and how each of these is controlled. There could be many other ways to map
the control strategy, provided each of the three modes of control is explicitly defined.

The elements of in-process control and control by process design should weigh
whether it is sufficient to control the variability solely via process design via param-
eter range definition. A rigorous quality risk management process can also enable
multiple control strategies for the same process if processing activities occur at dif-
ferent sites. Perhaps one site opts to leverage rigorous in-process testing via at-line
testing or PAT, whereas another site chooses to utilize automation systems and tight
batch sheet controls with parameter settings further constrained within defined design
space or proven acceptable ranges.

7.5.3 Product Lifecycle Management

At commercial scale, additional RA activities are prudent, though now shifting to
focus on risks to the control strategy specific to the commercial process train. For
example, if using an in-process test to augment control by process design to assure
extrudate assay, what happens if PAT goes down, or the spectroscopy window is
occluded, or what would happen if the die melt temperature is considered a critical
process control and the thermocouple fails.

These elements of quality risk management recognize that once approved, pro-
cessing can remain dynamic to allow ongoing optimization, accommodating the fact
that the “the full spectrum of input variability typical of commercial production” is
generally not known following development activities (Industry Guidance 2011b).
This provides assurance that the process will continue to be monitored, controlled,
and periodically reassessed. Having the assumptions captured in earlier RA activ-
ities can prove useful as process changes are evaluated and considered against the
composite and relevant process knowledge accumulated to data.

7.6 Summary

Using a structured design approach, a drug product formulation and process can
be developed that has been appropriately engineered to support commercializa-
tion. Within the late-stage space, there are significant opportunities to couple with
drug substance manufacturing to leverage novel capabilities with devolatilization.
Scale-up across a range of potential commercial volumes is also possible with ex-
trusion, using well-established scaling methodologies and computer simulation to
ensure success while effectively probing the operational space. In-line measurements
can also be facilitated with internally mounted probes to support NIR and Raman
measurements, as well as melt viscosity, temperature, and pressure leading to a
comprehensive PAT approach to support real-time release and out of specification
material isolation. Ultimately, these attributes make the extrusion platform uniquely
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suitable for QbD and highly effective for commercialization of both small and large
volume pharmaceutical dispersions.
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Chapter 8
Spray Drying: Scale-Up and Manufacturing
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List of Abbreviations

A Area of the spray dryer chamber
API Active pharmaceutical ingredient
BD Bulk density of the product
CCF Central composite face-centered design
Cfeed Solids content in the feed
Cp Heat capacity coefficient
dD Droplet size
Dnoz Diameter of the nozzle orifice
DoE Design of experiments
Dv Diffusion coefficient in the gas phase
Dv50 Volumetric median particle size
Ffeed Flow rate of feed fed to the spray dryer
Fdrying Flow rate of drying nitrogen
m Mass flow rate
MFP Maximum free passage
MW Molecular weight
Pfeed Atomization pressure of the feed
Pout Vapor pressure at outlet temperature
Psat Saturation pressure of the solvent
PSD Pharmaceutical spray dryer
Pwb Vapor pressure at wet bulb temperature
QbD Quality by design
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Qloss Heat lost from the drying chamber walls
RSout Relative saturation at the outlet of the drying chamber
Tb Boiling temperature
Tcond Drying gas temperature at the exit of the condenser
Tdew Dew point temperature at the outlet of the drying chamber
Tfeed Temperature of the feed solution
Tg Glass transition temperature
Tin Drying gas temperature at the inlet of the drying chamber
Tout Drying gas temperature at the outlet of the drying chamber
Troom Room temperature
Twb Web bulb temperature
U Overall heat transmission coefficient
Vm Molecular volume
x Molar fraction in the liquid phase
y Molar fraction in the gas phase
σ Surface tension
μ Viscosity
ρl Liquid density
ρg Gas density
ρP Particle density
�Hvap Vaporization heat
γ Activity coefficient

8.1 Technology Transfer and Scale-Up to Commercial Units

In the pharmaceutical industry, the production of spray-dried powders is still widely
based on the batch concept. The quantities required in the early stages of the develop-
ment are typically small but may increase by many orders of magnitude as the drug
candidate advances through the clinical phases and reaches the market. This requires
the scale-up to different units along the process. Pharmaceutical spray dryers are
available in a wide range of scales: from lab units where milligrams of material can
be produced to large commercial units capable of handling multiple tons of pow-
der per day. If necessary, a spray drying process can be scaled up directly from the
laboratory to a final production scale. However, the quantities required for clinical
trials are more efficiently produced in pilot or small production scales, where prod-
uct losses and scale-up risk are considerably lower. Therefore, these intermediate
production scales are commonly used during the development of the process. Never-
theless, it is important to mention that during scale-up, some quality attributes of the
product can change, and there is need to understand whether these changes are ac-
ceptable, and if so, desirable. For example, powder properties such as flowability and
compressibility can be improved significantly when moving from lab units to larger
ones. Changes in the particle size distribution, level of residual solvents, friability,
density, and compressibility of the powder may strongly influence the properties of
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the final tablet, viz. hardness, friability, disintegration time, and dissolution rate. A
careless scale-up strategy may lead to considerable losses of expensive materials and
ultimately jeopardize the timelines of a clinical program.

Despite its criticality, the scale-up of the spray drying process is still vastly empir-
ical and based on costly experiments, and their statistical interpretation. To minimize
the experimental burden of such an approach, recent efforts have focused on applying
mechanistic models and simulation tools to describe the process of spray drying. In
fact, mechanistic modeling and process simulation tools have been successfully used
in chemical and oil industries for more than half a century. This rational approach
has gained wide recognition, and pharmaceutical scientists are now making use of it
during development, scale-up, and manufacturing (Koulouris and Lagonikos 2002).
Nevertheless, pharmaceutical process development will require some sort of simu-
lation and experimental testing at small scale, and at least some level of verification
in a production environment.

The following sections highlight some important considerations regarding the
most critical decisions related to the spray drying process, viz. selection of scale,
atomizer, and key process parameters. Common challenges associated with the op-
eration of the process will also be addressed. At the end of the section, a scale-up
methodology based on scientific first principles, simulation models, and process
characterization techniques are presented.

8.1.1 Manufacturing Scales

The way droplets are dried within the drying chamber dictates the characteristics
of the final product. Several aspects like evaporation rate, particles trajectories,
residence time, and wall deposition are governed by the factors like atomization
device and conditions, design and positioning of the gas disperser, the dimensions
of the chamber, and the location of the atomizer and exhaust gas duct. Spray dryers
are available in multiple configurations, including cocurrent, countercurrent, mixed
flow, fountain, or fluidized spray drying mode. The pharmaceutical industry predom-
inantly uses the cocurrent mode since it minimizes the exposure of the product to
high temperatures which may be crucial when processing thermally labile products
or materials with a low glass transition temperature. The cocurrent mode is therefore
considered the most suitable for the majority of the pharmaceutical applications.

Spray drying is a continuous process capable of full automation, and can be
designed to meet any capacity required in the pharmaceutical industry. A process
can be run in a large size unit for as short as 30 min or 1 h, or can be run continuously
for many days. The selection of the right scale involves several considerations, but
ultimately, it is primarily driven by the targeted process throughput and batch size
requirements.
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Fig. 8.1 Lab-, pilot-, and commercial-scale spray dryers at Hovione

8.1.1.1 Lab to Production Equipment

Laboratory scale spray dryers are particularly useful for producing small quantities
of prototype formulations in early stages of development. They can process small
quantities of solution (as low as 2 ml) with relatively high yield. On the other ex-
treme, the process can run continuously for hours or days providing the flexibility of
producing hundreds of grams or even a few kilograms of material. It is not surprising
that lab-scale units have been used to produce commercial quantities of very-low-
volume products. A typical feature of these small-scale systems is that the drying
chamber and cyclone are constructed in glass (Miller and Gil 2012), enabling the
privileged visualization of the drying and separation processes (see Fig. 8.1a). The
main limitation of the lab units is the powder properties of the resulting materials,
namely particle size. The small dimensions of the drying chambers limit the residence
time, and therefore, the droplets need to be small in order to be dried completely
before leaving the drying chamber, or they will collide with the walls. Therefore,
most small units produce powders with mean particle sizes below 10–20 μm, more
often between 3 and 10 μm. There are, however, lab-scale units (e.g., ProCepT
R&D Spray Dryer) that operate under laminar flow, allowing the drying of much
larger droplets (100 μm and larger). These units represent an excellent platform to
mimic the size and morphology of the industrial-scale spray-dried particles and can
be used at early stages of development to assess the criticality of particle size and
other powder attributes in the quality of the product.

Pilot- and commercial-scale spray dryers (see Fig. 8.1b, 8.1c) are suitable for a
wide range of batch sizes, ranging from less than 1 kg to several metric tons. They
share many similarities regarding the configuration, materials of construction (typi-
cally stainless steel), ability to handle most organic solvents, and level of automation.
Additional features such as cleaning-in-place or recirculation of the drying gas (close-
loop units) may be included. Some units can operate under vacuum (to minimize
risk of powder exposure of highly potent drugs) but commonly operate under slight
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Fig. 8.2 Water evaporation capacity for different spray dryer units

positive pressure. Despite these many options, the main difference between scales is
the evaporation capacity and the throughput.

The evaporation capacity depends mainly on the drying gas flow rate, solvent,
temperature profile (inlet and outlet temperature), and heat loss of the spray drying
unit. Fig. 8.2 shows the water evaporation rate at different production scales and
nominal drying gas flow rates.

8.1.1.2 Considerations for the Selection of Scale

Scaling up a spray drying process offers in most cases a more energy-efficient process,
lower manpower input per kilogram produced, and greater flexibility in adjusting and
optimizing product attributes. The latter is particularly advantageous if the purpose
is to obtain large and denser particles for solid oral dosage forms. For inhalation,
however, the challenge is to maintain particle properties unchanged throughout the
scale-up processes. The selection of ideal scale for a given product is dictated by the
commercial demand projections and the real throughput of the process. To calculate
real throughput, one needs to know not only the throughput in the spray drying step
(and how it changes at different scales—see example in Fig. 8.2) but also which step
(e.g., solution preparation, spray drying, or secondary drying) is the bottleneck of
the process. Other variables with significant impact on the real throughput of the
process are batch size, cleaning regime, and the duration of the cleaning process.
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8.1.2 Nozzle Selection

Once the scale of spray dryer is established, it is important to select an atomization
nozzle appropriate to the scale. The purpose of the atomization stage is to produce
a fine mist (spray) from a liquid feed to substantially increase the liquid surface
area and improve the efficiency of heat and mass transfer. For example, 50 ml of
a solvent atomized in 800 million droplets of 50 μm creates a surface area about
6 m2. By the generation of such high surface area, droplets dry fast, in the order of
seconds or fraction of a second depending on the drying conditions. Moreover, the
control of the atomization process dictates droplet size and consequently the particle
size.

Sprays may be produced in various ways, but essentially, all that is needed is a high
relative velocity between the liquid to be atomized and the surrounding gas. Some
atomizers accomplish this by discharging the liquid at high velocity into a nearly
stagnant gas. Notable examples include pressure nozzles and rotary atomizers. An
alternative approach is to expose the relatively slow-moving liquid to a high-velocity
gas stream. The latter method is generally known as two-fluid atomization. Indepen-
dent of the device, atomization is a complex phenomenon of inertial, shearing, and
surface tension forces, the balance of which determines the angle and penetration of
the spray as well as the density number, droplet velocity, and size distribution. All
these characteristics are markedly affected by the internal geometry of the atomizer,
the properties of the gaseous medium, and the physical properties of the liquid itself,
particularly its surface tension and viscosity.

Atomizers are generally classified according to the type of energy used. Rotary
atomizers (centrifugal energy) use high velocity discharge of liquid from the edge
of a wheel or disk. Two-fluid nozzles (kinetic energy) rely on the breakup of liquid
on impact with high-speed gas at the orifice. Pressure nozzles (pressure energy)
feature the discharge of liquid under pressure through an orifice, and ultrasonic
nozzles (acoustic energy) breakup of liquid is promoted through sonic excitation.
For each class of atomizer, there are several configurations and designs available to
handle the diversity of feed materials and to meet the specific spray-dried product
characteristics (Masters 2002). The liquid feed properties (viscosity, surface tension,
solids concentration) impact the atomization performance in all types of atomizers.
However, their sensitivity to each property depends on the particular type of nozzle.

8.1.2.1 Rotary Nozzles

For rotary nozzles, atomization is achieved by centrifugal energy transmitted to the
liquid stream by a disk or wheel rotating at high speed (from 10,000 to 50,000 rpm).
The liquid is fed into the center of a rotating wheel, moves to the edge of the wheel un-
der the centrifugal force, and is disintegrated at the wheel edge into droplets. A spray
angle of about 180◦ is best accommodated in large-diameter chambers (Mujumdar
2006). Rotary nozzles can be used to atomize slurries, suspensions, or solutions of
high viscosity. Besides the feed properties, the operating variables that influence
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droplet size are feed flow, rotational velocity, wheel diameter, and design. Rotary
nozzles typically produce droplets of a wide range of sizes: from 20 to 200 μm
(Masters 2002).

8.1.2.2 Two-Fluid Nozzles

Two-fluid nozzles, also known as pneumatic nozzles, use a compressed gas to atomize
the liquid feed. There are different designs of nozzles on the market. The two major
groups of two-fluid nozzles are known as an external mixing nozzle and an internal
mixing nozzle.

External mixing nozzle is operated with low liquid pressure. The liquid feed is
provided through an inner duct while an atomization gas is fed by an external annular
opening around the liquid orifice. On the other hand, internal mixing nozzles take
advantage of gas expansion at the nozzle outlet. Part of the pressure energy applied
is used to scatter the liquid fragments within and beyond the nozzle orifice by the
sudden gas expansion (Walzel 2011).

Although an external mixing two-fluid nozzle is the most common in the lab-
and the pilot-scale spray dryers, an internal mixing nozzle is far more efficient in
regards to the gas to liquid ratio and, therefore, preferred for larger-scale spray dryers,
especially when small particle sizes (less than 10 μm) are required (Miller and Gil
2012). The main disadvantage is the air/nitrogen pressure required to overcome the
high pressure drop of this type of nozzle. Nevertheless, both internal and external
mixing nozzles produce droplet sizes within the range of 5–75 μm (Masters 2002) and
offer, probably, the best control over droplet size since feed and gas flow rates can be
controlled independently. However, the gas consumption and pressure required may
limit their use at industrial scales mainly when drying organic solvents. Therefore,
pneumatic nozzles are most suitable for small scales or when very small particle
sizes are required.

8.1.2.3 Pressure Nozzles

In pressure nozzles, atomization is achieved by converting pressure energy into ki-
netic energy. Often the design of pressure nozzles includes the inlet slots to impart
a swirling motion to the liquid at the swirl chamber entry and a convergent section
to accelerate the flow as it enters the orifice. The swirl motion of the liquid pushes
it to the wall and, consequently, the liquid is ejected from the orifice as a conical
sheet that spreads outwards due to centrifugal forces. These nozzles require the use
of high-pressure pumps as pressures can go up to 450 bar. Droplet size can be ma-
nipulated with the operating pressure, but feed flow is dependent on that pressure.
With increasing atomization pressure, the droplet size decreases and the feed flow
increases. This dependent manipulation of the droplet size is one of the major draw-
backs of this type of nozzles, i.e., in order to change droplet size at constant feed flow,
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it is necessary to change the nozzle dimensions or design. Further, as they involve
the acceleration of the liquid feed, they are not suitable for high viscous feeds.

In large-scale spray dryers, these nozzles are used for production of medium
to large particles (30–200 μm). They also produce more uniform powders with a
narrower particle size distribution than pneumatic or rotary nozzles and, therefore,
are preferred for the production of powders for oral dosage forms.

8.1.2.4 Ultrasonic Nozzles

The principle of the ultrasonic nozzles is based on the usage of high-frequency sound
waves to atomize the feed and produce very narrow droplet size distributions with
low velocities. For ultrasonic nozzles, the feed delivery pump controls the liquid
flow. The ultrasonic nozzle generates a uniform droplet size distribution ranging
approximately from 20 to 100 μm. However, the frequency of vibration is specific
for a given nozzle, and so does the droplet size produced. In practice, in order to
change the droplet size, it is required to use a different nozzle. Higher-frequency
nozzles produce smaller droplets. The major drawback of these devices is that the
throughput is limited (typically up to 50 ml/min) which limits their applicability to
laboratorial- and pilot-scale units.

8.1.2.5 Considerations for the Selection of Nozzle

In the selection of the atomizer and atomization parameters, two general require-
ments should be considered: one is to provide the throughput that meets the required
powder production and the second is to generate a droplet size that provides for the
target particle size distribution. In the pharmaceutical industry, the most commonly
used nozzles are two-fluid and pressure nozzles, owing to their simplicity of use,
easy of cleaning, ability to handle wide variety of feeds and the reduced tendency
(when compared to rotary nozzles) to generate wall deposits. In most applications,
a pressure nozzle is preferred than a two-fluid nozzle, primarily because pressure
nozzle provides powders with a narrower particle size distribution. Exceptions in-
clude very fine powders or when feeds have very high viscosities or large suspended
particles which may block or damage the pressure nozzle. In the former case, the
greater flexibility to manipulate and control particle size in the fine range favors two-
fluid nozzles. Powders with higher densities are generally obtained from pressure
nozzles compared to two-fluid nozzles. This is associated with the degree of aera-
tion of feed during the atomization process. Low particle densities, if required, can
be obtained by optimizing the aeration effect (gas ejection or pressurization of the
feed).

Table 8.1 below summarizes the main characteristics of pressure and two-fluid
nozzles.
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Table 8.1 Guidelines for nozzle performance
Pressure Nozzles Two-fluid nozzles

Pressure swirl External Mixing Internal Mixing

Feed flow > 5 kg/h 
(not suitable for lab units)

High atomization gas 
consumption restricts the 
production of small particles at 
larger scales

Efficient atomization at low 
gas-to-liquid ratios

Flexible angles: 40-70⁰ Narrow angles: ~20º Flexible angles: 20-60º
Eroded by suspensions Suited for suspensions Eroded by suspensions
Not suitable for viscous feeds Insensitive to viscosity Sensitive to viscosity
Weak manipulation of droplet 
size (for the same throughput)

High degree of control over droplet size

Favors flowability
Particle size – 20 to 500 µm 

Fine powder with low densities
Particle size – 3 to 200  m

Narrow distribution
span ~ 1.4-1.8

Wide distribution; 
span ~2.0-2.4

8.1.3 Typical Challenges

Most of the causes of unplanned shutdowns and/or limited run times are related either
to (1) excessive buildup of material or the equipment walls, (2) improper atomization
of the feed, and/or (3) chemical stability constraints (feed solution and/or powder).
These issues and the ways to overcome (or account for) them are addressed in this
section.

8.1.3.1 Product Accumulation

Product accumulation on the walls of the equipment is one of the most common
occurrences when developing or during scale-up of a spray drying process. Product
may accumulate on the walls of the drying chamber, cyclones, conveying ducts, or at
the nozzle tip. Wall deposits are more commonly observed in the small scales since
radial distances from the atomizer and residence time are shorter. Product buildup
can be caused by several factors:

• Product stickiness; materials with a low glass transition temperature exhibit sticky
properties and tend to build up on the walls of the equipment. The level of buildup
is related to the content of solvent in the powder, the glass transition temperature
of wet product, and the drying temperature at which the product is exposed. In the
production of amorphous forms, this is particularly important since the deposits
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Fig. 8.3 Typical problems associated with spray drying operations: a condensation in the bag filter,
b nozzle bearding, c dripping, and d stringing

on the equipment surfaces will occur when drying at temperatures close or above
the glass transition temperature. The problem can be mitigated by reducing the
outlet temperature (Tout) or by operating at lower relative saturation (RSout) at
the same outlet temperature. The latter is achieved by reducing the condenser
temperature (Tcond) and/or the feed flow rate (Ffeed). The stickiness tendency can
be predicted offline, for example, using a hot stage and exposing the product to
different temperatures.

• Solvent condensation; the gas inside a spray drying process equipment is partially
saturated with solvent and, therefore, is prone to condense if exposed to cooler
surfaces. If the surface is allowed to cool down below the dew point of the gas
stream, then condensation will occur and the powder will accumulate on those
wet surfaces (Fig. 8.3a illustrates an example where condensation occurred in the
filter bag). To prevent this, the spray dryer is typically insulated or heat jacketed
and the heating of the chamber prior to start of the atomization process is done in
a gradual manner and over an extended period of time (typically between 20 and
60 min).
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• Bearding; during spray drying, some droplets entrapped in the eddies around the
nozzle may collide with the tip of the nozzle, dry on its surface and start building
up around it. (see Fig. 8.3b). This process is commonly referred as bearding. If left
unattended, the buildup can interfere with the spray formation and/or fall down
into the drying chamber, promoting further powder deposition and ultimately
clogging of the equipment. There are several approaches to overcome bearding.
The simplest way is the repositioning of the nozzle (by changing the depth of
the nozzle tip inside the chamber) to reduce or eliminate the droplet entrapment
into the eddies. A change of atomization conditions as well as the drying gas
flow may also be beneficial, though often there are narrow margins to manipulate
these parameters. An engineering alternative is to include an additional gas stream
concentric to the nozzle tip to prevent the collision of the droplets at the nozzle
level. Another option is to use a nozzle with an anti-bearding cap which provides
less deposition area for buildup to occur. More commonly, a combination of the
above approaches is needed to successfully overcome bearding.

• Too large droplets; if droplets are too large for the drying chamber, they will
touch the chamber wall before drying is complete. The solution is to decrease
the droplet size or increase the drying temperature. Production scale may need
to be changed if the target particle size cannot be achieved. This should be well
thought out early in the development since all units have their own requirements
regarding the maximum droplet size allowed.

8.1.3.2 Improper Atomization

Atomization is probably the most critical step involved in the spray drying process.
The problems that can be associated with poor atomization include:

1. Inadequate atomization settings; this is the most common cause of poor atomiza-
tion. Often in an attempt to increase particle size, atomization is set to maximize
droplet size either by using low operating pressures (for pressure nozzles) or by
using low atomization ratios (for two-fluid nozzles). However, there is a fine line
between the conditions that allow maximum droplet size and those that lead to
not fully developed spray.

2. Dripping; in pressure nozzles, the spray is fully developed only above a critical
pressure. Below the critical pressure, often between 10 and 30 bar, large droplets
may form which will fall into the drying chamber, which in turn may cause the
formation of a wet layer of product in the discharging pipe of the drying chamber
(see Fig. 8.3c). Dripping may also occur when restarting the operation after an
unexpected shutdown. To prevent dripping, pressure nozzle with check valves
that only allow the passage of liquid above a preset pressure can be employed.
Some suppliers offer integrated check valves that can be adjusted for different
pressures. Other option is the use of a compressed gas to purge the feed line once
the high-pressure pump is switched off.

3. Stringing; stringing is the term used to refer to a bad atomization that happens in
high evaporative systems. If a fine spray with high specific area is exposed to high
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temperatures, string like particle formation may occur before the spray pattern
is completely developed. String-like particles are obtained and agglomeration
occurs, see Fig. 8.3d. In order to avoid stringing, it is required to delay the
onset of particle formation by operating at lower temperatures or by reducing
the concentration of the feed. Both approaches will reduce the throughput. If not
resolved, solvent system or even the type of atomization system may have to be
replaced.

4. Poor assembly of the nozzle; most nozzles require careful assembly of the internal
and external components. Incorrect installation will result in poor atomization and
often results in the shutdown of the process and loss of product. Nozzle assembly
procedure should be carefully followed as per instruction and thoroughly tested
before use.

8.1.3.3 Chemical Stability

The product purity profile is a very important attribute for any product. During spray
drying operation, chemical degradation may occur:

• When the product is dissolved in the solvent prior to spray drying. This is partic-
ularly true at commercial scale, as the holding time may be long. It is therefore
critical to define the solution storage conditions, especially the temperature and
duration.

• When the freshly spray-dried product is still hot and not fully dried. In particular,
some deposits of product may remain for a long time in the spray drying chamber,
exposed to hot temperature (the walls of the chamber typically exhibit temperature
close to the exit temperature of the drying gas).

Aforementioned chemical stability risks will be discussed below using a solid dis-
persion (API to excipient ratio of 1:4), where the solvent system used was a mixture
of dichloromethane to ethanol ratio (97.5:2.5, % w/w), as an illustration.

8.1.3.3.1 Degradation of the Feed Solution

The degradation kinetics of a feed solution, at three different temperatures, is shown
in Fig. 8.4. In order to determine accurate degradation rates, the timescale in this
study was much longer than typical holding time. Although the formation of multiple
impurities was observed, depicted in Fig. 8.4 is only the main (and most critical)
impurity, for which an upper limit of 0.1 % was set.

As shown in Fig. 8.4, the kinetics show a linear increase over time, more pro-
nounced at higher temperature. Using a simple Arrhenius equation, the activation
energy (Ea) can be calculated, from which a mathematical expression capable of
describing the growth of the impurity can be obtained. Equation can be readily used
to construct a two-dimensional plot of temperature versus hold time (see Fig. 8.5).

Obtaining this type of representations enables the selection of the most appropriate
feed solution temperature, in agreement with the target run time; for example, for a
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Fig. 8.4 Main impurity formation over time, as a function of the feed solution temperature

Fig. 8.5 Maximum (hold
time vs. temperature),
considering the main impurity
formation

target spray drying time of about 24 h, a hold temperature range of 2–8 ◦C keeps the
degradation level well below the 0.1 % limit. Additionally, in the case of emergency
(e.g., equipment failure, requiring full process stop in order to allow for maintenance),
Fig. 8.5 plot also shows that feed solution could be kept for more than 1 week (168 h)
in case hold temperature is lowered to − 10 ◦C.

8.1.3.3.2 Degradation Inside the Spray Dryer Chamber

The spray-dried product accumulated in the chamber is exposed to harsh conditions
(solvent vapor and high temperature) for an extended period of time and, therefore, it
is expected to show a less favorable purity profile. Considering a worst-case scenario,
where the entire amount of powder deposited on the walls would suddenly fall into
the main product container, the entire batch could be jeopardized; therefore, it is
important to evaluate the degradation of the deposited material as a function of its age
(e.g., to define the optimal cleaning frequency of the spray dryer: too frequent would
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Fig. 8.6 Arrhenius plot for
main impurity formation of
the powder (lab kinetic results
vs. spray drying data)

impact cycle time, whereas too rare would imply a risk of product contamination).
These types of studies can be conducted using a two-step approach (the same example
previously used to address the feed solution chemical stability is being considered):

• Acquisition of the degradation kinetics using a sample of freshly spray-dried
product. In this illustrative case, a product with 3 % of residual solvents (the
typical value obtained at normal operating conditions) was enclosed in containers
and kept at four different temperatures (25, 35, 45, and 65 ◦C).

• Verification of the degradation kinetics at the real spray drying scale. In this
illustrative case, a spray drying run (using a PSD3 unit, with an inlet and outlet
drying gas temperatures of 95 and 50 ◦C, respectively) was performed for about
1 h (with a feed rate of 50 kg/h of feed solution), in order to obtain some product
deposited on the walls; afterwards, the spray drying of pure solvent (at similar flow
rate and thermal profile) was maintained for 24 h, in order to keep the product on
the wall under normal degradation conditions. At the end of the trial, the powder
deposited on the walls of the chamber was manually recovered (scrapped) and
analyzed.

The results obtained for the current illustrative example are shown in Fig. 8.6.
As shown in Fig. 8.6, the rate of impurity growth observed in the laboratory is

typically comparable to the degradation observed in the powder deposited on the
spray dryer; considering the good alignment of the data, the degradation in real
manufacturing conditions can be estimated from lab data (in this case 0.25 %/day).
Therefore, by knowing the overall amount of deposited solids during a typical run
(in this case known to be less than 1 % of the batch size) and considering that the
drug product is typically homogenized and sieved, it is possible to anticipate the
maximum impact for a given time window (e.g., 0.01 % of degradation during 4
days) and define the cleaning frequency (e.g., every 4 days of production would be,
in this case, a good compromise).
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8.1.4 Modeling Tools and Mechanistic Interpretation

The scale-up of spray drying processes has been primarily conducted based on actual
experimental data and experience mainly because the process, characterized by rapid
and simultaneous heat and mass transfer between the droplets and the drying gas,
is difficult to describe mathematically, and some of the parameters are often not
readily measured. Furthermore, the whole process is extremely dependent on the
feed properties and equipment scale and design. Despite this, fundamental modeling
approaches for process characterization have been proposed in the literature. Among
these are thermodynamic models to estimate the humidity of the exhaust air (Berman
et al. 1994), atomization models to predict droplet size (Lefebvre 1989; Senecal et al.
1999), or drying kinetics studies to anticipate the morphology of the particles (Larhrib
et al. 2003; Littringer et al. 2013).

In this section, several tools, which will serve as the basis for the scale-up method,
are presented: (1) a thermodynamic model to predict the outlet conditions of the spray
drying, viz. relative saturation and temperature of the outlet gas; (2) an atomization
model to predict the droplet size; and finally (3) a simplified model for droplet drying
to define the general trends of particle size and morphology.

8.1.4.1 Thermodynamic Modeling

The thermodynamic model allows the characterization of the process in terms of
drying gas flow (Fdrying); relative saturation at the outlet of the drying chamber
(RSout); inlet, outlet, and condenser temperatures (Tin, Tout, Tcond); dew point of
wet drying gas (Tdew); and feed flow (Ffeed). A multivariate relationship of such
variables can be used to define the process operation range that respects the desired
outlet conditions (Tout, Tdew, and RSout). The determination of such variables plays a
role in the development of the spray drying process in several distinct ways. Tout is
one of the most important process parameters since it has an impact on particle and
powder properties such as density, surface area, mechanical strength, and physical
stability. RSout is the main driving force in the drying process and, therefore, has
direct impact on the level of residual solvents in the final powder. The latter is of
particular importance when producing amorphous materials since the level of residual
solvent in the solids strongly affects its glass transition temperature (Tg). Dew point
temperature (Tdew) is also an important parameter to have in mind in order to prevent
solvent condensation in the equipment.

Essentially, the thermodynamic modeling consists in a set of equations that relate
process parameters through mass and heat balances and liquid–vapor equilibrium
equations. Below are the critical equations:
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Fig. 8.7 Accuracy of the
thermodynamic model. (Data
from 386 batches, using
multiple solvent systems and
four scales of Hovione’s Niro
spray dryers)

Fdrying · Cpdrying · (Tin − Tout) =
B∑

i=A

[
Cpi · (Tout − Tfeed) · ṁ1

i

]

+
B∑

i=A

[
ΔHvap_i · ṁ2

i

] + Qloss (8.1)

Qloss = U · A · (Tout − Troom) (8.2)

yi · P = xi · γi · P sat
i . (8.3)

The accuracy of the thermodynamic model can be significantly improved by
measuring experimentally the heat loss of a particular unit. Figure 8.7 depicts the
accuracy of the model by comparing experiment with model inlet temperatures.

The development of a thermodynamic model is of utmost importance for modeling
and scale-up purposes and provides an expeditious way to anticipate process condi-
tions at any scale. Figure 8.8 below shows the typical information that is obtained
through this model.

8.1.4.2 Droplet Size Estimation

The second stage of process modeling consists in applying a reliable correlation
between atomization parameters, liquid properties, and droplet size. Numerous ex-
perimental studies have been carried out, and several equations have been proposed to
relate droplet size to nozzle design, atomization energy, and physical and flow prop-
erties of the gas and liquids employed. Although some published models have proved
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Fig. 8.8 Output of thermodynamic modeling for a process using pressure nozzle

good predictive capabilities, it is worth noting that these models were developed for
specific nozzle geometry, and extrapolation to other nozzles needs to be done with
care. An example of such correlations is shown in Eq. 8.4 below. The correlation was
developed based on data from 12 nozzles from Spraying Systems (Maximum Free
Passage, SK Series SprayDry®) with different geometric dimensions.

dD = 2.41σ 0.25μ0.25F 0.25
feed P −0.450

feed ρ−0.25
g . (8.4)

Figure 8.9 shows that despite many influences of process and formulation variables
on the particle formation process, droplet size is still the major factor controlling the
particle size, and it can be estimated by Eq. 8.4. The atomization model is a valuable
tool for scale-up since it can be used to select the nozzle that best suits the targets
for process throughput and particle size.

8.1.4.3 Particle Formation

To describe the particle formation process, several authors (Vehring 2008) emphasize
the usefulness of the Peclet number (ratio between droplet evaporation rate and
diffusional motion of the solutes) as a mean to predict the morphology of spray-
dried powders. For low Peclet numbers, the diffusion motion of the solutes is fast
compared to the velocity of the receding droplet surface and the droplet is allowed
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Fig. 8.9 Dv50 is highly
correlated with the droplet
size produced during the
atomization process.
Trendline was forced to pass
through the origin

to shrink while solutes migrate to the droplet center. At a critical supersaturation
level, dense and solid particles are produced. For high Peclet numbers, on the other
hand, the evaporation predominates over diffusion and the surface becomes rapidly
enriched in solutes that precipitate. In these cases, an outer layer is formed almost
instantaneously at the droplet surface leading to hollow, light, and porous particles.

Often in pharmaceutical applications, viscous feeds are obtained as a result of
the formulations used (e.g., polymers, proteins, carbohydrates among other large
molecules) and particles tend to be hollow. However, the plasticity of the phar-
maceutical materials during drying has resulted in greater morphologies diversity
(Walton 2000). Due to the low diffusivity, most pharmaceutical particles form a
shell earlier during drying and the rate of evaporation decays gradually as the shell
becomes thicker. At this point, the shell mobility is determined not only by the dif-
fusion of the dissolved solids but also by their solubility and, more importantly, by
the mechanical properties of the formed shell (Vehring et al. 2007). If the drying rate
is high, the critical thickness, i.e., the thickness that assures the mechanical stability
of the shell, is reached very early in the drying process and the resulting particles
sustain the spherical form of the droplet. On the other extreme, if the drying is slow,
the thin shell formed in the early stages of drying will recede until its thickness is
stable enough to sustain the particle structure. So by controlling the evaporation rate
and drying time, one can exert control over particle morphology (see Fig. 8.10). The
mechanism of evaporation in a still gas, based on boundary-layer theory, can be jus-
tifiably applied to many spray drying conditions (Masters 2002) and used to estimate
the drying time of the droplets. While the constant evaporation rate is applied, the
drying time can be expressed by the following equations:

t = ρL

8Dv (Pwb − Pout)

(
d2

D − d2
P

)
(8.5)
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Fig. 8.10 Illustrative relationship between drying time and the sphericity of the spray-dried particles

Dv = 0.00143T 1.75

MW
1/2
AB

[
(�v)

1/3
A + (�v)

1/3
B

]2 (8.6)

Twb = 137

(
Tb

373.15

)0.68

log (Tout) − 45 (8.7)

In Eq. 8.5, the vapor pressure at wet bulb temperature can be calculated from
the Antoine equation, while the solvents concentration (Pout) in the drying gas can
be determined in the thermodynamic step described previously. For example, fast
evaporation and low drying times can be imposed by manipulating Tout and droplet
size (dD) and used to promote the production of smooth spherical particles.

The other feature throughout the formation of particles is the creation of internal
pressure when droplets are dried at temperatures close or above the boiling point of
the solvent. In this case, the vapor pressure inside the particles is higher than the outer
surface and particles can, depending on the shell properties, inflate or break apart as
the result of the pressure gradient. When particles expand, then particle size becomes
a function of droplet size and outlet temperature (Fig. 8.11a). On the other hand, if
the material is friable, the particles tend to break apart and the degree of breakage
is typically more pronounced at higher temperatures. In those cases, particle size is
still dependent on the droplet size, but the outlet temperature or relative saturation
has a negative effect on particle size (Fig. 8.11b).

The tools presented throughout this section are intended to be used in all the
steps of the scale-up to assure the production of powders with the desired quality,
viz. particle size, particle morphology, and level of residual solvents. This enhanced
understanding and mechanistic thinking, in line with the quality by design (QbD)
initiative, will support the establishment of ample design spaces that are both unit
and scale independent.
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Fig. 8.11 a Particle inflation observed above boiling point; b typical behavior of a friable material

8.1.5 Scale-Up Methodology

As discussed in the Sect. 8.1.1, the spray dryer scale may have a significant impact on
the properties of the spray-dried material and general scale-up procedures have to be
established to assure an uneventful transfer to larger scales. Before embarking on the
scale-up of any process, it is highly recommended to attain a stable and robust process
at lab scale. Only then one can clearly understand how key process parameters such
as temperature profile in the drying chamber (Tin and Tout), condenser temperature
(Tcond), drying gas and feed flow (Fdrying andFfeed), and atomization conditions should
be set at the larger-scale unit. The present methodology is based on the mechanistic
understanding described in the previous section and comprises three modeling steps:
thermodynamic, atomization, and particle formation.

8.1.5.1 Thermodynamic Step

Through thermodynamic modeling (see Sect. 8.1.4), one can calculate the relative
saturation of the drying gas. This combined with a small set of experiments at lab scale
provides the relationship between the level of residual solvents in the product and
relative saturation of the drying gas. This is particularly important when producing
amorphous materials since their glass transition temperature (Tg) is affected by the
residual solvent since solvent acts as a plasticizing agent. Figure 8.12a illustrates how
these relationships can be used for scale-up purposes: If the target is to manufacture
a spray-dried (wet) powder at a Tg > 60 ◦C, then the level of residual solvent in the
spray-dried material should not exceed 9 % w/w. At lab scale, this residual solvent
level was obtained when operating with a relative saturation of 8 %. Therefore, a
possible scale-up condition, which can be seen as a conservative or safe approach,
is to maintain at the larger-scale equipment a relative saturation at the exit of the
drying chamber (RSout) at a similar level. If droplet size is maintained somewhat
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Fig. 8.12 a Effect of the relative saturation of the drying gas on the level of residual solvents and
Tg and b effect of the scale on the desorption curves of a spray-dried product

Fig. 8.13 a Thermodynamic space at pilot scale and b projection to commercial scale

unchanged, the extended residence time in larger scales will provide a safety margin
to the assumed relationship between RSout and level of residual solvents. As can be
seen in Fig. 8.12b, the sorption curve approaches the equilibrium when increasing
the scale (equilibrium data is obtained with dynamic vapor sorption studies).

The multivariate thermodynamic relationship of the process parameters with RSout

can also be used to define the process operation range that respects the imposed
constraints. Apart from the limits imposed on the RSout, the constraints usually
include equipment limitations (e.g., maximum inlet temperature or minimum con-
denser temperature), product requirements (e.g., outlet temperature limited by the
product degradation profile, physical stability, or stickiness behavior), and other pro-
cess constraints (e.g., Fdrying limited by the gas disperser or flow requirements, Ffeed

limited to avoid high dew points). These theoretical relationships provide a bridge
between processes at different scales, as depicted in Fig. 8.13 below.
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Fig. 8.14 a stable spray drying process, b product degradation in the cyclone, and c bad atomization
leading to product accumulation in the bottom of the drying chamber

This thermodynamic analysis is a very powerful tool often replacing the need
for experimentation at different scales. However, as mentioned before, product con-
straints should ideally be studied at lab scale to minimize development costs. Visual
degradation of material, bearding, heavy accumulation due to inadequate tempera-
ture profiles, or poor atomization among other are all easier to understand and to
solve at lab scale (see Fig. 8.14).

Some of the most common studies performed at lab scale include:

• Stability of the drug in the feed. This can be critical to the success of the scale-
up. In larger scales, product may be held in solution for many hours or days,
and therefore, the kinetics of degradation at different feed temperatures should
be known. In some cases, the feed temperature needs to be reduced to prevent
impurity growth.

• Process yield (expect > 80 % for a sample of more than 5 g). The reasons for a
low yield are very diverse (e.g., product stickiness or bad atomization) and should
be solved at small scale before scale-up.

• Ability/ease of the secondary drying step. At lab scale, drying profiles and
physical/chemical stability of the product can and should be evaluated.

• Process edge of failure by spray drying, for example, at elevated relative saturation
(RSout) can be very useful to understand the limits of the process and provide extra
information for the scale-up process.

• When stable process conditions are found, it is recommended to run the process
for an extended period to monitor the robustness of the process. Note, for example,
that some processing issues (e.g., nozzle bearding or heavy product accumulation
in the equipment walls) may not be obvious in very short tests.
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Fig. 8.15 a Feed solution characterization regarding the impact of Cfeed and Tfeed on feed viscosity
and b simulation of four nozzles MFP (maximum free passage) SK series SprayDry nozzles from
Spraying Systems; the core/orifice codes are –80/16, –70/20, –65/21, and –65/17

8.1.5.2 Atomization Step

Once the thermodynamic conditions have been established, there is a need to select
the nozzle that best suits the targets of droplet size and process throughput. The
most common nozzles used at lab scale are external two-fluid nozzles. However,
during scale-up, there is typically the opportunity to improve powder properties by
switching to a pressure nozzle. This results from the greater ability to produce and
dry larger droplets in the larger drying chambers of the commercial units.

Feed properties like viscosity, density, and surface tension are well known to af-
fect droplet size (and hence particle size). Therefore, for an accurate estimation of
droplet size, it is recommended to characterize the solution regarding those proper-
ties. Frequently, all of these properties are dependent on the feed temperature (Tfeed)
and solids content (Cfeed).

Cfeed is a critical parameter which impacts the process viability and product qual-
ity in several manners, viz. process throughput, particle/powder density, or feed
viscosity. Economic considerations of the process favor high Cfeed, but concentra-
tions close to the saturation point should be further studied to minimize the risk of
product precipitation. Further, the use of high concentrations may lead to highly
viscous feeds which may be difficult to atomize (Fig. 8.15a illustrates a typical re-
lationship between feed concentration and temperature with feed viscosity). Tfeed is
rarely manipulated to obtain target powder properties. Nevertheless, it may affect
solution stability and also influences viscosity and solubility. A strict control of Tfeed

is required, namely when operating close to solubility limits.
After determination of the feed properties, correlations like the one shown in the

Sect. 8.1.4 (Eq. 8.4) are commonly used to predict the droplet size.
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In the example given in Fig. 8.15b, the ranges of interest were 52–80 μm for
droplet size and 14–21 kg/h for the feed flow rate. The most adequate nozzle, ac-
cording to the feed properties measured and simulations performed, was the 65/21.
The 65/21 nozzle fulfills both criteria within the typical operating conditions of
pressure 30–100 bar.

8.1.5.3 Particle Formation Step

In order to establish a target for droplet size, it is required to study the effect of the
drying condition on droplet drying and consequent particle formation. In the particle
formation step, which is by far the most complex physical mechanism to describe,
two approaches may be considered to estimate the final particle size.

The first approach assumes a constant shrinking ratio, i.e., a characteristic ratio
between droplet size and particle size. When there is no information available about
the product drying behavior, a pragmatic approach can consider a general shrinking
ratio of about 3.3 (as seen in Fig. 8.9, most spray drying products follow the general
trend of droplet size, independently of their nature and drying conditions).

A second approach is to use experimentally found shrinking ratio. This requires
some prior knowledge of product/drying behavior. For example, the shrinking ratio
observed at a smaller scale (and using similar drying conditions) can be used to
model particle size at larger scale. In this approach, there is a need to measure or
estimate the apparent density of the particles (measured, for example, by mercury
intrusion porosimetry—Fig. 8.16), which can then be used to estimate particle size
using a mass balance to the solids in the droplet and particle (Eq. 8.8).

ddroplet

dparticle

3

√
ρparticle

ρdroplet × Cfeed
(8.8)

Besides particle size, the control of the particle morphology may also be critical
for some applications. Surface area, particle density, and roughness or porosity
are all known to affect the performance of spray-dried powders. Therefore, it is
common during the development of a spray-dried product to explore the process to
produce powders with distinct characteristics. This step of powder optimization can
be conducted at pilot scale where a good compromise is achieved in terms of the
range of particle/powders that can be obtained and the ability to target these ranges
throughout the remaining of the scale-up process.

Particle properties are related to the drying kinetics of the droplets inside the drying
chamber and are primarily dependent on the mechanical and chemical properties of
the spray-dried material. These interactions are very complex to model, and therefore,
process development is typically ruled by some general trends, as described below
(see Fig. 8.17). The parameters that most influence particle morphology are Tout

(or RSout) and Cfeed. Note that by adjusting the droplet size produced during the
atomization process, one can control the particle size in such a way that size and
morphology become almost independent of each other.
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Fig. 8.16 Mercury intrusion in HPMCAS spray-dried particles manufactured at a Niro PSD4

Increase T_out to promote the production
of smooth spherical particles    

Increase C_Feed to promote the
production of dense particles  

Decrease C_ feed to promote the
production of shriveled particles
(increased surface area)   

Size and morphology are roughly
independent 

•

•

•

•

Fig. 8.17 General guidelines to produce particles of different morphologies

8.1.6 Process Intensification

When moving to a full commercial scale, one of the main goals is to increase the
process throughput while maintaining or improving the attributes of the powder. In
other words, the goal is to increase Ffeed and keep constant the RSout and droplet size,
already optimized at a smaller scale. Droplet size and throughput can be controlled by
nozzle selection and atomization conditions, while RSout is controlled by Tout, Ffeed,
and Tcond. This is achieved by using the thermodynamic and atomization models
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Fig. 8.18 Simulation of a nozzle performance and b relative saturation for three possible scenarios

described before. Figure 8.18 describes an illustrative example of how this can be
simulated.

As depicted in the simulations of Fig. 8.18a, several nozzles can produce droplets
within approximately the same size range but at very different feed flow rates. By
changing from nozzle A to nozzle B or C, droplet size can be maintained while the
process throughput is increased. With the feed flow defined, then, as can be seen in
Fig. 8.18b, the heat requirements can be determined by the thermodynamic modeling
in such a way that outlet temperature is defined in order to have approximately similar
levels of relative saturation of those optimized in previous stages. It is schematized
in Fig. 8.18; three different scenarios that, according to the developed models, have
similar conditions of droplet size and relative saturation. It is expected that the three
scenarios result in the production of powders with equivalent quality.

8.1.7 Conclusions

A scale-up method was proposed for spray drying processes. The method encom-
passes three steps: thermodynamics, atomization, and particle formation. A scale-up
approach based on keeping the relative saturation of the drying gas at constant level
can be derived using only lab-scale data to define the thermodynamic design space.
The atomization condition and nozzle selection are decided based on target process
throughput and droplet size considerations. The methodology presented here reduces
the risk of failure during the initial scale-up of the process. The process can then be
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Table 8.2 Summary of the scale-up methodology

Feed properties

Tfeed Use the Tfeed defined at lab scale. Keep a strict control over Tfeed ,
mainly if operating close to the solubility limit

Cfeed Preferably defined at lab scale. May need adjustments for adjusting
powder properties or for process intensification

Ffeed Work within the thermodynamic space defined by the target through-
put and drying capacity of the equipment

Drying gas variables

Fdrying Use the nominal flow of the equipment and adjust for drying gas
density to keep pressure drop through gas disperser at nominal level

Tout and Tcond Work within the thermodynamic space. Use initially a conservative
scale-up approach; keep RSout similar to the lab scale. Adjust at larger
scale based on desorption/Tg data

Atomization variables

Nozzle/Pfeed Pressure nozzle preferred for most applications. Very small particles
(e.g., for inhalation powders), feeds with large suspended parti-
cles and very viscous feeds, may require other atomization systems,
namely two-fluid nozzle. Use droplet size correlations to select the
most suited nozzle and atomization conditions

Tin is a dependent variable that is limited by equipment constraints

gradually intensified to improve throughput while keeping material attributes roughly
unchanged. Table 8.2 summarizes the methodology suggested.

8.2 Development of a Manufacturing Process of a Spray-Dried
Dispersion Under a Quality by Design Approach

8.2.1 Methodology Overview

Pharmaceutical QbD is a systematic scientific risk-based holistic and proactive ap-
proach to pharmaceutical development that begins with predefined objectives that
address product and process understanding. Successful product development relies
on consistent application of a proven methodology. The key steps are the same, ir-
respective of the product or formulation being developed. One proven methodology
is described within this chapter. The framework is shown in Fig. 8.19, while a short
description of the main steps is given below.

Target Product Profile and Critical Quality Attribute The target drug profile consists
of prospective and dynamic summary of the characteristics of a drug that should be
achieved in order to reproducibly deliver the therapeutic benefit; the target product
profile (TPP) sets an important number of performance parameters that will be the
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Fig. 8.19 Quality by design framework (main stages)

basis of the critical quality attribute’s (CQA’s) definition, that is, the attributes of
the drug that must be kept within appropriate limits in order to ensure the desired
product quality.

Risk Assessment (Development Phase) For each CQA, an analysis of the potential
critical process parameters (pCPPs) and potential critical material attributes (pC-
MAs) is conducted. The aim is to evaluate, in each process step, which operating
parameters or raw materials have the potential to impact a CQA, within the known
ranges, and therefore should be monitored or controlled, in order to ensure the de-
sired quality. Since the number of parameters is usually high, a risk assessment,
based on prior knowledge of product/process, is used to rank the parameters in terms
of perceived criticality; the ultimate goal is to keep the development process as lean
as possible, by focusing the studies on those parameters and material attributes with
a higher likelihood of having a critical impact.

Process Development The output of the previous risk assessment is a qualitative
match between CQAs and pCPPs/pCMAs. To confirm the dependences and quantify
the effects, a process development stage is conducted. If a statistical approach is
followed, a sequence of design of experiments (DoE) is usually performed with dif-
ferent objectives: screening, optimization, and robustness studies. This development



8 Spray Drying: Scale-Up and Manufacturing 289

stage constitutes the core of the QbD methodology since most of the specific process
knowledge is generated during this stage. Although not mandatory, a model, either
statistical and/or mechanistic, is a usual outcome of this stage. Process analytical
tools can also to be considered at this stage; based on the need to improve, the CQA’s
monitoring as the process is scaled up.

Design Space and Normal Operating Range Once the impacts of the
pCPPs/pCMAs are quantified on the CQAs, a feasible operating space can be defined.
This space, known as the design space, will consider all the interactions between op-
erating parameters and material attributes and will often be multidimensional. The
normal operating range (NOR) is established within the design space, and can be
thought of as the ranges where the process typically operates.

Risk Assessment (Manufacturing) After defining the design space and NOR, an
exhaustive analysis of the process is conducted at the manufacturing scale. In this
study, a failure mode effect analysis (FMEA) of all manufacturing aspects are re-
viewed, challenging the equipment operating ranges and procedures against the
process knowledge gathered in the previous steps. The purpose of this study is to
understand and quantify the risk of failure and to define actions to minimize it.

Criticality Analysis By knowing the feasible operating regions, the design space,
and after evaluating the equipment/procedures at the manufacturing scale, directly
evaluating the practical NORs, a final criticality analysis will take place in order to
identify parameters and/or material attributes that will require tight monitoring or
control; for example, all those for which the corresponding NORs are close to the
boundaries of the design space.

Process Control Strategy Once the criticality around a process parameter and/or
raw material attribute is confirmed, adequate control strategies will be set in place.
The ultimate goal is to assure that operation is always taking place within the design
space, therefore assuring the quality of the final product. For this purpose, and
considering the dependence of a control strategy on a given monitoring capability,
the final implementation of process analytical tools may be carried out at this stage.

The subsequent steps of this methodology are mainly focused on documentation
aspects associated with the filing process and, given the purpose of this current article,
will not be further discussed. This work focuses on the steps highlighted in Fig. 8.19,
which will be discussed in detail in the sections below.

8.2.2 Case Study Overview

Two particular difficulties are generally recognized during the formulation of solid
dispersions by spray drying: the need to dissolve both the drug and the polymer in a
common solvent system and the need to prevent phase separation during the removal
of the solvent. The selection/optimization of formulations will not be addressed in this
chapter as the corresponding approaches/methodologies are extensively discussed



290 F. Gaspar et al.

throughout this book by other authors; the formulation presented in this case study,
optimized in previous stages of development, consisted of (1) a binary solvent system
(methylene chloride and ethanol, 95/5 % w/w), (2) hypromellose phthalate (HPMCP)
mixed with the drug at a ratio of 4:1, and (3) a solids concentration of 9 % w/w.

The solution is prepared in a reactor with a mechanical stirrer and a thermal circuit
for temperature control. After complete dissolution, the solution is fed to the spray
dryer. Droplet size is controlled by the liquid feed flow and by the type of atomizer and
atomization conditions (pressure nozzles were used during this work). Tout is used to
define the morphology of the particles and assure an efficient drying. The particles
obtained were separated from the drying gas through a cyclone. The unit is operated in
closed-loop mode, i.e., with recirculation of the drying gas. The solvent was removed
by a condenser temperature within the gas recycling unit. Finally, the spray-dried
material is collected and transferred to a double cone dryer for a secondary drying
operation to fulfill the applicable limits for residual organic solvents.

8.2.3 Target Product Profile and Critical Quality Attributes

As introduced in Sect. 8.2.1, the roadmap of any QbD approach starts with the Target
Product Profile (TPP) definition; this summary of drug characteristics (e.g., phar-
macokinetic properties and stability) will serve as the basis for a set of performance
parameters (e.g., immediate release drug: 80 % in ≤ 30 min, 36-month shelf life at
room temperature, respectively) that, in turn, will be linked to a set of Critical Quality
Attributes (CQAs; e.g., shelf life will depend on the amount of residual solvents due
to its impact on chemical stability; release profile will depend on particle size for
some drugs due to its impact on dissolution).

As one may expect, not all attributes of a drug will be classified as critical; Q6A
(Conference and Harmonisation 1999) offers guidance on this matter, by distinguish-
ing groups of attributes that should always be classified as critical regardless of the
drug’s end use (e.g., identification, assay, purity) from others whose classification
(critical, noncritical) will depend on the final product nature (see decision trees in
Q6A Conference and Harmonisation 1999). In order to conduct this exercise, it is
therefore important to have the full picture of all manufacturing processes that are
associated with a given product since, as depicted in Fig. 8.20, some of the attributes
of an intermediate manufacturing step (e.g., density of the bulk powder) are estab-
lished as critical due to their importance for subsequent manufacturing steps (e.g.,
by affecting tablet hardness during downstream operations).

For the sake of simplicity, the current case study will only focus in one of the
manufacturing steps (the spray drying of the bulk powder, as previously introduced in
Sect. 8.2.2) and, within this one, only show the application of the QbD methodology
for two of the CQAs: particle size (Dv50) and bulk density (BD). The considered
specifications for these CQAs (31–57 μm for particle size and 0.100–0.200 g/ml for
BD) were set based on the interaction/interdependence with the downstream process
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Fig. 8.20 Interactions between upstream and downstream processes during CQA definition

where, as introduced before, these attributes reveal a critical importance during
manufacturing of the final oral dosage form.

8.2.4 Risk Assessment

The number of parameters involved in any spray drying process is relatively large,
and evaluating the impact of each one, in all CQAs, would be difficult to manage
(both from a cost and time perspective); therefore, one of the main goals of the
risk assessment, as previously introduced in Sect. 8.2.1, is to reduce the number of
pCPPs that will be studied in subsequent stages of process development. As shown
Fig. 8.21, the procedure adopted considers the ranking, for each CQA, of all process
parameters, according to the perception of criticality (that relates to the mechanistic
understanding and relevant manufacturing experience with similar products).

Once a ranking of perception of criticalilty is obtained, the process parameters
can then be divided into three groups: a first group (Tout, Pfeed, Dnoz, Tcond), that is
considered to have a potentially relevant impact on the CQAs and, therefore, will
be studied in detail in order to establish the design space; a second group (Fdrying,
Cfeed), considered to have a lower potential of criticality—these parameters will not
be optimized (they will be fixed at preestablished set point values based on prior
knowledge of the process or similar processes) but will be used during the final
evaluation of the process robustness (in order to confirm the assessment made); a
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Fig. 8.21 Ranking of pCPP per each CQA

third group (the least ranked parameters), that are expected to have no impact on the
process and that will be excluded from further studies. The rational for exclusion of
these parameters needs to be appropriately justified in a QbD application.

8.2.5 Process Modeling

The outcome of the previous risk assessment is a qualitative match, based on per-
ceptions, which needs to be confirmed and quantified during a subsequent process
development stage. A mechanistic description of the process, as introduced in
Sect. 8.1.5, can be used as a powerful tool to establish the design space with mini-
mum need for experimentation at final scale. However, this type of description is not
always readily available, and the use of a statistical approach constitutes a pragmatic
alternative. The limitation of the statistical approach is its reliance on scale-dependent
experimentation and the difficulty in extrapolating relationships to other scales or
equipment. Selection of the most adequate approach (mechanistic or statistical) de-
pends, therefore, on the (1) existence/reliability of the mechanistic understanding,
(2) availability of material for experimentation, and (3) flexibility required on the
design space. In this section, a statistical approach will be illustrated in order to
quantify relationships between process parameters and product attributes; the three
involved steps are described in Fig. 8.22.

The objectives of a screening stage, used to confirm the most significant factors,
are to determine the ranges of process parameters to be investigated and to reduce the
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Fig. 8.22 Statistical modeling approach: structured sequence of design of experiments

number of parameters to be further studied. Since an accurate quantification of the
effects is not crucial at this stage, low-resolution experimental designs can be consid-
ered. Hence, few experiments per studied factor are typically required. The second
level of the experimental plan consists of the optimization of the process conditions
over the most promising subregion found during the screening stage (considering
only the parameters that have previously shown statistical significance). Since the
ability of capturing interactions between process parameters may greatly influence
the outcome of this stage, high-resolution experimental designs are advised. Finally,
the robustness evaluation is conducted in order to determine the sensitivity of a CQAs
toward small changes in some process parameters. Typically, the robustness evalua-
tion is centered at the target operating point (defined during the optimization stage),
by considering variations on parameters that have not been studied in detail.

8.2.5.1 Screening Stage

Among the pCPPs of the spray drying step, the risk assessment identified feed concen-
tration (Cfeed), feed pressure (Pfeed), outlet temperature (Tout), condenser temperature
(Tcond), and nozzle orifice diameter (Dnoz) as the highest-ranked ones.

For the screening stage, a DoE with resolution ≥ 4 is recommended in order to
retrieve unconfounded relationships between first-order terms. The structure of the
DoE is shown in Fig. 8.23. In order to study a broader range of process throughputs,
six star points were added to a 24−1 fractional factorial.

The results obtained, shown in Fig. 8.24, reveal that the response of BD seems to
be well described by a linear function of Tout. For particle size, although a reasonable
model has been obtained, a linear structure seems to be insufficient to explain the
observed variance (as denoted by the relatively low R2 and Q2).

Additionally, this screening phase shows that two factors (Tcond and Dnoz) were
found to have no statistical significance (within the tested ranges) and, therefore,
should be subsequently excluded from the optimization stage. Finally, the screening
model also showed that a great share of the evaluated operational ranges is feasible
(considering the target ranges for Dv50 and BD).



294 F. Gaspar et al.

Input variable Min Center Max

P_feed (bar) 50 85 120

T_out (ºC) 25 55 85

T_cond (ºC) -10 -5 0

D_noz (mm) 1.01 0.91 0.78

Fig. 8.23 Screening study: DoE structure (left side) and ranges of variation studied (right side)

Particle size          Bulk density

p-value

D50 BD

P_feed 6.72x10-3 0.280

T_out 8.93x10-4 5.78x10-10

D_nozzle 0.846 0.381

T_cond 0.742 0.322

Fig. 8.24 Screening study: model adequacy (left side) and statistical significance data (right side)

8.2.5.2 Optimization Stage

During the optimization stage, the operating ranges were narrowed down and an ex-
perimental design (central composite face-centered design) was considered in order
to support nonlinear interaction models. Only Pfeed and Tout were selected as input
variables at this stage, in agreement with the conclusions taken before. The center
point assumed during the screening study was maintained since product attributes
obtained at 85 bar and 55 ◦C were close to the target values. The DoE selected to sup-
port the optimization stage, as well as the considered ranges for the input variables,
are shown in Fig. 8.25.

As shown in Fig. 8.26, the quadratic interactions improved the accuracy of the
model for particle size prediction. For powder BD, the optimization study confirmed
the suitability of a linear model (only function of Tout).
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Input variable Min Center Max

P_feed (bar) 70 85 100

T_out (ºC) 40 55 70

D_ nozzle = 0.91mm; T_cond = Cte = -5ºC

Fig. 8.25 Optimization study: DoE structure (left side) and ranges of variation studied (right side)

D50 BD (g/ml)

Constant 141.2 0.449

P_feed (bar) -1.46 ---

T_out (ºC) -1.35
-5.44 x 

10-3

P_feed · 
T_out

(bar 
ºC
)

--- ---

(P_feed) 2 (bar)2 7.64 x 10-3 ---

(T_out) 2 (ºC)2 1.47 x 10-2 ---

R2 (-) 0.87 0.97

Q2 (-) 0.79 0.96

( (

Fig. 8.26 Model predictions: Dv50 (left bottom) and BD (left top), coefficients, and adequacy data

8.2.5.3 Robustness Stage

The DoE considered in this stage is shown in Fig. 8.27. The selected ranges for
the input variables translate possible deviations around the parameters settings. The
optimal values for Pfeed and Tout were determined through the optimization model,
considering the target values for product attributes.

No reliable model was obtained for particle size prediction (a desired outcome,
considering the nature of this study), which is in agreement with the small response
of Dv50 observed in Fig. 8.28 (between 44 and 48 μm). For BD, however, it was still
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Input variable Min Center Max

P_feed (bar) P_opt -5 P_opt P_opt +5
T_out (ºC) T_opt -2 T_opt T_opt +2
F_drying

(kg/h)
1300 1400 1500

C_feed (% 
w/w)

8.5 9.0 9.5

D_noz = 0.96 mm; T_cond = -5ºC

Fig. 8.27 Robustness study: DoE structure (left side) and ranges of variation studied (right side)

Fig. 8.28 Robustness study: results against targets in place (left side) and statistical significance
(right side)

possible to obtain a model as a function of Tout (denoting an undesirably high sen-
sitivity), confirming the strong dependence predicted by the screening/optimization
models. Based on the results of Fig. 8.28, it can be concluded that (1) the process is
robust towards the parameters Fdrying and Cfeed (thus validating the risk assessment)
and that (2) although all obtained results are within the specification limits, Tout will
need to be carefully monitored and controlled during the control strategy definition
(due to its high potential of criticality via a high process sensitivity).

8.2.6 Design Space

The design space was defined as the multidimensional combination of the pCPPs
where, according to the optimization model, all CQAs’ values are obtained within
the applicable target ranges. Although considering the intersection of the feasible
operating ranges for each CQA, the final design space was mainly constrained by
the BD target range, as shown in Fig. 8.29.
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Fig. 8.29 Design spaces for Dv50, BD, and joint Dv50 and BD targets

Fig. 8.30 DoE structure for design space validation

Regarding the validation of the design space, there is no universally recommended
procedure for verification of a model, and there is limited literature or regulatory
guidance that addresses the extent of verification required to justify a design space
(Hallow et al. 2010). In the present work, eight additional runs were performed inside
the design space and confronted with the predictions of the optimization model. A
32 DoE was centered in the optimized operation point (see Fig. 8.30). The results
obtained showed very small errors (the root mean squared error was 0.06 μm for
particle size and 0.003 g/ml for BD).

Nevertheless, this type of assessment can be misleading, as the magnitude of
the model prediction errors (small or large, acceptable or unacceptable) can only
be properly judged when confronted with the target specification ranges, during
an uncertainty evaluation exercise (García-Muñoz et al. 2010; Peterson 2008). In
fact, all models will have a corresponding error distribution, causing the boarders
of the design space to be a less safe operating region. These error distributions are
the sum of all the variability that cannot be explained or controlled (e.g., sampling
errors, analytical method variability, influence of unknown factors, etc.) and should
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Fig. 8.31 Design space boundaries as a function of the imposed confidence level

be accounted during definition of the design space limits. In this work, the error
distribution was calculated using the residuals of the optimization model and the
eight runs performed for the design space validation. A normal distribution was
fitted to the data (17 points in total) through a nonlinear parametric regression. The
error distribution was then used to estimate error intervals at different confidence
levels. By accounting the errors intervals on the limits of the CQAs’ target ranges,
it was possible to establish the design space in a true risk-based approach where
broader operating ranges for the pCPPs imply greater risks of excursions outside the
CQAs’ target ranges. As shown in Fig. 8.31, the 90 % confidence boundaries lead to
a significant reduction of the original design space. However, if the operating point is
properly selected (Pfeed = 90 bar and Tout = 55 ◦C), a temperature variation of ±3 ◦C
and a pressure variation ± 30 bar will have a very low likelihood of threatening
the target CQAs’ ranges (as the 99.7 % confidence boundary is not crossed), an
observation that is in agreement with the outcome of the robustness study.

8.2.7 Mechanistic Understanding

The design space reported in the previous section was built based on statistical
models; however, the ultimate goal of any QbD framework should be the enhanced
understanding of the process, and this is ultimately achieved when a mechanistic
interpretation of the underlying phenomena is derived. Theoretical description of
the process of particle formation comprises two sequential steps: the atomization
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Fig. 8.32 Atomization model predictions: Influence of nozzle orifice diameter on droplet size and
throughput, Pfeed, ranged from 30 to 100 bar in both nozzles

process to describe the liquid breakup and drying kinetics to explain the final particle
morphology.

In the present work, droplet size was calculated using the atomization model
introduced in Sect. 8.1.5, and the obtained simulations (Fig. 8.32) were used to sup-
port the final nozzle selection, considering all relevant production goals (i.e., process
throughput and target particle size). As forecasted by the theoretical simulations (and
confirmed by the screening statistical studies of Sect. 8.2.5), the nozzle orifice di-
ameter has little impact on droplet size. However, it is one of the most important
factors that determine the process throughput; changing the diameter of the orifice
is actually the most expeditious way to control the process throughput and keep the
droplet size roughly unchanged.

Regarding the particle morphology, the maximum structural stability of the spray-
dried particle is in a spherical form; however, the interactions between several process
parameters, which are related to the mass and heat transfer of the droplet, can result in
different particle morphologies. From the theoretical point of view, the evaporation
begins as soon as the droplets are ejected from the nozzle. Consequently, the droplet
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T_out = 25ºC             Dv50 = 
43

T_out = 55ºC             Dv50 = 44 T_out = 85ºC             Dv50 = 
59

Fig. 8.33 SEM pictographs: Influence of Tout on particle size, at the same conditions (Pfeed = 85
bar; Dnoz = 0.96 mm; Tcond = −5 ◦C)

surface rapidly becomes enriched in solutes. At a certain supersaturation level, pre-
cipitation will occur and a rigid particle will be formed with a given particle diameter.
From this standpoint, it is expectable that particle size closely follows droplet size.
However, at low temperatures, the mechanisms of solvent evaporation are slower,
allowing more time for particle surface to deform, shrink, or collapse. On the other
hand, at temperatures close or above the boiling point of the solvents, the increased
internal vapor pressure may lead the particles to inflate. Both phenomena could be
observed during the current work, being more notorious when the experimental data
is grouped in two sets: drying temperatures below and above boiling point. Two
models for particle size were built with different sensitivities towards Tout. Below
the boiling point, particle size is only dependent on the droplet size; above boiling
point, particle size is dependent on both droplet size and Tout. Both models of the
particle size showed good correlation coefficients (see Fig. 8.11a), and, together with
the different morphologies shown in Fig. 8.33, it is therefore possible to consolidate
and bridge the current mechanistic interpretation with the statistical model derived
for particle size in Sect. 8.2.5.

Since the atomization process is not affected by the drying condition (Tout, Tcond,
and Fdrying), the droplet size distribution produced by a given nozzle is mainly depen-
dent on Pfeed. Hence, since the same applies to the mass distribution of the droplets (at
constant Cfeed), particles produced at high temperatures have lower densities. Thus,
powders dried at low temperatures have relatively high BD, because the individual
particles are shriveled and not very porous; on the other hand, powders dried at high
temperatures have relatively low BD, because the individual particles preserve their
inflated state and are, consequently, very porous (Langrish et al. 2006). Both inter-
pretations are well aligned with the statistical model derived in Sect. 8.2.5 for BD,
where Tout shows up as the most important operating parameter.

Therefore, through the development of mechanistic analyses, it is therefore pos-
sible not only to predict and control particle size but also to understand the main
physical phenomena that rule particle morphology and powder BD.
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8.3 Conclusions

In the current work, a QbD methodology was applied during the development of a
spray drying process for the manufacture of a pharmaceutical solid dispersion. The
risk assessment stage (where mechanistic knowledge and past experience play an
important role) was found to be of major importance in order to keep development
as lean as possible (by focusing on the most important parameters). Although not
mandatory, the development of predictive models is strongly advisable to establish
a reliable design space where model uncertainty should be addressed. Statistical
approaches are a pragmatic way of establishing these relationships; however, a fun-
damental mechanistic understanding will always be advantageous as this one portrays
the physical principles that rule the process and, therefore, enables more general con-
siderations. For the current spray drying process, the combination of statistical and
mechanistic information enabled to conclude that (1) particle size depends mainly
on the droplet size and outlet drying temperature, (2) nozzle diameter dictates the
throughput and does not affect particle size significantly, and (3) BD can be controlled
just by manipulation of the outlet drying temperature due to its strong influence on
the porosity of the particles.
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Chapter 9
Design and Development of HPMCAS-Based
Spray-Dried Dispersions

David T. Vodak and Michael Morgen

9.1 Introduction

Poor oral bioavailability due to the low aqueous solubility of potential drug can-
didates is an increasingly common challenge facing the pharmaceutical industry
(Friesen et al. 2008). Nearly one third of compounds in early development have poor
bioavailability due to low solubility, representing a significant loss in economic and
therapeutic opportunity (Government Accounting Office (GAO) 2006). Although
they may not fit Lipinski’s “rule of five,” many of these low-solubility compounds,
which fall into classes II and IV of the biopharmaceutics classification system (BCS),
have the potential to be safe and efficacious, so it is critical that their development
is not halted by solubility limitations (Amidon et al. 1995). To address low ac-
tive pharmaceutical ingredient (API) solubility, multiple drug delivery technologies
have been advanced in an attempt to solubilize these molecules and enhance their
oral bioavailability. Solubilization technologies can improve oral absorption of BCS
class II compounds by:

1. Increasing solubilized drug levels (i.e., increasing the concentration of dissolved
drug above the equilibrium concentration of the solubility of bulk crystalline drug)

2. Increasing dissolution rate
3. Sustaining the enhanced dissolved drug concentration in the intestinal milieu for

a physiologically relevant time.

This chapter presents an overview of amorphous spray-dried dispersions (SDDs),
which have been successfully used as a platform technology to enhance the oral
bioavailability of hundreds of compounds with low aqueous solubility. SDDs can
be prepared with several nonionic polymers, such as polyvinylpyrrolidone (PVP)
and cellulosic polymers, as well as with ionic polymers, such as hydroxypropyl
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methylcellulose acetate succinate (HPMCAS-based and methacrylic-acid-, methyl–
methacrylate-, and ethyl-acrylate-based copolymers. However, SDDs based on
HPMCAS are highlighted, since this polymer has been found to have widespread
utility for low-solubility compounds.1

We provide background information on past solubilization technologies and de-
scribe the attributes of HPMCAS that make it ideal for use as a dispersion polymer
for SDD platform technology. Speciation theory, formulation and process selec-
tion methodology, and performance of amorphous HPMCAS-based SDDs are then
described.

9.2 Background: Efforts to Enhance the Solubility
of Pharmaceutical Compounds

Typically, solubilization technologies are used to achieve rapid dissolution and en-
hance drug concentrations in two ways: (1) By formulating the drug as a solution in
which the drug is predissolved (e.g., lipid systems or self-emulsifying drug delivery
systems, SEDDS) or (2) by formulating the drug as a high energy solid form (e.g.,
crystals formed by attrition, crystals formed by bottom-up nucleation and controlled
growth, or amorphous forms formed by melting or solvent removal).

To improve the dissolution rate and solubility of a compound relative to its lowest
energy crystal form, one general approach is the generation of an amorphous form,
usually stabilized as an amorphous dispersion of the drug in a polymeric material. The
major challenge for this approach is selecting the appropriate formulation and process
to develop a high energy amorphous form that has adequate physical stability, and
achieves and maintains an in vivo drug concentration that is well above the crystalline
solubility.

In the 1960s and 1970s, a variety of reports described the use of solid solutions
and dispersions of drugs with polymers and with small molecules to improve drug
dissolution rate and bioavailability. In an early report, Sekiguchi and Obi (1961)
presented data for a single human subject indicating that a eutectic mixture of
sulfathiazole and urea resulted in higher blood levels than sulfathiazole alone.
Goldberg et al. (1965) described the use of solid solutions of sulfathiazole with urea
and chloramphenicol with urea that offered improved dissolution rate. In another
study, Goldberg et al. reported the use of eutectic mixtures for this purpose (1966).
Stoll et al. (1969, 1973) reported dissolution and bioavailability improvements
using coprecipitates with bile acids.

Early reports on dispersions and coprecipitates with polymers were focused on
the use of PVP (Chiou and Riegelman 1969, 1971; Simonelli et al. 1976). However,
the mechanism of solubility enhancement with PVP was somewhat unclear, and in

1 HPMCAS is also known as hypromellose acetate succinate and is commercially available from
Shin-Etsu Chemical Company and The Dow Chemical Company.
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Fig. 9.1 SDD formulation guidance plot, showing the ratio of melting temperature (Tm) to glass-
transition temperature (Tg) as a function of log P

fact, other reports described specific drug/PVP complexes designed to slow drug
release in solution (Higuchi and Kuramoto 1954; Horn and Ditter 1982).

In other work, Chiou and Riegelman (1970) demonstrated enhanced canine oral
absorption of griseofulvin in drug/polymer dispersions prepared by melting using
polyethylene glycol (PEG) 6000. Many subsequent reports of drug/polymer disper-
sions have been published, and some have been summarized in excellent reviews by
Serajuddin (1999), and Leuner and Dressman (2000).

9.3 SDD Formulation Selection and Manufacture

The selection of SDD formulations and manufacturing conditions can be conducted
based on a rational methodology that relies on extensive experience with a wide
variety of low-solubility compounds. The process for selecting the type of SDD
formulation, polymer, and active loading is based on the product concept (dose
and type, size, and number of dosage forms) and the properties of the compound.
Guidance maps based on historical experience, such as the plot shown in Fig. 9.1, can
be leveraged to formulate compounds of interest (Friesen et al. 2008). For example,
experience has shown that compounds with a high tendency to crystallize (i.e., those
with a Tm/Tg ratio > 1.4) will likely require higher dilution (lower active loading)
in the polymer dispersion to achieve appropriate physical stability. Based on this
information, formulation efforts should focus on lower active loadings, e.g., SDD
containing 10 wt% active compound and 90 wt% polymer.

Once a formulation or formulations have been selected, manufacturing of homo-
geneous dispersions becomes the critical factor. Spray drying is a well-established
and widely used industrial process for transforming solutions, emulsions, and sus-
pensions of materials into dry powdered forms (Morgen et al. 2013). A general
process configuration is shown in Fig. 9.2.
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Fig. 9.2 General spray-drying process configuration

Fig. 9.3 SEM image of an
HPMCAS-M SDD at
1500-fold magnification
(Friesen et al. 2008)

In this process, a feed solution is prepared by dissolving drug and polymer (e.g.,
HPMCAS) in a volatile solvent and then pumping the solution to an atomizer inside
a drying chamber. The atomizer breaks the solution into a plume of small droplets
(typically, less than 100 μm in diameter). In the drying chamber, the droplets are
mixed with a hot drying gas stream (typically, nitrogen for organic solvents). Heat
is transferred from the hot drying gas to the droplets to provide the latent heat of
vaporization required for rapid evaporation of the solvent from the droplets. As
the solvent is removed from a droplet containing film-forming ingredients, a high-
viscosity gel or “skin” forms on the outside of the droplet. Typically, at this stage of
drying, the skin is sufficiently plasticized (due to the high solvent-to-solids ratio) that
the particle skin collapses on itself as the solvent evaporates from the core, yielding
particles with the “shriveled raisin” morphology shown in the scanning electron
micrography (SEM) image in Fig. 9.3.

By controlling the temperature at the inlet and outlet of the spray dryer, along
with the rate at which spray solution and drying gas are introduced to the spray
dryer, the morphology, particle size, and density of the resulting SDD powder can
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be controlled. The solid powder is typically collected from the gas stream using a
cyclone or filter system.

Based on an evaluation of the physicochemical properties of the active compound,
several initial formulations (generally, four to six) are selected and screened in this
step (Dobry et al. 2009). A small-scale spray dryer designed for maximizing yields
from SDD batches of less than 100 mg is used. This dryer is not designed to replicate
optimized bulk powder properties (e.g., particle size, density) of larger scale spray
dryers, but rather is used to guide formulation decisions based on physicochemical
properties and fast, efficient formulation-screening studies.

Process and formulation selection flowcharts, which refer predictive physical sta-
bility models, rapid chemical stability screens, and biorelevant in vitro performance
tests, are used to select a lead SDD formulation (including the drug/polymer ratio)
and process parameters (Dobry et al. 2009).

Additional formulation information is gathered during this stage of product de-
velopment, including preferred spray solvents and spray solution solids content. At
the end of this step, a robust formulation has been selected based on fundamental
physicochemical properties. Typically, the entire formulation-screening step can be
completed with 200–400 mg, and sometimes as little as 100 mg of active compound.
The formulation and process development flowchart methodology uses time and
resources similar to those required for conventional immediate-release crystalline
formulations. The methodology, which is based on fundamental engineering models
and state-of-the-art process characterization tools, is an alternative to traditional em-
pirical spray-drying process development methods, and results in streamlined and
robust process development.

Using a quality-by-design (QbD) approach, formulation and process are linked
through identification of critical quality attributes (CQAs) and key quality attributes
(KQAs), which are related to critical process parameters (CPPs) and key process
parameters (KPPs). CQAs, KQAs, and CPPs are defined in criticality and risk as-
sessment (Babcock et al. 2009). Using this methodology, process development is
focused on the selection of spray-drying process parameters that result in the desired
KQAs (e.g., particle size and density) and process performance (e.g., yield) with min-
imal impact on the CQAs of bioperformance and stability. This model-based process
development represents a QbD approach that lays the groundwork for continuous
improvement and eventual design space process regulatory filings. This approach is
in alignment with the FDA’s current guidance on pharmaceutical development (US
Food and Drug 2008; Pharmaceutical Development Q8, Revision 1).

9.4 HPMCAS Attributes for Use in SDD Platform Technology

HPMCAS has been identified as a particularly effective polymer for preparing SDDs
of low-solubility drugs. HPMCAS-based SDDs have proven broadly applicable at
improving the oral exposure of low-solubility compounds by (1) enhancing aqueous
solubility compared with bulk crystalline drug, (2) enhancing the dissolution rate
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relative to bulk crystalline drug, and (3) sustaining the enhanced solubility in the
intestinal milieu for a physiologically relevant time.

SDDs are often formed using HPMCAS in its unionized (protonated) form which
is quite soluble in volatile organic solvents, such as methanol and acetone. Since many
drug candidates are soluble in these solvents, they can be processed into HPMCAS-
based SDDs readily and economically using spray drying.

Curatolo et al. (2009) described a large study in which HPMCAS was compared
to other common dispersion polymers using in vitro solution performance. This work
showed that among the dispersion polymers studied, HPMCAS was the most effective
in achieving and maintaining drug supersaturation. HPMCAS-based SDDs achieved
and maintained drug supersaturation in vitro more consistently and effectively than
SDDs prepared with other polymers. In addition, dispersions prepared by spray
drying (i.e., SDDs) had better homogeneity and better performance than dispersions
prepared by a rotary evaporation process, presumably due to the significantly faster
drying kinetics in the spray dryer.

HPMCAS has unique attributes that make it ideal for use in SDDs, as described
by Friesen et al. (2008). These attributes include the following:

(1) A high Tg in its unionized state. This high Tg results in low drug mobility, which
is responsible for the excellent physical stability of HPMCAS SDDs. The Tg

also remains relatively high at elevated relative humidity (RH).
(2) Solubility in volatile organic solvents, such as acetone and methanol, allowing

for economical and controllable processes for preparation of SDDs.
(3) When the polymer is at least partially ionized (as it is at any pH above approxi-

mately 5), the charge on it minimizes the formation of large polymer aggregates,
stabilizing drug/polymer colloids (e.g., amorphous nanostructures).

(4) The amphiphilic nature of HPMCAS allows insoluble drug molecules to interact
with the hydrophobic regions of the polymer, whereas the hydrophilic regions
of the polymer ensure these structures will remain as stable colloids in aqueous
solution.

HPMCAS is a cellulosic polymer with four types of substituents semi-randomly
substituted at the saccharide hydroxyls:

• Methoxy, with a mass content of 12–28 wt%
• Hydroxypropoxy, with a mass content of 4–23 wt%
• Acetate, with a mass content of 2–16 wt%
• Succinate, with a mass content of 4 –28 wt% (National Formulary (NF) 2006).

The succinate groups of HPMCAS have a logarithmic acid dissociation constant
(pKa) of about 5, so the polymer is less than 10 % ionized at pH values below
approximately 4 and is at least 50 % ionized at pH values of approximately 5. Due to
the presence of relatively hydrophobic methoxy and acetate substituents, HPMCAS
is insoluble in water when unionized (i.e., at pH values < approximately 5) and
remains predominantly colloidal at intestinal pH (i.e., at pH values of 6.0–7.5).

Traditionally, three grades of HPMCAS have been sold commercially, designated
–L, -M, and –H, as illustrated in Fig. 9.4. The approximate pH values above which
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Fig. 9.4 Degree of
substitution map for
HPMCAS, showing the three
commercially available
grades of HPMCAS and other
substitutions sampled in an R
& D setting that fall within
the US Pharmacopeia (USP)
specification for HPMCAS,
but outside the supplier
specifications for the
individual grades
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each grade becomes aqueous dispersible or soluble are 6.8 (-H grade), 6 (-M grade),
and 5.5 (-L grade).

HPMCAS contains several hydrophobic substituents. As a result, even when
HPMCAS is ionized, as it is at intestinal pH, the polymer is only sparingly soluble,
and exists predominantly as colloidal polymer aggregates in aqueous solutions. The
negative charge of the ionized succinate groups ensures the colloids will remain
stable, avoiding large hydrophobic aggregates of the polymer in aqueous solution.

This colloidal nature of HPMCAS when ionized, combined with the hydrophobic
nature of the substituents on the polymer, allows insoluble drug molecules to interact
with the polymer to form amorphous drug/polymer nanostructures in solution. These
drug/polymer nanostructures constitute a high energy (“high solubility”) form of
amorphous drug that is quite stable for hours or days and, in selected cases, for
weeks in aqueous suspensions. In vitro measurements have shown that drug in these
nanostructures can rapidly dissolve to provide a high free drug concentration that is
supersaturated relative to bulk crystalline drug.

In vivo, drug partitions into bile salt micelles and is absorbed from the intestine into
systemic circulation. Additional drug can subsequently be rapidly sourced from these
nanostructures to maintain a supersaturated free drug concentration. These properties
ultimately lead to the enhanced absorption observed when HPMCAS-based SDDs
are dosed orally.
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Fig. 9.5 Effect of succinate/acetate ratio on the HPMC backbone on the in vitro performance of
SDDs prepared for three model compounds: itraconazole (a), phenytoin (b), and torcetrapib (c)2

Recent work has shown that the in vitro performance of SDDs can be optimized by
altering the succinate/acetate ratio on the hydroxypropoxy methylcellulose (HPMC)
backbone (Morgen et al. 2013). Figure 9.5 shows how small changes in the hy-
drophilic to hydrophobic substitution profiles, i.e., the succinate/acetate ratio, can be
used to maximize in vitro performance for three low-solubility-model compounds,
and illustrates that a specific optimal ratio can be identified for an individual ac-
tive compound. This work illustrates the rich opportunity that exists to develop new
functional excipients that are optimized for the performance of specific classes of
molecules (Vodak 2013).

9.5 Speciation of HPMCAS-Based SDDs

When added to an aqueous solution simulating the environment of the small intestine,
SDDs rapidly dissolve and/or disperse to produce a wide variety of species that facil-
itate absorption. To enhance the bioavailability of poorly soluble drugs, fundamental
understanding of the drug species formed and the mechanism of action of SDDs
is essential. Two general routes of HPMCAS SDD dissolution and drug speciation
have been observed, which seem to bracket the behavior for most SDDs that have
been studied. The two mechanisms of action—referred to as nanoparticle formation
and erosion, respectively—are illustrated in Fig. 9.6a and 9.6b, respectively, and
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Fig. 9.6 Illustration of two SDD dissolution mechanisms and formation of drug–containing species
critical to in vivo performance: nanoparticle formation (a) and erosion (b)

are described below. We also describe the species present during these dissolution
mechanisms and test methods used to determine their presence.

9.5.1 Nanoparticle Formation Mechanism

In the first dissolution mechanism, the drug has limited solubility in the polymer
and the solubility decreases upon absorption of water in biorelevant media. As the
water enters the SDD particle, two factors, decreased drug solubility in the polymer
and increased overall mobility of the components in the dispersion, lead to spinodal
phase separation. The drug phase separates into drug-rich nanodomains that break
off from the larger SDD particle and produce high energy amorphous nanoparticles.
HPMCAS in its ionized state can then act as a surface stabilizer to the drug-rich
nanoparticles. The same effect can be achieved using nonionic polymers with the
addition of a surfactant in the formulation. Due to their small size (20–300 nm), these
nanoparticles can rapidly source free drug that crosses the intestinal epithelial wall
or partitions into bile salt micelles. It is believed that these nanoparticles also have a
stabilizing influence in inhibiting rapid precipitation of drug from the supersaturated
state in the intestine. This mechanism is illustrated in Fig. 9.7 with images that show
the different stages of dissolution.
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Fig. 9.7 SDD dissolution via the nanoparticle formation and dissolution mechanism

9.5.2 Erosion Dissolution Mechanism

In the erosion mechanism, the SDD particle does not disintegrate, but rather erodes
from the surface to generate supersaturated free drug species and dissolved polymer
chains. Typically, no nanoparticles are formed when this mechanism occurs, and
performance usually is tied to the size and surface area of the particles, since the
mechanism is a surface phenomenon.

Generally, this type of dissolution mechanism is observed when (1) the formula-
tion has a high drug loading (> 35 % active), (2) the drug has high solubility in the
polymer, or (3) the drug solubility in the polymer increases as the water content of the
SDD increases. This mechanism is illustrated in Fig. 9.8, with images that show
the different stages of dissolution. Note in the SEM image, which was taken after
the dissolution test, the “shriveled raisin” morphology of the original SDD particles
remains.

9.5.3 Dissolution Species

For convenience in characterizing and comparing the species formed by SDDs under
various conditions, we have divided these species, based on their size and com-
position, into the following seven classes: (1) free or solvated drug, (2) drug in
bile-salt micelles, (3) free or solvated polymer, (4) polymer colloids, (5) amorphous
drug/polymer nanoparticles, (6) large amorphous particles (i.e., “precipitate”), and
(7) drug crystals, can be observed when things are improperly formulated.
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Hydrated SDD Particle In Solution SEM Of Undissolved Material
After Dissolution Test Dry SDD

Fig. 9.8 SDD dissolution via the erosion mechanism

9.6 Testing Methods

To understand the performance of each SDD, a number of characterization tests have
proven useful to measure and quantify individually the drug species that are present.
In early development, bulk sparing methods are critical, due to the cost and limited
quantities of drug compound available.

Two types of bulk sparing in vitro methods are described: (1) the centrifugal
dissolution tests and (2) the membrane permeation test. These tests are used to
identify the critical performance attributes of the system that are important to improve
absorption and to rank the relative performance of SDD formulations.

9.6.1 Centrifugal Dissolution Tests

Centrifugal dissolution tests are used to measure the capability of SDDs to increase
dissolution rate and levels of solubilized drug relative to crystalline drug. One key
measure is the ability of SDDs to supply and sustain high energy, neutrally buoy-
ant drug/polymer nanoparticles (Friesen et al. 2008; Curatolo et al. 2009). These
nanoparticles are important because they can rapidly and continually source free
drug during absorption.

The microcentrifuge dissolution test measures total drug arising from several
species in solution, separated based on size and density: free drug ([Dfree]), drug in
bile-salt micelles ([Dmicelles]), and drug in drug/polymer nanoparticles ([DPN]). The
total drug ([Dtotal]) measured is:

[Dtotal] = [
Df ree

] + [Dmicelles] + [DPN ]. (9.1)
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In this test, samples are dosed with suspension vehicle. Sample is weighed into a
centrifuge tube, suspension vehicle is added, and the tube is vortexed to mix the
sample with suspension vehicle. At each time point, the tubes are centrifuged at
13,000 g for 1 min. This step pellets any undissolved solids that are too dense to
remain buoyant in the aqueous medium, predominantly undissolved SDD and API
that precipitates or crystallizes. High-performance liquid chromatography (HPLC)
is used to analyze aliquots of the supernatant for [Dfree], [Dmicelles], and [DPN].

These species often form rapidly when an SDD is added to simulated intestinal
media. As illustrated in Fig. 9.9 for a model compound, the dissolution rate of SDD
particles is at least two orders of magnitude faster than that of bulk crystalline drug. As
the figure shows, the SDDs dissolve completely within 3 min, whereas the crystalline
drug requires approximately 60 min to reach its equilibrium solubility.

The microcentrifuge test may also be used in conjunction with an ultracen-
trifuge test to generate additional size separation data, allowing separation of drug
in nanoparticles from free drug and drug partitioned into bile salt micelles.

As Fig. 9.10 shows, the microcentrifuge test is also used (1) to quantify precipita-
tion inhibition for compounds that rapidly crystallize and (2) to compare dissolution
rates for SDDs of more lipophilic compounds, which tend to dissolve more slowly
as particle size increases during process scale-up. A simulated gastric exposure step
before dissolution in simulated intestinal media can also be added. This option is
useful when evaluating weakly basic compounds that have pH-dependent solubility
(Mathias et al. 2013).

9.6.2 Membrane Permeation Test

The membrane permeation test is another bulk sparing in vitro dissolution technique.
It was developed at Bend Research and has been used for more than a decade (Bab-
cock et al. 2009). This biphasic dissolution test is designed to assess the ability of a
formulation to rapidly establish a high free drug concentration and then sustain that
concentration for a physiologically relevant time period.
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Fig. 9.10 Representative drug properties and data for a wide range of SDD formulations from a
solubilization technology map (a), showing how the microcentrifuge test can be used to quantify
precipitation inhibition (b), and to show negative impacts on dissolution rate for properties such as
increased particle size (c)

The membrane permeation test measures the flux of drug across a synthetic
membrane into an organic sink (permeate). For the test, a synthetic semipermeable
membrane is used to separate the feed solution (i.e., simulated intestinal medium) and
permeate (sink) solution (e.g., 80 % decanol and 20 % decane, by weight). Aliquots
of permeate are taken at specific time points and the concentration of drug is mea-
sured by HPLC. High flux indicates a formulation’s ability to rapidly dissolve and
source a high concentration of free drug.

In the membrane permeation test, only free drug molecules from the feed solution
can diffuse into the sink permeate. The test is intended to simulate the in vivo sit-
uation in which rapid passive diffusion of lipophilic molecules across the intestinal
membrane occurs. In this situation, the ability of a formulation to establish a high
level of free drug and its ability to maintain that level of free drug are critical formu-
lation attributes for improved absorption. While the membrane permeation test does
not enable the correlation of in vitro/in vivo performance, this test is useful in ranking
the relative performance of SDDs. Representative results for the membrane perme-
ation test is shown in Fig. 9.11, which compares results for an HPMCAS-based SDD
formulation to that of bulk crystalline drug for a model compound. When combined
with data from other in vitro dissolution tests (e.g., the microcentrifuge dissolution
test), the results give mechanistic insight into relative formulation performance.
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Fig. 9.11 Representative
membrane permeation test
results for a model compound
comparing an
HPMCAS-based SDD and
bulk crystalline drug
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9.7 Performance of the SDD Platform

SDDs have a proven track record for improving bioavailability for BCS II or IV
compounds. Many in vivo studies have been performed in preclinical animal models
and in human clinical studies demonstrating the enhancement. The following section
describes some of these in vivo results, as well as an approach to understand the
physical stability of these high energy formulations.

9.7.1 SDD Performance In Vivo

More than 500 different drugs have been formulated as SDDs at Bend Research and
tested in various animal models.2 Absorption enhancement relative to crystalline
drug ranges from around 1.5-fold to nearly 100–fold, but varies widely based on the
dose and drug properties. Figure 9.12 shows representative preclinical in vivo data
for BCS class II compounds.

In addition, SDDs of 65 different drugs have been successfully tested in humans.4

In all cases, the fraction of dose absorbed was at least twofold higher for the SDD
than for the poorly absorbed control formulation. Figure 9.13 shows representative
results from human clinical studies for BCS class II compounds.

As the data in Figs. 9.12 and 9.13 show, in cases where the crystalline drug
(or comparison formulation) is poorly absorbed, the average AUC enhancement is
approximately tenfold higher for SDDs dosed orally.3

2 Numbers are much higher for global testing experience.
3 The enhancement over bulk crystalline drug is lower in cases where the crystalline drug control
is moderately well absorbed.
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Fig. 9.12 Representative preclinical in vivo data, illustrating enhanced bioavailability of BCS class
II compounds for SDDs relative to bulk crystalline drug
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Fig. 9.13 Representative clinical data illustrating enhanced bioavailability of BCS class II
compounds for SDDs relative to bulk crystalline drug or soft-gel formulations

9.7.2 Stability

HPMCAS SDDs have demonstrated long-term kinetic physical stability, routinely
demonstrating shelf lives of more than 2 years under standard storage conditions.
This is due, in part, to the high Tg of the polymer, and the resulting high Tg of
the HPMCAS-based SDDs. As described below, Tg is a primary indicator of SDD
physical stability.

In its unionized state (as it is in the solid SDD before dissolution), HPMCAS
has a high Tg, even when exposed to high RH. Figure 9.14a shows the Tg for three
commercially available grades of HPMCAS that had been equilibrated with air hav-
ing varying RH.6,7 Under dry conditions, the Tg is on the order of 120 ◦C. Like all
amorphous materials, when exposed to humid air HPMCAS absorbs water, which
plasticizes the polymer, increasing its mobility. This is reflected in the decrease in its
Tg. However, the relative hydrophobicity of HPMCAS results in absorption of much
less water than for typical water soluble polymers. Figure 9.14b shows dynamic va-
por sorption (DVS) data taken at 25 ◦C for selected polymers. At 75 % RH, PVP and
HPMC absorbed approximately 23 wt% and 10 wt% water, respectively, whereas
HPMCAS absorbed only about 6 wt% water. As a result, the Tg value of HPMCAS
remained above about 70 ◦C, even when equilibrated with 75 % RH air (Friesen et al.
2008). The low mobility of drug molecules dispersed in such high Tg glassy polymers
leads to the excellent physical stability observed for HPMCAS-based SDDs.
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Figure 9.15 shows the Tg for a 25-wt%-drug-loaded HPMCAS-M SDD as a func-
tion of the RH of air to which it was equilibrated (at ambient temperature, about
22 ◦C). As the figure shows, the Tg of the SDD is high, well above the typical stor-
age temperatures for RH values, up to about 60 % RH. As a result, drug mobility
within the SDD (that is, the diffusion coefficient of drug in the SDD) is low even at
temperatures of 40 ◦C and at water contents associated with RH values up to 60 %.
This low rate of diffusion of drug in an SDD at or below the Tg of the SDD results
in the diffusion of drug being the rate-limiting step for drug to phase separate and
crystallize. For such homogeneous fluids near their Tg, the diffusion coefficient of a
solute with a size of about 1 nm decreases by about tenfold for every 10◦C decrease
in temperature (Friesen et al. 2008; Angell 1985; Wang et al. 2002).
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Using the approach introduced by Angell (1985), the temperature dependence of
the viscosity of glasses can be presented in a Tg scaled Arrhenius plot. The minimum
slope of the log10 viscosity versus Tg/T occurs for so-called strong liquids. For
all organic glass forming materials, the slope at temperatures near Tg (0.9 to 1.1
with the Tg/T measured in Kelvin) is at least two- to threefold this minimum value
(Wang et al. 2002). This slope is a measure of the “fragility” of the amorphous
material. Taking a conservative estimate of fragility to be two- to threefold that of the
strong fluid limit, for a 10 ◦C decrease in temperature from a Tg value of 60 ◦C (333
K), viscosity increases between 10-fold and 20-fold. Assuming that the diffusion
coefficient of drug in the SDD decreases in inverse proportion to the viscosity, the
diffusion coefficient of drug in an HPMCAS dispersion with a Tg near 60 ◦C would
be expected to decrease 10-fold to 20-fold for every 10 ◦C decrease in temperature.

This suggests that a drug molecule dispersed in a polymer matrix is essentially im-
mobilized and unable to migrate in the powder, in order to find other drug molecules
and crystallize. This is defined as kinetic stabilization of the high energy form. Kinetic
stabilization in tandem with the rapid quenching kinetics of the spray drying process
enables higher drug loadings in SDD formulations, and also allows for predictive
models to be developed based on the mobility (Tg) of the dispersion.

As a result, for the regime where (1) the temperature is between 30 ◦C below
and 20 ◦C above the Tg, (2) there is a homogeneous dispersion, and (3) the drug
concentration is above its solubility in HPMCAS but below about 70 wt%, the
diffusion of drug is sufficiently slow that it is the rate-limiting step for crystallization.

The time to 5 % phase separation for an SDD increases by about tenfold for every
10 ◦C increase in the value of Tg–Tstorage (Tg is the Tg of the SDD at the storage
conditions and Tstorage is the storage temperature). As a result, as long as the value of
Tg–Tstorage is greater than about 5 ◦C to 30 ◦C and the SDD is initially homogeneous,
less than 5 % phase separation is expected over a period of 2 years.4

The theory described above can be assessed by analysis of data from SDDs of
more than 500 compounds that have been evaluated for physical stability. The data
are summarized in the histogram presented in Fig. 9.16, which shows the fraction
of stable SDDs (i.e., no phase separation) after storage for 6–13 weeks in stability
challenges. Based on these data, physical stability estimates can be made using only
the SDD Tg versus RH data. For example, as shown in this Fig. 9.16, 95 % of SDDs
having a Tg more than 20 ◦C above Tstorage show no phase separation during the
stability challenge, suggesting the rule of thumb that SDDs stored at 20 ◦C or more
below their Tg are very likely to be physically stable for an extended period of time.

The physical stability of SDDs is further illustrated by the data in Table 9.1,
which show that SDDs can be stored for long periods of time with no change in the

4 The actual rate of phase separation and the corresponding time to 5 % phase separation has been
measured for 17 different SDDs over a wide range of storage temperatures—both above and below
the Tg of the SDD. Based on linear extrapolation of the data for temperatures near or above the Tg

(plotted as the log10 of the time to 5 % phase separation versus Tg/Tstorage), SDDs should be stable
for at least 2 years if stored at temperatures from 5 ◦C to 33 ◦C below the Tg of the SDD. This
prediction is based on data from HPMCAS SDDs for seven different active compounds.
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Fig. 9.16 Histogram
summarizing selected bend
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6- to 13-week stability
challenges for given
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Table 9.1 Physical stability of HPMCAS-based SDDs aged at ambient conditions

SDD formulation Aging time (year) Observations

25-wt% compound 1:HPMCAS-M 3.0 No change in Tg, appearance,
or dissolution performance

66-wt% compound 2:HPMCAS-M 2.2 No change in appearance or
dissolution performance

10-wt% compound 7:HPMCAS-H 2.0 No change in appearance or
dissolution performance

33-wt% compound 8:HPMCAS-L 0.7 No change in appearance or
dissolution performance

33-wt% compound 9:HPMCAS-M 0.7 No change in appearance or
dissolution performance

amorphous nature of the drug in the SDD. This is corroborated by the similarity of
the SDD appearance in SEM images taken before and after storage. SEM images
have been shown to be a sensitive measure of crystallinity, down to 1 wt% or less,
allowing more sensitive detection than by powder X-ray diffraction (PXRD). Even
more importantly, the dissolution properties of the SDDs, as reflected in their AUC
values, show no significant changes over the time of storage. Based on the model
above, these HPMCAS-based SDDs are expected to remain physically stable for
even longer storage times than those used in this study.
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9.8 Conclusions

HPMCAS SDDs are a particularly effective platform for enhancing the oral bioavail-
ability of poorly aqueous-soluble pharmaceutical compounds, and have been
successfully used for drug candidates having a wide range of physicochemical
properties.

These SDDs provide significant enhancements in oral absorption of compounds
with low aqueous solubility by (1) rapidly providing a free drug concentration well
in excess of their crystalline solubilities and (2) maintaining these enhanced concen-
trations for long times. The composition and resulting physicochemical properties
of HPMCAS are responsible for the formation of bioavailability-enhancing colloidal
structures. Furthermore, the high Tg of the HPMCAS-based SDDs, combined with
the homogeneous, single phase amorphous nature of the SDD, the result of the spray-
drying process used to form the SDDs, produces physically stable formulations that
have shelf lives of more than 2 years under standard storage conditions.

Spray drying has proven to be a robust and scalable method to manufacture SDDs
from early formulation screening through commercial manufacture. Spray drying
from an organic solution enables rapid drying kinetics, which is critical for preparing
homogeneous amorphous dispersions of drug and HPMCAS.

The advantageous features of SDDs described above make them an attractive
and broadly applicable platform technology for formulating poorly aqueous-soluble
(BCS classes II and IV) compounds in a robust, scalable manner from very early
development through commercial manufacture.
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Chapter 10
MBP Technology: Composition and Design
Considerations

Navnit Shah, Harpreet Sandhu, Duk Soon Choi, Hitesh Chokshi, Raman Iyer
and A. Waseem Malick

10.1 Introduction

Over the past several decades, amorphous solid dispersion (ASD) technology has
been increasingly utilized to address the challenges of poorly soluble compounds,
which are becoming more prevalent in the current drug discovery environment. From
the first practical application of solid dispersions in improving the solubility and
bioavailability in the pharmaceuticals, the science and practice of amorphous tech-
nology have advanced considerably (Sekiguchi and Obi 1961; Chiou and Riegelman
1970; Leuner and Dressman 2000; Williams et al. 2010). Since then, various tech-
niques have evolved and handful of compounds have made their way to the market
using amorphous technology.

Despite extensive research and advancement in this area, application of ASD
technology has not gained widespread use in the pharmaceutical industry, and still
remains a niche technology applicable only to small number of compounds. The
primary reasons for this reluctant adoption can be attributed to fear over the inher-
ent physical instability of the amorphous material during manufacturing, storage,
and dissolution, as well as lack of accessibility of robust and commercially viable
manufacturing facilities.
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With regard to manufacturing technologies, considerable progress was made with
the introduction of spray drying and melt extrusion processes, enabling successful
commercialization of several challenging molecules (Williams et al. 2010; Repka
et al. 2013). Recently, advancement in supercritical fluid and cryogenic freezing
technologieshas shown promise in demonstrating the production of fine powders
of ASDs (Yang et al. 2010). However, despite extensive research, the use of these
technologies is limited to thermally stable low melting drug molecules or com-
pounds soluble in volatile organic solvents. Effective technologies for the so-called
brickdust-like molecule remain elusive. Moreover, as drug discovery becomes more
sophisticated with respect to maximizing receptor binding, the percentage of such
difficult compounds will be ever growing in modern pharmaceutical drug discovery.

To address the needs of such challenging compounds, a solvent-controlled co-
precipitation technology, also known as microprecipitated bulk powder (MBP)
technology, was developed in the late 1990s and is covered in detail in this chap-
ter (Albano et al. 2002; Shah et al. 2012). The MBP technology has been applied
to numerous development compounds in preclinical and clinical stage including a
recently marketed product Zelboraf®.

10.2 Precipitation and Coprecipitation

The MBP technology is based on solvent–antisolvent precipitation. Precipitation
occurs when the concentration of a compound in solution exceeds its saturation solu-
bility. Solvent-controlled crystallization is a well-established process in the chemical
industry and is briefly reviewed here before starting the discussion about solvent-
controlled amorphous precipitation (McKeown et al. 2011). It should be noticed that
the driving force for both processes, crystallization and amorphous coprecipitation,
is supersaturation but the key difference lies in the rate at which the supersaturation
conditions are created for the binary system comprised of drug and polymer. For
crystallization, it is generally understood that formation of precipitate in supersatu-
rated solution starts with the onset of nuclei formation. The onset of nuclei formation
starts, hypothetically, from the formation of an interface between the solid and the
solution (De Yoreo and Vekilov 2003). When molecules adhere to the nuclei in an
orderly fashion with a specific motif, crystalline solid emerges. This self-assembly of
molecules into crystal is governed by such factors as the degree of supersaturation,
purity of solute, and diffusion rate, and it occurs usually after a certain induction
period. If molecules adhere to the nuclei in a disorderly manner due to the lack of
induction period, an amorphous solid emerges.

During crystallization, the degree of supersaturation is carefully controlled to
obtain a desired polymorphic form and crystal habit. In general, crystallization occurs
in the crystallization zone, which lies in between solubility line and precipitation line
of a solubility phase diagram (Fig. 10.1).

If the system is shocked and forwarded to the precipitation zone with minimum
time in crystallization zone, owing to huge solubility differentials, molecules seek
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Fig. 10.1 Schematics of solubility phase diagram. Crystallization can occur in crystallization zone
which lies in between solubility line and precipitation line, whereas amorphous precipitation occurs
by jumping into precipitation zone by passing crystallization zone

immediate release of the excess energy (supersaturation) by disorderly stochastic
precipitation in the form of amorphous solid. This extreme supersaturation condition
can be created by adding drug solution to the larger volume of antisolvent together
with reduced temperature. Upon contact with the chilled antisolvent, the solubility of
compound rapidly falls below the saturation solubility, resulting in the precipitation
as amorphous solid.

Coprecipitation occurs when the two compounds exceed their saturation solubility
simultaneously. Coprecipitate usually forms in such a way that a minor component
is incorporated in the matrix of a major component where polymer further inhibits
nucleation. Although precipitation and coprecipitation are commonly used in the
chemical industry, its application in pharmaceutical industry has been quite limited.
The term “coprecipitation” in pharmaceutical literature was first used to produce
ASDs by precipitating drug and polymer together by changing the solubility con-
ditions (Simonelli et al. 1969). Coprecipitation was induced by either addition of
organic antisolvent to drug solution or by evaporation of the solvent but not the
aqueous solvent. In rare attempts when aqueous phase was used as antisolvent to in-
duce precipitation, the resulting material was partially crystalline, suggesting the use
of aqueous antisolvent was not suitable for producing amorphous form (Kislalioglu
et al. 1991).
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10.3 MBP Development

In principle, both orderly process of crystallization and disorderly process of amor-
phous solid formation can occur from supersaturated solution. It will be a competition
between the orderly assembly of molecules with greater reduction of free energy
(thermodynamically favored) and the stochastic assembly of molecule to noncrys-
talline amorphous solid for immediate release of energy (kinetically favored). MBP
process is designed to maximize amorphous solid formation and to minimize the
crystal formation by kinetically prompting rapid energy release. This was achieved
by introducing drug solution to cold antisolvent with appropriate agitation in the
presence of an amorphous polymer to further reduce molecular mobility.

Amorphous ionic polymer plays a key role in MBP manufacture. Polymer almost
always precipitates stochastically, providing multiple heterogeneous sites for drug
precipitation. Precipitate formation is governed by the polymer and growth can oc-
cur in all directions without restriction. Polymer further hinders diffusion of drug
molecules by acting as physical barrier, as well as by nonspecific interaction with
drug molecules. Result is the coprecipitation of drug and polymer in the form of
ASD, in which drug molecules are imbedded in the polymer matrix. Among the
various pharmaceutical polymers that provide favorable conditions for precipitation
in aqueous antisolvent are ionic polymers, such as hypromellose acetate succinate
(HPMCAS) and polymethacrylates (Eudragit L100, Eudragit L100-55, and Eudragit
S100).

Thus, the MBP technology takes advantage of the solvent-controlled coprecipita-
tion of a drug and ionic polymer under controlled conditions to produce stable ASD.
By virtue of coprecipitation, the amorphous drug is molecularly dispersed in the
polymer to provide a stable ASD, referred to as MBP. The fast quenching that occurs
during precipitation also helps in retaining the intermolecular interactions between
drug and polymer. The rapid coprecipitation is achieved by maintaining the solvent–
antisolvent ratio, temperature, and shear rate. Additionally, the rate of addition of the
drug and polymer solution into antisolvent and subsequent dispersion are also critical
for the rapid extraction of solvent. Insufficient agitation and inappropriate solvent
to antisolvent ratio may affect the simultaneous precipitation of drug and polymer
resulting in drug- or polymer-rich domains that may result in phase separation and/or
crystallization.

The MBP process is particularly useful for compounds that have low solubility in
volatile solvents such as acetone, ethanol, or compounds that have high melting point
or are thermally labile. By design, MBP process can be carried out either in acidic or
in basic conditions, depending on the ionic nature of the molecule and polymer used.
Although the concept of MBP appears seemingly simple and straightforward, the
design and execution of MBP could be tricky because generating amorphous form in
aqueous phase is counterintuitive. The successful implementation requires a thorough
understanding of active pharmaceutical ingredient (API) properties, polymer prop-
erties, and processing parameters including the solvent, antisolvent, temperature,
shear force, and drug loading in the solvent.
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The following section provides a detailed guidance with regard to the key for-
mulation and processing parameters that need to be understood to obtain a viable
product.

10.3.1 Process Overview

The MBP manufacturing process starts from dissolution of drug and an ionic polymer
in polar nonvolatile (super) solvents such as dimethylacetamide (DMA), dimethylfor-
mamide (DMF), dimethylsulfoxide (DMSO), or n-methylpyrrolidone (NMP). These
organic solvents have higher solubilization power than polar volatile organic solvents
such as acetone, methanol, or tetrahydrofuran (THF). The drug polymer solution is
then delivered to the “pH-controlled” and “temperature-controlled” aqueous media
(antisolvent) to cause instant coprecipitation of drug and polymer upon contact with
aqueous media. Organic solvent diffuses out from the initial precipitate and water
diffuses in until chemical potential of inside and outside of the precipitate becomes
equal. Constant agitation during coprecipitation expedites the solvent exchange and
the time to reach the chemical potential equilibrium. The formation of coprecipitates,
solvent exchange within the coprecipitates, and maturation of solid mass (coprecip-
itates) continue until all drug solution has been added and the chemical potential
equilibrium is reached. After completion of coprecipitation, the solid precipitates
are isolated via filtration or centrifugation. These solid precipitates contain relatively
high amount of organic solvent, which is equal to that of the solvent composition
in the reaction vessel viz around 10 %. This residual solvent must be removed from
the precipitate to below the acceptable level (ICHQ3 Guidance 2009). The organic
solvent removal is achieved by washing the coprecipitates with aqueous medium
until residual organic solvent falls below the set value, viz 0.1 %. Once organic sol-
vent level falls below the set value, the precipitate is further processed for drying.
Typically, the precipitate contains high amount of water in the range of 60–90 %, and
the efficient removal of water is a key process in MBP manufacture. After drying,
based on the particulate properties, the final dried powder can be further processed
(milling and densification) to be ready for the final formulation.

The key process aspects in MBP include:

• Total solid content (API and polymer) in organic solvent is in the range of 10–40 %
by weight

• Ratio of solvent to antisolvent can be from 1:5 to 1:20 depending on the solubility
profile of the drug

• Temperature of aqueous phase (antisolvent) is typically 5 ± 3 ◦C
• The precipitate is collected as wet cake by vacuum filtration or by a centrifugal

filtration device
• Final MBP can be dried in a forced air oven or fluid bed dryer typically at 45± 5 ◦C

The schematic of the MBP process is shown in Fig. 10.2.
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Fig. 10.2 Schematic of MBP process. MBP process is comprised of several unit operations includ-
ing stock solution preparation, controlled coprecipitation, filtration, washing cycles, isolation of
MBP, drying, and downstream processing

10.3.2 API Properties

During the early drug discovery phase, basic physicochemical properties of molecule
are determined. Ordinarily, these sets of data are useful to support clinical candidate
selection, early chemical process development, and formulation development. Even
promising clinical candidates face dire consequences of termination (No Go decision)
when conventional formulations fail to provide adequate bioavailability to enable
efficacy and toxicology evaluation. Various formulation strategies can be employed to
rescue molecules with poor “drug-like” biopharmaceutical properties. Among these
strategies, amorphous formulation strategy is one of the most remarkable formulation
approaches. Furthermore, within the various ASD technologies, MBP provides the
best alternative because of its versatility, excellentAPI recovery rate (> 90 %), ability
to handle small quantity of material (less than gram), and an excellent track record.
The process can be readily scaled up from few milligrams to kilograms with minimal
investment in equipment and facilities. Ability to handle a small quantity of API with
good recovery is a particularly attractive feature in early drug development where
the availability of drug substance is oftentimes limited.

However, not all drug substances can be candidates for MBP technology. There-
fore, it is logical to critically examine API properties to (a) assess if the molecule
is feasible for MBP, (b) guide selection of suitable polymer and drug loading for
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Table 10.1 Physicochemical properties of API relevant for MBP process

Criticalproperties Criteria Comments

Ionization constant pKa of molecule should not be
higher than the pH of aqueous
buffer (antisolvent)

Acidity or alkalinity dictates the pH
solubility profile of the drug and de-
gree of ionization

Functional group Potential of interaction and reac-
tivity with polymer estimated

Polymer selection for best interaction

Solubility profile Solubility > 3 % in polar solvent
such as DMA, DMSO, DMF
or NMP Solubility < 10 ppm in
10 % organic solvent in aqueous
buffer

Drug must have good solubility in
organic solvent and insolubility in
aqueous media to be viable for the
MBP process

Chemical stability Chemically stable in extreme pH
ranges where coprecipitation oc-
curs
Chemically stable in organic sol-
vent for at least 24 h

Drug must be stable in acidic or basic
aqueous media, or organic solvent

Crystallinity API should not form solvate(s)
with the solvent(s)
Low crystallization tendency

Solvates may form during manufac-
turing process. Process at below sat-
uration solubility to avoid solvate
formation

Molecular Weight MW > 500 Larger molecule tends to crystallize
slowly

H bonding acceptors
and donors

H acceptor > 7 H bonding donors and acceptors in-
crease interaction with polymer in
MBP

Lipophilicity log P > 3 Primary bonding between drug and
polymer is likely to be hydrophobic
interaction. High log P compounds
have tendency to form stable MBP

Miscibility estimate Negative free energy of mixing
estimated by solubility parame-
ter

To guide the selection of polymer

a feasible candidate, and (c) identify the optimal process conditions. The key
physicochemical properties are listed in Table 10.1.

10.3.3 Solubility of API

Understanding solubility behavior of API is probably the most critical factor in MBP
development. API must be highly soluble in organic solvent and must be insoluble in
acidic water. Commonly used solvents for MBP are DMA, DMF, DMSO, or NMP.
Practicality dictates that the API must have greater solubility than 3 % in the solvent.
Acidified water is the most commonly used antisolvent. The amorphous drug must
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be insoluble in this aqueous media, and in practice, this translates into less than
0.01 mg/mL.

When the coprecipitation process is complete, the solvent composition in the
reaction vessel is around 10 % if the solvent to antisolvent ratio is targeted to be
1:10, for example. API must have minimal solubility at this composition to ensure
maximum recovery of the API. One should be mindful that API solubility in this
solvent mixture is that of amorphous form (not of crystalline form!) which is higher
than crystalline API. The API concentration in the supernatant after initial coprecip-
itation should always be monitored. Needless to say, if drug has good solubility in
this solvent composition, then only a partial amount of drug will be precipitated as
MBP. Not only will recovery be low but the unprecipitated drug in solution may also
precipitate out during subsequent rinsing and washing cycles without the protection
of polymer. If that happens, crystalline API seeds adhering to MBP particles can
promote crystallization of amorphous drug, jeopardizing the entire MBP batch.

IfAPI is a basic molecule, attention should be paid to the pH of antisolvent and the
pKa of the molecule. The pH of aqueous buffer should be controlled at a level not to
exceed the pKa ofAPI to minimizeAPI solubility. Ideally, the pKa of the drug should
not be higher than 5 to ensure complete precipitation during initial coprecipitation
and to minimize dissolution during subsequent rinsing and washing cycles. Like
other precipitation processes, there may be sensitivity to the type of counterion used
for pH control, and in some cases, it may be critical to select optimal counterion that
provides best mode for the production of ASD.

10.3.4 Chemical Stability of API

Total solid mass, i.e., total amount of API and polymer in organic solvent, can range
from 10 to 40 % w/w. Since many polymers dissolve slowly, heat may be applied
to aid dissolution and to reduce the solution viscosity. Temperature as high as 80 ◦C
has been used if the API has acceptable stability under these conditions. MBP is
formed by coprecipitation of drug and polymer in acidic or basic media (mostly in
acidic media), and it may stay exposed to this aqueous media from several hours
to several days to weeks during precipitation, rinsing, washing, and storage. This is
an important consideration since acid- or base-labile compound may degrade during
MBP manufacture. Therefore, it is important to conduct risk assessment using the
stability profile of the API and use this as a guide to select the pH and buffer.

10.3.5 Assessment of MBP Feasibility

MBP is an excellent ASD technique, particularly during early phase of drug develop-
ment and for toxicology-enabling studies. Because of the excellent recovery rate and
flexibility in scale, even milligram quantity drug can be processed to enable animal
pharmacokinetic (PK) studies. This makes MBP technique particularly attractive for
early drug assessment studies.
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When due consideration is given to the physicochemical properties of the API
and aforementioned precautions, the MBP technique works well in most instances.
However, the authors did encounter some molecules that were very difficult to convert
to amorphous MBP. The following are our findings from many years of experience.

10.3.5.1 Molecular Weight

The authors have applied MBP technology to hundreds of newly discovered com-
pounds to enable toxicology and animal PK studies. In general, drugs with molecular
weight greater than 500 had a higher propensity for conversion to amorphous MBP,
whereas drugs with molecular weight less than 500 needed greater effort and closer
attention. This observation is in good agreement with other researchers in the ASD
field (Zhou et al. 2002). It is suggested that large molecules may assume more com-
plex conformations and molecular configurations which retard nucleation and crystal
growth, thereby making them more prone to conversion to amorphous state, and vice
versa.

10.3.5.2 API Hydrophobicity

Hydrophobicity is measured by evaluating the partitioning behavior of a drug be-
tween n-octanol and an aqueous buffer. High log P suggests that the molecule favors
van der Waals type nonpolar interactions, whereas low P indicates that molecule
favors polar interactions such as H bonding or dipole–dipole interaction. Experi-
mentally, it has been observed that molecules with high log P have a better chance
of forming stable MBP than molecules with low log P. A low log P suggests that
the molecule is likely to have a high affinity toward polar solvents like water. It
can be postulated that when water is used as an antisolvent, the low log P molecule
may show high affinity toward water, resulting in phase separation during the MBP
process (Qian et al. 2010).

10.3.5.3 H-bonding Donor and Acceptors

The MBP process uses mostly polar aprotic organic solvents and water as the an-
tisolvent. One can imagine various interactions taking place in the reaction vessel
including ionic, H bonding, dipole–dipole, and van der Waals interaction. At the
end of the MBP process, when all solvents including water and organic solvent are
removed, leaving the drug molecule imbedded in a polymer matrix, depending on
functional group of drug and polymer, only a few interactions are possible between
drug–drug, drug–polymer, and polymer–polymer molecules. A system that maxi-
mizes drug–polymer interaction while minimizing drug–drug and polymer–polymer
interaction would be the best in stabilization of ASD. Over the many years of expe-
rience, molecules with high H-bonding acceptors were found to form more stable
MBP, and one can speculate this may help in drug–polymer interaction.
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It is almost ironic to examine physicochemical properties of an API against Lip-
insky’s rule of 5 (Lipinski 2000). The molecules that would be rejected based on
Lipinsky’s rule are good candidates for MBP suggestive of the saying that the stone
the builders rejected has become the cornerstone.

10.3.6 Polymer Properties

Earlier chapters in this book have provided a detailed treatise on the selection of
polymers in the development of stable ASDs of poorly soluble compounds. The
importance of the polymer cannot be over emphasized as it is the polymer that helps
maintain the amorphous state during processing, storage, and dissolution, leading to
a viable ASD product. This is true for any ASD that is manufactured and stabilized
by the help of a polymer. An important consideration for MBP is the exclusive use of
an ionic polymer. Due to the nature of the MBP process, the use of an ionic polymers
is a requirement. In addition to enabling the processing, ionic polymer can add
an additional stabilization effect through ionic interaction with the drug molecule
(Rumondor et al. 2009). Cellulosic polymers, specifically HPMCAS, have been
shown to be superior in maintaining supersaturation during dissolution, presumably
due to the formation of colloidal aggregates in solution (Curatolo et al. 2009).

The most commonly used polymers for the MBP process are HPMCAS (L, M, and
H grades) and polymethacrylate-based polymers, e.g., Eudragit L100, L100-55, and
S100. Other ionic polymers such as cellulose acetate phthalate (CAP), hypromellose
phthalate (HP), polyvinyl acetate phthalate (PVAP), and cationic polymer Eudragit
E100 can also be used. The polymer use levels are determined based on the drug
loading and amorphous form stability.

The selection and use of the polymer should be adequately supported by safety
data and appropriate toxicological assessment. For example, some polymers have
residual synthetic materials that may include monomers, low molecular weight impu-
rities, and processing aids such as surfactants and stabilizers. All of these may have
a negative impact on safety. It may be necessary to establish appropriate controls
around the additives to ensure safety and stability. For example, presence of surfac-
tants such as polysorbate 80 and sodium dodecyl sulfate in the Eudragit L100-55 may
limit the levels that can be safely used based on toxicological assessments(Evonik
2014). Furthermore, these additives can affect the performance of the MBP either
negatively by lowering the Tg or positively by micellization. Finally, for compounds
with narrow window of absorption, polymer selection could be critical in translat-
ing the in vitro results to in vivo performance, and polymer selection can play an
important role. Commonly used polymers for MBP are listed in Table 10.2.
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Table 10.2 Commonly used ionic polymers for MBP

Polymer Common name Soluble pH

Polymethacrylic Eudragit L100 pH > 6.0

Eudragit L100-55 pH > 5.5

Eudragit S100 pH > 7.0

Eudragit E100 pH < 5.0

Cellulosic HPMC-AS LF pH > 5.5

HPMC-AS MF pH > 6.0

HPMC-AS HF pH > 6.5

Cellulose acetate phthalate pH > 6.0

Hypromellose phthalate 5 pH > 5.0

Hypromellose phthalate 55 pH > 5.5

Polyvinylphthalate (PVAP) pH > 5.0

10.3.7 Drug Loading

For the sake of visualization, ASD can be viewed analogous to a solid solution
where drug (solute) is dissolved in a polymer (solvent). Solubility is a thermodynamic
parameter which is a function of temperature, pressure, and composition. If solubility
of drug is high in a polymer, more drug can be incorporated in the polymer matrix,
thus achieving a higher drug loading. However, the solubility of drug in polymer at
room temperature is typically quite low, making it impractical to achieve the solubility
and miscibility limit. Generally, ASDs are supersaturated systems, i.e., higher drug
levels are incorporated in the polymer than allowed by its solubility limit. The most
important aspect in developing supersaturated amorphous systems is the assurance
of physical stability over the period of product shelf life. It is generally understood
that the degree of supersaturation may influence the kinetics of physical instability,
that is, the higher the supersaturation, the faster the phase separation. Since polymer
provides the framework for stabilizing the amorphous drug, selecting the polymer
and defining maximum drug loading while maintaining long-term physical stability
are two critical goals in ASD development.

Based on the aforementioned primary factors, the drug loading can be initially
selected at the small production scale and then further refined as the process is
scaledup. Due to the uncertainty around amorphous form stability during long-term
storage, a conservative approach is to operate at 5–10 % below the maximum drug
loading determined during the small scale study. As more experience is gained, it may
be possible to further increase the drug loading without compromising the stability
and quality of the ASD.
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10.3.8 MBP Process Design

MBP is a complex engineering process with multiple unit operations. Every step is
important because any mismatched operational parameters can negatively impact the
formation of amorphous MBP and the maintenance of amorphous state during sub-
sequent processing and storage. In this section, process requirements are discussed
in detail.

10.3.8.1 Solvent

The selection of organic solvent is primarily based on solubility and stability of the
API and the polymer. Other factors that affect the selection of organic solvent include:

• Miscibility of solvent with the antisolvent: Solvent must be miscible with the
antisolvent. This is an important factor as the rapid precipitation is primarily
afforded by rapid mixing of solvent and antisolvent. If organic solvent is partially
miscible, precipitation inefficiency may result owing to liquid-phase separation.
In addition, the extraction of solvent out of the precipitates will not be efficient in
subsequent washing and rinsing cycles.

• Permissible residual solvents: Level of residual solvents must be controlled based
on the International Conference on Harmonization (ICH) solvent classification
guidance permissible daily limit (ICHQ3 Guidance 2009). In addition, the impact
on the Tg of the amorphous product and stability of the amorphous form must be
considered.

• Stability of API in the solvent to support the manufacturing at the desired scale.
• Viscosity of the solution to maintain uninterrupted smooth flow rates during

precipitation.

The most commonly used solvents for MBP are DMA, DMF, DMSO, and NMP.
Other solvents such as alcohols and acetone may also be used, but they are less
favored for MBP because if there is adequate solubility in these solvent, other means
of ASD manufacture such as spray drying or fluid bed granulation/layering may be
feasible. List of solvents with their relevant properties is summarized in Table 10.3.

10.3.8.2 Antisolvent

Selection of antisolvent depends on the properties of API, polymer, and the selected
solvent. Both polymer and API should be insoluble in antisolvent system even when
mixed with 10–20 % of the solvent. There can be many choices of antisolvents;
however, water is almost exclusively used in the MBP process. In fact, the use
of water makes MBP unique compared to other coprecipitation techniques, where
other organic antisolvents may be used. MBP, in this regard, represents a special
subset of coprecipitation techniques. Use of aqueous media along with ionic polymer
and dispersing mechanism to produce finely dispersed homogeneous ASD particles
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Table 10.3 Some relevant properties for the commonly used solvents are summarized

Solvent Mol
wt

(g/mol)

BP
(◦C)

MP
(◦C)

Density
(g/mL)

Water
solubility
(g/mL)

Dielectric
constant

Flash
point
(◦C)

ICH/PDEa

(mg/day)

Acetic acid 60.1 118 16.6 1.049 Miscible 6.2 39 Class 3

Acetone 58.1 56.2 −94.3 0.786 Miscible 20.7 −18 Class 3

Acetonitrile 41.1 81.6 −46 0.786 Miscible 37.5 6 Class 2/4.1

DMA 87.1 165 −20 0.937 Miscible 37.8 63 Class 2/10.9

DMF 73.1 153 −61 0.944 Miscible 36.7 58 Class 2/8.8

DMSO 78.1 189 18.4 1.092 Miscible 47.0 95 Class 3

Dioxane 88.1 101.1 11.8 1.033 Miscible 2.2 12 Class 2/3.8

Ethanol 46.1 78.5 −114.1 0.789 Miscible 24.6 13 Class 3

Methanol 32.0 64.6 −98 0.791 Miscible 32.6 12 Class 2/30

NMP 99.1 202 −24 1.033 Miscible 32.0 91 Class 2/5.3

2-propanol 88.2 82.4 −88.5 0.785 Miscible 18.3 12 Class 3

aResidual solvents’ limit based on permissible daily exposure (ICH Guidance)

forms the core of MBP technology. Additionally, the aqueous precipitation provides
material with superior particulate and wetting properties. This is attributed to the
removal of solvent during precipitation process, i.e., as the solvent diffuses out of
the droplet, the material that is left is of a sponge-like porous nature filled with
aqueous fluid. The aqueous fluid in the pores is eventually removed during drying,
thus leaving material with superior wetting, compaction, and dissolution properties.

Acidic cold water is typically used in MBP when an anionic polymer is used.
The pH and temperature are controlled to maximize the precipitation of drug and
polymer. Acidic water at pH around 2 and temperature around 2–8 ◦C usually pro-
vides adequate conditions for most drug molecules unless the API is a strong basic
molecule. Weakly basic molecules of pKa up to 5 have been processed successfully
using aqueous buffer systems of pH up to 4.

10.3.8.3 Operation

A schematic representation of MBP process is shown in Fig. 10.3. The different steps
(left to right) are (a) crystalline drug, (b) dissolution in DMA, (c) coprecipitation in
acidic water, (d) cold acidic water rinse, and (e) final MBP.

10.3.8.4 Description and Details of Unit Operations

• Stock solution preparation: Predetermined amounts of drug and polymer are dis-
solved in the solvent. In a small laboratory-scale operation, both drug and polymer
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Fig. 10.3 Pictorial view of MBP processes (Shah et al. 2012)

can be added together to a vessel containing solvent and dissolved using standard
laboratory mixer. As the scale increases, stock solution preparation becomes non-
trivial. Usually, the polymer takes a long time to dissolve and often heating is
needed. The homogenizer mixer can be used to improve the process efficiency.
Chemical stability of drug and possible formation of solvates have to be investi-
gated during this process. Total solid content of up to 40 % has been demonstrated
(Shah et al. 2013). However, if solid content is too high, viscosity of stock solution
can cause transfer and diffusion problems, impacting droplets/particle formation
during coprecipitation and solvent exchange during washing and rinsing steps.
Therefore, total solid contents should be decided based on the solution transfer
efficiency, coprecipitation mechanism, and resulting particulate properties.

• Coprecipitation: Coprecipitation is the most critical step in the entire MBP pro-
cesses. There are two viable manufacturing modes of coprecipitation—batch
mode and continuous mode (see Fig. 10.4). In batch mode, stock solution contain-
ing drug and polymer is delivered to a vessel containing a large volume of aqueous
media. At the small laboratory scale, stock solution can be added carefully to the
reactor containing aqueous media, while contents in the reaction vessel are being
stirred by an overhead propeller or homogenizer. At larger scale, the stock solution
can be sprayed over the antisolvent while stirring, or sprayed into the antisolvent
in a manner that allows the solution to be rapidly taken up in cavitational zone
to break the precipitate into finer particles. Coprecipitation occurs instantly when
drug polymer solution contacts the cold acidic water. In continuous mode, streams
of stock solution and acidic water are continuously pumped into a homogenizer
chamber where two streams of liquid are mixed and sheared by high-speed ro-
tors to produce fine droplets of the coprecipitate. The precipitate along with the
solution is then pumped into a holding tank or to the filtration unit. Regardless
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Fig. 10.4 MBP manufacture reactors showing batch mode reactor (left) and continuous mode
reactor (right)

of the precipitation mode, reaction temperature, shear rate, and mixing time, the
solvent to antisolvent ratio has significant impact on initial MBP formation (see
Fig. 10.5).

• Coprecipitation parameters: Critical coprecipitation parameters that should be
under tight control are reaction temperature, shear rate, mixing time, and solvent
to antisolvent ratio.

Temperature control during coprecipitation plays a significant role in producing a
quality ASD. When the stock solution is added to the aqueous media, substantial
amount of heat is generated due to heat of mixing. Additional energy input from
high shear mixing can add additional heat to the system. Unless dissipated, the heat
can cause undesired impact on the quality of MBP, resulting in poor drug recovery
and inadequate conversion to amorphous state (Fig. 10.5). Incomplete conversion
may leave dreaded crystalline seeds in the MBP. As discussed, any crystalline seeds
in the system may propagate crystallization; therefore, should be avoided at any cost.

Extensive research has shown that the best temperature range is 5 ± 3 ◦C. The
positive temperature deviation coupled with high shear may result in the traces of
crystalline API in the MBP cake and the final MBP powder. The impact of temper-
ature, shear, and mixing time is shown in Fig. 10.5. These parameters should be
carefully controlled to achieve high quality and consistency of amorphous material.

The effects of shear rate (2500, 4000, 5000 rpm), mixing time (30, 60, 180 min),
and reaction temperature (2, 10, 15 ◦C) were examined during laboratory-scale pro-
duction of MBP using Eudragit L100-55 polymer and investigational drug ROX35.
It was found that the high-speed mixing during coprecipitation was detrimental in
amorphous MBP formation, presumably due to localized energy input to the pre-
cipitate at the point of contact. Temperature of the vessel also played a key role in
MBP integrity. At higher temperature, more undesirable crystalline API was found in
MBP. Duration of coprecipitation and subsequent mixing time was crucial in MBP
stability; longer duration was found to be detrimental. This observation suggests
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Fig. 10.6 Microstructure of
MBP particle reproduced
using 3D printing (courtesy of
Dr. Siegfried Krimmer)

that as soon as coprecipitation is complete, unnecessary additional mixing should be
avoided.

The overall impact of the various parameters was found to be in the following
order: shear rate > mixing time > temperature. The combination of slower shear,
shorter mixing time, and lower reaction temperature consistently produced quality
amorphous MBP. A similar observation was made in the experiment with continuous
mode procedure.

In summary, it was observed that, from process perspective, shear force is the most
sensitive parameter in the formation of amorphous coprecipitate. Shorter mixing and
churning time was considered more favorable in production of MBP.

• Solvent removal, washing, and isolation: At the end of coprecipitation, the pre-
cipitates contain substantial amount of organic solvent depending on solvent to
antisolvent ratio used. During subsequent washing and rinsing cycles, the resid-
ual organic solvent must be removed from the precipitate. Washings are typically
conducted with acidic water maintained at 2–8 ◦C and can be performed either
on the filter media or by resuspending the material in acidic water. Depending on
the process selected, care should be taken to ensure that the washing is complete.
In addition to the number of washings, washing time, temperature, and pH of the
washing solution need to be controlled. Although all washings are performed with
the cold-acidified water, the last wash is generally carried out with purified wa-
ter only to minimize residual acidic component in the final MBP. As mentioned
before, the solvent exchange during precipitation and washing steps produces
sponge-like material with high porosity that in turn offers rapid dissolution and
high compressibility (Fig. 10.6)

• Isolation: The wet MBP can be isolated by vacuum-assisted filtration, filter press,
or a centrifugal filter. Filtration efficiency mainly depends on the particle size of
the precipitate; however, other factors such as type of polymer as well as drug
loading can also influence the filtration efficiency. Depending on the filtration and
washing mechanism used to remove the residual organic solvent, the wet solids
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can be isolated by using impeller-driven scrapper or scoops. Care should be taken
to ensure removal of most of the free liquid during filtration step. The resulting
wet solid can be dried immediately or can be held in proper storage conditions
for later drying. Usually, refrigerated conditions are preferred to minimize risk
of crystallinity and/or microbial growth. In batch mode, several sub-batches of
coprecipitates can be collected for drying.

• Drying: Drying of wet cake is the second most critical step in the MBP process
as the product is subjected to elevated temperature for an extended period of time
to drive off the excess water. After final isolation, typical wet MBP cake contains
about 60–90 % of its mass as water. Obviously, removing this amount of water
out of MBP cake is not a trivial matter. It is well documented in literature that
combination of heat and moisture is the number one culprit in amorphous material
destabilization. In this drying step, both heat and moisture are present, the same
elements that should be avoided. The key success factor for overcoming these
destabilizing forces is an efficient and rapid drying process. Typically, a forced-
air oven, filter dryer, agitated conical or spherical dryer, drum dryer, or fluid bed
dryer has been used. For compounds with a high tendency to crystallize, fluid bed
dryer provides the best mode of drying. As a rough rule of thumb, the product
temperature should be maintained 50 ◦C below the Tg of ASD during drying to
have the least impact on the product quality (Taylor and Zografi 1997).

• Milling: On a microscopic level, the MBP particle is homogenous material which
contains the amorphous drug either molecularly dispersed or nanoscale dispersed
in the polymer matrix. On a macroscopic level, the bulk powder properties of
MBP can vary substantially. To normalize material properties for downstream
processing, the MBP material can be milled using standard milling technologies
such as impact milling or air-jet milling. Bulk density of the powder ranges
between 0.1 and 0.3 g/cc and may require further densification prior to the final
dosage form manufacture.

The key formulation and process factors are summarized in Table 10.4.

10.4 In-Process Characterization

As discussed in the previous section, MBP is a highly complex industrial process
comprising of multiple unit operations including (a) stock solution preparation in
which API and polymer are mixed in a common solvent, (b)dissolution in which
API and polymer are heated and agitated to ensure complete dissolution without any
residual crystals, (c) coprecipitation in which stock solution is brought in contact
with antisolvent such as chilled acidic water in a controlled manner to induce well-
dispersed amorphous coprecipitate, (d) isolation in which the coprecipitated solid is
separated from the suspension by means of filtration or centrifugation, (e) washing
and rinsing in which the coprecipitated solid is further rinsed with water to reduce
residual organic solvent, (f) drying in which the washed cake is dried to remove
excess water, and finally (g) milling in which dried material is delumped and milled
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Table 10.4 Overview of MBP processing steps

Unit operations Key considerations

API and polymer dissolution Solubility and stability in solvent
Temperature and time
Solid content and viscosity
Mixer design and speed

Coprecipitation Batch mode vs. continuous mode
Flow rate
Droplet size distribution
Mixer design (shear and energy, e.g., stir bar,
vortex, propeller, homogenizer, rotor–stator)
Solvent to antisolvent ratio
Temperature
Processing times (scale dependent)

Extraction/washing/filtration Volume of antisolvent
Filter media (filter paper, filter press, centrifugal
filter)
Compressibility may cause blinding
Channeling may reduce extraction efficiency
Stability of wet cake
Wet cake stability (physical, chemical, microbi-
ological)
Residual solvents, moisture content
Cycle time

Isolation/discharge Moisture content, particulate properties

Drying Tray dryer
Agitated dryer (rotary tumble and conical)
Filter dryer
Fluid bed dryer
Cycle time and stability
Particulate properties

Milling Delumping (Conical mill)
Impact milling (hammer or pin)
Air-jet milling
Media and ball milling

Densification Dry granulation (roller compaction), fluid bed
granulation, or wet granulation
Blending/compatibility with other excipients
Compression or encapsulation

to a target particle size. As part of in-process evaluation, it is important to ensure
that amorphous state is maintained throughout the manufacturing process, as it not
only helps in establishing the controls but also to troubleshoot the process in case
of failure. The whole operation can take a few days to several weeks that may be
performed in multiple locations/sites depending on the batch sizes and the logistics.
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It is important to establish the critical quality attributes for each operational step.
Above all, keeping the product as non-crystalline amorphous state during each oper-
ation is the utmost critical element in the MBP process. During the initial dissolution
operation, API should be completely dissolved and no crystalline seeds should be
found anywhere in the vessel. Any residual crystalline seeds can potentially act as fur-
ther nucleation sites in subsequent steps. Heating may be applied to aid dissolution of
drug and polymer and to reduce the viscosity. If need be, the drug–polymer solution
can be filtered prior to precipitation to ensure no undissolved material is introduced
into precipitation step. Needless to say, controlled coprecipitation is at the heart of
the MBP process. First, drug and polymer must be precipitated together in such a way
that drug molecules are incorporated uniformly in the polymer matrix at a molec-
ular level. Second, coprecipitate should disperse in aqueous media as uniform fine
particles without forming large solid aggregates. Well-dispersed MBP suspension
maximizes solvent–antisolvent exchange and ensures optimal downstream process-
ing. Any mishandling of the wet cake in subsequent operations may cause phase
separation leading to crystallization. As such, drying is another key operation in the
MBP process where material can convert to crystalline state if proper care is not
taken.

Although crystallinity is the most critical parameters in MBP manufacture, resid-
ual solvent level and water content are equally important. ICH guideline dictates the
allowable organic solvent level in the final pharmaceutical product. It has been ob-
served that residual organic solvent, if not removed, can negatively impact stability
of ASD either by lowering the Tg or by dissolving drug in micro-domains, resulting
in recrystallization during storage. Water content in any ASD is critical since it can
adversely impact stability of the ASD by lowering its Tg. Although MBP is best
prepared in aqueous media using water as the antisolvent and the penultimate wet
cake is more than 70 % water, however, establishing appropriate moisture control
is critical for long-term storage. Because of the presence of water, one should be
mindful of bioburden as the wet cake can support mold or fungi growth. Particle
size of the precipitate and its microstructure have significant impact on downstream
processing and performance of drug product.

The following subsections address the key in-process control parameters.

10.4.1 Crystallinity

Ensuring complete amorphous state is a key element in any ASD manufacturing pro-
cess. Analytically, amorphousness is only assumed by lack of crystallinity. Various
techniques can be employed, but two techniques are most useful. The first technique,
X-ray diffraction (XRD) is the primary tool in assessing crystallinity and is useful in
assessing successful MBP production. Secondly, birefringence examination using a
cross-polarized light microscope (PLM) is utilized. Occasionally, birefringence can
be used for fast feedback. Only after assurance of the lack of crystallinity, the process
can move to the next step of the manufacturing chain.
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Wet MBP cake is typically 60–90 % water causing X-ray signal substantially
attenuated. Any small suspect crystalline peak can become quite large when material
is dried. Any suspect peaks in the wet cake, therefore, should be examined thoroughly
to investigate potential incomplete conversion. XRD is not a sensitive tool in the
determination of trace levels of crystallinity. Secondary techniques such as Raman
spectroscopy should be employed where applicable.

10.4.2 Residual Solvent

Typically, nonvolatile solvents such as DMA, DMSO, DMF, or NMP are used in
manufacture of MBP and these are only removed by the rinsing and washing opera-
tion. Higher level of organic solvent not only poses health concerns but can also raise
long-term MBP stability concerns. High level of organic solvent has been shown to
induce crystallization in the MBP. One can postulate that residual organic solvent
can lower the glass transition temperature, and thereby increase molecular mobility.
In addition, it can dissolve the drug which can crystallize over a period of time.
Usually, three to five washing cycles are sufficient to reduce the organic solvent level
to below 0.1 %. This is dependent on the particle size, type of polymer, and design
of the vessel. GC methods are commonly used for the detection of organic solvents.
Organic solvent level of less than 0.1 % has been found to be acceptable without any
negative impact on the quality of the MBP.

10.4.3 Moisture

The wet MBP cake after filtration generally contains about 60–90 % water by weight,
and this must be removed to an acceptable level. Thus, the drying step is one of the
most critical steps in MBP manufacturing and should be closely monitored. Water
level in the cake can be monitored by water activity of the outlet air and further
confirmed by more sensitive moisture measurements such as potentiometric titration.

10.4.4 Bioburden

Drying is a unit operation where multiple batches of coprecipitate can be combined
to gain production efficiencies. In such cases, wet MBP can be stored in a refrigerator
for an extended period, but only if the amorphousness of wet MBP is ensured. It has
been observed that, if not properly stored, mold and fungi can grow in the wet cake.
Bioburden tests should be performed prior to drying in cases where the wet cake
needs to be stored for extended period of time before drying.
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Table 10.5 Tiered MBP IPC testing

Tier Tests Targets Comments

Tier 1 DMA level
Water level
Granule size

<0.1 %
<2.0 %
Monitor

In-process control to
minimize residual
solvents and granule size

Tier 2 XRD
DSC
PLM

No crystalline peak
Monitor Tg

No crystalline drug
particles in MBP

First-hand testing to
evaluate the success of
initial amorphous
conversion

Tier 3 Suspension stability in
aqueous vehicle

No crystallization
within at least 8 h,
preferably longer periods

Initial testing to
evaluate stability aspects
of the amorphous product

Tier 4 Comprehensive solid-state
characterization
Discriminating dissolution
testing

Satisfactory Comprehensive testing
for long-term stability
and dosage-form
development

10.4.5 Tiered Testing

MBP is a complex multiunit operational process. Identifying and assessing quality
of MBP at each step expedites the successful development of MBP. The following
tiered approach can be used to assess MBP during early screening (Table 10.5).

10.5 Characterization of MBP

The MBP is a special type of ASD obtained from a controlled coprecipitation pro-
cess and differs from other ASDs in physicomechanical properties such as porosity,
surface area, bulk density, microstructure, flow properties, wettability, etc. Neverthe-
less, the overall characterization scheme of MBP is the same as any otherASD, which
will be described elsewhere in this book. This may include crystallinity by XRD,
glass transition temperature evaluation by differential scanning calorimetry (DSC),
molecular structure by IR and Raman, solubility assessment and dissolution pro-
file, and micromeritics such as bulk density, particle size, porosity, flowability, etc.
Physicomechanical properties of MBP are addressed in Examples of Bioavailability
Enhancement section of this chapter.

10.6 Formulation for Preclinical Toxicology Studies

As noted earlier, the efficiency and versatility of the MBP technology makes it an
ideal option for preparing formulations for preclinical studies. Owing to the flexibility
of dosing, liquid formulations are preferred for preclinical PK and toxicological
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studies. However, the development of liquid formulations of ASD such as MBP
requires a careful consideration of stability, wettability, and dispersibility, as well as
storage and holding time. High concentrations of ASD suspensions tend to exhibit
gelling and difficulty in dosing, especially upon storage over time. Further, given
the hydrophobic nature of the drug, poor wettability and dispersibility can present
problems in reconstitution of the powder.

In developing liquid formulations for toxicological dosing, the liquid intake vol-
ume in animals, especially rodents, can be quite limiting. For example, at 5 mL/kg,
the volume intake in a rat is around 1 mL for a single dose which limits the to-
tal amount of dispersion that can be administered. At high dose levels, the solids’
concentration achievable in such small volumes can be a major challenge.

10.6.1 Toxicological Vehicle Selection

The vehicle used to prepare amorphous MBP suspension should be able to maintain
the physical stability of the ASD for at least 4 h and preferably 24 h to support the
typical time period of constitution, mixing, and dosing in toxicology studies. Vehicle
pH is often critical for amorphous formulations containing enteric polymers. The
vehicle pH should be on the acidic side to minimize the API and polymer dissolution.

The inclusion of nucleation inhibitors such as silicon dioxide can modulate nu-
cleation process, thus prolonging the suspension stability. Particle size control of
amorphous formulations is essential for homogeneity and withdrawability for dosing
accuracy.

10.6.2 Evaluation of MBP Toxicology Formulation

A standard approach is to prepare various concentrations of MBP suspension in a
vehicle with different additives. Stability of MBP formulation should be monitored
both chemically and physically. The amorphous nature of MBP can be investigated
by XRD or other techniques. To be viable, MBP suspension should demonstrate at
least 4 h, preferably 24 h stability in the toxicology vehicle.

10.6.2.1 Effect of MBP Concentration

The effect of MBP concentration in aqueous vehicles has been studied by the authors.
Physical stability of various concentrations of MBP suspension (up to 100 mg/mL)
was examined in aqueous vehicles containing Klucel LF as a wetting and suspending
agent. Solid residue was analyzed by XRD after 4 h of mixing. The relative level of
crystallinity by XRD suggested that the higher concentration MBP suspension (e.g.,
100 mg/mL) was more stable than the lower concentration MBP (e.g., 5 mg/mL).
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10.6.2.2 Effect of Additives

Commonly used additives in the toxicology vehicle are preservatives and stabilizers.
Use of antimicrobial preservatives in aqueous vehicles is needed if toxicology vehicle
is not prepared fresh but prepared in bulk for later use. Unfortunately, certain preser-
vatives such as methyl and propyl parabens may influence the physical stability of the
MBP negatively. For example, in the study described above, the relative stability of
MBP suspensions prepared without parabens was better than that of the suspension
with the parabens. Therefore, the use of preservatives in these preparations should
be carefully evaluated.

Based on extensive research and years of experience, it has been shown that
dispersing agents can be quite useful. The inclusion of small amounts of dispersing
agents in the suspension was found to prolong the MBP suspension stability over
extended periods of time during the conduct of toxicology studies.

Although pH of the vehicle prevents dissolution of API, the ingress of water into
polymeric system cannot be avoided and that can have a negative impact on the
stability. In some cases, use of hydrophilic fumed silica was found to prolong the
stability of MBP formulation during toxicology enabling studies. It is postulated
that the nano-sized silica particles adhered to the MBP particles. This results in
amorphous MBP particles being “coated” with silica agglomerates, thus minimizing
fusion, nucleation, and crystallization (Planinsek et al. 2011).

10.7 Design of Final Dosage Form

The powder obtained after drying needs to be processed into final dosage form. From
practical perspective, the particulate properties of MBP such as bulk density, porosity,
particle size, and size distribution are similar or slightly superior to spray-dried
material. The two key features of the MBP particulate properties that standout quite
favorably compared to other amorphous technologies are high porosity and superior
wetting. They are attributed to the nature of the process, i.e., solvent extraction versus
surface drying and the use of aqueous medium as antisolvent. These characteristics
can have direct impact on the downstream processing (densification) and dissolution.
In contrast to melt-extruded products where the compaction to final dosage form is
limited due to porosity of the extrudate, the high porosity of MBP provides superior
compaction properties without loss of dissolution. The particulate properties of the
MBP depend on the MBP processing and factors ranging from preparation of solvent
(solid content) to the final step of drying can influence the particulate properties. To
produce granules suitable for high-speed tablet machines, the intermediate powder
of MBP is densified using preferably dry granulation method. The densified material
with additional excipients such as disintegrant and lubricant can be converted into
capsules or tablet. More details about the downstream processing are presented in
the other chapters in this book.
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Table 10.6 Bioavailability Comparison of ROX45J

Formulation AUCO-∞/dose
(ng.h/mL)/
(mg/kg)

Tmax
(hr)

Cmax
(ng/ml)

Percent
bioavailability

Micronized drug suspension 29.5 ± 8.3 1.0 ± 0.0 55 ± 17 3.9

Nanosized drug suspension 86.1 ± 13.7 1.5 ± 0.6 142 ± 53 11.2

Pluronic F68 dispersion
(10% drug loading)

532 ± 152 0.8 ± 0.4 2044 ± 374 69.0

Microprecipitated Bulk
Powder (MBP)(50% drug
loading)

686 ± 237 2.5 ± 0.9 1212 ± 358 89.0

IV formulation 766 ± 8.3 n/a n/a 100.0

1 N = 4.2 males and 2 females with a parallel design

10.8 Examples of Bioavailability Enhancement

Experimental drug ROX45J is a potent kinase inhibitor demonstrating an excellent
efficacy and toxicology profile during early preclinical studies. Unfortunately, an
unacceptable bioavailability (3.9 % in dog) put this candidate in danger of premature
termination. Subsequent effort to enhance bioavailability using nanomilling proved
to be insufficient (11 % in dog).This molecule has no measurable pKa in physio-
logical pH ranges and showed aqueous solubility of 0.0001 mg/mL. The compound
decomposed upon melting at 230 ◦C. Solubility in acetone was less than 0.5 % and
the compound also showed tendency to form solvate. These physicochemical proper-
ties made it difficult to make an ASD using either hot-melt extrusion or spray-drying
processes.

Employing MBP technology, ASD of ROX45J was developed at a 50 % drug
loading using Eudragit L100 as a stabilizing polymer. MBP of this compound was
tested in dogs, resulting in an outstanding bioavailability improvement (89 %) as
seen in Table 10.6. This molecule progressed to clinical studies for a full evaluation,
which was possible only because of MBP technology (Dupont et al. 2004).

10.9 Challenges and Future Innovation in MBP Technology

Since the introduction of MBP technology in the late 1990s, it has made tremendous
progress, enabling advancements of hundreds of compounds into preclinical and
clinical studies. Zelboraf® is the culmination of these efforts and technical advance-
ments (Chapman et al. 2011; Heakal et al. 2011). The development and marketing
of this important oncology medicine were only possible because of the application
of the MBP technology:
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Despite its successes and advancements, MBP is still in a stage of infancy with
much room for improvement. One of the major challenges that the authors observed
was that certain molecules are very difficult to convert to stable amorphous MBP.
Although they identified the anecdotal cause and effect relationships over many years
of experience, no robust theoretical relationship has been established. As discussed
in the API section, the relationship of API physicochemical properties to successful
conversion to a stable MBP must be further explored.

Polymers are limited to several ionic polymers due to the design of the coprecipita-
tion process as well as the available safety data of polymers. Excipient manufacturers
are striving to design additional polymers with different functional groups exhibit-
ing different solubility and interaction potential. This certainly will broaden MBP
applications. As discussed earlier, the authors observed the drug–polymer interac-
tion as one of the key elements in the success of MBP. Increased pool of polymers
may expand the usefulness of MBP and move the technology beyond the current
limitations.

MBP is a complex process with several unit operations, and appropriate in-process
controls are absolutely essential. The scale-up from laboratory scale to production
scale is challenging and complex. This technology has been developed with the ca-
pacity to produce several tons supply; however, additional process efficiency may
be feasible by further investing in understanding and optimizing the key unit opera-
tions. Continuous manufacturing must evolve in order to reduce production cost and
increase productivity (Mascia et al. 2013).

10.10 Summary

A solvent-controlled coprecipitation technology, known as MBP technology, can be
used for the manufacture of ASDs of poorly soluble drugs. In this technology, a solu-
tion containing drug and polymer is carefully delivered to an antisolvent in order to
induce fine droplets of coprecipitates, which are then isolated, rinsed, washed, dried,
and milled. MBP produced by this technique is an ASD with unique physicochem-
ical and physicomechanical properties that provides enhanced bioavailability not
seen from products manufactured using other ASD techniques. MBP is a complex
engineering process comprising multiple unit operations. The critical operational
parameters related to this process have been fully described in this chapter.

MBP technology is particularly useful for highly insoluble so-called brick dust-
like compounds where other conventional amorphous techniques fail. Compounds
that can benefit by application of MBP technologies are molecules with the following
properties:

• Poor solubility in water, typically less than 0.001 mg/mL
• Poor solubility in volatile organic solvent, typically less than 1 %
• High melting point, typically higher than 200 ◦C
• High lipophilicity with log P greater than 3
• High molecular weight greater than 500
• High H-bonding acceptors greater than 7
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It is believed that in MBP, the drug molecule is dispersed in an inert polymer carrier at
a molecular or nanoscale level. The drug molecules in MBP are immobilized by the
polymer preventing drug molecules to migrate, resulting in inhibition of nucleation
and crystallization. Furthermore, the polymer protects the amorphous drug from
moisture enabling maintenance of physical stability.

The solid dispersion produced by the MBP process can achieve high degree of
supersaturation during dissolution in the GI tract resulting in enhanced absorption
with minimum food effect. If desired, MBP formulations can even be engineered to
provide sustained release profiles. The MBP technology provides a viable alternative
for ASD technology when other technologies such as spray drying and hot-melt
extrusion are not suitable.

References

Albano A, Phuapradit W, Sandhu H, Shah N (2002) Amorphous form of cell cycle inhibitor having
improved solubility and bioavailability. U.S. Patent. 6,350,786

Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R, Garbe C, Testori
A, Maio M, Hogg D, Lorigan P, Lebbe C, Jouary T, Schadendorf D, Ribas A, O’Day SJ, Sosman
JA, Kirkwood JM, Eggermont AM, Dreno B, Nolop K, Li J, Nelson B, Hou J, Lee RJ, Flaherty
KT, McArthur GA, Group B-S (2011) Improved survival with vemurafenib in melanoma with
BRAF V600E mutation. N Engl J Med 364(26):2507–2516

Chiou WL, Riegelman S (1970) Oral absorption of griseofulvin in dogs: increased absorption via
solid dispersion in polyethylene glycol 6000. J Pharm Sci 59(7):937–942

Curatolo W, Nightingale J, Herbig S (2009) Utility of hydroxypropylmethylcellulose acetate succi-
nate (HPMCAS) for initiation and maintenance of drug supersaturation in the GI milieu. Pharm
Res 26(6):1419–1431

DeYoreo JJ, Vekilov PG (2003) Principles of crystal nucleation and growth. Rev Mineral Geochem
54(1):57–93

Dupont J, Bienvenu B, Aghajanian C, Pezzulli S, Sabbatini P, Vongphrachanh P, Chang C, Perkell
C, Ng K, Passe S, Breimer L, Zhi J, DeMario M, Spriggs D, Soignet SL (2004) Phase I and phar-
macokinetic study of the novel oral cell-cycle inhibitor Ro 31–7453 in patients with advanced
solid tumors. J Clin Oncol 22(16):3366–3374

Evonik (2014) Eudragit L100–55product profile. Evonik, Germany
Heakal Y, Kester M, Savage S (2011) Vemurafenib (PLX4032): an orally available inhibitor of

mutated BRAF for the treatment of metastatic melanoma. Ann Pharmacother 45(11):1399–1405
ICHQ3 Guidance (2009) International Conference on Harmonisation of Technical Requirements

for Registration of Pharmaceuticals for Human Use; Impurities: Guideline for Residual Solvents
Q3C(R4). http://westpalmbeachanalytic.homestead.com/Q3C_R4__Guide_Res_Solv.pdf

Kislalioglu MS, Khan MA, Blount C, Goettsch RW, Bolton S (1991) Physical characterization and
dissolution properties of ibuprofen: eudragit coprecipitates. J Pharm Sci 80(8):799–804

Leuner C, Dressman J (2000) Improving drug solubility for oral delivery using solid dispersions.
Eur J Pharm Biopharm 50(1):47–60

Lipinski CA (2000) Drug-like properties and the causes of poor solubility and poor permeability. J
Pharmacol Toxicol Methods 44(1):235–249

Mascia S, Heider PL, Zhang H, Lakerveld R, Benyahia B, Barton PI, Braatz RD, Cooney CL, Evans
JM, Jamison TF, Jensen KF, Myerson AS, Trout BL (2013) End-to-end continuous manufactur-
ing of pharmaceuticals: integrated synthesis, purification, and final dosage formation. Angew
Chem Int Ed Engl 52(47):12359–12363



350 N. Shah et al.

McKeown RR, Wertman JTA, Dell’Orco PC (2011) Crystallization design and scale-up. In: am
Ende DJ Chemical enginnering in the pharmaceutical industry R & D to manufacturing. John
Wiley & Sons, New Jersey, pp 213–248

Planinsek O, Kovacic B, Vrecer F (2011) Carvedilol dissolution improvement by preparation of
solid dispersions with porous silica. Int J Pharm 406(1–2):41–48

Qian F, Huang J, Hussain MA (2010) Drug-polymer solubility and miscibility: stability con-
sideration and practical challenges in amorphous solid dispersion development. J Pharm Sci
99(7):2941–2947

Repka MA, Langley NA, DiNunzio J (2013). Melt extrusion materials, technology and drug product
design. AAPS press and Springer, New York

Rumondor AC, Stanford LA, Taylor LS (2009) Effects of polymer type and storage relative humid-
ity on the kinetics of felodipine crystallization from amorphous solid dispersions. Pharm Res
26(12):2599–2606

Sekiguchi K, Obi N (1961) Studies on absorption of eutectic mixtures I. A comparison of the
behavior of eutectic mixtures of sulfathaiazole and that of ordinary sulfathaiazole in man. Chem
Phar Bull 9(11):866–872

Shah N, Sandhu H, Phuapradit W, Pinal R, Iyer R, Albano A, Chatterji A, Anand S, Choi DS, Tang
K, Tian H, Chokshi H, Singhal D, Malick W (2012) Development of novel microprecipitated
bulk powder (MBP) technology for manufacturing stable amorphous formulations of poorly
soluble drugs. Int J Pharm 438(1–2):53–60

Shah N, Iyer RM, Mair HJ, Choi DS, Tian H, Diodone R, Fahnrich K, Pabst-Ravot A, Tang K,
Scheubel E, Grippo JF, Moreira SA, Go Z, Mouskountakis J, Louie V, Ibrahim PN, Sandhu H,
Rubia L, Chokshi H, Singhal D, Malick W (2013) Improved human bioavailability of vemu-
rafenib, a practically insoluble drug, using an amorphous polymer-stabilized solid dispersion
prepared by a solvent-controlled coprecipitation process. J Pharm Sci 102(3):967–981

Simonelli AP, Mehta SC, Higuchi WI (1969) Dissolution Rates of High Energy Polyvinylpyrroli-
done (PVP)-Sulfathiazole Coprecipitates. J Pharm Sci 58(5):538–549

Taylor LS, Zografi G (1997) Spectroscopic characterization of interactions between PVP and
indomethacin in amorphous molecular dispersions. Pharm Res 14(12):1691–1698

Williams IRO, Watts AB, Miller DA (2010) Formulating poorly soluble drugs. AAPS press and
Springer, New York

Yang W, Williams RO, Donald EO (2010) Pharmaceutical cryogenic technologies. In: Williams III
RO, Watts AB, Miller DA (eds) Formulating poorly soluble drugs. AAPS press and Springer,
New York, pp 443–500

Zhou D, Zhang GGZ, Law D, Grant DJW, Schmitt EA (2002) Physical stability of amorphous phar-
maceuticals: Importance of configurational thermodynamic quantities and molecular mobility.
J Pharm Sci 91(8):1863–1872



Chapter 11
MBP Technology: Process Development
and Scale-Up

Ralph Diodone, Hans J. Mair, Harpreet Sandhu and Navnit Shah

11.1 Introduction

The successful development of a drug product encompasses the overarching goal
of providing consistent material during the development and ensuring robust supply
chain throughout the life cycle of the product. Because of the stage–gate approach
used in the drug development, the activities in the drug product tracks closely with
the clinical phase. Therefore, the quantity and demand of active pharmaceutical in-
gredient (API) and drug product build over time. In order to streamline the supply
requirements and minimize surprises, it is important that the product provides com-
parable performance as the process is scaled up from small scale to pilot scale and
eventually to commercial scale. To conserve theAPI during development, the primary
requirements in the early stage is to provide the material with desired attributes while
ensuring that when scaled-up material with similar characteristics (downstream pro-
cessing, stability, and performance) can be produced while maximizing the process
efficiency and yield (Hu et al. 2013).

Because amorphous solid dispersion (ASD) are thermodynamically metastable
and generally supersaturated systems, the scale-up of process had been one of the
major reason for the slow uptake of ASD in the pharmaceutical industry (Sekiguchi
et al. 1964). Over the past 2 decades, the development of fluid-bed processing, spray
drying, and melt extrusion processes have greatly changed the landscape leading
to the successful development of several products (Williams et al. 2010; Repka
et al. 2013). For this reason, any new technology that is being developed for ASD

H. J. Mair (�) · R. Diodone
Pharmaceutical Technical Development Chemical Actives,
F. Hoffmann-La Roche Ltd., Basel, Switzerland
e-mail: hans-juergen.mair@roche.com

H. Sandhu
Merck & Co., Inc., Summit, NJ, USA

N. Shah
Kashiv Pharma LLC, Bridgewater, NJ, USA

© Controlled Release Society 2014 351
N. Shah et al. (eds.), Amorphous Solid Dispersions,
Advances in Delivery Science and Technology, DOI 10.1007/978-1-4939-1598-9_11



352 R. Diodone et al.

Fig. 11.1 Key operations in the MBP process and relevant processing considerations

manufacture must ensure that desired product characteristics can be achieved as
the product goes through different development stages. The novel microprecipitated
bulk powder (MBP) technology that was developed to address the solubility needs of
challenging compounds had to fulfill this requirement (Albano et al. 2002; Dong et al.
2008; Shah et al. 2012, 2013). The key process attributes, product characteristics,
and the in-process controls that are required to obtain reproducible material using
MBP process, are discussed in this chapter.

From scale-up perspective, the MBP process can be divided into two main parts:
preparation of solution and antisolvent and the actual manufacturing step. Key
considerations for each step are summarized below and depicted in Fig. 11.1:

1. Solvent/Antisolvent
a. Selection of solvent
b. Physicochemical properties of API and polymer (solubility and ionic nature)
c. Concentration of API and polymer in solution
d. Stability of API/polymer solution
e. Solution preparation.
f. Selection and preparation of antisolvent.

2. MBP Manufacturing
a. General considerations
b. Precipitation techniques
c. Processing conditions for high-shear precipitation

– High-shear mixing-based processes
– Continuous process
– Semi-Batch process
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d. Mixing tools
e. Ratio solution/ antisolvent
f. Isolation and drying of MBP

Each of these aspects is elaborated individually in the subsequent sections. Since
the output of one unit operation is an input for the next step and may affect the
properties of the final material, it is important to establish meaningful controls as we
go through the process. The relevant in-process tests and the preferred controls are
also summarized in each section.

11.2 Selection of Solvent and Antisolvent

11.2.1 Solvent

Selection of solvent plays an important role in the successful execution of MBP
manufacturing. The solvent characteristics that are considered important for MBP
processing include:

• Provide sufficient solubility for API and polymer
• Miscible with the antisolvent over a sufficient broad range
• Does not form solvate or promote crystallization of API
• Chemically compatible with API and polymer
• Can be removed below a certain threshold limit (ICH 2009)

Compounds with low solubility in commonly used volatile solvents and high melting
point are likely candidates for MBP process. Therefore, for the preparation of the
API/polymer solution, solvents that provide sufficient solubility of API and polymer
are preferred. Typically aprotic, polar solvents with high boiling points generally
provide good solubility for most organic compounds. Commonly used solvents that
meet the desired characteristics and provide sufficient solubility (ideally > 10 %,
m/m) are limited. Some of these solvents that may be suitable for preparing API and
polymer solution are listed in Table 11.1 along with the key properties.

The goal is to select a solvent that provides highest solubility of API and polymer.
Since the solubility of each component can be affected by the presence of other
constituents, it is obligatory to determine the solubility of API with and without the
polymer. In addition, other factors that can affect solubility such as temperature,
API properties (particle size, solid state, and purity profile), and compatibility with
container and transfer tubing should also be evaluated. Increase in temperature is
frequently used to increase the solid content for efficiency reasons; solubility studies
should include relevant temperature cycling.
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Table 11.1 Examples for organic solvents which can be used in the MBP process to make a solution
of API and polymer

Solvent Abbreviation mp (◦C) bp (◦C) ICH
class

ICH
limit
(ppm)

Miscibility
with
water

Dimethyl sulfoxide DMSO 19 189 3 5000 Complete

N, N-Dimethylformamide DMF − 61 153 2 880 Complete

N, N-Dimethylacetamide DMA − 20 165 2 1090 Complete

N-Methylpyrrolidone NMP − 24 203 2 530 Complete

Tetrahydrofuran THF − 108 66 3 720 Complete

Acetone – − 95 56 3 5000 Complete

Ethanol EtOH − 114 78 3 5000 Complete

11.2.2 API and Polymer Physicochemical Properties

The impact of API and polymer properties on the suitability of MBP process is
described in the previous chapter. However, briefly API with high log P (greater
than 4), high molecular weight, high melting point (> 200 ◦C), and hydrogen bond-
accepting group greater than 7 are considered most suitable for MBP process. Success
of MBP process relies on the coprecipitation of API and polymer; the selection of
polymer that has low solubility in the antisolvent is preferred. The current experience
in the amorphous coprecipitation area is primarily based on using aqueous phase as
antisolvent, therefore ionic polymers that have pH-dependent solubility provide the
best opportunity to achieve the appropriate solubility conditions during processing
as well as dissolution. In addition to enabling the processing and dissolution, the
ionic polymers may also help to achieve higher miscibility of drug in the polymer
due to electrostatic interactions translating better product performance. In literature,
this effect is attributed to the hydrophobicity of the polymer as well as stronger ionic
interactions between API and polymer (Friesen et al. 2008; Rumondor and Taylor
2010). As described in the previous chapters, the most commonly used polymers are
hypromellose acetate succinate (HPMCAS), and polymethacrylate (Eudragit L100
and Eudragit L100-55).

11.2.3 Concentration in Solution

The higher the concentration of API and polymer in solution the higher is the pro-
ductivity of the subsequent process. By the use of polymers, the viscosity of the
solution increases with increasing concentration of the polymer. Typically, the con-
centration of API and polymer ranges between 10 and 40 % in the solution (ratio
of API to polymer is typically in a range from 2:8 to 6:4). Therefore, the selection
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of final concentration of API and polymer in the solvent depends on three factors,
i.e., solubility, stability, and viscosity. All these characteristics can be affected by
changing the temperature. Temperature as high as 80◦C have been used to maximize
the concentration of API and polymer.

11.2.4 Stability of API/Polymer Solution

Sufficient stability ofAPI/polymer solutions at the applied dissolution and/or process
temperatures need to be performed to minimize the degradation and/or formation of
undesired byproducts. Depending on their solubility in solvent or antisolvent, these
degradation products may precipitate at different rates that can affect the amorphous
nature of the final material or simply gets trapped in the MBP. Therefore, it is critical
to perform stability studies of the API/polymer solution at different temperatures to
identify and confirm a safe operating range.

11.2.5 Solution Preparation

For the precipitation process a clear solution of API and polymer in a suitable solvent
needs to be prepared at the target ratio. The preparation of the solution is generally
performed sequentially, i.e., dissolution of API followed by addition of polymer.
The API is dissolved with appropriate mixing device and if necessary supported
by heating. After complete dissolution, the solution may be filtered to ensure no
solid particles remain. Subsequently, the polymer is added and dissolved in the API
solution. To ensure a complete dissolution of the polymer, vigorous stirring and
heating may be applied. Complete dissolution of API and polymer is important to
maintain the final API/polymer ratio as well as drug content in the final MBP. If high-
shear mixing is used, it is important to evaluate the effect of shear on the product
properties, especially the viscosity and stability. The shear impact should be carefully
evaluated based on API and polymer properties. API with surface-active properties
or presence of surfactant in polymer such as Eudragit L100-55 should be handled
with moderate shear to avoid foaming.

11.2.6 Key Characteristics of the Final Solution

During process development, as the product is scaled up, the dissolution time of API
and polymer may increase, therefore it is critical to ensure that solution integrity is
maintained with respect to solubility, stability, and viscosity. The key in-process tests
should consider solution appearance (color and clarity), assay, density, and viscosity
to ensure solution consistency. Appropriate acceptance controls can be established
based on the process/product need.
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11.2.7 Antisolvent

An antisolvent performs two key functions in the MBP processing, i.e., induce pre-
cipitation and extract residual solvent. While doing so, the antisolvent should also
maintain product stability and be removed from the product to produce final material.
Therefore, key criteria for selecting an antisolvent are the immiscibility and stability
of API and polymer in the antisolvent. Any solubility of API or polymer under these
conditions may cause phase separation, crystallization, or simply loss of potency.
To further reduce API:polymer solubility in the antisolvent, the process is prefer-
ably carried out at low temperatures. Typically, the solubility of API and polymer
in the solvent/antisolvent mixture at the precipitation conditions should be less than
1 μg/mL. The second most important function of the antisolvent is the removal of
solvent from the wet precipitate. The antisolvent that is miscible with the solvent
provides the best extraction efficiency. Aqueous systems are generally preferred for
MBP processing as it performs all functionality effectively, i.e., providing suitable
conditions for precipitation, removing solvents from the precipitate, and being able
to be removed from the product. In addition, it has been observed that the resulting
MBP has better handling and downstream processing due to porosity and wetting
characteristics. Caution must be used to ensure that amorphous from of the product is
protected during processing (precipitation and washing), storage, and handling. Al-
though the risk is low, the microbial purity of the material should also be monitored.
As the processing may complete in relatively short time, it may become critical if
the wet cake needs to be stored prior to drying.

Commonly used ionic polymers in the MBP manufacturing are anionic and hence
the ideal precipitation conditions are two units below the pKa (generally between
4 and 5). Based on the current practice, the pH of the antisolvent is controlled
with dilute hydrochloric acid. Use of buffers is avoided as some salts may interfere
with the precipitation process and compromise the amorphous integrity of MBP.
However, if the drug is a weak base and/or requires rapid release in the upper part
of gastrointestinal tract, cationic polymer such as Eudragit EPO can also be used. In
that case, the precipitation is carried out at a pH above the pKa of API and polymer,
usually 7.

11.2.8 Key Characteristics of the Antisolvent

From a process control perspective, the antisolvent should have optimal pH, and be
maintained at desired temperature prior to use. Appropriate acceptance controls can
be established based on the process/product need.
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11.3 MBP Manufacturing

11.3.1 General Considerations

The glass transition temperature (Tg) of amorphous MBP, ideally in a molecular dis-
persion of API and polymer, is a function of the Tg of both, the amorphous API and
the polymer. Due to the amount of residual solvents from the precipitation process,
a further reduction of the theoretical Tg is possible. If the processing temperature is
close to the Tg of the MBP, it may result in the phase separation and/or crystallization
of the API in the precipitate (Taylor and Zografi 1997). Therefore, the manufacturing
process needs to be performed under controlled conditions. Appropriate temperature
range and acceptable exposure time for different unit operations of MBP manufac-
turing need to be established. The goal is to achieve the highest energy difference and
the shortest time that could be achieved by maintaining high temperature difference
between solvent and antisolvent during precipitation. For instance, given the dura-
tion of the precipitation process and the relative high quantity of solvent/antisolvent
at this stage, a stable manufacturing process can only be established using a suitable
low-temperature range, e.g., 1–5 ◦C in aqueous systems. The same considerations
apply for establishing the holding time for MBP suspension and the isolated wet
MBP cake.

11.3.2 Precipitation Technique

In the precipitation process, the API/polymer solution and the antisolvent need to be
mixed efficiently to ensure an instantaneous supersaturation/precipitation of MBP
maintaining the homogeneous distribution of API and polymer from the solution.
The mixing of the two phases can be performed by several techniques. The key
features of different mixing techniques are summarized in Table 11.2. Techniques
other than those listed here, i.e., continuous in-line mixer (Sulzer Mixer), could also
be applied but are considered outside the scope of this discussion.

The high-shear mixer-based precipitation technique is most suited for MBP
process compared to drop-in or nozzle spraying because precipitation occurs in-
stantaneously in a scale-independent manner, and it can process highly viscous
phases. The principle setup for drop-in-, nozzle spraying-, and high-shear mixing-
precipitation is depicted in Fig. 11.2. In a simplified sectional drawing (Fig. 11.3),
the functional principle of high-shear mixing precipitation is illustrated. High-shear
mixing approach is described in more detail in the subsequent sections as it has been
successfully applied to produce MBP in a large scale.
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Table 11.2 Key characteristics of commonly used precipitation techniques for the manufacturing
of MBP

Technique Advantage Disadvantage

Drop-in

Drop-in of API/polymer
solution into antisolvent

Easy to perform
Suited only for small scale
No special designated
equipment needed

Not suited for solutions with
high viscosities (disintegration
of drops not warranted)
Ideal drop-in area is
dependent on stirrer speed,
mixing efficiency, and filling
level of the equipment
Local concentration
gradient may cause
crystallization
Difficult to scale-up

Nozzle spraying

Spraying of the API/polymer
solution through a nozzle on
top of the surface of the
antisolvent

Only solutions with low
viscosity leads to
sufficiently small droplets
Easy equipment setup

Not suited for solutions
with high viscosities
Pumping pressure influence
product
Foam emerging on top of the
antisolvent due to heavy mixing
can lead to partially crystalline
material
Difficult to scale-up

High-shear mixing

High-shear mixing of
API/polymer solution with the
antisolvent

Highly efficient mixing of
solvent/antisolvent
Mixing is done in a
scale-independent manner
in a small compartment of
the high-shear mixer
High viscosity solutions
can be handled

Designated equipment setup
needed

 High Shear Mixing Precipita�on ProcessDrop In Precipita�on Process Nozzle Spraying Precipita�on Process

A

C

Spray Nozzle

A

B

C

-

High Shear Mixer

Injector

A

B

C

D

Fig. 11.2 Simplified setup used for drop-in-, nozzle spraying-, and high-shear mixing-precipitation
process. A Container for API/polymer solution. B Dosing pump API/polymer solution. C Reactor
for MBP suspension. D Pump for circulation of antisolvent respective MBP suspension
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Fig. 11.3 Sectional drawing
of a high-shear mixer
(simplified). Antisolvent is
pumped into the high-shear
mixer (blue arrow). The
API/polymer solution
(yellow) is dosed via injector
into the mixing chamber close
to the rotor. The MBP
suspension (MBP particles as
yellow spheres) is leaving the
mixer after precipitation

11.3.3 Processing Conditions for High-Shear Precipitation

Several factors need to be considered and elaborated to establish a robust and scalable
manufacturing process for the manufacturing of MBP by high-shear mixing. For the
evaluation of different processing parameters, the critical quality attributes are rec-
ognized to be amorphicity, purity, and assay. Purity and assay of the API are tested
typically by high-performance liquid chromatography (HPLC) and amorphicity is
tested by X-ray powder diffraction (XRPD). It is generally regarded that if amor-
phicity is maintained the product performance will also be comparable. However,
in some cases it is important to extend the analysis using in vitro dissolution and
short-term stability studies to further corroborate the findings.

It should be noted that any small crystalline impurity that may not be detectable in
the initial condition could potentially impact the long-term stability of the product.
Therefore, during process optimization, it is important to evaluate the stability of the
product with different processing conditions. In the absence of reliable predictive
tools to assess the stability of the amorphous form, the accelerated stress conditions
can be used to estimate the effect of process variables and help establish the operating
ranges. Further confirmation can be made based on the real-time data. As shown
in Fig. 11.4, clear differences in the stability of the product were observed when
comparing two process conditions. ProcessA on the left showed traces of crystallinity
after 8 days while an alternate process (on right) showed crystallinity after 12 days
when the sample was stored at accelerated condition (50 ◦C/90 % RH).

In a separate study shown in Fig. 11.5, two different modes of addition of the
API/polymer solution were compared. As shown by the scanning electron micropho-
tographs, the initial samples were consistent with the amorphous nature of the drug
and appear to be comparable. However, discrimination was observed when these
samples were stored at accelerated conditions; the rods observed on the surface
of high-pressure homogenization sample after accelerated storage corresponded to
crystalline API.
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Fig. 11.4 Overlay of XRD pattern showing accelerated stability of MBP produced by two process-
ing conditions (50 ◦C/90 % RH, open storage; after 0 h (initial), 5 days, 8 days, 12 days, 15 days
and 25 days). In the left overlay, crystallization was detectable after 8 days of sample storage while
in the right overlay crystallization was detectable after 12 days

These studies show the importance of judicious analytical tools and strategies to
discriminate between various processing conditions and help to select the optimal
processes.

11.3.4 High-Shear Mixing-Based Processes

Along the development path, mixing conditions used during precipitation can range
from simple stirring to high-shear homogenization depending on the availability of
API and equipment. However, for large-scale manufacturing, two principles consid-
ered relevant are high-shear mixing performed in continuous and semi-batch mode.
Figure 11.6 shows the process flow schemes for both processes.

11.3.4.1 Continuous Process

In the continuous process, the precipitation step is performed as one passage through
the high-shear mixer. The API/polymer solution (by injector) and antisolvent are
pumped at the desired flow rate into the mixing chamber of the high-shear mixer
(Fig. 11.6). The continuous precipitation process is favored for shear and temperature
sensitive products; however, the throughput of the continuous process is low due to
considerable high-volume factor. Continuous precipitation process adds more value
if washing and isolation can also be performed in a continuous fashion because
efficient extraction of solvent/antisolvent mixture is critical to ensure the amorphous
stability during processing.
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Fig. 11.5 Electron microphotographs showing amorphous MBP obtained by nozzle spraying and
high-shear mixing at initial and after storage at stress conditions; nozzle spraying for 24 days at
50 ◦C/90 % RH and high-shear mixing for 18 days at 60 ◦C/80 % RH. The rods on the surface of
the particles after storage at stress conditions are attributed to crystalline API
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Fig. 11.6 Process flow diagram depicting continuous- (left side) and semi-batch (right side) pro-
cesses for the manufacturing of MBP. Further processing of the MBP suspension (shown in the
middle) is similar for both processes
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11.3.4.2 Semi-Batch Process

In a semi-batch manufacturing process, the antisolvent is circulated through the high-
shear mixer and back into the storage vessel. The API/polymer solution is dosed via
injector into the mixing chamber of the high-shear mixer. The resulting suspension
is circulated until the end of dosing operation (Fig. 11.6). The final suspension may
be circulated for additional time through the high-shear mixer until a homogeneous
and/or specific particle size range is reached. The continuous circulation also pro-
vides more time for extraction of solvent in to aqueous phase, thus improving the
stability of MBP particles that further aids in efficient filtration and washing process.
The batch process may not be suitable for shear-sensitive products but offers the
advantage of high productivity due to significantly lower-volume factor compared
to the continuous process.

11.3.5 Mixing Tools

The precipitation conditions afforded by the mixer design, speed of mixing, and the
fluid addition rates form the core of MBP manufacturing. Based on the high dissipa-
tion energy, high-shear mixers are preferred for MBP production. High-shear mixers,
which can be used during the precipitation process typically consists of tooth-disc
rotor–stator system. The rotor and stator tools can be arranged either as single-stage-
or multiple-stage tools in axial and/or radial orientation with variable gap between
rotor and stator. A schematic of the high-shear mixer is shown in Fig. 11.3 (mixer
head). The shear forces can be adjusted by using the tools with different geometry
and by changing the tip speed of the rotor, typically in a range between 8 and 25 m/s.
A number of possible options are shown in Fig. 11.7 for comparison. The precipi-
tation process can be controlled by variation of the shear force, the dosing speed of
the API/polymer solution, and antisolvent into the mixing chamber of the high-shear
mixer. In a semi-batch process, the number of circulations of the MBP suspension
through the high-shear mixer for homogenization also needs to be considered. By
varying different process parameters, the solid state properties of the MBP can be
modified. Future work in this area using more advanced tools such as discrete el-
ement analysis and computational fluid modeling can help elucidate the effect of
different shear conditions on the product characteristics (Paul et al. 2004; Halla et al.
2012). The scale-up of high-shear mixing process is achieved by increasing the vol-
ume of the mixing chamber. For reliable scale-up, it is important to link the energy
dissipation to the process by controlling the design (size and geometry) and process
variables (rotor speed and flow rate) (Cooke et al. 2012).

Figure 11.8 shows the effect of shear generated by using different shear head
designs and its impact on the process. Depending on the properties of the solvent-
rich precipitate as it is being produced under high-shear conditions, the processing
can be problematic. As shown in Fig. 11.8, by reducing the number of shear pins in
the rotor, the precipitates were easily removed from the mixer without causing any
material buildup.
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Fig. 11.7 Possible rotor–stator design to vary the shear and flow conditions in the mixing chamber

Rotor modification Effect on Clogging

Reduced teeth for Mixer Head

1

3

2

4

Fig. 11.8 Design of rotor head and the clogging issues. Photographs 1 and 2 show high-intensity
shear head before processing and after 1 h of processing. Photographs 3 and 4 show low-intensity
shear head before and after processing for 3 h

A common problem during the scale-up of batch mode process is the process-
ing times and the batch turnover in order to achieve similarity at different scales.
Figure 11.9 shows the effect of mixing speed and time on the crystallinity of the
dried MBP.

11.3.6 Ratio of API/Polymer Solution (Solvent)/Antisolvent

The ratio of API/polymer solution (solvent) to antisolvent is one of the most impor-
tant factors for the success of the precipitation process. For continuous process, it is
controlled by the feed rates of the API/polymer solution and the antisolvent into the
high-shear mixing chamber and is generally constant for the process. For semi-batch
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Fig. 11.9 Effect of mixing
speed and process time on the
crystallinity of the final MBP

process, this ratio is constantly changing until all the API/polymer solution is added
to the fixed amount of antisolvent. Therefore, for semi-batch process two ratios need
to be considered. The first one is the ratio of solvent/antisolvent in the precipitation
zone (mixing chamber) and the second ratio is the final ratio of solvent/antisolvent
in the MBP suspension. In continuous processing, the ratio of solvent/antisolvent
during precipitation is equivalent to the ratio in the final MBP suspension. In the
semi-batch process, the ratio of solvent to antisolvent varies from start of the precip-
itation to the end of precipitation. Depending on the selected processing conditions
this may vary from 1:1000 in the beginning to 1:1 towards the end of precipitation.
This is achieved by varying the antisolvent flow rate while keeping the solvent dosage
constant or vice versa. Consequently, an intensive mixing of the API/polymer solu-
tion with an excess amount of antisolvent resulting in an instantaneous precipitation
of MBP can be achieved. As mentioned earlier in the case of semi-batch process, the
ratio of solvent to antisolvent in the final MBP suspension also needs to be taken into
consideration. Regardless of the mixing process used, it is critical to ensure that the
solubility of both components of MBP (API and Polymer) in the final composition
of solvent/antisolvent is sufficiently low to prevent the risk of crystallization and/or
a potential change in the API/polymer ratio in the MBP. The antisolvent conditions
can be further optimized with respect to pH in particular for aqueous systems, and
temperature to minimize the solubility of API and polymer.
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11.3.7 Isolation and Washing of MBP

Efficient and rapid removal of solvent and antisolvent is a vital component of the
successful MBP process. Once the precipitation has been completed (concurrently for
continuous process and at the end of the solvent addition for the semi-batch process),
the MBP is filtered from the suspension. This is generally performed by any of the
standard filtration processes such as vacuum filtration ranging from Buchner funnel
to Nutsche filter or centrifugal filter. Centrifugal filters are preferred for filtration of
MBP suspension because of the particle size, the hydrogel nature of the polymer,
and the effectiveness in solid/liquid separation

A washing media that is miscible with the solvent, preferably the antisolvent,
provides the most efficient extraction of the residual solvent (EndeJam 2011). The
success of the washing is ideally monitored via process analytical technology (PAT)
analytics. Washing is continued until the acceptable threshold is reached to indicate
that residual solvent in the final product has reached the target value. If high-boiling
solvents like dimethylamine (DMA) or N-methylpyrrolidone (NMP) are used as
solvents for the API/polymer solution, an efficient washing is necessary as removal
of those solvents in the subsequent drying step is limited. Because MBP at this stage
is in fully hydrated state, care should be taken to ensure that filtration and washing
processes are performed at conditions ensuring acceptable stability.

To help with material handling and drying, efforts should be made whenever water
is used as the antisolvent and/or washing solvent to remove as much water as possible.
Water retained during filtration depends on the cake resistance which in turn depends
on the material properties such as particle shape and size of the precipitate, process
temperature, cake thickness, porosity, density, and the filtration system. Filtration
can be further influenced by the hydrogel nature of the polymer and the drug to
polymer ratio that can affect the compressibility of the cake. Due to the buildup of
cake resistance, this can become the rate-limiting step in the entire process during
scale-up (Murugesan et al. 2011). Depending on the material properties, filtration
system, and the scale of the material, the residual water in the final wet cake may
range from 60 to 95 % by weight. If the drying does not occur immediately after
filtration, it is judicious to store the material at refrigerated conditions to minimize
risk of crystallization and control microbial growth.

11.3.8 Drying

The potential conversion of amorphous form to crystalline form is always a risk when
working with ASD, however, this risk is the highest during the drying of MBP as the
wet material is subjected to relatively high-temperature and high-humidity condi-
tions. Prudent selection of the drying process and conditions are necessary to avoid
the risk of crystallization. Commonly used dryers include tray, filter, tumble, conical,
freeze and spray, and fluid bed dyers (Murugesan et al. 2011). More frequently used
dryers are shown in Fig. 11.10.
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Fluid bed dryer Filter/dryer Vacuum oven

Fig. 11.10 Types of dryers commonly used in the MBP manufacturing

Between all the drying techniques evaluated, fluid bed drying was found to be the
most efficient drying process (Leuenberger et al. 2011). In addition to providing the
best heat and mass transfer, fluidized bed also offers the most flexibility to fine-tune
the process as the sample is drying. Unlike conventional materials, the ASD often
have high heat sensitivity and hence may benefit from the customized drying profiles,
i.e., increase temperature as the drying proceeds. There needs to be a balance between
time and temperature as low temperature is preferred during initial drying to avoid
rapid surface drying. The drying temperature can then be progressively increased to
achieve higher drying rates and reduce processing times. To aid the drying process,
the wet mass can be milled through low-energy impact mills before charging into the
dryer (similar to wet granulation) and the fluid bed dryers can also be custom-fitted
with agitators to further help with the drying.

In addition to having an obvious effect on the amorphous nature of the API, the
drying process can also impact the particulate properties such as granule size, density,
and surface area. As shown in Fig. 11.11, surface area of granules decreased with
increase in the drying air humidity because higher humidity results in a longer dry-
ing time. The slow and prolonged drying tends to fuse amorphous particles forming
hard granules that are difficult to mill to produce granules suitable for downstream
processing. An example of such hard-to-mill granules, resulting from fusion of amor-
phous MBP, is shown in Fig. 11.12. The particulate fusion due to formation of liquid
bridges can also occur during stability assessment that can have adverse effect on dis-
integration and/or dissolution. Therefore, appropriate moisture protection is critical
for the dried MBP as well as finished dosage form.

In contrast to fusion of particles, the increase in fluidization air volume during
drying can cause attrition of the particles resulting material with smaller particle size
and low density.
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Fig. 11.11 Impact of inlet
drying air humidity on drying
of MBP granules

Fig. 11.12 Photograph of
fused, hard aggregates of
amorphous MBP

11.3.9 Milling and Size Reduction

Akin to the wet granulation process, the dried material is milled to control the particle
size for downstream processing such as flow, uniformity, and compaction (Jones
2011). Air jet or impact mills such as hammer or conical mills can be used for this
purpose. For pharmaceutical operations, hammer milling is sufficient to reduce the
particle size, however due to the risk of heat generation, for some sensitive material
air jet milling may be necessary. As alluded earlier, any process involving temperature
increase requires careful assessment with respect to the quality attributes.

Based on the experience with powder processing, the preferred range for bulk
density of the material is approximately 0.2–0.4 g/cm3 with average particle size
in the range of 200–600 μm to achieve flow and compaction. Bulk density less
than 0.2 g/cm3 may generally require densification step prior to final dosage form
processing. Particle size of MBP (dried granules) or roller compacted granules could
have significant effect on the disintegration and dissolution properties of the final
product, thus requiring an assessment of the milling technique, scalability before
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establishing final specification. In addition to dissolution, the particulate properties
such as granule size and bulk density also need to be evaluated. The MBP being ASD
with polymers, viscoelastic properties may be impacted by particle size and density
and it should be evaluated with respect to compaction and dissolution. The material
after milling needs to be appropriately characterized before further processing.

11.4 Common Issues and Troubleshooting

Given the detailed background of MBP process and other considerations discussed
previously, this section aims to provide additional tools for troubleshooting in case
a problem arises. The key components of developing MBP depend on three com-
ponents: API, polymer, and process. Troubleshooting needs to be evaluated with
respect to its impact on the critical quality attributes as well as the process. Summary
of various processes and the key considerations is provided in Table 11.3.

11.5 Summary and Conclusions

MBP is a unique process for production of amorphous solid dispersion, when other
technologies such as hot-melt extrusion, spray drying, and solvent layering are not
feasible. MBP technology is preferably used for molecules with high melting point,
and low solubility in low boiling point solvents. With suitable controls in place, the
MBP technology has been successfully scaled up from 10 mg to up to 200 kg/day. In
addition to selecting the right polymer, solvent and antisolvent, the unit operations
such as solution preparation, precipitation, filtration, washing, drying, and milling
are critical steps to ensure consistency of the product.
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Chapter 12
Pharmaceutical Development of MBP Solid
Dispersions: Case Studies

Raman Iyer, Navnit Shah, Harpreet Sandhu, Duk Soon Choi, Hitesh Chokshi
and A. Waseem Malick

12.1 Introduction

The biopharmaceutical classification system (BCS) was first introduced in 1995 to
facilitate the drug development, and it is based on two independent variables that in-
fluence bioavailability, viz., aqueous solubility and intestinal permeability (Amidon
et al. 1995; FDA 2000). Compounds that belong to BCS class II or IV are of primary
interests from a formulation perspective and, therefore, solubility enhancement using
formulation intervention is the key driver for improving the bioavailability of poorly
soluble drugs. From a conceptual perspective, the dissolution rate can be expressed
by the following equation (Noyes and Whitney 1897):

M

t
= KACs (12.1)

where M/t, the amount of drug dissolved at a given time t, is a function of the perme-
ability coefficient (K), saturation solubility Cs, and surface area A of the dissolving
particles. The saturation solubility refers to the thermodynamic or equilibrium sol-
ubility which is attained quickly for highly soluble drugs. In case of poorly soluble
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drugs, it may also refer to kinetic solubility Cs f (t), which changes over time during
the course of dissolution to the thermodynamic value.

A major thrust of the formulation intervention effort involves not only maximizing
the kinetic solubility Cs but also modulating the rate of change of kinetic solubility to
the thermodynamic value. The solubility Cs can be enhanced by using conventional
solubilizers such as surfactants, micellar systems such as self-emulsifying drug de-
livery systems, and complexing agents such as cyclodextrins (Loftsson and Brewster
1996; Liu 2008; Williams et al. 2010, 2013). An approach to increase rate of dissolu-
tion is to increase the surface area by milling or micronization and, where feasible, to
develop stabilized nanoparticulate systems using nanomilling or nanocrystallization
techniques (Rabinow 2004; Keck and Muller 2006).

Over the past two decades, amorphous solid dispersion systems (ASD) where
the drug is embedded in polymeric matrices as crystalline or amorphous form (solid
dispersions) and/or drug–polymer solutions (solid solutions) have been studied ex-
tensively as a means of improving the bioavailability of poorly soluble drugs (Kai
et al. 1996; Okimoto et al. 1997; Shin and Cho 1997; Kohri et al. 1999; Sera-
juddin 1999; Leuner and Dressman 2000). Despite their successes in improving
bioavailability, the major concern is the reduced physical stability of these systems.
Substantial efforts are required to achieve an optimal balance between the solubility
gain and the risk of reversion to more stable form. Approaches to improve the sta-
bility of these high-energy amorphous systems rely on the use of polymers that help
to stabilize the system by means of physical as well as chemical interactions. The
physical stabilization is ascribed to the restricted molecular mobility and diffusional
barriers that physically limit the motion of molecules, and the chemical stabilization
is ascribed to Van der Waal’s forces, hydrogen bonding, and electrostatic interactions
between the drug and the polymer (Hancock et al. 1995; Rolfes et al. 2001; Faure
et al. 2013). Due to the nature of processing, these interactions are maximized in mi-
croprecipitated bulk powder (MBP) process in contrast to other processing methods
such as:

• Melt extrusion: solution-state interactions in MBP process may be more favorable
than molten state

• Spray drying: solvent extraction with aqueous fluid in MBP process renders the
particles more hydrophilic and porous, thereby providing superior compaction
and wetting

These interactions increase the kinetic solubility of the drug, Csf (t), and help
maintain the extent and duration of supersaturation which leads to enhanced bioavail-
ability. Since only disolved drug can be absorbed, enhanced absorption can only
occur in the “supersaturation maintenance window,” the time during which the ki-
netic solubility Cs(ft) is maintained at a high level. Beyond this window, the solubility
reverts to the thermodynamic value via precipitation or crystallization resulting in
lower solubility, and therefore loss of bioavailability. The stabilizing polymer in
ASD is thus a critical component of the ASD that governs the drug’s solubility and
bioavailability. Several techniques are available to create a stabilized drug-carrier
solid dispersion where the drug may exist in partial states of crystallinity or in an
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amorphous state (Williams et al. 2010). Non-polymer-based amorphous conversion
such as co-milling/co-grinding with inorganic silicates has also been used for some
drugs (Bahl et al. 2008).

Polymer-based techniques of solid dispersion can be simple, moderately difficult,
or complex. Co-melting and melt quenching are simple approaches, while examples
of moderate ones are solvent evaporation under vacuum, fluid bed granulation or
layering, spray drying, and lyophilization (El-Badry and Fathy 2006; Kim et al. 2006;
Moser et al. 2008; Bley et al. 2010). Solvent–anti-solvent precipitation and hot-melt
extrusion are examples of more complex techniques where solubility characteristics
and thermal stability have to be considered in preparation of solid dispersion (Sertsou
et al. 2002a, b; Wu et al. 2009; Evonik 2014). This chapter presents the case studies
of ASD manufacture of highly crystalline compounds using MBP technology, the
experiences gained during ASD development, galenical processing, and dosage form
development. The details of MBP technology can be found in prior literature (Albano
et al. 2002; Shah et al. 2012).

12.2 Factors to Consider in MBP Development

In a typical ASD, the drug (solute phase) is dispersed in an inert carrier (e.g., a poly-
meric continuous phase) with molecular level distribution being the most desirable.
Depending on the interactions between drug and polymer and the method of prepa-
ration, the ASD may exist as a one-phase, two-phase, or mixed-phase system. In the
one-phase system, the drug is immobilized within the polymer matrix at a molecular
level such that it

• Prevents nucleation (and crystallization)
• Protects from moisture initiated mobility
• Maintains supersaturation (higher kinetic solubility)

Polymer-based amorphous dispersions attain their stability when the polymer
molecules disrupt the self-assembly of drug molecules via positive drug–polymer
interaction, for example, hydrogen bonding to form a stable matrix at the molecu-
lar level, akin to the concept of crystallization poisoning. Therefore, the selection of
polymer and technologies of processing are critical in the development of ASDs with
long-term stability. A polymer with a high glass transition temperature and several
hydrogen-bonding sites is preferred. On the other hand, a polymer with high hygro-
scopicity and degradation potential is undesirable. Table 12.1 shows the factors that
need to be considered in selection of polymer and technology.

The suitability of MBP technology depends on the physicochemical properties
of drug or API active pharmaceutical ingredients (API) and polymer. As mentioned
earlier, the stabilization of amorphous form in the ASD is attained by the physi-
cal and chemical interactions between drug and polymer. The strength of various
interactions is ranked as electrostatic interactions > hydrogen bonding > Van der
Waal’s dispersion forces. The fact that MBP process uses ionic polymers helps to
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Table 12.1 Factors in the selection of polymer and technologies for ASD

Factors to consider Technologies

Glass transition temperatures (Tg) and melting points of API
and polymer

Microprecipitation

Degree of lowering of Tg by water or residual solvent(s) Hot-melt extrusion

MW and viscosity of the polymers Fluid bed granulation/drying

Compatibility of API and the polymer (solubility parameters) Spray drying/spray coating

Solubility of drug and polymer in solvents Supercritical fluid extraction

API active pharmaceutical ingredients, MW molecular weight

maximize these interactions. Based on the assessment of more than 20 development
compounds, the following characteristics of API are considered to be preferred for
the MBP process (Hu et al. 2013):

1. Non-covalent interaction: Since the process involves water as anti-solvent, based
on hydrophobicity of the compound, drug–polymer interactions are favored over
the drug–water or polymer–water interactions. Therefore, compounds with log P
greater than 3 and polymers having hydrophobic functional groups provide the
best prospect for interactions.

2. High molecular weight: APIs with molecular weight greater than 500 tend to
perform better. Although scientific literature in this regard is not definitive, the
heuristic knowledge suggests that it may be more difficult for high molecular
weight compounds to achieve the desired orientation for nucleation irrespective
of the ASD-manufacturing technique.

3. Hydrogen bond accepting group > 8 preferred to enhance hydrogen bond
interactions.

4. Miscibility with polymer: estimated by Flory Huggins interaction parameter and
negative Gibbs free energy.

The crystallization inhibitory effect of polymer seems to play an important role
in the stabilization of ASD (Miller et al. 2012). Additional criteria such as crys-
tallization tendency determined by thermal cycling and polymer miscibility may
also contribute to the overall performance. In addition to the API properties and
the ASD stability considerations, the manufacturing process dictates that the drug
and polymer should have good solubility in the solvent. The most suitable solvents
include dimethylacetamide (DMA), dimethylformamide (DMF), dimethylsulfox-
ide (DMSO), terahydrofuran (THF), and N-methyl pyrrolidone (NMP). Also, the
anti-solvent should have least solubility for drug and polymer to ensure maxi-
mum recovery and yield. By selecting appropriate solvent, polymer, and processing
conditions, a high-quality ASD can be produced by MBP technology.
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Fig. 12.1 Flowchart of MBP
microprecipitation process
(Shah et al. 2012)

Controlled 
precipitation 

Filtration/ 
Centrifugation

Crystalline APIIonic Polymer

Drug + Polymer (suitable ratio)
dissolved in Solvent

Cold Dilute Acid/Base

Solvent Removal
Aqueous Wash Drying

12.3 MBP Preparation and Characterization

The flowchart of MBP microprecipitation process is shown in Fig. 12.1. In a typical
run, the drug and an ionic polymer are dissolved in a suitable solvent. The solu-
tion is introduced into an anti-solvent under conditions that prevent nucleation and
crystallization. Since solvent and anti-solvent are miscible, under the precipitation
conditions, the solvent exchange occurs rapidly preserving the drug–polymer inter-
actions. These interactions are further maintained during subsequent processing by
maintaining a low temperature as well as avoiding conditions where either drug or
polymer could dissolve. The resulting precipitate is washed, filtered, and dried at a
relatively low temperature. Under appropriate processing conditions, the amorphous
drug is precipitated as uniformly embedded in the polymer. Although precipitation
conditions can also be generated by using organic anti-solvent, aqueous fluids are
commonly used as anti-solvents. The MBP process is applicable to ionic polymers
that have pH-dependent solubility and favor the use of aqueous acidic or basic anti-
solvents. This helps in coprecipitation and also provides the added advantage of
ionic interactions between the polymer and the API. Typically, enteric polymers that
dissolve at physiological pH are more suitable for MBP process as they facilitate
release of drug in an enteric environment resulting in a larger window of absorption.

Specific application of MBP lies in improving the bioavailability of poorly soluble
crystalline drugs with high melting point or thermal liability that are not amenable
to melt extrusion or spray drying (Shah et al. 2012). Further, it is more suitable for
drugs that are prone to recrystallization since the MBP process is a relatively low
energy process requiring relatively low temperature for processing as compared to
extrusion or spray drying.

Since the biopharmaceutical performance of MBP is directly linked to the integrity
of the amorphous form, suitable analytical methods are needed during development
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of the MBP to ensure quality of the product. Characterization of an MBP product
with respect to the physical state of the drug, dissolution, and stability follows similar
protocols as otherASDs. Because water is used in processing, control of water content
in ASD throughout the processing is critical to maintain stability of MBP.

Tools most commonly used for ASD characterization include powder x-ray
diffraction (pXRD), thermal analysis (differential scanning calorimetry—DSC, ther-
mogravimetric analysis—TGA), microscopy (atomic force microscopy, scanning
electron microscopy, transmission electron microscopy), and hygroscopicity. In ad-
dition, spectroscopic tools can be employed to gain deeper insights into the nature of
molecular interactions such as near-IR imaging, Raman mapping, solid-state NMR
spectroscopy, dielectric spectroscopy, thermally simulated current, etc. The par-
ticulate properties including bulk and mechanical properties are relevant from a
downstream processing perspective as well as dissolution performance of the final
dosage form.

12.4 Pharmaceutical Development of MBP

In order to realize the benefits of MBP technology, the process needs to be scaled
up beyond the laboratory into the manufacturing plant where large quantities can be
prepared using a robust process. Further, the MBP ASD needs to be formulated into
a dosage form that can be mass produced, packaged, stored, and transported to the
distribution centers (pharmacy, hospitals, etc.). It is critical that the MBPASD retains
its integrity, stability, and bioavailability characteristics all through these phases of
development, commercial manufacturing, packaging, and distribution.

The formulation of MBP ASD into a solid dosage form requires an integrated
understanding of its stability profile, mechanical properties, interactions with the
environment during storage (moisture, heat, light), and patient needs (dosage form
size, convenience of administration, patient compliance). The factors that can affect
the processability of MBP product during scale-up and its impact on the product
quality are outlined in Fig. 12.2. The general prerequisites for amorphous stability of
MBP material at the commercial manufacturing stage are: (a) that the aqueous MBP
suspension remains amorphous at 5 ◦C for more than 48 h and (b) the final dried
MBP powder remains amorphous for more than 2 years at ambient temperature of
storage.

Several factors impact the performance of MBP. These include:

• Polymer type
• Drug loading
• Microprecipitation parameters (MBP manufacturing)
• Galenical processing/additives
• Packaging and storage

Impact of these factors on the ability to manufacture MBP and subsequent impact
on its performance is presented in the following section with several case studies.
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Fig. 12.2 Factors affecting processability of MBP and the associated risk factors
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Fig. 12.3 Effect of polymer selection on stability of MBP of Compound “T”

12.4.1 Polymer Selection and Drug Loading

The MBP material contains amorphous drug dispersed in a polymeric carrier matrix
either as molecular dispersion or as stabilized microdomains of drug. The matrix
stabilizes the amorphous drug by various means such as vitrification of drug result-
ing in immobilized glass and drug–polymer-specific interactions. The dissolution
characteristics of solid dispersions depend to a large extent on the physical state
(amorphous), drug dispersivity (molecular dispersion), and particle size. The selec-
tion of polymer, drug loading, matrix composition, and preparation technique dictate
the initial state of supersaturation (Urbanetz and Lippold 2005). The stability pro-
file and ease of processing are dependent on the specific interactions between drug
and polymer. Effect of API–polymer interaction on the MBP stability is shown in
Fig. 12.3 for a poorly soluble Compound “T”. The MBP was prepared using two
different polymers, Eudrgait L100–55 and hypromellose acetate succinate (HPMC-
AS). Both polymers provided amorphous material initially, but MBP with Eudragit
L-100 55 exhibited greater stability than HPMC-AS when stored for 30 days at
40 ◦C/100 % RH, further proving the point that specific drug–polymer interactions
between drug and polymer play a critical role in stabilization of amorphous state.
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Fig. 12.4 MBP of Compound “X” showing effect of drug loading and polymer type

In the case of Compound “T,” Eudragit L-100 55 provided stronger interaction,
therefore better physical stability over HPMC-AS. However, a similar but opposite
effect was observed with Compound “W.” MBP with Eudragit L-100 55 did not yield
completely amorphous material, whereas MBP prepared with HPMC-AS produced
amorphous material that was stable for more than 2 years, further attesting that
generation and stabilization of amorphous form are likely related to specific drug
and polymer interaction.

In a study reported by Sertsou et al. (2002a, b) using the anti-solvent precip-
itation method, the impact of formulation and processing factors including drug
loading, mixing speed, and anti-solvent pH was evaluated on the amorphous con-
tent of coprecipitated ASD. The effect of drug loading was found to be significant
and the results were explained based on two competing phenomena influencing the
amorphous content, i.e., crystallization inhibition by polymer and plasticization by
solvent/anti-solvent. Similar results were obtained for MBP process as shown by
application of MBP to Compound “X.” As shown in Fig. 12.4, the drug loading
up to 20 % provided a completely amorphous ASD, while drug loading above 30 %
showed residual crystallinity for HPMC-AS.

12.4.2 Effect of Processing Technologies on MBP Stability

The handling of MBP requires consideration of heat, moisture, and shear stress that
may destabilize the MBP. In a study of solid dispersion of Compound “Y,” the MBP
ASD prepared by MBP process provided a uniform and homogeneous solid solution
of amorphous drug embedded in polymer while the same composition prepared by



12 Pharmaceutical Development of MBP Solid Dispersions: Case Studies 381

Fig. 12.5 Effect of processing technology on the crystallinity of ASD of Compound “Y” produced
by MBP and spray drying with Eudragit L100 at 30 % drug loading

spray-drying process resulted in a two-phase dispersion that exhibited phase sepa-
ration of drug and polymer. The particle size of the amorphous drug embedded in
the ASD was determined by dissolving the polymer in an aqueous system, thereby
separating the amorphous particles from the polymer matrix and leaving a suspen-
sion of amorphous API particles. Because of the destructive nature of the test, it is
possible that some changes in the particle size could have occurred during the test-
ing; regardless, the particle size of the recovered drug was found to be significantly
different for the two processes. The d90% of ASD from MBP process was found to
be 0.9 μm, while that of spray-dried dispersion was 7.8 μm with a biphasic distribu-
tion, indicating that spray-dried dispersions may have a heterogeneous distribution
of drug in the matrix resulting in higher variability during dissolution.

Further differentiation was observed in the stability of the ASD upon storage at
accelerated stress conditions of temperature and humidity for 6 months. Crystalline
peaks were observed for spray-dried dispersion, whereas ASD by MBP process
remained amorphous as seen from Fig. 12.5 (Shah et al. 2012). Corresponding to
this observation, the bioavailability of ASD by MBP was 100 %, while that of
spray-dried ASD was 52 % when evaluated in a dog PK study.

As part of dosage form development, MBP ASD is often milled and densified
for handling and filling operations. The densification is usually performed by either
wet granulation or dry granulation processes. The aqueous wetting and massing
of MBP granules can adversely affect its stability profile. As part of granulation
process selection studies, the stability of wet granules of MBP in comparison with
dry granules was studied. The adverse effect of wet granulation on physical stability
was observed after long-term storage as shown in Fig. 12.6. Figure 12.6 shows the
result of stress testing of tablets compressed from two types of granules, one by wet
granulation and the other by dry granulation (roller compaction). Both tablets were
shown to be amorphous at initially, but traces of crystalline peaks were observed
from the wet granulated tablet after storage at accelerated conditions of 40 ◦C/75 %
RH for 6 months.
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Fig. 12.6 pXRD profiles of wet and dry granulated MBP stored under various levels of stress
(Compound Z)

Since the relaxation of amorphous state occurs over long periods of time, initial
observations of amorphicity do not necessarily ensure long-term physical stability.
Moreover, the relaxation may occur locally in microdomains instead of throughout
the entire ASD during wet granulation. As such, multiple galenical technologies
coupled with representative stability need to be evaluated to determine the robustness
of the lead technology.

12.4.3 MBP Particulate Properties: Effect on Mechanical
Properties, Downstream Processing, and Dissolution

The molecular state of API in the microstructural domains of MBP depends on
the physicochemical properties of API, the polymer, and the specific interactions
between API and polymer during precipitation. While the molecular state of API
in ASD is important, the bulk particulate properties of MBP govern the critical
galenical processes: material handling, flow properties, compaction behavior and
performance, and dissolution. These particulate properties are closely related to the
precipitation conditions such as shear, solvent–anti-solvent ratio, mode of addition,
filtration efficiency, drying method, and milling. The final MBP powder is often
milled and densified in order to minimize variability in the bulk particulate properties
and to provide suitable flow and compactibility.

It is clear that the particle size of MBP can influence the downstream processing
as well as performance of the final product. This is illustrated in Fig. 12.7 that shows
the effect of MBP particle size on the particulate properties (bulk density and particle
size) of the densified material, following the roller compaction process.

As discussed in Chap. 10 of this book, MBP particles are highly porous microstruc-
tures in general. This microporosity provides a number of benefits for enhanced
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Fig. 12.7 Effect of primary particle size of MBP on bulk properties of roller compacted granules
(Compound Z)

galenical processing, providing better compactibility, particle bonding, and den-
sification. For example, the smaller particle sizes of the MBP powder, after roller
compaction and milling, provided larger granules with high bulk density. Since MBP
particles are porous, under compaction, they bond together efficiently, which results
in densification. As expected, the extent of bonding between smaller particles is
greater than larger ones. This occurs if, during roller compaction, the smaller MBP
particles are compressed to the point of bonding, resulting in ribbons with high tensile
strength. Such ribbons, upon milling, provide granules with a larger mean particle
size and higher density or strength.

During product development, it is prudent to systematically evaluate the effect
of MBP particulate properties on the properties of granules, tablet compaction, and
dissolution preferably based on a statistically controlled experimental protocol to
discern the interplay of the relevant interactions (Fig. 12.8). Due to the high poly-
meric content, the primary mode of compaction with amorphous materials is plastic
deformation and as such the final compaction is sensitive to the dry granulation
conditions (Herting and Kleinebudde 2008).

The impact of particle size on dissolution can be illustrated as follows: three
different particle sizes of MBP powders were produced, in the range of 10–100 μm.
The dissolution profile of these three MBP “as is” particles was monitored as shown
in Fig. 12.9. As expected from the Noyes–Whitney equation, the dissolution of finer
particles was faster than the dissolution of larger particles. Using these three particle
sizes of MBP powders, tablets were prepared to the similar hardness value to 200
KN. The dissolution profile of these three tablets is shown in Fig. 12.10. Surprisingly,
tablets made of smaller MBP particles dissolve slower than the tablet made of large
particles.

The confounding effect of MBP particle size on the dissolution of tablet is at-
tributed to the bonding of smaller particles during compression, particularly during
roller compaction, where particle bonding is more pronounced with smaller particle
sizes of MBP than larger particle sizes of MBP. These observations further support
the hypothesis that particle size of MBP influences aggregation and bonding of the
amorphous particles when subject to mechanical and/or thermal stress. The smaller
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Fig. 12.8 Effect of MBP particulate properties on primary and secondary compression as well as
dissolution

Fig. 12.9 An illustration of the effect of MBP particle size “as is” on dissolution

particles tend to exhibit a greater degree of sensitivity to external stress, resulting in
comparably slower dissolution.

Both densification and compaction, being energy intensive processes, are sensitive
to the physico-mechanical properties of the powders, more so in case of amor-
phous form. Bruno and colleagues showed that the dynamic indentation hardness of
compacts of amorphous drug particles was approximately 30 % higher than that of
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Fig. 12.10 An illustration of the effect of MBP particle size on dissolution of “Final Tablet”

crystalline particles of the same drug (Hancock et al. 2002). This suggests that the
amorphous particles are prone to aggregation and fusion under mechanical stress. It
may be hypothesized that when subjected to a high degree of compressive stress, the
fused amorphous particles could form a hard surface that resists indentation. By the
same token, it is possible that the ASD manufactured by different technologies can
exhibit similar amorphous stability but behave differently under mechanical stress.
The differences in the compactibility of ASD manufactured by spray drying versus
melt extrusion have been recognized and studied extensively with a goal to improve
the compaction properties of the melt-extruded products. Interestingly, similar re-
sults were observed when MBP was compared to spray-dried solid dispersions. In a
compaction comparison study, two ASDs of an investigational compound were man-
ufactured by MBP and by spray drying processes using the same polymer and drug
loading. The tablets manufactured using MBP ASD exhibited several fold higher
hardness than the tablets manufactured using spray-dried ASD. The difference in the
mechanical properties can be attributed to the porosity of the MBP ASD.

12.4.4 Effect of Moisture Content and Crystallinity on Dissolution
of MBP

The effect of moisture on the physical stability of ASD and its impact on dissolution
is one of the most widely researched topics in the ASD literature (Simonelli et al.
1969; Hancock and Zografi 1994; Rumondor and Taylor 2010; Raina et al. 2013;
Sarode et al. 2013). Reversion of amorphous systems to crystalline state occurs
primarily as a function of temperature, water content, and storage time. Moisture
can adversely impact stability of amorphous materials by lowering glass transition
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Fig. 12.11 Effect of crystalline content of Compound “Z” MBP on drug release (Shah et al. 2012)

temperature, thereby inducing mobility of the drug leading to phase separation,
nucleation, and eventually crystallization. The moisture content in the MBP ASD
is primarily controlled by its initial moisture content, the storage, and packaging
conditions. Similar to the effect of aqueous wet granulation on product stability
discussed in previous section, the MBPASD also shows sensitivity to moisture during
storage. A good correlation was observed between water content and the crystallinity
in MBPASD. In the authors’experience (unpublished work), the percent crystallinity
of ASD was seen to increase with the moisture content up to a certain threshold
value in a nonlinear fashion. Depending on the hygroscopicity and the crystallization
tendency of the compound, the threshold moisture content above which MBP is
significantly destabilized is generally between 3 and 10 %. The percent crystallinity
in the ASD in turn is related to the dissolution performance of the product. For
example, to investigate the effect of crystallinity, the percent drug dissolved at 30
min was plotted against percent crystallinity determined by pXRD (Fig. 12.11). As
shown for Compound “Z,” the percent dissolved was 90% or higher at crystallinity
up to 4 %, but decreased linearly with percent increase in crystallinity beyond that
level (Shah et al. 2013).

12.5 Case Studies of MBP of Poorly Soluble Drugs

The MBP process has been applied to numerous research compounds, enabling
progression from preclinical to clinical stage. Examples of a few cases are presented
in this section. The compounds were unsuitable for processing into ASD by spray
drying or hot-melt extrusion due to either high melting point, thermal instability,
or inadequate solubility in volatile solvents. The excerpts from these case studies
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Fig. 12.12 pXRD of crystalline drug, physical mixture, and MBP of Drug A

are presented to demonstrate the application of MBP technology and highlight the
relevance of various factors that ensure successful implementation of processes.

12.5.1 MBP Case A

Drug A has a high permeability but has very poor water solubility of < 1 μg/mL.
Bioavailability in preclinical animal models was very low, 4 % in dogs and 9 % in
rats. Nanomilling and lipid formulation did not provide acceptable exposures to move
forward.Amorphous formulation approach using spray drying and hot-melt extrusion
turned out not to be readily amenable to these processes, owing to poor solubility and
thermal instability. Microprecipitation technology was employed to make amorphous
solid dispersion of Drug A. MBP prescreening with polymers identified Eudragit L-
100 as the best match for the physicochemical properties of the drug. Amorphicity
by pXRD of MBP ASD is shown in Fig. 12.12 together with crystalline API and
physical mixture of the same composition for comparison (Fig. 12.12). A drug load
of up to 50 % was achieved, which was quite remarkable (Shah et al. 2012). Ability
to achieve high drug loading was attributed to good miscibility of drug with Eudragit
L-100 polymer, enhanced drug–polymer interaction, and the inherent versatility of
the MBP process.

As Drug A was relatively non-hygroscopic compared to the polymer, the moisture
sorption behavior of the MBP was in between that of pure drug and polymer as seen
in Fig. 12.13.

The drug release profile of MBP ASD was compared to that of crystalline form
using the United States Pharmacopoeia (USP) dissolution apparatus at a pH of 6.8.
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Fig. 12.13 Sorption Isotherm
of MBP, polymer, and free
form of Drug A. (Shah et al.
2012)

Fig. 12.14 Dissolution profile
of crystalline form and MBP
of Drug A. (Shah et al. 2012)

More than 80 % of drug was released from MBP ASD in 30 min, whereas about 30 %
of drug was released from crystalline drug in the same time period. Moreover, MBP
ASD maintained supersaturation for more than 3 h as demonstrated in Fig. 12.14.

In a dog PK study, the MBP provided 85 % bioavailability compared to 10 % for
a crystalline nanosuspension formulation at an oral dose of 10 mg/kg (Shah et al.
2012). This product was evaluated in several clinical studies and was shown to
provide a prolonged plasma release profile with MBP resulting in improved tolera-
bility (Salazar et al. 2004), suggesting that the slow release of drug from the enteric
polymeric matrix provides sustained release.
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Fig. 12.15 Rat PK profile of nanocrystal formulation and MBP of Drug B

12.5.2 MBP Case B

Drug B has an aqueous solubility in the range of 3–10μg/mL and provided inadequate
exposures during preclinical studies. MBP was developed with an enteric polymer
and compared against a nanocrystal suspension formulation in a rat PK study at
1000 mg/kg. A higher than fourfold increase in absorption was observed with MBP
as compared to the crystalline form (Fig. 12.15).

12.5.3 MBP Case C

The dosage form development of drug C was very challenging because not only was
the solubility poor with resultant poor bioavailability but also the plasma exposure
levels of drug were very sensitive to the dosage regimen and frequency of dosing. An
MBP formulation was developed and compared against a nanocrystalline suspension
at a dose of 30 mg/kg in rat. The area under the curve (AUC) of MBP was about tenfold
higher than crystalline form and was comparable to that of a cyclodextrin-based
solution formulation.

Interestingly, MBP ASD prepared with Eudragit L-100 55 provided threefold
higher AUC than that of MBP ASD prepared with HPMC-AS under similar dosing
levels as shown in Fig. 12.16. This can be attributed to the specific drug and polymer
interaction amongst other factors.

12.5.4 MBP Case D

Drug D had a high log P resulting in good lipophilicity for absorption; however, its
solubility was extremely low at < < 1 μg/mL resulting in the need for formulation



390 R. Iyer et al.

Fig. 12.16 Rat PK data of
crystalline formulations and
MBP of Drug C
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Fig. 12.17 Bioavailability of
crystalline form and MBP of
Drug D in rats and monkey

intervention. An MBP ASD was developed using HPMC-AS as the stabilizing poly-
mer and it was evaluated in rat and monkey. The bioavailability was increased in the
rat by more than tenfold and in the monkeys by more than 1.5 times compared to the
crystalline form as shown in Fig. 12.17.

12.5.5 MBP Case E

Drug E is practically water insoluble (< < 1 μg/mL) with a melting point above
270 ◦C. The solubility in common organic solvents such as acetone, alcohol, and
acetonitrile was poor < 5 mg/mL at 25 ◦C, but in DMA the solubility was exception-
ally high > 500 mg/mL. The development of MBP and its impact on bioavailability
has been published elsewhere (Shah et al. 2013).

Amorphous solid dispersion using spray drying and hot-melt extrusion was not
readily applicable due to the poor organic solubility and high melting point. MBP
technology was applied to make the ASD. MBP prescreening identified HPMC-AS
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Fig. 12.18 Dissolution
profile of crystalline form and
MBP of Drug E (redrawn
from Shah et al. 2013)

as a suitable polymer for Drug E. Further, miscibility study identified operable drug
loading in the range of 30–40 %. ASDs with HPMC-AS were prepared using MBP
technology and the resulting products were found to be pXRD amorphous upon
preparation and storage under accelerated stress stability conditions of 40 ◦C/75 %
RH for up to 6 months. The Tg values of amorphous Drug E and HPMCAS were
107 and 119 ◦C, respectively, while MBP ASD of 30 % Drug E exhibited a single Tg

in the range of 100–110 ◦C, depending on residual moisture content in ASD (Shah
et al. 2013).

The drug release profile from MBP ASD was compared against crystalline form
(unstable crystalline form 1) using the USP dissolution apparatus and 900 mL of a
pH 6.8 phosphate buffer medium (Fig. 12.18). A concentration of 35 μg/mL was
achieved within 60 min and a supersaturation concentration of 30 μg/mL was main-
tained up to 3 h. The crystalline form (unstable crystalline form 1), on the other
hand, exhibited an initial spike in concentration, which was immediately followed
by a drop in concentration to the stable value of 1 μg/mL. Thus, about 20- to 30-fold
increase in solubility (compared to unstable form 1) and maintenance of saturation
levels was achieved with MBP (Shah et al. 2013).

In a relative bioavailability study comparing MBP formulations of Drug E against
crystalline form (unstable crystalline form 1), the MBP formulations exhibited much
higher exposures after a single dose of MBP compared to crystalline formulation,
as seen in Fig. 12.19 (Shah et al. 2013). The relative bioavailability of the MBP
formulations was four to fivefold higher than the crystalline formulation (capsule
formulation). Furthermore, unlike the crystalline capsule formulation that reached a
plateau at 600 mg dose, the exposure for MBP was dose-linear from up to 1200 mg.
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Fig. 12.19 Pharmacokinetic profile and dose-dependent increase in exposure observed with
crystalline and MBP formulations of Drug E (Shah et al. 2013)

12.6 Summary and Conclusions

The MBP technology is well suited for compounds with poor solubility and high
melting point, particularly when alternate ASD technologies such as spray drying
and hot-melt extrusion are not readily applicable. This MBP technology has been
employed to manufacture ASD of a number of poorly soluble drugs using stabilizing
ionic polymers, mainly Eudragit L-100, L-100 55, and HPMC-AS. Drugs with high
molecular weight, high melting point, low solubility (< 10 mcg/mL), and log P of
greater than 3 seem to be highly suitable for MBP process. In all cases of MBP
ASDs, the higher dissolution rate of the drug in MBP was translated into higher
bioavailability and exposure in preclinical and clinical studies.

Application of MBP technique to diverse compounds has demonstrated the utility
and the versatility of this technique. The MBP technique is highly adaptable to var-
ious manufacturing scales, from milligram quantities during preclinical research to
hundreds of kilogram quantities in production phase with > 90 % recovery. As dis-
cussed in previous chapters, it is a material-sparing tool that can provide reproducible
ASDs with superior performance, in some sense, compared to other ASD technolo-
gies for certain type of compounds. The material-sparing aspect is very important in
the early stages of drug development to support animal studies when the drug supply
is limited. Several research compounds have been scaled up from few milligrams
to 100–1000 kg demonstrating that it is a scalable and robust process. The MBP
technology can present a remarkable opportunity to advance certain poorly soluble
compounds that otherwise would be considered undevelopable.
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Chapter 13
Downstream Processing Considerations

Susanne Page and Reto Maurer

13.1 Introduction

Independent of the manufacturing technology used to create the amorphous solid
dispersion and the anticipated route of administration, downstream processing is
required to convert it into the final dosage form. For an oral application of a drug,
tablets are the preferred solid dosage form followed by capsules. The development
objective is captured in the target product profile (TPP) and the quality target product
profile (QTPP) as these define the intended release mode, the type and acceptable
size of dosage form, the anticipated shelf life, and storage conditions. They therefore
set the framework for the formulation scientists, to help define the most important
critical quality attributes such as dissolution kinetics, chemical and physical stability,
appearance, and mechanical properties.

Dissolution Kinetics: In most cases, the drug substance is desired to be released
immediately from the tablets or capsules, and only on rare occasions, an extended or
pH-dependent drug release is envisaged. In both cases, the mechanism for achieving
the supersaturation potential of the solid amorphous dispersion needs to be main-
tained in the final dosage form. Therefore, the formulator needs to have a clear
understanding of all the factors that have an influence on the dissolution kinetics
and the supersaturation potential. The amount of drug released determined in a stan-
dard dissolution test is the sum of different processes occurring all at the same time,
namely release of the drug from the amorphous solid dispersion, nucleation, and
crystal growth. The amount of drug released per time (dW /dt) is directly propor-
tional to the diffusion coefficient (D), the surface area of the solid (A), the difference
between the saturation concentration (cs) and the concentration of drug in solution at
time t (ct), and indirect proportional to the diffusion layer thickness (L) as by Noyes
and Whitney and Nernst and Brunner (Dokoumetzidis and Macheras 2006). The
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impact of the surface area on dissolution kinetic was illustrated by comparing the
dissolution rate of cefdinir tablets obtained from spray drying (SD) or a supercritical
anti-solvent (SAS) process (Park et al. 2010), and by another example of solid dis-
persions containing indomethacin (IMC) and polyethylene glycol 6000 (PEG 6000;
Ford and Elliott 1985). Interestingly, the fastest release is not always obtained from
the smallest particles (Ford and Elliott 1985). This observation could be explained
by the fact that not only the amount of drug substance released per time is quite
high for very small particles but also nucleation and subsequently crystal growth
are fast. In particular, this aspect is important when the solid dispersion needs to be
milled/micronized prior to the downstream processing. The surface area or particle
size distribution of such systems might be a critical material attribute (CMA), and
needs to be carefully investigated and subsequently controlled. Besides the particle
size of the amorphous solid dispersion, the selection of type and amount of excipients
present in the final dosage form will also have a major effect on both the downstream
processing itself and the drug release profile. As an example, the investigations from
Lepek et al. illustrate this point. They compared the effect of lactose and micro-
crystalline cellulose (MCC) during direct compression of formulations containing
amorphous telmisartan, and showed improved flowability as well as compressibil-
ity for the final blends containing microcrystalline cellulose. Further investigations
showed that the disintegration time ranged from 30 s for the formulation containing
sodium carboxymethyl starch, 1 min for croscarmellose sodium and starch glycolate,
up to 30 min for formulations with potato starch (Lepek et al. 2013). The dissolution
kinetic of the final drug product also depends on the ratio between the solid disper-
sion and the excipients in the drug product, and on the processing conditions during
downstream manufacturing, like roller compaction and compression force. Further-
more, the dissolution of the final product might change upon storage as described
below.

When an amorphous component is exposed to high temperature and/or relative
humidity above glass transition temperature (Tg), the amorphous system transforms
to a rubbery state. Molecules in rubbery state are mobile and can form interparticle
bridges or form particle aggregates, often resulting in particle fusion (Descamps and
Palzer 2007). This effect of particle fusion can be magnified in amorphous solid
dispersion particles with large surface area (Matteucci et al. 2007; Alonzo et al.
2011; Shah et al. 2013).

Amorphous solid dispersions, particularly amorphous microprecipitated bulk
powder (MBP) or spray-dried powder, have large surface area. For example, a
surface area of 23–24 m2/g was obtained for amorphous MBP solid dispersion
of vemurafenib (Shah et al. 2013). Similarly, surface areas in the range of 23–
51 m2/g were obtained for itraconazole (ITZ) MBP with drug loading in the range
of 33–50 % (Matteucci et al. 2007). In general, the large surface area powder dis-
solves faster than small surface area powder following the equation from Noyes
and Whitney and Nernst and Brunner. However, in the case of amorphous disper-
sion, dissolution phenomenon is not straightforward. Because of potential particle
fusion under stress condition, amorphous solid dispersion with large surface area can
actually dissolve slower than small surface area if amorphous solid dispersion fused
together to hard aggregates.
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The fusion of amorphous polymer particles above their Tg is a slow coalescence
process most likely driven by surface energy, which reduces the free volume and
the total surface area (Rosenzweig and Narkis 1983; Palzer 2011). Since amorphous
dispersions often have a polymeric component, the sintering of amorphous polymer
colloids occurs at/or above the Tg which is dependent on the particle size and packing
fraction within the polymer as determined by the melt viscosity (Mazur et al. 1997).

Chemical and Physical Stability: Due to the fact that the drug substance is present
in a high-energy amorphous form in the formulation, the chemical stability of the
system might be altered compared to formulations containing the crystalline drug
substance. Furthermore, the polymer itself can interact with and trigger instability
with the active pharmaceutical ingredient (API) as shown by Dong and Choi for
hydroxypropyl methylcellulose acetate succinate (HPMCAS). This polymer may
undergo hydrolysis under harsh processing conditions (e.g., heating at 140 ◦C up
to 5 h) with the generation of succinic acid and acetic acid, which can form ester
bonds with the hydroxyl groups present in the API. This was shown by the authors
for model compound A, where the succinate esters of the model compound and its
epimer were found in the product, as well as for dyphylline (Dong and Choi 2008).

Recrystallization of the drug substance can be triggered by absorption of wa-
ter/presence of moisture, and energy input in the form of heat or mechanical stress.
The absorption of water by the amorphous solid dispersion leads to a decrease in
the Tg of the system as the Tg of water is very low (− 137 ◦C), and an increase in
molecular mobility due to disruption of intermolecular hydrogen bonds (Ahlneck
and Zografi 1990). Water can be present in the amorphous solid dispersion itself
in the form of residual moisture, or it can be introduced into the system by the
moisture bound to excipients and water used as a processing liquid, for instance,
during film coating. Energy is transferred to the amorphous solid dispersion upon
milling, compaction, and compression of the material. A direct energy transfer oc-
curred when jet or high peripheral-speed pin mills (e.g., shock action mills) were
used for milling (Colombo et al. 2009). Further down, the material is either directly
filled into capsules, compressed into tablets (if the bulk density is reasonably high),
or dry granulated. In case of dry granulation and tablet compression, the pressure
applied to the system can induce amorphous–amorphous phase separation in these
systems (Ayenew et al. 2012a), and increase the extent of crystallization (Ayenew
et al. 2012b). Recrystallization of the drug substance can also be triggered when a
film coat is applied; besides the aforementioned effect of water, the temperature used
in the process should be selected carefully. Finally, the packaging configuration for
the final drug product needs to be selected to maintain stability over the shelf life of
the product.

Physical and Mechanical Properties: Depending on the manufacturing technology
used for the manufacture of the amorphous solid dispersion, the material will have
different physical properties clearly impacting flow and compression behavior of
the material. Comparing spray-dried powders, for instance, with milled extrudates
will reveal the difference of both materials. The smaller spray-dried particles have
a higher tendency towards cohesion and thus impacting powder flow. On the other
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hand, the material has a higher porosity compared to the dense extrudates, making
tablet compression easier. In addition to the physical and mechanical properties
of the materials, those properties of the material subject to an applied stress are
clearly of importance for the whole downstream processing process. Iyer et al. (2013)
compared polymers, such as copovidone and HPMCAS, with other excipients such
as lactose, MCC, or dibasic calcium phosphate anhydrous (DCP-A) and showed that
the polymers itself exhibit compression pressures on the low, but acceptable end of the
spectrum (solid fraction; SF = 0.85). MCC and lactose are in the typical range, and
DCP-A requires extremely high compression pressures in order to obtain the same
solid fraction (for DCP-A the value was extrapolated to SF = 0.85). Modification
of the polymers by either SD or hot-melt extrusion (HME) led to an increase in the
compression pressure by 24 % in case of spray-dried HPMCAS, 61 % in case of
melt-extruded HPMCAS and a decrease of approximately 10 % upon extrusion of
copovidone. The same authors also investigated the tensile strengths of the materials
at a solid fraction of 0.85, and observed a decrease of tensile strength for the melt-
extruded polymers compared to the polymer as is, whereas an increase in tensile
strength was observed for the spray-dried HPMCAS, indicating an enhanced ability to
form strong compacts. Further tests showed that in addition to compression pressure
and tensile strength, other parameters such as dynamic hardness, brittle fracture index
and dynamic bonding index were also altered by either SD or HME (Iyer et al. 2013).

The following sections will give a detailed overview on the downstream processing
of the amorphous solid dispersions manufactured by different technologies. Overall,
it can be concluded that the downstream process should avoid the use of water, higher
temperatures and pressures as much as possible.

13.2 Downstream Processing of Hot-Melt Extrudates

HME is a fusion-based technology widely used for manufacturing of amorphous in-
termediates where the API is molecularly dispersed in a stabilizing polymer matrix.
The number of polymers approved for pharmaceutical applications is limited and a
preferred polymer may have a number of inherent challenges in terms of processabil-
ity, dissolution performance, and downstream processing. For example, commonly
used polymers like Eudragit® L100-55 and povidones of higher molecular weights
show a high melt viscosity and can only be extruded with the incorporation of ade-
quate plasticizers. In some cases, the API itself has a significant plasticizing effect
on the polymer.

The high-energy amorphous state of the HME intermediate is facilitated by apply-
ing shear stress and thermal energy to a physical powder blend in order to overcome
the crystal lattice of the drug and to soften the polymer allowing fusion with excipi-
ents. The extrusion process is followed by an immediate solidification or cooling step
in order to freeze the glassy state and immobilize the incorporated API molecules.

The obtained extruded intermediates is normally not considered to be the final
drug product as it usually appears as solid strands or films of undefined length which
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either have to be shaped, cut, or milled in order to process it further into the desired
final solid dosage form. Contrary to other manufacturing technologies for amorphous
solid dispersions, extrudates are dense particles, having a high bulk density, enabling
capsule filling with a powder blend or direct compression.

13.2.1 Powder Blends and Direct Compression

Direct Shaping of Extrudates: In the literature, the most prominent dosage forms
described for solid dispersions made by HME are tablets and capsules. The simplest
approach to produce tablets is to cut the solidified strands manually into cylindrical
mini-matrices (Bruce et al. 2007; Schilling et al. 2008; Read et al. 2010; Dierickx
et al. 2012). This direct shaping process is well suited for small batch sizes where
the weight uniformity of the particles can be assured by individual weight check. For
large batch sizes, direct shaping and automated calendaring is much more challeng-
ing as it must be preceded by a steady and nonpulsatile HME process facilitating
consistent strand or film dimensions.

Milling of Extrudates: Feng et al. (2012) and Jijun et al. (2010) prepared tablets sim-
ply by blending a defined sieve fraction of the pulverized extrudates with functional
excipients and directly compressing it with a single-punch press. Jijun et al. (2010)
showed that the particle size of the milled extrudates had an impact on the dissolution
kinetics as well as the flowability of the final powder blend for direct compression.
They showed that dissolution of finer particles was inferior compared to the perfor-
mance of the coarser sieve fraction and the flowability declined with particle size
reduction (Jijun et al. 2010). The same group also investigated the downstreaming
process by comparing the quality and performance of direct compressed tablets with
tablets generated via wet granulation of the milled extrudates (Jijun et al. 2011).
The wet granulation process initiated recrystallization upon storage resulting in a
different dissolution release profiles.

Deng et al. produced HME strands of 2 mm diameter which were resized using
a Fitz® Mill comminutor. The resulting powder was mixed with filler, disintegrants,
and lubricants and directly compressed to tablets. Different superdisintegrants were
used in order to investigate the impact on the dissolution kinetics. Alternatively, they
prepared pellets of 1 mm thickness by utilizing a pelletizer. The pellets were simply
filled into hard gelatin capsules and used for dissolution testing as well (Deng et al.
2013). In another example, Kindermann et al. milled the HME strands with an ultra-
centrifugal mill and used the 355–500-μm sieve fraction to prepare double-layer
tablets with tailor-made release profiles (Kindermann et al. 2012).

Read et al. used a cryogenic mill for the amorphous ketoprofen extrudates to
produce particle with a mean size of 15–250 μm. The milled fraction reached 100 %
dissolution after approximately 600 min while the manually cut rods eroded slowly
resulting in only 50 % dissolution in the same time span. Cryogenic milling can be of
advantage in cases where low-melting polymers have to be milled or when obtained
strands show lack of brittleness (Read et al. 2010).
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Fig. 13.1 Itraconazol (ITZ) release from hot-melt extrudates in dependence of particle size. (USP2
basket, simulated gastric fluid)

The impact of particle size on the dissolution performance was also observed for
amorphous ITZ–Soluplus® extrudates. Samples of defined sieve fractions as well as
samples of the unmilled strands were compared (simulated gastric fluid, n = 6). The
results (Fig. 13.1; data not published) clearly showed that after 100 min, the API
from milled particles with a mean particle size above 250 μm was fully dissolved,
whereas the dissolution from finer particles was significantly slower and incomplete.
The unmilled strands were steadily eroding resulting in almost 100 % dissolution
after 330 min. For this formulation, coarser particles were more beneficial than finer
grades, potentially as a result of polymer swelling or concurrent recrystallization
effects.

Effect of Excipients: The composition and powder properties of the initial blend of
API, polymer, and additional excipients not only impact the extrusion process but
also the downstream process. The formulation has to exhibit sufficient flowability
in order to facilitate a steady extrudate flow and screw fill degree ensuring uniform
HME strands and an acceptable throughput. Many of the available pharmaceutical
polymers show poor flowability and therefore the addition of flow aids like silicone
dioxide or application of free-flowing polymers and excipients have to be considered.
Godderis et al. investigated the flow properties and bulk density of ternary systems
containing drug substance, Eudragit® E100, and surfactant tocopheryl polyethylene
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glycol succinate (TPGS). By estimating the Hausner ratio and the Carr index, the best
excipient ratio was evaluated with respect to the flowability (Goddeeris et al. 2008).
The need for free-flowing excipients for pharmaceutical HME is also recognized
by the polymer manufacturers. For example, Soluplus® was developed as dissolu-
tion and solubility enhancer especially for HME applications and shows favorable
flow properties.

Another important aspect is the bulk density of the initial blend. If the bulk density
is too low, the feeding unit, which is usually based on a twin-screw system, becomes
the limiting part of the equipment with regard to throughput and screw fill degree.
Therefore, the formulator is requested to balance between sufficient flow properties,
bulk density, and particle size distribution which should be similar for all ingredients
in order to avoid demixing.

The advantages of a drug substance formulated as a solid dispersion is sometimes
not reflected in the final dosage form as many hydrophilic polymers tend to swell
and form gel matrices when exposed to aqueous environment. This effect can change
the dissolution kinetics from the targeted immediate-release profile to a slower ero-
sion process. One option to improve the dissolution rate of such formulations is to
reduce the solid dispersion content in the final solid dosage form by adding large
amounts of a diluent like fine MCC (DiNunzio et al. 2012) or lactose (Jijun et al.
2011) as external phase to the milled extrudates before direct compression. These
excipients act as spacers increasing the porosity and prevent formation of slowly
disintegrating gel structures. Here the formulator has to be aware that the drug load
in solid dispersion is already reduced since normally it contains substantial amounts
of stabilizing polymer.

A different approach to overcome polymer gelling is to add inorganic salts like
potassium bicarbonate. They can facilitate dehydration and precipitation of the poly-
mers in aqueous environment which is reflected by an improved dissolution profile
(Hughey et al. 2013).

Another possibility to adjust the dissolution kinetics is to incorporate specific
excipients directly into the extrudate. Water-soluble pore former like mannitol (Deng
et al. 2013), citric acid, and sucrose (Schilling et al. 2008) as well as water-soluble
polymers like hypromellose, polyethylene oxide (Read et al. 2010), or poloxamers
(Zhu et al. 2006) can be extruded together with the API and stabilizing polymer and
these have also been shown to improve the dissolution rate.

13.2.2 Film Coating

As a last step in the downstream process, tablet coating should be given due con-
sideration specifically in regard to preventing hygroscopic solid dispersions from
moisture uptake or facilitating a targeted release profile. Jijun et al. described coat-
ing of HME-based tablets with an Opadry® amb coat (Jijun et al. 2010, 2011). In
this case, the physicochemical properties of the amorphous API should be carefully
monitored in order to exclude recrystallization during the coating procedure.
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13.3 Downstream Processing of Spray-Dried Powders

Spray-dried powders often exhibit relatively small particles representing a large sur-
face area, low bulk density, and often show poor flowability. Therefore, often a
pre-compaction step is needed during downstream processing in order to increase
the bulk density to a level which later allows tablet compression or capsule filling.
At the same time, this reduces the surface area of the material which could have an
impact on the drug release rate, especially when appropriate attention is not given to
the formulation composition.

The powder characteristic, e.g., flowability, particle size, and bulk density, of the
spray-dried material can be improved using an internal fluid bed in the spray dryer.
Alternatively, other manufacturing technologies such as fluid bed coating/layering
or spray granulation, where the organic solution containing the drug substance and
the polymer is sprayed onto a carrier, can be used.

13.3.1 Powder Blends, Dry Granulation and Compression

Effect of Excipients: One issue which is often described in the literature for unfor-
mulated or poorly formulated capsule or tablet formulations containing spray-dried
powders is the formation of hard plugs that inhibit dissolution. Langham et al. in-
vestigated the dissolution behavior of spray-dried amorphous solid dispersions of
felodipine and copovidone, and showed that compaction leads to a significant de-
crease in the rate and extent of dissolution, which is drug-load dependent (Langham
et al. 2012). Fakes et al. showed that the dissolution rate for amorphous material rel-
ative to the crystalline drug slowed down upon exposure to the aqueous dissolution
medium, and that this may be attributed to the initial rapid conversion of the amor-
phous to crystalline material. The deposition of the crystalline drug on the insoluble
excipient MCC, which was used as filler in the formulation, formed a hard plug at
the surface of the capsules thus inhibiting dissolution. The addition of fast dissolv-
ing or readily dispersible fillers should therefore improve the disintegration/initial
dissolution rate, which was demonstrated by Fakes et al. by comparing the effect
of lactose and MCC as fillers, clearly showing that the dissolution rate significantly
improved for the lactose-containing formulation (Fakes et al. 2009).

The underlying physical processes that resulted in poor dissolution performance
of an encapsulated amorphous solid dispersion consisting of amorphous celecoxib,
polyvinyl pyrrolidone (PVP), and meglumine was investigated by Puri et al. (2011).
They concluded that rapid hydration of the capsule in aqueous media leads to leach-
ing out of meglumine; resulting in decreased ratio of amorphous celecoxib to PVP
and the interaction in the solid dispersion causing hydrophobization of PVP. The
water-mediated H-bond interlinked in the amorphous solid dispersion promoted in-
terparticle cohesivity and formation of a nondispersible plug (Puri et al. 2011). In
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order to circumvent undesired interfacial interactions, they proposed surface modifi-
cation by particle coating, reduction in exposed surface area, and use of high-specific
surface area and/or surface-adsorptive excipients as spacers in the formulation blend
as effective measures to improve the dissolution behavior. In order to improve the
wettability of the spray-dried material, surfactants can be integrated into the spray-
dried solid dispersions. This approach needs careful consideration as the presence
of surfactants in spray-dried amorphous solid dispersions can significantly affect
the compressibility of the material, resulting in decreased tablet strengths, increased
elastic deformation, and capping (Roberts et al. 2011).

Effect of Compaction/Compression: The effect of compression on the phase behav-
ior of amorphous solid dispersion was first investigated in detail by Ayenew et al.
They showed that compression can result in amorphous–amorphous phase separation
in solid dispersions, and that this effect is more pronounced in metastable composi-
tions of solid dispersions (Ayenew et al. 2012a). Further evidence that compression
can lead to increased crystallinity upon storage can be found by Leane et al. (2013).
They compared the crystallinity of tablets prepared from roller-compacted granules,
tablets prepared by direct compression and blends filled into capsules without com-
pression under accelerated stability testing. The degree of crystallinity increased with
increasing number of compression steps (Leane et al. 2013).

In this connection, the effect of fillers on the physical stability of the compressed
tablets was investigated by several research groups. Leane et al. compared the effect
of MCC, mannitol, and lactose, and showed that greater physical stability was ob-
served for formulations containing MCC, which is attributed to the fact that MCC
deforms primarily by plastic deformation, whereas lactose and mannitol deform by
brittle fracture (Leane et al. 2013). Based on the investigations done by Schmidt et al.
(2003), carrageenan has the potential of protecting drugs from polymorphic transfor-
mation during tablet compression. Dhumal et al. (2007) also investigated the effect
of carrageenan (Gelcarin® GP-379) on the physical stability of amorphous spray-
dried dispersions upon compression and storage. Physical stability of the tablets
improved when carrageenan was co-precipitated with the solid dispersion in the SD
process compared to a physical mixture (PM) with carrageenan or to the solid dis-
persion alone. This effect may be attributed to the cushioning action provided by
carrageenan, which releases mechanical stress by expansion and stores less stress in
the tablet. It is assumed that the better stability of the co-precipitate is related to the
close proximity of carrageenan, celecoxib, and PVP in the co-precipitate compared
to the PM (Dhumal et al. 2007).

13.3.2 Fluid Bed Coating/Layering and Spray Granulation

The low bulk density and the bad flowability associated with spray-dried powders
can be circumvented by manufacturing the amorphous solid dispersion either by
fluid bed coating/layering or granulation, in particular spray granulation. In both
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cases an organic solution, consisting of the drug substance, the polymer and poten-
tial other excipients, is applied on a filler which could either be a spherical pellet
(fluid bed layering) or a conventional excipient. The development of barrier coated
drug layered particles is described by Puri et al. After applying a methanolic solution
containing celecoxib, PVP and meglumine (solid content: 10 % w/v) onto MCC in
a Wurster process, a film coat is applied to the particles in order to avoid forma-
tion of an agglomerated capsule-shaped mass upon dissolution, and to improve the
physical stability of the system. The authors investigated three different materials for
the film coat, namely inulin, polyvinyl alcohol (PVA) and polyvinyl acetate phtha-
late (PVAP), and finally selected PVA for the accelerated stability study (Puri et al.
2012). Oshima et al. applied an organic solution of ITZ, polysorbate 80 and either
hypromellose or hypromellose phthalate onto a powder blend consisting mainly of
Ceolus RC® (a colloidal grade of MCC, the surface of which is covered with carmel-
lose sodium) in a fluid bed coating process. The flowability of the obtained granules
was optimized by adding 0.1 % of light anhydrous silicic acid as surface modifier.
The amount of disintegrant was optimized and 2 % of croscarmellose sodium was
finally selected (Oshima et al. 2007). A similar approach was tested by Chowdary
and Rao who applied an organic ITZ solution onto three different superdisintegrants,
or lactose or MCC and investigated the dissolution behavior (Chowdary and Rao
2000). The solid dispersions in superdisintegrants gave much higher rates of dissolu-
tion than the dispersions in other excipients (Ac-Di-Sol > Kollidon CL > Primojel >
MCC > lactose).

13.3.3 Film Coating

The moisture uptake during an aqueous film coating process can lead to increased
level of crystallinity as shown during stability testing. There was no difference
observed between a moisture-barrier-containing formulation (Opadry® amb) and
an Opadry® II system (Leane et al. 2013). However, reduced moisture uptake
and improved physical stability was observed when a hygroscopic, amorphous
solid dispersion-containing tablet was coated with hydroxypropyl methylcellulose
phthalate (HPMCP) using organic solvents (Reven et al. 2013).

13.4 Downstream Process of MBP

MBP are usually free-flowing powders. MBP exhibit a certain porosity and surface
roughness as compared to particles prepared by HME (Dong et al. 2008). A com-
parison of the specific surface area (BET) showed that the MBP particles had 47
times larger specific surface area, even so the true density was comparable (1.33 and
1.30 g/cm3 for the MBP and the HME product, respectively) (Dong et al. 2008). In
case of vemurafenib, the MBP is described as spongy network having pores in the
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range of 50–200 nm and some bigger bubbles in the range of 3–10 μm (Shah et al.
2013). The properties of MBP particles are dependent on and can be tracked back
to the process parameters used for precipitation. Especially, the amount of API and
polymer dissolved in the organic phase as well as the solvent to anti-solvent ratio are
critical process parameters in the MBP processes (Shah et al. 2012) and have a direct
impact on the porosity, surface roughness, size, and bulk density of the particles.

A comparison of two different capsule formulations containing 40 mg of vemu-
rafenib as MBP, one obtained by dry blending and the other one by a wet-mixing
process, showed that the mean values ofAUC0−inf (86.2 ± 52.1 μMh and 79.8 ± 42.8
μMh) and the Cmax were comparable with each other in a single 160 mg dose human
bioavailability study. The AUC and Cmax in each case were greater than that for the
crystalline reference formulation (Shah et al. 2013).

13.4.1 Powder Blend, Dry Granulation and Compression

Milling of MBP: Depending on the particle size of the MBP, a milling step might
be recommended prior to any downstream processing of the material. Milling could
be done using different kinds of mills, like jet mills, pin mills, hammer mills, and so
on. The selection of the type of mill as well as the process parameters used will have
an impact on the final particle size obtained. The particle size itself will not only
have an effect on the dissolution behavior (Shah et al. 2013), but might also effect
the entire downstream processing as the flowability of jet-milled material might not
be adequate for robust downstream manufacturing later on.

The selection of the downstream processing itself strongly depends on the bulk
density of the obtained material. In case of sufficiently high bulk density, a direct
compression approach could be used, otherwise it is recommended to increase the
bulk density using a roller compaction process.

Effect of Excipients: Depending on the wetting behavior of the MBP particles, which
strongly depends on the drug to polymer ratio, the lipophilicity of the compound as
well as the hydrophilicity of the polymer used (Shah et al. 2012), additional excipients
need to be added during downstream processing. Functional excipients like wetting
agents, glidants, fillers, and disintegrants can be added intra- or extragranular to
improve the wettability of the MBP, to improve the flowability of the powder blend,
as well as to avoid sticking of the material onto the rolls/punches and enable a fast
disintegration/dissolution behavior of the granules/tablets. The type and amount of
the different excipients need to be carefully adjusted.

Effect of Compaction/Compression: Process parameters like compaction force, gap
width, and screen size used for breaking the ribbons can have an impact on the
properties of the granules and tablets. Compaction force and gap width should be
selected in a way that the granules have a sufficiently high bulk density, but could
still be compressed to tablets. In other words, overcompaction should be avoided as
this leads to tablets with insufficient hardness.
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The screen size used in the granulator unit needs to be selected based on the width
of the anticipated tablet size of the lowest dose strengths. The granules should be
characterized thoroughly in order to gain a good process understanding. Dissolution
tests of the granules provide additional information on the process and help to link
the measured attributes of the pure MBP with those of the final tablet. It is strongly
recommended to investigate the effect of the roller compaction force, gap width,
compression force, and other potential critical process parameters (pCPP) on the
tablet properties like hardness, disintegration time, abrasion, dissolution, and so
on. The selected process parameters should enable a robust manufacturing of MBP
tablets at the end.

13.4.2 Film Coating

Depending on the desired product profile, a film coating may be applied to the tablets.
The film coating parameters need to be selected carefully in order to avoid an uptake
of water by the tablet kernels and exposure of the tablets to high temperatures. Both,
water and temperature, might otherwise lead to increased molecular mobility in the
amorphous system and the drug substance could recrystallize from the amorphous
solid dispersion.

13.5 Downstream Processing of Mesoporous Silica-Based
Systems

Mesoporous silica drug delivery systems are characterized by a unique pore structure
in which the drug substance is entrapped at a molecular level. Upon contact with
liquids, the drug substance is released from the pores at a certain rate, which depends
among other factors on the pore size of the mesoporous silica and the degree of
loading (Mellaerts et al. 2007). The rate limiting step for drug release seems to
be the time needed for diffusion out of the internal pores, which is a function of
the silica particle size and pore diameter, as shown by investigations of the drug
release of ten physicochemically different drug molecules (Speybroeck et al. 2009).
This indicates that the pore structure needs to be maintained during the downstream
processing. Critical material attributes of mesoporous silica particles are the low
bulk density (below 0.1 g/cm3), poor compressibility, and flowability (Vialpando
et al. 2011), which is a challenge for the development of tablets. Dry granulation
or direct compression has primarily been investigated as downstream processing
methods, but one reference mentions wet granulation as well.
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13.5.1 Powder Blends, Dry Granulation and Direct Compression

Mesoporous Silica Loading Process: Mesoporous silica particles can be loaded
with a broad range of different drug substances using different loading methods.
Investigations showed that the loading method had an impact on the degree of loading,
the degree of residual crystallinity, as well as bulk density (Limnell et al. 2011)
therefore affecting the final drug product performance.

Effect of Excipients: The dissolution kinetic can be altered by adding additional ex-
cipients as shown by Limnell et al., who observed an increase in the amount of IMC
released when mesoporous silica particles were blended with excipients. The increase
in the release was attributed to PVP K30 in the excipient blend, which functioned as
a precipitation inhibitor (Limnell et al. 2011). A systematic investigation on the ad-
dition of precipitation inhibitors was done by Speybroeck et al. (2010) by evaluating
the in vitro and in vivo behavior of formulations consisting of ordered mesoporous
silica SBA-15 loaded with ITZ and HMPC or HPMCAS, respectively. Due to the
pH dependent solubility, HPMCAS was not able to prevent precipitation of ITZ in
vitro at low pH and even upon transfer to FaSSIF, where rapid precipitation of ITZ
occurred despite minimal or no HPMCAS being dissolved. Contrary to HPMCAS,
HPMC was able to maintain the supersaturation in vitro and led to more than 60 %
increase in absorption compared to ITZ-loaded SBA-15 particles in a rat pharma-
cokinetic (PK) study. The PM of the ITZ-loaded SBA-15 particles and HPMC (1:4:6)
achieved 88 % of the AUC relative to Sporanox®, which was used as reference in this
study (Speybroeck et al. 2010). Similar bioavailability of ITZ-loaded SBA-15 and
Sporanox® was obtained in a PK study in rabbits and dogs. In this study, the loaded
mesoporous silica system (49 %) was blended with croscarmellose (25 %), lactose
(25 %), and sodium lauryl sulphate (SLS; 1 %) ensuring fast disintegration and good
dispersion of the loaded ordered mesoporous silica system (Mellaerts et al. 2008).

The effect of adding disintegrants, low-hydroxypropylcellulose (L-HPC) or pre-
gelatinized starch (PCS), to the tablet formulation was investigated by Takeuchi
et al. The dissolution rate of IMC from the tablets was significantly improved and
similar to the solid dispersion particles itself when an L-HPC was present in the
formulation. Formulations containing PCS were also able to improve the dissolution
and tableting properties, but the dissolution rate of IMC slightly decreased and the
compaction property was slightly lower than that in the case of L-HPC (Takeuchi
et al. 2005).

Ratio Between Drug-loaded Silica Particles and Excipients: Besides the influence
of certain excipients on the drug release, several authors investigated the effect of the
ratio between drug-loaded silica particles and excipients in the formulation. Limnell
et al. (2011) used 25 % of IMC-loaded MCM-41 in their tablet formulations and
obtained tablets with a fast release. Tahvanainen et al. further increased the amount
of drug-loaded silica particles to 25, 30, and 35 % using IMC-loaded thermally
oxidized mesoporous silicon microparticles (TOPSi-IMC), and observed a decrease
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in dissolution rate and permeability as a result of loss of unique pore structure due
to deformation of the particles under compression (Tahvanainen et al. 2012).

Effect of Compression: Increasing the compression force applied to the PM of
TOPSi-IMC and excipients leads to a decrease in the release of IMC (Tahvanainen
et al. 2012). Further investigations linking the effect of compression force on the drug
release were conducted (Limnell et al. 2011; Vialpando et al. 2011; Kiekens et al.
2012). Limnell et al. observed a slight decrease in the amount of drug released from
tablets compared to capsules containing IMC-loaded MCM-41 particles. Neverthe-
less, the tablets retained their ability for fast release of IMC as no major alteration in
the porous structures of the particles after tablet compression was observed (Limnell
et al. 2011). Vialpando et al. investigated the effect of compression force on ITZ-
loaded ordered mesoporous silica (SBA-15 and COK-12), and observed a decrease
in the amount of drug released with increasing pressure. This was related to a re-
duction in the pore size and volume. A comparison of both silica materials showed
that SBA-15 is more sensitive towards compression than COK-12. This was related
to the slightly thicker walls and higher condensation degree of the silica framework
of COK-12 (Vialpando et al. 2011). The addition of plastic deforming materials,
such as MCC, was helpful in protecting the silica and improving the release rate
following compression as shown by Vialpando et al. who added 30, 50, or 70 %
of MCC to the drug-loaded SBA-15 and COK-12, compressed tablets at 120 MPa,
and investigated their release profile. The dissolution profile of the tablets clearly
improved, but was still slower in comparison to the PM (approx. 80 % of ITZ after
60 min). Addition of 4.8–5.1 % croscarmellose sodium further enhanced the drug
release following compression (Vialpando et al. 2011). The effect of compression
was also investigated by Kiekens et al. comparing a 5 and 10 mg tablets and a 5 mg
capsule containing ezetimibe-loaded ordered mesoporous silica (OMS) with a 10 mg
Ezetrol tablet (reference formulation) in vitro and in vivo. In vitro, both OMS tablets
showed comparable, but improved dissolution behavior compared to the reference.
This was not reflected in vivo (PK study in Beagle dogs), where the area under the
curve (AUC) for the OMS tablets and Ezetrol tablet was comparable, and more than
two times increase in AUC was observed for the 5 mg OMS capsule compared to the
reference. As the 5 mg capsule and tablet had an identical composition, this result
showed reduced bioavailability due to compression (Kiekens et al. 2012).

13.5.2 Wet Granulation as Alternative Granulation Technique

Wet granulation was investigated as an alternative downstream process for ordered
mesoporous silica by Vialpando et al. (2012). COK-12 was used as model ordered
mesoporous silica due to its thicker walls and higher degree of silica condensation,
which results in higher resistance towards compression. The authors successfully
demonstrated that wet granulation can improve powder flow and compactibility
by increasing the particle size, bulk density, and smoothing of the surface of the
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ITZ-loaded COK-12 particles. In order to achieve this, process parameters such as
binder concentration, binder addition rate, and granulation temperature need to be
carefully selected avoiding overwetting of the material and therefore premature drug
release on one hand, and ensuring agglomeration on the other hand. The decrease in
the release profile upon compression was compensated by extragranular addition of
croscarmellose sodium (2.4 %). Overall, the amount of “drug-loaded silica particles”
in the tablet could be increased by wet granulation compared to the dry processes.
In addition to the investigations of process parameters, the application of the wet
granulation process to COK-12-loaded silica particles loaded with ITZ, fenofibrate,
naproxen, or ibuprofen revealed that the risk of premature drug release during wet
granulation is primarily compound dependent (Vialpando et al. 2012).

13.5.3 Modification of the Release Profile

The drug release from tablets containing drug-loaded mesoporous silica systems can
be modified by applying a functional coat on top of the tablets. A pH-dependent drug
release systems for intestinal drug release were achieved by using Eudragit S100 (Xu
et al. 2011) or HPMCP (Xu et al. 2009). The concentration in the coating solution,
the coating thickness, and the drying temperature had an effect on the amount of
drug released at pH 1.2, whereas the drug release kinetic at pH 7.4 was unchanged
(Xu et al. 2009, 2011).

Modification of the release rate of the loaded mesoporous silica can for instance
be achieved by surface functionalization of the mesoporous silica (Song et al. 2005).
This can be achieved either by applying polyelectrolyte multilayer coatings (Zhu
et al. 2005), or by ionic interaction of oppositely charged polycations and anionic
SBA-15 (Yang et al. 2005) or by anchoring suitable polyamines on the external
surface to obtain a pH and anion-controlled nano-supramolecular gate-like ensemble
(Bernardos et al. 2008).

13.6 Summary and Conclusion

The usual downstream processing of amorphous solid dispersion involves genera-
tion of granules either directly through milling or via granulation. This is followed
by blending, capsule filling or tablet compression, and film coating. Due to the
fact that solid dispersions contain substantial amounts of a stabilizing polymer, the
properties of the polymer will have an impact on disintegration behavior as well as
compactibility. As a consequence, one important aspect of formulation development
is the selection of suitable excipients especially fillers and disintegrants. Especially,
the selection of fillers is quite controversial in the literature. Fast dissolving fillers like
lactose or mannitol are preferred from a disintegration and dissolution perspective,
but these can induce brittle fracture, whereas plastic deformable fillers like MCC or
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Fig. 13.2 Hardness–
compression force profiles
of MBP and spray-dried
amorphous dispersions of
vemurafenib

carrageen improve the physical stability of the system by protecting the amorphous
solid dispersion during roller compaction/ tablet compression.

The value of proper compaction characterization, i.e., assessment of the ten-
sile strength, compression pressure, solid fraction relationships leading to the
compactability, tabletability, and compressibility (CTC) profiles, provides basic
mechanical property information (Tye et al. 2005). Along with tensile strength,
compression pressure and solid fraction, the elastic modulus, permanent deformation
pressure, and brittleness of compacts are additional important properties (Hiestand
and Smith 1984a, b) pharmaceutical scientists used to quantify the mechanical na-
ture of materials. For example, mechanical properties of a compact are very much
influenced by solid fraction, and even a change of 0.01 can influence mechanical
property as much as 10–20 % (Amidon et al. 2009). These properties, therefore, are
of significant interest in supporting tablet development in a scientific manner.

Hancock et al. reported (Hancock et al. 2002) a dynamic indentation hardness,
30 % higher for the amorphous form of a drug (178.4 MPa) compared to a crystalline
form of a drug (230.3 MPa). Aggregation and fusion of compacted amorphous par-
ticles could form a harder surface that resists indentation, compared to crystalline
particles. However, even among amorphous dispersions of similar composition, the
techniques used to prepare these dispersions can impact the deformation attributes of
the resulting product. At similar compression force levels, tablets of a given compo-
sition prepared by co-precipitation (containing amorphous MBP) had a significantly
higher hardness than that of similar composition prepared by spray drying, as seen
from Fig. 13.2.

In addition, tensile strength of compacts of amorphous solid dispersions is im-
pacted by the level of polymers, the level of inclusion in the dispersion, and
particularly dependent on the processing technique. Amorphous solid dispersion
generated by HME process is quite different than amorphous solid dispersions pre-
pared by other techniques. Powders processed by HME are subjected to elevated
processing temperatures as well as high pressure. The reduced free volume retards
molecular mobility and prevents further densification during tableting (Zhu et al.
2002; Young et al. 2005), which could adversely impact the product performance
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Fig. 13.3 Effect of HPMCAS
level in melt-extruded solid
dispersion on tablet tensile
strength

such as drug dissolution. For example, solid dispersions containing HPMCAS pre-
pared by melt extrusion exhibit decreasing tablet tensile strength with increasing level
of HPMCAS, as shown in Fig. 13.3. The tensile strength was observed to decrease
three- to fourfold when HPMCAS level was present at 80 % in the dispersion.

In addition, material properties such as dynamic hardness and tensile strength of
amorphous solid dispersions are also governed by polymers and technologies used to
prepare such dispersions (Iyer et al. 2013). The dynamic hardness of melt-extruded
HPMCAS was greater than that of “as is” materials. However, both spray-dried
HPMCAS and melt-extruded copovidone did not exhibit a significant change in dy-
namic hardness from that of “as is” materials, respectively, as seen from Fig. 13.4.
The tensile strength of melt-extruded HPMCAS and copovidone decreased signifi-
cantly compared to their respective native materials, as seen from Fig. 13.5 indicating
that tablet development of melt-extruded solid dispersions could be challenging.

During each step of the downstreaming process, energy is applied to the system
which can lead to amorphous–amorphous phase separation and can trigger recrys-
tallization. In addition, a reduction in surface area occurs which might affect the
dissolution behavior when the formulation is not adequately designed. Therefore, it
is recommended to characterize each intermediate product as well as the final drug
product. Figure 13.6 presents a schematic depiction of downstream process together
with proposed analytical tests after each step as well as the critical quality attributes
and critical process parameters. Especially the dissolution behavior and physical sta-
bility should be tested not only for the final drug product but also at the immediate
level allowing identification of potential adverse effects earlier in the development
chain. Several analytical methods, or combinations thereof, can help to gain a mech-
anistic insight into the dissolution behavior of tablets containing amorphous solid
dispersions. Langham et al. combined the ultraviolet (UV) absorbance measurement
of the re-circulating dissolution media from a flow cell with simultaneous acquisition
of magnetic resonance images. The MR images showed the fundamental difference in
the dissolution behavior of the investigated solid dispersions, and could thus explain
the difference observed in the drug release (Langham et al. 2012).
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In addition to the dissolution testing, analytical methods need to be established and
validated in order to detect low amounts of crystalline material in the amorphous solid
dispersion and/or the final drug product. Xie et al. described the development of such
a method, and established a reliable multivariate curve resolution (MCR) method
based on the second derivative Raman measurements for quantitative determination
of the solid state forms of the drug substance and tablets (Xie et al. 2008).

Amorphous solid dispersions can be successfully transformed into an appropriate
solid form like a tablet or a hard gelatin capsule by judiciously selecting the processing
technologies. Critical process parameters must be identified and excipients carefully
selected in order to obtain a final drug product with the desired quality attributes.
Each of these factors plays a critical role in developing a successful commercial
product from a solid amorphous dispersion.
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Chapter 14
Structural Characterization of Amorphous
Solid Dispersions

Amrit Paudel, Joke Meeus and Guy Van den Mooter

14.1 Introduction

Amorphous solid dispersions (ASD) consist of active pharmaceutical ingredient
(API) molecules dispersed in stabilizing carrier(s) which are mostly amorphous
polymers along with some functional excipients and are powder, extrudates, thin
films, porous foams, surface-coated beads, etc. (Paudel et al. 2013). Hygroscopicity
of amorphous materials as well as the carriers increase the analytical complexity
(Palermo et al. 2012a, b). Additional excipients further complicate the character-
ization of amorphous systems in the finished dosage form. The comprehensive
qualitative/quantitative characterization of molecular mobility, miscibility, phase
separation, domain size, crystallinity, surface chemistry, moisture/solvent, molec-
ular interactions in ASD requires a gamut of analytical techniques. Calorimetric
techniques (differential scanning calorimetry (DSC), isothermal microcalorimetry
(IMC), and localized thermal analysis) are common for the analysis of ASD (Baird
and Taylor 2012). Dielectric spectroscopy and thermomechanical techniques are
also increasingly used for the ASD analysis. Infrared, Raman, and solid-state
nuclear magnetic resonance spectroscopy (SS-NMR) analyze the molecular in-
teractions among the components of ASD and structural changes during phase
separation/crystallization and quantify crystallinity (Vogt and Williams 2010). Polar-
ized light microscopy, scanning/transmission electron microscopy, and atomic force
microscopy (AFM) probe the morphological characteristics, spatial phase distribu-
tion, and crystallinity. Powder X-ray diffraction is selective for detecting/quantifying
the crystallinity (Vogt and Williams 2010). X-ray photoelectron scattering (Dong
and Boyd 2011), inverse gas chromatography (IGC) and time-of-flight secondary
ion mass spectrometry (Ho and Heng 2013; Barnes et al. 2011) are highly sensitive
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and/or selective to ASD surface analysis. Gravimetric vapor sorption (GVS) probes
the hygroscopicity, crystallinity/crystallization and drug–polymer interactions (Bur-
nett et al. 2009). Thermogravimetric analysis measures the moisture and/or volatile
content in ASD. The use of multiple simultaneous measurement tools for the in-
tegrated information with a spatiotemporal resolution is increasing. This chapter
focuses on the thermal, diffractometric, and moisture sorption analysis of amorphous
pharmaceuticals.

14.2 Differential Scanning Calorimetry (DSC) Studies of ASD

Non-isothermal DSC involves the controlled heating and/or cooling of a material in
a DSC sample holder (pan) along with a reference (usually an empty pan) inside a
furnace supplied with a constant flow of inert gas and a cooling system. In a heat flux
setup, the temperature difference between the sample and the empty reference pan
placed inside the same furnace is measured by separate thermocouples as a function
of temperature. In contrast, the instrumental output is the electrical power difference
between the sample and the reference pan housed inside the isolated furnace in
case of a power-compensation DSC. The heat flow evolved from or transferred in
the sample is derived from the measured temperature or power difference as the
end response. DSC also enables measurement of isothermal crystallization kinetics.
Various endothermic events/transitions such as glass transition, melting, desolvation,
enthalpy recovery and some degradation reactions absorb heat while the exothermic
processes viz., crystallization, crystal perfection, and some thermal decomposition
liberate heat from the sample. A DSC thermogram obtained by heating or cooling
at linear rate includes the heat-capacity (CP)-related transitions and kinetic events.
Thus, the total heat flow (THF) signal recorded by DSC (dQ/dt) can be presented as:

dQ

dt
= Cp.β + f (t , T ), (14.1)

where t, T, and β are the time, temperature, and heating rate, respectively. The first
term in the right hand side is the Cp-related heat flow and the second the kinetic
heat flow. The multiple transitions occurring concomitantly in DSC traces pose chal-
lenges in qualitative and quantitative interpretation. One way of improving this is
superimposing a nonlinear heating/cooling program on the linear temperature pro-
gram, prevalently called modulated temperature DSC (mDSC). A single frequency
sinusoidal oscillation is the most used nonlinear heating in mDSC setup for phar-
maceutical solid dispersions. The expression for dQ/dt, in case of mDSC, can be
rewritten as:

dQ

dt
= CP. [β + AT.ω. cos (ω.t)] + f ′(t , T ) + AK. sin (ω.t) (14.2)

where AT and ω( = 2π/modulation period (p)) are respectively the amplitude and
the angular frequency of temperature modulation and β is the linear heating rate.
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Fig. 14.1 Characteristic
mDSC thermograms of
amorphous solids undergoing
non-isothermal crystallization
(solid line) and the same of
the amorphous solid
containing moisture (dashed
line)
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Here, f ′(t , T ) represents the kinetic component without temperature modulation
while AK is the amplitude of kinetic response to the temperature modulation. In this
way, the measured frequency-dependent heat capacity in addition to the total heat
capacity makes it possible to deconvolute the THF signal into the reversing (Cp re-
lated) and nonreversing (kinetic) heat flow components. Reversing heat flow (RHF)
usually comprises all transitions that are thermodynamically reversible at the temper-
ature and the time they are measured, e.g., glass transition and melting. In contrast,
nonreversing heat flow (NRHF) which is obtained by subtraction of RHF from THF,
consists of transitions nonreversible at the temperature and time of the measurement
such as enthalpic recovery, cold crystallization, evaporation, desolvation, thermal
decomposition, curing, etc. A typical mDSC thermogram for an amorphous mate-
rial undergoing non-isothermal crystallization is depicted in Fig. 14.1. The dashed
line represents an amorphous material containing some moisture and/or volatile sol-
vent. The first event exhibiting the step jump in RHF is the glass transition of the
material. The accompanying endothermic overshoot from the baseline in THF is
originated from the overlapping enthalpy recovery signal and additional broad en-
dotherm is from desolvation, both apparent in NRHF. The exothermic peak is of the
cold crystallization and the final endotherm is of melting.

Various experimental conditions crucially affect the resultant heat flow measured
by DSC, e.g., sample size, pan and purge gas type, sample–pan contact, the heat-
ing/cooling rate. The increase in the scan rate proportionally improves the sensitivity
while inversely affect the resolution. Many times, fast heating or cooling rates are
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preferred to kinetically enhance the desirable event in DSC. Heating or cooling at a
rate that is considerably faster than the time scale of the process of interest, using fast
scan DSC, hyper DSC or flash DSC, can be helpful to obtain reliable calorimetric
data about the initial material structure (Ford and Mann 2012). Fast cooling can be
advantageous for in situ amorphization for rapidly crystallizing materials. Ideally,
the fast heating enhances the weak glass transition signals or for detecting the glass
transition of thermally unstable materials which start degrading prior to its Tg . For
high scan rate, the sample size and thickness need to be extremely small and thermal
contact should be excellent to avoid thermal gradient and lag (Zhuravlev and Schick
2010). The mDSC signals rely on the combinations of β, AT , and ω (Santovea et al.
2010). For example, heat-iso amplitude (β = AT .ω) is suitable for studying melt-
ing/crystallization. For amorphous blends, where various transitions are expected
heating–cooling mode (β <AT.ω) is more preferred. Great caution is needed while
choosing the combinations of β, AT , and p so that the applied program can be fol-
lowed by the sample. At least four to six cycles across each transition ensure efficient
signal deconvolution. The “p” is selected according to the CP of a material and the
width of transitions such that the lower the CP , the lower is the period required
while the wider the transition, the higher is the period required. Higher AT gener-
ally increases sensitivity and decreases resolution. The plot of modulated heat flow
as a function of temperature, propagating as a smooth regular sine wave indicates
the optimal combination of mDSC parameters, while the distorted profile suggests
the improper modulation parameters. Lissajous plot, the modulated heat flow versus
the modulated heating rate, can diagnose the stability of modulation condition, the
distortion indicating the uncontrolled condition. The width and the slope of a Lis-
sajous coil represent the phase lag and the CP , respectively. The amplitude of the
periodic function changes across the CP -related transition retracing the eccentricity
of ellipse.

14.2.1 Glass Fragility, Molecular Mobility,
and Enthalpy Recovery

The heat capacity difference measured between glass and supercooled liquid (�CP ),
the position as well as the shape of Tg describe the dynamics of amorphous systems. In
general, amorphous polymers behave as strong glasses that exhibit quasi-Arrhenius
behavior of viscosity and structural relaxation time often yieldinga broad glass tran-
sition (larger Tg width; �Tg) with relatively small �CP . The ratio of Tg to melting
temperature (Tm) exceeds significantly to 2/3. On the other hand, most of small
molecular weight APIs are fragile glasses that significantly deviate from the Arrhe-
nius path in the Tg region, thus show a sharp Tg and Tg/Tm often below 2/3. The �Tg

measured during heating or cooling in DSC can thus be correlated to the apparent
activation energy for molecular motion at Tg (Moynihan 1993). Hancock et al. 1998
tested this relationship on various sugars, indomethacin, and polyvinylpyrrolidone
(PVP) with different molecular weights. Kawakami (2011) estimated the size of the
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cooperatively rearranging region of glassy ribavirin as a function of sub-Tg annealing
time using the �Tg .

The fragility (m), the extent of deviation from Arrhenius behavior, of a material
can be estimated from a series of Tg’s obtained under different heating/cooling rates.
An empirical relation of m with DSC data (= 56 × Tg�CP /�Hm) was proposed by
Wang et al. (2002) for many glasses. The derived parameters from DSC data cor-
relate with the crystallization tendency of some amorphous APIs (Kawakami et al.
2012). For indomethacin/PVP ASD, it was reported that the fragility parameters
deducted from DSC data considerably differ for the dispersions prepared from dif-
ferent routes viz., the values of “m” were in the order of melt quenching > spray
drying > ball milling (Ke et al. 2012). The configurational entropy was unable to
predict nonequilibrium glass stability (Graeser et al. 2009).

DSC is the most used technique to study the molecular mobility of amorphous
pharmaceuticals at and below Tg . The higher molecular mobility of the glassy state
of amorphous systems approaches towards the virtual structural equilibrium through
molecular densification and the loss of the free volume and enthalpy with time. The
process is called structural or enthalpy relaxation. The primary process, referred to
as α-relaxation, originates from the cooperative global mobility of entire structure or
segmental motion. It has been shown that the α-process is the main precursor for crys-
tallization (Caron et al. 2010). The temperature dependence of this global mobility
below Tg can be described using the Adam–Gibbs–Vogel (AGV) expression, and the
non-Arrhenius behavior of the same across glass transition region can be described
using Vogel–Fulcher–Tammann (VFT) law (Greco et al. 2012). The Arrhenius-type
secondary relaxations evolve from local motions mostly intramolecular, rotational
motions of a nonrigid molecular fragment, the common being a β-process. This
faster motion has been found responsible for the crystallization of some drugs below
Tg and also as the precursor for global mobility (Bhattacharya and Suryanarayanan
2009). It is also possible for molecules to possess multiple secondary processes.

The molecular domains in amorphous structure behave like an ensemble of au-
tonomous substates, each following unique relaxation kinetics during annealing
(Kawakami and Pikal 2005). This relaxation distribution is often expressed using
an empirical Kohlrausch–Williams–Watts (KWW) equation (Eq. 14.3):

φKWW(t , T ) = exp

[
−

(
t

τ (T )

)βK

]
= 1 − �H (t , T )

�H (∞, T )
, (14.3)

where φKWW(t , T ), τ, and βK (0 <βK ≤ 1) are the extent of relaxation, average
relaxation time, and distribution parameter, respectively, at time t and tempera-
ture T. The narrower relaxation distribution of substates tends towards unity of βK

while βK approaches to zero for higher dynamic heterogeneity. Here, �H (t , T )

and �H (∞, T )( = �CP (Tg–T )) are the values of enthalpy recovery at annealing
time “t” and that virtually at the completion of process, respectively. The KWW
approach is limited to the systems with the relaxation times significantly larger than
the annealing. A modified stretched exponent (MSE) function exists for the systems
with very short (t � T1) relaxation times with respect to the annealing times. DSC
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is extensively used to study the effect of annealing to mimic the aging during stor-
age of amorphous pharmaceuticals (Hancock and Shamblin 2001). DSC measures
enthalpy recovery equivalent to the relaxation, provided the recovery is not accom-
panied by other physical or instrument-related factors. The recovered enthalpy at Tg

is largely the consequence of α-relaxation. Precise integration of both the Tg and the
superimposing enthalpy recovery measured by conventional DSC can be problem-
atic. A direct correlation has been shown between the ratio of the height of recovery
overshoot to �CP and the βK for some excipients (Pikal et al. 2004).

The fictive temperature (temperature of the equilibrium supercooled liquid that is
isoenthalpic to the glass) progressively decreases towards the annealing temperature
with time. This limits DSC annealing approach by the fact that relaxation time
progressively increases while aging. Also, it is important to introduce the temperature
correction for �CP in view of the temperature dependence of the latter. The τ and βK

obtained by fitting KWW or MSE expressions are reported to be significantly higher
and lower compared to their initial values, respectively. The annealing period greatly
affect these values as well. The time constant, τβK , has been found comparatively
invariant to the annealing period and thus more reliable. Meaningful comparison of
τ among systems requires similar βK (Kawakami and Pikal 2005). Another concern
is the possible overestimation due to extra annealing while heating at slow rate in
mDSC. A frequency-related Tg shift in the RHF relative to the THF signal gives an
endothermic signal in NRHF overlapping with enthalpy recovery. This effect can
be subtracted from the actual signal by measuring the same in the cooling cycle
in identical experimental condition (Kawakami and Pikal 2005). However, there
would also be enthalpy loss while reaching to and mainly τβK while residing at the
annealing temperature. Therefore, it is advisable to correct the enthalpy recovery data
by subtracting the signal obtained from frequency- and temperature-effect together
from a time-zero sample.

There are fewer recent literature on the relationship of the �Tg and molecular
mobility (Chieng et al. 2013a, b). As the increase in βK tends the system to ap-
proach equilibrium faster, the larger βK is associated with narrower �Tg . A study
suggests that τβK measured by mDSC for amorphous API, such as indomethacin and
nifedipine, below Tg showed Arrhenius-type temperature dependence while that for
ketoconazole showed typical VFT behavior (Bhugra et al. 2006). Caron et al. 2010
determined the value of τβK for amorphous nifedipine and phenobarbital and their
ASD in PVP by mDSC and found a correlation with sub-Tg crystallization. The re-
laxation time constant of indomethacin/PVP ASD obtained by mDSC is proposed to
represent the bulk relaxation (Hasegawa et al. 2009). The different τβK values of the
differently prepared ASD of the same system indicate their diverse structural dynam-
ics (Ke et al. 2012). The general utility of KWW to describe the molecular mobility
of ASD is highly questionable unless the real chemical identities of the relaxing
domains are known. The complex non-KWW behavior of enthalpy decay obtained
by DSC has been reported for many ASD of wherein individual components show
KWW profiles. For example, such observation for celecoxib/PVP has been attributed
to their different composition-dependent H-bonding interactions (Bansal et al. 2010).

The enthalpy recovery in DSC of sub-Tg relaxations is often feeble and the re-
laxation time decreases upon annealing, and thus DSC is not sensitive enough to
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probe the isolated local mobility (Bhattacharya and Suryanarayanan 2009). In gen-
eral, the β-process contributes more at the lower annealing temperature/longer time
in DSC. Therefore, the sub-Tg recovery temperature increases with longer time
and/or higher temperature of annealing due to the increasing involvement of the
α-process. Vyazovkin and Dranca (2006, 2007) have published their works on the
use of DSC for studying β-relaxation of various organic glasses including that of
some APIs and polymers. Amorphous PVP, indomethacin, and ursodeoxycholic
acid annealed at various temperatures below 0.8Tg in DSC and the enthalpy recov-
ery peaks during subsequent analysis were only observed for samples annealed at
or above a certain temperature (Vyazovkin and Dranca 2006). Interestingly, activa-
tion energy for β-relaxation obtained from heating rate dependence of the recovery
temperature showed satisfactory correlation with Tg for PVP and APIs. The sub-Tg

peak of the β-relaxation of maltodextrin was observed to be influenced by tem-
perature and humidity (Descamps et al. 2009). DSC sometimes provides indirect
information on surface versus bulk relaxation behavior of ASD. Puri et al. (2012)
annealed celecoxib/PVP/meglumine ASD with two different thicknesses and found
that the enthalpy recovery forASD with relatively higher surface-to-volume ratio was
approximately three times higher compared to those for the ASD with lower values.

14.2.2 Molecular Miscibility and Compositional Homogeneity

DSC historically stands at the forefront for studying the molecular miscibility and
phase homogeneity in ASD. Despite many limitations inherent to this technique, it
is the first-line technique to screen the feasibility of molecular dispersion forma-
tion and to study solid-state miscibility in ASD before and during stability studies
(Baird and Taylor 2012). Deconvolution of overlapping signals by mDSC facilitates
phase analysis of ASD over conventional DSC. Fast scanning DSC can analyze the
materials that are difficult to amorphicize (Guns et al. 2010). Depending upon the
composition, a single mixed Tg (Tgm) of a miscible binary ASD can normally be
distinguished from that of the API or the polymer. However, strong drug–polymer
intermolecular interactions such as ionic/polyelectrolytic interactions, salt forma-
tion, or others can increase the Tgm to be higher than that of individual components
(Weuts et al. 2005) as recently shown for a hydrogen bonding (H-bonding) sys-
tem (Calahan et al. 2013). A single Tgm is considered as an indicator of complete
molecular mixing between drug and polymer. For completely miscible compositions,
volume additivity expressions of the Gordon–Taylor or Couchman–Karasz approach
(Couchman and Karasz 1978; Gordon and Taylor 1952) aid the calculation of Tgm

assuming the equivalent strength of homo- and heteromolecular interactions in the
system. Therefore, positive deviation of the experimental Tg from the predicted one
implies enthalpic contributions owing either to the strong intermolecular H-bonding
(e.g., MK-0591/PVP) or to the negative excess volume of mixing (e.g., itraconazole/
polyvinylpyrrolidone vinyl acetate, PVPVA; Kalogeras 2011), while negative devi-
ations point to the predominant effect of positive excess free volume of mixing over
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Fig. 14.2 An overlay of hypothetical mDSC thermograms depicting reversing heat flow (RHF; left)
and derivate RHF (right) versus temperature. Trace A: polymer, B–E: various ASD, and F: API

either moderate-to-strong (e.g., felodipine ASD with PVP or hydroxypropyl methyl
cellulose, HPMC) or weak-to-moderate (e.g., naproxen–PVP) heteromolecular in-
teractions. Kalogeras (2011) modeled the experimental Tgm (composition) profiles
of diverse ASD using an empirical expression. The H-bonding interaction has also
been confirmed in a drug candidate/PVPASD wherein the Tg measured by DSC over-
lapped with the predicted Gordon–Taylor profile. This suggests the need of cautious
interpretation of such data from thermal analysis alone (Tobyn et al. 2009).

Hypothetical RHF signals and the corresponding first-derivative RHF signals with
respect to temperature (dRHF) observable ofASD bearing diverse physical structures
are illustrated in Fig. 14.2 (B–E). At least two thermal transitions are clearly exhib-
ited in phase-separatedASD, each originating from one of the partially or completely
separated phases. The separated phases rich in API and polymer exhibit respectively
low and high Tg that are positioned distinctly apart provided sufficiently different
composition (E). In such case, the ratio of �CP of two phases or moreover the
height or area of peaks in dRHF signals can be comparable with the phase compo-
sition (Paudel et al. 2013). On the other hand, when the composition of separated
phases is not too different, borderline merger of two Tg’s can be observed (D). For
this, the corresponding dRHF signals can provide clearer identification. The lesser
the difference between two Tg’s, the more homogeneous the system is (Paudel and
Van den Mooter 2012). Apart from the number and position of Tg , the shape of the
transition can also provide information on the molecular state of ASD. For instance,
the width and the symmetry of glass transition are very important features. Although
the mid-positions of the glass transition seem similar for lines B and C, their shapes
strikingly differ pointing the criticality of the shape/width in interpreting the com-
positional homogeneity. More precisely, the Tgm width of B is almost half that of C.
As calorimetric techniques are reported to detect the phase separation into the larger
domain size (> 30 nm), the wider Tg can be associated with heterogeneity possibly
beyond the detection limit of DSC. The Raman chemical mapping has proven the
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fact that a single Tg is not necessarily an indication of molecular miscibility (Qian
et al. 2010). There is potential danger of introducing integration errors for feeble and
wider signals to obtain the consistent Tgm midpoint and �CP as of the case given in
Fig. 14.2 (trace C). Rather, the use of the width and the area of the peak in the dRHF
signal are seemingly reliable to describe the extent of microheterogeneties. Recently,
increasing interests on the use of dRHF responses can be witnessed for polymer com-
posites to model the blend homogeneity (Shi et al. 2013). The semiquantitative value
of this simple data analysis approach has been applied for pharmaceutical ASD as
well (Paudel et al. 2013).

The most problematic cases in distinguishing a single versus two amorphous
phases are: ASD consisting of drug and carrier with essentially similar Tg’s such
as felodipine and Eudragit® EPO (Tg difference < 3 ◦C; Qi et al. 2010a, b). Locat-
ing Tgm’s belonging to drug-rich and polymer-rich domains was found ambiguous
for the phase-separated compositions of itraconazole/Eudragit E100 ASD (Tg dif-
ference ≤ 5 ◦C; Janssens et al. 2010). Instead, the respective enthalpy- recovery
endotherms in NRHF signals facilitated the distinction of the Tgm positions. Enthalpy
recovery can also be apparent even for a very small fraction of separated phases in
NRHF traces that could otherwise not be contrasted from the RHF baseline. Some-
times, the presence of enthalpy recovery of the separated phases indirectly ensures
that phase separation had occurred in the original sample rather than the in situ separa-
tion induced by heating in DSC.Analysis by fast scanning DSC can be superior as the
decrease in the exposure time at higher temperature provides kinetically less-affected
miscibility data. The inaccuracy often associated with CP measurement of hetero-
geneous systems limits its routine use for studying the phase analysis of ASD. The
change in phase angle, the angle between the modulated heating rate and modulated
heat flow, can be correlated to phase separation through sophisticated deconvolution
(Pieters et al. 2006). Such advanced mDSC experiments can worth the miscibility
study of challenging systems. The DSC interpretation of ASD of API in multiple
polymers needs further details. The mDSC analysis of felodipine ASD prepared in a
blend of immiscible polymers viz., Eudragit EPO and PVPVA, suggested that the in-
crease in drug loading leads to the higher fraction of drug in the polymer in which the
drug has higher solid solubility (Yang et al. 2013). Likewise, thermal characterization
of ASD containing an API dispersed in a copolymer is complicated if the amorphous
drug has diverse miscibility in the constituting monomers as evidenced from the mi-
conazole dispersion in Kollicoat IR (poly (ethylene glycol-co-vinyl alcohol); Litvinov
et al. 2012).

14.2.3 Crystallization, Melting, Crystallinity,
and Mixing Interactions in ASD

The use of DSC for studying isothermal/non-isothermal crystallization is extensively
reported (Baird and Taylor 2012; Svoboda and Málek 2011). Although not always



430 A. Paudel et al.

mutually exclusive, an entire crystallization process proceeds through an initial nu-
cleation step followed by the growth of nuclei. A very small fraction of a sample
mass actuates the nucleation process, often indistinguishable by DSC. The crys-
tallization exotherm usually evolves at a temperature (TC) following the Tg while
heating an amorphous glass (Fig. 14.1) and it can appear while slowly cooling the
melt as well. There are cases where the crystallization exotherm is detected before
Tg during both scanning and isothermal measurements for physically unstable API.
Crystallization from the cryomilled amorphous etravirine was detected at Tg −32 ◦C
(Qi et al. 2010a, b). DSC studies have revealed the atypical bimodal crystallization
of milled amorphous griseofulvin wherein the first exotherm occur prior to the Tg

(Trasi and Byrn 2012; Trasi et al. 2010; Willart et al. 2012). Such behavior was also
noticed for other milled amorphous form of felodipine, sulfamerazine, piroxicam,
hydrochlorothiazide (Chattoraj et al. 2012). Interestingly, the first crystallization
event originates from surface that is followed by bulk process beyond Tg . Highest
surface crystal growth rates around Tg were confirmed for APIs exhibiting surface
crystallization (Otte et al. 2012).

Experimental conditions such as thermal contact with the DSC pan, sample par-
ticle size, heating rate, etc. can markedly affect the crystallization enthalpy. The
integrated area under a single and symmetrical crystallization exotherm can directly
correlate to the crystallization enthalpy and the activation energy (Svoboda and Málek
2011). The activation energy of the non-isothermal crystallization (EC) can be de-
termined using the modified Kissinger method (Eq. 14.4) using the heating rate (β)
dependence data of TC from a series of DSC measurements:

ln

(
βn

T 2
C

)
= −mEC

RTC
+ constant. (14.4)

Here, n is the order parameter and m is the dimensionality of growth. In mDSC
analysis, the positive overall periodic minimum heating rate ensures proper decon-
volution of crystallization exotherm. Grisedale et al. (2010) studied crystallization
kinetics of amorphous salbutamol sulfate using mDSC and found that the spray-dried
product had the higher TC and EC compared to that of the milled ones and for the
latter these values increased with milling time.

The polymer in ASD significantly retards API crystallization such that Tc in-
creases and HF increases. For specifically interacting ASD of a drug candidate with
PVPs, TC was directly correlated with the Tg of the polymer (Khougaz and Clas
2000). The polymer can also selectively decelerate or inhibit surface crystallization.
The presence of 20 % PVPVA in griseofulvin/PVPVA cryomilled ASD shifted the
first TC while this surface crystallization exotherm completely vanished upon in-
creasing PVPVA (Chattoraj et al. 2012). While Tgm being unaltered, nifedipine/PVP
ASD exhibited the particle-size-dependent crystallization exotherm with lower TC

for smaller particle fraction (Miyanishi et al. 2013).
The common method for modeling both isothermal and non-isothermal crystal-

lization kinetics from amorphous solids is the Johnson–Mehl–Avrami -Kolmogorov
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(JMAK) nucleation-growth model (Eq. 14.5; Weinberg et al. 1997):

αC = 1 − e[(K(t−tind ))m]. (14.5)

Here K is the nucleation rate constant, tind is nucleation induction period, and αC

is the crystallized fraction at time t. The values of K and m are obtained by regressing
the experimental data using the double logarithmic linear form of Eq. 14.5. Originally
derived for a homogeneous single component system, zero or constant nucleation rate
in course of crystallization assumed by JMAK model can be an oversimplification
of nucleation process for the process starting from ASD. Furthermore, this model is
advocated to be inefficient in explaining crystal impingement at higher αC (> 0.8;
Sousa et al. 2010). The JMAK model is occasionally modified to account for the
decrease in nucleation rate accompanied by the increase in the growth rate while
crystallization progresses. Yang et al. (2010) proposed a better kinetic model (than
JMAK) that considers nucleation rate to be inversely proportional to the crystallinity
in order to study isothermal crystallization of etravirine–PVP ASD. Yoshihashi et al.
(2006, 2010) studied isothermal crystallization of flurbiprofen, tolbutamide, and
naproxen from ASD above Tgm using DSC. Their method typically involves heating
the sample above Tm of API, cooling below Tgm, heating to the intended temperature,
and keeping isothermal until the API crystallizes.

Non-isothermal DSC crystallization data can often enable the quantification of
initial amorphicity. Assuming complete crystallization of the amorphous fraction
present during DSC analysis, the degree of amorphicity is simply the ratio of area
under the crystallization exotherm to that under the melting endotherm (Baird and
Taylor 2012). These two events occurring at different temperature need correction
for the temperature-dependent enthalpy. Equation 14.6 determines the initial crys-
tallinity including the correction for the possible noncrystallizing fraction (αNC ;
Grisedale et al. 2010):

Crystallinity = 1 −
[

�HC

�Hm − (Tm − TC)�CP
× 1

(1 − αNC)

]
. (14.6)

The αNC can be estimated as the ratio of melting enthalpy obtained on (partial)
crystallization of fully amorphous material (during DSC analysis) to that of the
pure crystalline material of same form. For materials undergoing degradation during
melting, �Hm and Tm can be replaced by �HC and TC obtained for fully amorphous
material, respectively. In case of API in pure amorphous form or in ASD undergoing
complete crystallization during DSC, the ratio of �CP at Tg of partially crystalline
material to that of completely amorphous material gives the degree of amorphicity
while that of �HC of partially crystalline material to that of completely amorphous
material gives the degree of crystallinity in the sample (Aso et al. 2009). Apart from
simple crystallization and melting, the possible occurrence of multiple polymorphic
or liquid transitions during heating of amorphous API or ASD complicates the direct
determination of crystallinity from DSC data (Janssens et al. 2010).

Occasionally, unintentional residues of submicron or bulk crystals dispersed
within fresh ASD is encountered or partial crystallinity may develop during stor-
age (Janssens and Van den Mooter 2009). The melting transition(s) of API appears in
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the DSC thermogram of partially crystalline dispersion. However, multiple kinetic
effects should be considered before thermodynamic interpretation. Below melting
temperature of the drug, a fraction of crystals can dissolve in the matrix near and
above the Tg or melting temperature of the polymer (Qi et al. 2010a, b). Also, the
exothermic process of polymer dissolution in excessively molten API can affect the
melting endotherm of API. The crystallinity estimated as the ratio of �Hm of the API
in ASD to that in the corresponding physical blend can possibly correct these kinetic
effects (Yang et al. 2010). The extent of crystallization in efavirenz/PVP ASD was
computed as the ratio of melting enthalpy of the API in the ASD after time t to that
after maximum crystallization of the same ASD. The complete crystallization may
not necessarily occur as 40 % efavirenz crystallization was reported at plateau time
(steady state) from PVP-based ASD.

There exist cases where a slow scanning mDSC thermogram discerns no melt-
ing for partially crystalline ASD (Bikiaris et al. 2005), as case of naproxen–PVP
solid dispersions (Paudel and Van den Mooter 2012). Crystallites inhomogeneously
dispersed in a polymeric matrix could experience different local compositions and
hence variable local melting temperatures. This spans the overall melting event
over a wide range. Fast scanning DSC can detect melting probably due to hindered
drug–polymer dissolution kinetics and increased sensitivity. This also sacrifices the
resolution among the multiple events and poses interruption from other kinetic signals
retained such as desolvation. Disappearance/diminution of a drug melting endotherm
can possibly attribute to the very fine crystallites distributed within ASD matrix. For
the trace amount of nifedipine or griseofulvin embedded in PVP, crystallite size re-
duction to several nanometers resulted in more than 10 % drop in Tm (Liu et al. 2007).
Also, the reduction in melting enthalpy of submicron or nano level crystallites inASD
results from the alteration of the bond energy of surface atoms of small crystals on
the internal energy (Liang et al. 2002). In absence of melting, the crystallinity can be
indirectly estimated by the CP change at a temperature > Tgm during a heat-cool-heat
DSC method. The CP at a temperature would be lesser in the first heating due to an
initially present crystalline fraction as compared to that obtained during the following
cooling or subsequent heating cycle. The heat-cool-heat mDSC program enabled the
quantification of the API crystallinity of felodipine/Eudragit® EPO ASD (Qi et al.
2010a, b) and surface crystallinity of nifedipine–PVP ASD developed during aging,
but with undetectable melting (Miyanishi et al. 2013).

Melting temperature ofAPI in a solid dispersion obtained under quasi-equilibrium
conditions also inherit a wealth of information about the drug–carrier mixing inter-
action (Sun et al. 2010). The overall chemical potential decreases when an API is
dispersed in a polymer matrix leading to the depression in its equilibrium melting
temperature. The depression is higher for stronger favorable (exothermic) interaction
existing between mixing components. The composition–melting point profile for a
drug/polymer system can yield the activity coefficient of molten drug in polymer, the
Flory–Huggins interaction parameter and consequently the thermal phase diagram
(composition-Gibbs free energy of mixing). These thermodynamic state functions
are applicable at their best to the equilibrium data requiring the investigational sys-
tem prepared with the least input of kinetic energy. DSC data of dispersions prepared
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by slow solvent evaporation (Paudel et al. 2012) are closer to the assumption (Caron
et al. 2011) than by spray drying or milling. Extrapolation of heating-rate-dependent
melting temperatures to 0 ◦C/min heating rate yields quasi-equilibrium melting tem-
peratures, which minimize the kinetic effect and are more reliable for theoretical use.
The crossing point of the melting line with the Tgm line as the function of compo-
sition provides the predicted solid solubility of API in polymer, which still remains
experimentally unverified for many drug–polymer systems. The extrapolated endset
melting temperature in DSC ideally indicates the completion of melting and thus is
meaningful for miscibility analysis (Marsac et al. 2006).

14.3 Isothermal Microcalorimetry (IMC) Studies of ASD

IMC, a complementary technique to DSC, is a versatile and sensitive tool for non-
specific thermal activity monitoring (TAM) of heat change occurring during any
physical, chemical, or biological process (Ball and Maechling 2009). TAM pos-
sesses extreme sensitivity towards the heat flow (0.1 μW) and temperature change
(10−4 ◦C), therefore suitable for quantitative analysis of several processes. The ap-
plicability of IMC has been extensively proven in monitoring subtle thermal events
originating from processes such as mixing, chemical degradation, crystallization,
and other phase transformations (Gaisford 2005). The TAM enables calorimetric
experiments on various solid-state processes under controlled temperature and rela-
tive humidity (RH). The isothermal temperature is accurately maintained by a water
bath surrounding a sample vial while a hygrostat containing saturated aqueous salt
solution optionally placed along with a sample creates the designated RH at a set
temperature (O’Neill and Gaisford 2011). The RH of the sample headspace can be
continuously varied by passing the programmed composition of dry (0 %RH) and wet
nitrogen (100 %RH) through a mass flowmeter. This RH perfusion microcalorime-
try can probe various interactions through moisture-induced thermal activity traces
(MITAT; Lechuga-Ballesteros et al. 2003). When operated as isothermal solution mi-
crocalorimetry (SC) or isothermal titration microcalorimetry (ITC), IMC measures
solution or solution-mediated processes (Ehtezazi et al. 2000). The solid or liquid
analyte is sealed in a glass vial (and equilibrated in a specific liquid) which can be
broken to release the sample in the solution which results in the heat flow due to mix-
ing and/or dissolution in SC while during an ITC experiment the heat flow generated
from titration of continuously dispensed analyte in the liquid equilibrated inside the
calorimeter is measured (Blandamer et al. 1998). A heat-conduction IMC measures
heat flow (dq/ dt) from ongoing processes in a sample. The detected electrical power
(P) is the product of the voltage (U) generated by the temperature difference due
to a thermal process in the sample and a calibration constant (εC). Generally, the
exothermic process is represented by a positive signal and the endothermic event by
negative signal in a heat flow curve. The integration of the heat flow curve (power
data) over a particular time interval provides heat (q). Provided the total enthalpy of a
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process (Q) is known, the temporal calorimetric data generates a solid-state kinetics
in the form of a fraction converted (α = q/Q; Sousa et al. 2010).

In spite of superior sensitivity, various challenges associated with IMC, e.g.,
larger sample size (50–200 mg) and limited temperature range (10–80 ◦C) restrict
the types of experiments possible on amorphous samples. The thickness and sample
amount play vital role on the eventual onset of surface versus bulk induction kinetics
(Gaisford et al. 2009). The analysis time including the preceding equilibration is so
long that the initial data points for fast processes such as the induction of enthalpy
relaxation, nucleation/crystallization can escape detection. In contrary, ceaseless
heat flow originating from some of very slow processes might not return to the
baseline within the experimental period. Another main concern about IMC is the
nonspecificity of the recorded TAM signal as the outcome of the entire processes
taking place during the experimental period. This can hinder the data interpretation of
amorphous systems possessing temporally overlapping processes such as relaxation,
phase separation, and nucleation/crystal growth. For elevated static humidity or
RH perfusion microcalorimetry, the potential degradation of labile components or
moisture sorption/desorption/condensation signals can present further aberration in
the measured data (Buckton and Darcy 1999). The optimal experimental conditions
such as small sample size, temperature, gas flow rate, and RH ramp rate should be
maintained to obtain (quasi)equilibrium measuring environment and an acceptable
signal to noise ratio. Since thermal history of a sample cannot be erased prior to IMC
analysis, it is extremely crucial to have consistency of process history, formulation
conditions, and more importantly residual solvent of samples. At positive end, the
feasibility of “as is” sample analysis by IMC can have discriminative advantage
to detect the subtle structural change in ASD inherited from formulation and/or
manufacturing processes (Kawakami and Pikal, 2005). Some existing applications
of IMC relevant to amorphous pharmaceuticals are presented below.

14.3.1 Enthalpy Relaxation Studies on Amorphous
Pharmaceuticals by IMC

The quantitative application of IMC for the rate of enthalpy relaxation of a pure amor-
phousAPIs and excipients are explicitly documented but unfortunately few examples
are available hitherto for ASD (Caron et al. 2010). Exothermic heat flow is detected
in TAM below Tg as a consequence of relaxation. During IMC measurement, the
early data points are often excluded during data analysis to avoid noise resulting from
sample positioning (Kawakami and Pikal 2005). However, IMC records more tem-
poral data points during enthalpy relaxation and hence yields relaxation parameters
from a single run when compared to DSC. Thus, the power–time profiles obtained
in TAM can be directly treated with the power equations of relaxation models viz.,
KWW (Eq. 14.3) or MSE equation with respect to time. The derivative form of the
MSE equation can describe the experimental relaxation data measured by IMC more
consistent, especially those recorded at lower annealing temperature (Kawakami and
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Pikal 2005). The study of Bhugra et al. (2006) on diverse amorphous APIs revealed
that the relaxation time constants measured below Tg by IMC for indomethacin and
ketoconazole were notably shorter than those measured by mDSC. However, the
extrapolation of the data trends measured by both techniques conversed at Tg .

The IMC relaxation data for ASD are complex to understand as well. Alem et al.
(2010) investigated enthalpy relaxation of amorphous mixtures of sucrose–lactose
and sucrose–indomethacin. For the mixture components with comparable relaxation
times, physically meaningful relaxation parameters were obtained by modeling the
experimental data of binary mixtures with the derivative KWW and MSE expressions.
As the individual relaxation times differ markedly, the KWW relaxation parameters
lost the ability to confer a physical meaning while MSE parameters were still mean-
ingful. The relaxation time constants of nifedipine/PVP and phenobarbital/PVPASD
below Tgm using IMC data were significantly lower compared to those from mDSC
(Caron et al. 2010). Moreover, the lower crystallization onsets predicted by relax-
ation data from IMC than the experimental value for ASD was anticipated to stem
from the possibility of IMC measuring the α-process as well as some fast relaxation
irrelevant to crystallization and not measured by mDSC. Overall, β-value obtained
using IMC is found to be smaller than obtained using DSC data of amorphous API as
well of ASD (Bhugra et al. 2006; Caron et al. 2010). The reason for the same is still
controversial whether it is due to the higher portion of β-process measured by IMC or
owing to the different impact of time-dependent molecular mobility in the two tech-
niques. Chieng et al. (2013a, b) found that the relaxation times measured by IMC for
ASD of starch derivatives and disaccharides and/or polyols to be directly proportional
to one-third power of that derived from �Tgm methodology. Moisture-induced en-
thalpy relaxations are reported for amorphous sodium indomethacin sucrose, lactose,
raffinose, and PVP using RH perfusion IMC (Lechuga–Ballesteros et al. 2003). The
MITAT of amorphous spray-dried raffinose revealed an exotherm after a threshold RH
originated from α-relaxation triggered by moisture (Miller and Lechuga-Ballesteros
2006). This was tested by recording MITAT at different RH scanning rate and by
using samples with different thermal history. The relaxation exotherm expectedly
vanished after ex situ annealing prior to analysis. Data on Tg–RH (moisture content)
relation can assist the interpretation of MITAT.

14.3.2 Crystallization Kinetics of and Crystallinity
in Amorphous Systems by IMC

IMC has been ubiquitously utilized for studying the isothermal crystallization kinet-
ics of amorphous pharmaceuticals owing to the ultimate sensitivity of the technique
towards subtle heat flow (Gaisford 2012). Low quantification and detection limit of
the technique lead to enhanced crystallization enthalpy and therefore superior S/N
ratio as compared to DSC. Several studies report the inert environment in studying
crystallization kinetics or at static RH or scanning RH using RH perfusion calorimetry
(Yonemochi et al. 1999). Different modified kinetic models are fitted to temporal data
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on crystalline conversion to obtain crystallization parameters. For purely amorphous
material undergoing complete crystalline conversion, the enthalpy of the crystalliza-
tion exotherm from IMC equivalences the melting enthalpy obtained by subsequent
DSC analysis (Buckton and Darcy 1999). The ratio of crystallization enthalpy of a
partially crystalline sample to that of a completely amorphous reference provides the
crystallinity. There are always chances to miss earlier induction points for rapidly
crystallizing APIs especially in the absence of a crystallization inhibitor or while
measuring at elevated RH. Sousa et al. (2010) estimated the total heat of crystal-
lization by applying mathematical models on intermediate experimental IMC data
points and found that the methods correctly predicted the heat of crystallization, in
case of amorphous indomethacin. Thus, such models can enable the calculation of
the total heat for missing data points of a very fast or slow process. The IMC study
of Hédoux et al. (2009) on isothermal crystallization of amorphous cryomilled in-
domethacin exhibited an unusual broad exotherm with double peaks suggesting a
possible overlap of a surface and bulk process. Interestingly, Bhugra et al. (2008)
observed the early power curve essentially resembling the sub-Tg decay profile for
amorphous indomethacin measured at Tg + 20 ◦C that was followed by a significantly
longer nonzero baseline and a plateau before the crystallization exotherm. Since the
expected relaxation time at this temperature ranges in ms–μs, the authors attribute
the early decay to the decreasing nucleation rate triggered after the formation of sta-
ble nuclei population. The samples withdrawn from TAM before the exotherm and
inspected by microscopy revealed that it already contained indomethacin crystals
implying the lesser sensitivity of IMC for the crystallization induction. Crystalliza-
tion studied using IMC of amorphous nifedipine after intensive mixing with glass
beads showed markedly decrease of induction time in comparison to the untreated
sample, the reason being the trace crystallinity developed during the longer mixing
time (Song et al. 2005).

TAM signals recorded in humid condition must be interpreted cautiously. The
crystallization enthalpy of lactose measured under elevated RH was markedly lower
than the melting enthalpy by DSC (Hogan and Buckton 2001). Moisture triggers nu-
cleation/crystallization beyond a critical RH by enhancing molecular mobility, often
accompanied by desorption of water. The crystallization enthalpy obtained by IMC
here (the exothermic heat of crystallization minus endothermic heat of desorption)
would be lower than the melting enthalpy by DSC. The supply of the water of crys-
tallization in RH perfusion calorimetry facilitates the hydrate crystallization of some
materials that can restrain desorption. Crystallization enthalpy for the low mass of
spray-dried amorphous raffinose recorded in TAM was equivalent to that of melting
in DSC (Hogan and Buckton 2001). The sorption, evaporation, crystallization of
salt, and sample wetting can contribute data recorded using aqueous salt solution
hygrostat (Gaisford 2012). The additional plasticizer mixed with water is some-
times used to control headspace relative vapor pressure during TAM measurements.
Yonemochi et al. (1999) studied isothermal crystallization of different amorphous
ursodeoxycholic acid with the sample environment maintained using a varying ratio
of ethanol–water. None of samples crystallized upon exposure to only humid air
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Fig. 14.3 Power–time data observed for indomethacin– PVP ASD films at 25 ◦C (a) and 37 ◦C (b).
(Source: Gaisford et al. 2009, with permission from Elsevier)

while ground samples crystallized and quench-cooled samples did not crystallize in
presence of ethanol vapor.

Although crystallization studies from ASD using IMC is challenging, Latsch
et al. (2003, 2004) showed great potential of IMC in monitoring crystallization of
amorphous steroidal drugs from dilute multicomponent transdermal patches. Trans-
formation of amorphous estradiol dispersed in a matrix made up of acrylic polymer
and polyethylene glycol (PEG) to hemihydrate was monitored using IMC (Latsch
et al. 2004). Heat flow associated with drug crystallization expectedly increased
with increase in drug loading in the formulation and was detected for drug loading
even below 2 %w/w. In contrast to the case of amorphous indomethacin (Bhugra
et al. 2008), the induction of estradiol crystallization from polymeric patches was
detected quite earlier by IMC than by microscopy. Likewise, crystallization kinetics
from a low amount of amorphous norethindrone acetate dispersed in a transdermal
polymeric patch was studied using IMC (Latsch et al. 2003). The crystallization from
the patch containing 4 %w/w drug was detected more by IMC than by microscopy.
Crystallization from the patches with drug loading 4–10 %w/w was isokinetic while
the rate was markedly accelerated from 12 % drug content. Crystallization kinetics
from patches containing 2–14 %w/w mixtures of estradiol and norethindrone acetate
dispersed in acrylic polymer and a plasticizer were studied using IMC (Latsch et al.
2004). The crystallization rate was the highest from patches containing PEG as a plas-
ticizer. Gaisford et al. (2009) monitored the crystallization kinetics of indomethacin
from ASD prepared with different PVP at 25 and 37 ◦C using IMC. As shown in
Fig. 14.3, a crystallization exotherm was discernible at 25 ◦C while two adjoining
peaks appeared at 37 ◦C. Post-TAM microscopy revealed that indomethacin entirely
transformed into the stable γ -form at 25 ◦C while at 37 ◦C the early fraction (the
first peak) transformed into the α-form and the second exotherm is attributed to the
crystallization of the γ -form. No significant alteration in the overall crystallization
profiles was apparent among the ASD containing different PVP. Urbanovici–Segal
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Fig. 14.4 TAM thermograms recording crystallization AMG 517 from pure amorphous state at
80 ◦C/25 %RH (. . . ), from amorphous solid dispersions (ASD) with 50 %w/w hydroxypropyl
methyl cellulose-acetate succinate (HPMC-AS) (- – -) and from ASD with 18 %w/w HPMC-AS
(___). The region-I represents crystallization from drug-rich phase, region-II represents that from
miscible ASD portion and region-III represents the absence of crystallization signal due to the
amorphous fraction retained below solid solubility. (Adapted from Calahan et al. 2013)

models described experimental data better compared to the Avrami, Tobin model.
Calahan et al. (2013) investigated the crystallization behavior of AMG 517, an inves-
tigational drug, from its ASD prepared in hydroxypropyl methyl cellulose-acetate
succinate (HPMC-AS) using IMC at elevated temperature and RH. TAM thermo-
grams (Fig. 14.4) exhibited the bimodal crystallization forASD with higher drug load
which turn into unimodal with decreasing drug content. The first exotherm of ASD
overlapping the crystallization exotherm of the pure amorphous drug stems from the
crystallization of amorphous drug clusters present in supersaturated ASD. The sec-
ond exotherm originates from crystallization of drug from separated domains having
miscible drug composition above the solid solubility while the remaining amorphous
drug fraction is proposed to represent solid solubility of drug in the polymer.

IMC measurements under humid condition are also frequently used to quantify
crystallinity in samples (Gaisford 2012). IMC is suitable for quantifying trace amor-
phicity (< 1 %w/w) in bulk crystals while the quantification of the trace crystallinity
in bulkASD is relatively inferior (Giron et al. 1997). The heat flow data are converted
to initial amorphous content using the crystallization enthalpy or calibration curve.
The contribution of unwanted processes while using saturated salt solution hygrostat,
especially endothermic evaporation of water released during crystallization hinders
quantification in small samples (Gaisford 2012). The RH perfusion cell overcomes
many of these adverse effects. Addition of a drying (at 0 %RH) and a rewetting step
after the crystallization step during the measurement is shown to provide the cor-
rection data for the wetting signal (Gaisford 2012). These methodologies are only
valid in absence of all moisture-induced solid-state processes except crystallization,
which is rarely possible for ASD. SC is an alternative technique for quantification of
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amorphicity. The instantaneous heat flow signal from a solid in contact with a solvent
constitute the disruption of solute–solute interactions (endothermic), solvent–solvent
interactions (endothermic), and the solvent–solute interactions (exothermic; Van den
Mooter 2012). The solute–solute interaction such as lattice energy significantly pre-
vails in the crystalline substance over the amorphous from. Therefore, the dissolution
enthalpy can be endothermic for a crystalline and exothermic for an amorphous form
(Syll et al. 2012). Calibration curves in a suitable solvent can be used to quantify the
amorphicity. Chadha et al. (2013) utilized SC to discriminate the structural features
of amorphous hypoglycaemic agents prepared by different methods and to quantify
the amorphous content in the sample. However, this methodology can again be lim-
iting for ASD. The THF subsequent to the introduction of solid in a solvent will
originate from different strength of drug–solvent, drug–carrier, and carrier–solvent
interactions. Rather, this makes SC a useful technique to study the nature of inter-
action in binary systems and to estimate the heat of mixing between the dispersion
components (Casarino et al. 1996).

14.4 Powder X-ray Diffractometry (pXRD)
and X-ray Scattering

X-ray diffractometry (XRD) is a gold standard technique for studying crystalline
materials. Several properties associated with long-range three-dimensional (3D) peri-
odicity of crystals such as unit cell dimensions, lattice parameters, etc. are accessible
from XRD data. The single crystal XRD involves the measurements on a precisely
grown single crystal, with the incidence of X-rays on entire crystallographic planes
through continuous rotation thus detecting a series of spots resulting from construc-
tive interferences of the diffracted X-rays. The crystallographic interpretations of
pharmaceuticals are detailed elsewhere (Ochsenbein and Schenk 2006). Also, the
basic theories of X-ray diffraction and scattering are decipherable in several standard
text books and are beyond the scope of this chapter. Most samples, often present in
powder form, contain crystals of multiple orientations and the diffraction is detected
as continuous Debye rings eventually resulting in powder patterns. XRD analysis of
polycrystalline powders is called powder X-ray diffractometry (pXRD). Bragg’s law
of diffraction must be satisfied for the diffraction of incident X-ray onto a given crys-
tallographic lattice plane through a constructive interference of coherently scattered
waves that are “in-phase” in a certain direction (Eq. 14.7):

nλ = 2d sin θ (14.7)

where n, λ, d, and θ are an integer (diffraction order), the incident X-ray wavelength,
the spacing between a set of lattice planes, and the angle between the incident ray and
the diffraction planes, respectively. Since d is a structural constant, either λ or θ needs
to be varied to meet Bragg’s criterion by all lattice planes present in a crystal. Most
laboratory XRD measurements are carried out using a monochromatic X-ray source
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by continuously increasing θ until the entire coverage of d and thus Bragg condition
is met once at a time for each plane. The common sources with Cu and Mo produce X-
rays with the wavelength of 1.5418 and 0.71073 Å, respectively. Another alternative
is Laue diffraction wherein incidence of X-rays containing a range of wavelengths
at fixed θ allows Bragg condition simultaneously for many planes as recorded by
synchrotron X-ray source. High flux of X-rays from synchrotron source generates the
supreme data quality, although the accessibility is limited and expensive. Common
pXRD configurations are reflection and transmission mode. The Bragg–Brentano
θ–2θ setup is the classical reflection geometry and the Debye–Scherrer geometry is
a transmission setup. Transmission mode is suitable for low absorption samples and
liquids, suspensions, etc. (in capillary sample holder).

The signals at a particular scattering vector, Q ( = 4π sin θ/λ), represent the spatial
density fluctuations in real space. Diffractometer configurations are common cover-
ing different ranges of scattering angle viz., > 10◦ for wide angle X-ray scattering
(WAXS) capturing structural information of < 1 nm, 0.1–10◦ for small-angle X-ray
scattering (SAXS) and 0.001–0.3◦ for ultrasmall-angle X-ray scattering (USAXS;
Dong and Boyd 2011). SAXS/USAXS are suitable for the analysis of liquid crys-
tals, mesophases, macromolecules, dispersions, molecular self-assemblies, pores,
colloidal structures, etc. ( < 1–200 nm). The scattering measured in the Guinier’s
region by USAXS yields the radius of gyration of macromolecules. Simultaneous
SAXS/WAXS instrument facilities provide in situ monitoring of ms scale phase
transitions. Instruments measuring simultaneous SAXS/WAXS and DSC also exists
(Pili et al. 2010). Some instrumental configuration selectively measures the sur-
face scattering at the defined surface depth of the sample, e.g., grazing incidence
measurements (Koch and Bras 2008).

A powder diffractogram is thus a plot of the diffraction intensity against 2θ or Q.
The peak related to a particular space group is designated as a Bragg peak and is the
signature of the crystalline material. The peak positions are related to the metrics of
unit cell (d-spacing and other lattice parameters) and thus useful for qualitative phase
analysis. The intensity and area under the Bragg peak are quantitatively associated
with crystal structure (atomic positions, occupancy, etc.) while peak width to the
crystal defects (strain, disorders) and size of discrete domain of crystallites. The
Scherrer equation expresses the volume averaged thickness normal to the reflecting
plane of crystallites with uniform size and shape as the reciprocal of full width at
half height of the Bragg peak in radians (Patterson 1939). Background signals from
the sample, holder, air, etc. and instrument-related broadness from polarization and
optical shadow factors should be identified and removed (Bates 2011).

An amorphous material exhibits translational, orientational, and/or conforma-
tional periodicity only at short range (Bates et al. 2006). The pXRD pattern of an
isotropic amorphous material appears as a continuous halo without distinct Bragg
peaks. A partially crystalline material exhibits the Bragg peaks superimposed over
the amorphous halo. The X-ray amorphous pattern portrays the mean response of the
average local order of an ensemble of short-range orders each constituting local en-
ergy minima and contributing the coherent X-ray diffraction (Bates 2011). Alteration
of local structure during Tg hardly respond in pXRD recorded with laboratory X-ray
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source. Sometimes, the demarcation of short-range order and disorder is ambiguous,
the end-ordered dimension (e.g., nanocrystallites) being the persistence of the unit
cell characteristics. The domain size depends upon molecular size and the distance
between the neighbors. The periodicity limited up to five basic units of atoms or
molecules or unit cells in a sample leads to X-ray amorphous pattern which can
be liquids, glasses, mesophases, nanocrystals (Bates et al. 2006). Each amorphous
system exhibits unique peak maxima profiles of a halo and the area ratio of different
halos, even unique to the preparation methods. Remarkable different pXRD halos
of amorphous indomethacin prepared by melt quenching and by cryo-grinding has
been reported (Karmwar et al. 2012). Although mechanistically unclear, the mul-
tiple glassy states of the same system with altered configurational entropies and
microstructures correspond to different kinetic modifications. There are existing de-
bates on such altered microstructures on amorphous states relating to polymorphism
(Hancock et al. 2002). Water exists in at least three different X-ray amorphous forms
differing in density and short-range H-bonding pattern (Winkel et al. 2009). Below
some cases of the pXRD analysis of local structures, miscibility and crystallinity of
amorphous pharmaceuticals are presented.

14.4.1 Local Structure of Amorphous Pharmaceuticals
Using Total X-ray Scattering

The total scattering data refer to the collection of all coherent scattering measured
over the entire Q-space treating Bragg and diffuse scattering with equivalent gravity
(Billinge et al. 2010). It is the plot of total scattering structural function S(Q), intensity
normalized by incident flux per atom, versus Q. The X-ray counts divided by the
scattering cross section of the sample yields the square of the atomic form factor,
f (Q)2. The weaker signals at higher Q get amplified with the small value of f (Q) at
higher Q eventually providing information even of the weaker signal. S(Q) depends
upon the magnitude of Q rather than on the direction for isotropic materials and is
the sum of intra- and intermolecular scattering (Benmore et al. 2013). The pXRD
data recorded in a shallow sample holder with low background or a capillary holder
with larger step size and longer counting time are preferred.

Fourier transformation of S(Q) profiles generates a real-space function G(r) called
the atomic pairwise distribution function (PDF) and is popular for the analysis of to-
tal scattering data (Billinge 2008, Farrow and Billinge 2009). The PDF profile (G(r)
vs. r) presents the probability of finding an atom at a distance r from any reference
atom and the product of peak area and distance relates to the number of the particular
atomic pairs distributed in real space. While low-r peaks (< 2.5 Å) correspond to
intramolecular distances, the high-r signals to the overlap of intermolecular packing
and thus sensitive to the short-range structures (Benmore et al. 2013). Radially av-
eraged 3D structural information obtained from the PDF traces of pXRD data can
serve as interatomic fingerprint. Radial distribution function and differential PDF
provide further details of local order such as atomic coordination number, i.e., the
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number of neighboring atoms for a reference atom at distance r (Benmore et al.
2013, Farrow and Billinge 2009). Limiting r-region to 20 Å of amorphous phar-
maceuticals avoids fitting artifacts (Newman et al. 2008). The PDF amplitude of
amorphous materials falls rapidly along r compared to crystals and the r leasing to
the virtual loss of G(r) oscillation yields the size of coherent domains (Atassi et al.
2010). Benmore et al. (2013) characterized amorphousAPIs using synchrotron X-ray
diffraction and spallation neutron diffraction. Structural information was lost after
5 Å of both glassy and crystalline carbamazepine. Miconazole nitrate and clotrima-
zole consist of the altered structural motifs in amorphous states from the respective
crystals while amorphous cinnarizine retains the crystalline conformational residue.
The PDF traces suggested the weaker memory of γ -form present in the amorphous
indomethacin prepared from both αand γ forms (Bates et al. 2006). Multivariate
analysis (MVA)-PDF can efficiently assess the degree and the nature of disorder
during milling, storage time/temperature-mediated crystallization of milled amor-
phous material (Bøtker et al. 2011; Naelapää et al. 2012; Boetker et al. 2012). The
rapid acquisition PDF using synchrotron radiation of Ca-ketoprofen uniquely dis-
criminated amorphous and mesomorphous structures of the crystalline phase (Atassi
et al. 2010). Total diffraction data of a drug candidate, GNE068, were used for the
in-depth investigation of the disordered mesophase (Chakravarty et al. 2013).

One hurdle associated with meaningful PDF analysis is the need of the broad
Q range. Evidently, liming the range of Q causes poor resolution and thus remark-
able loss of structural information. Indeed, a synchrotron source is preferable to
generate total scattering data with the highest resolution consisting of minimal sta-
tistical uncertainties. The PDF data with Qmax < 18 Å−1 constitute all structural
features for pharmaceuticals (Atassi et al. 2010). Dykhne et al. (2011) found that the
PDF fingerprint of amorphous carbamazepine is unambiguously correlated with that
of crystalline form when recorded using synchrotron radiation (Qmax = 20 Å−1),
silver-anode (Qmax = 15.9 Å−1) or molybdenum-anode (Qmax = 12.5 Å−1) while
statistically poor and suboptimal resolution was obtained with Cu-anode (Qmax ≤ 8
Å−1). The PDF of melt-quenched carbamazepine collected using a synchrotron
source by Billinge et al. (2010) revealed the same to be nanocrystallites instead
of being amorphous. PDF analysis of synchrotron data of amorphous indomethacin
showed poor correlation with both crystal (Billinge 2008) that was apparent using a
Cu source (Bates et al. 2006). Overall, discriminatory PDF analysis requires at least
the data collected using a molybdenum source.

14.4.2 Molecular Miscibility in ASD Using pXRD
and Computational Analysis

Traditional pXRD analysis ascertains amorphicity through the absence of Bragg
peaks. As such, X-ray halo patterns of amorphous composites lack direct information
on the miscibility compared to thermal methods. Various computational, chemomet-
ric, and statistical analysis treatments of the measured pXRD infer the qualitative and
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semiquantitative information on miscibility in ASD (Ivanisevic 2010). Figure 14.5
depicts the general approaches for the miscibility assessment.

Since an amorphous physical mixture can be considered as the representation of
the immiscible state, the pXRD of ASD overlaying a physical mixture implies amor-
phous immiscibility and any mismatch indicates miscibility. However, the miscibility
inferred from this comparison is susceptible to the physical mixture preparation and
many other factors. Provided the availability of reproducible X-ray amorphous halo
of pure drug and polymer, it is convenient to generate pXRD pattern by linearly
combining the weighted powder patterns of individual components (Fig. 14.5I). This
digital pXRD pattern serves as the data for virtual physical mixture (Bates 2011).
The change in local drug–drug and polymer–polymer coordination occurs in misci-
ble ASD. Measurement under inert environment and low background improve the
data quality for modeling (Newman et al. 2008; Ivanisevic et al. 2009). Since proper
normalization of pXRD data is necessary before generating the digital pXRD, the
type of normalization scheme can also affect ultimate results (Newman et al. 2008).

Likewise, the dissimilarity between calculated PDF traces from pure components
and PDF trace of ASD qualitatively infer the miscibility. PDF transformation auto-
normalize data in an absolute scale of electron units amplifying subtle differences
that enables robust fitting. If the ratio of the scale factors conversing the simulated
PDF pattern to the measured PDF of ASD results the theoretical drug/polymer ratio,
the ASD is phase separated, otherwise miscible. Newman et al. (2008) contrasted the
total percentage from composition calculated using PDF against the real composition
for ASD of dextran–PVP, indomethacin–PVP, and trehalose–dextran dispersions.
In agreement with Tg’s of dextran and PVP exhibited by the DSC thermograms
of ASD, the theoretical blend compositions could be correctly modeled by PDF.
Higher deviation of PDF-derived total percentage from the true value is noticeable
for the single Tgm indomethacin–PVP systems. However, the PDF data evidenced
phase separation in dextran–trehalose ASD despite a single Tgm. Thus, PDF analysis
detects phase separation in ASD with multiple Tgm as well as in the single Tgm

system. Since PDF analysis experiences higher random errors compared to direct
pXRD pattern analysis, statistical significance of the differences should be confirmed.
Moore et al. (2010) utilized the error propagation in PDF analysis of miscibility.
The sum of squares of the errors of the individual curves estimates the error in the
difference between the measured and the digital PDF of ASD (�G(r) residuals). The
statistical significance of the immiscibility/miscibility can be established through
hypothesis testing. The inclusion of zero by the plot of ± 3σ interval around the
residual plot throughout the r-range ensures the acceptable condition for inferring
the immiscibility, e.g., terfenadine–PVP (Fig. 14.5III). While the exclusion of zero
by the ± 3σ difference plot intervals indicates statistically significant dissimilarities
between experimental PDF of ASD and the physical mixture indicating miscibility,
e.g., felodipine–PVPVA 64 ASD.

Ivanisevic et al. (2009) applied pure curve resolution method (PCRM) and al-
ternative least square (ALS) method to pXRD data of ASD for miscibility studies.
The PCRM-based approach follows the analysis of the variance among the mea-
sured intensity points of pXRD patterns of ASD with varying drug loadings thus
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eventually allowing the extraction of pure curves (PCs), i.e., pXRD patterns of the
constituting components (Fig. 14.5II). The variance of the measured powder pat-
terns is describable by two extracted PCs representative of API and excipient for
phase-separated systems representing the weighted drug–drug and polymer–polymer
intermolecular interactions as per blend composition. The miscibility is diagnosed by
the poor fit of extracted PCs with the measured powder patterns of pure components
as drug–polymer coordination additionally contributes the orthogonal PCs ofAPI and
polymer (Fig. 14.5II, left panel). Additional component or the shift of the amorphous
halo position(s) on the order ≥ 1◦2θ in extracted PCs can even indirectly indicate mis-
cibility. The ratio of scale factors of PCs corresponds to the blend phase-separated
composition. ALS approach can estimate the drug–polymer coordination number
representing the degree of miscibility as the drug–polymer coordination substitutes
the drug–drug and polymer–polymer coordination as a function of composition.

The homogeneity in ASD can be investigated within the range of 1–100 nm us-
ing SAXS (Laitinen 2009). The intensity and angular distribution of the scattered
intensity in SAXS patterns can yield the size or surface area per unit volume of a
constituting domain. Apart from the atomic structure, the electronic density varia-
tions of amorphous composites stem from the heterogeneity of the microstructure.
Laitinen et al. (2009) studied the distribution of perphenazine in its ASD with PVP
and PEG. The pair density distribution profiles as a function of cluster radius were
extracted from SAXS data. The ASD exhibited a peak with maxima < 30 nm along
with a minor peak at 70–90 nm, as for pure polymers. This was considered as the
sign of molecular level dispersion formation. A subsequent SAXS study of the ef-
fect of storage at elevated humidity showed unaltered size of clusters pointing to the
retention of molecular miscibility (Laitinen et al. 2010).

14.4.3 Crystallization Studies and Crystallinity of Amorphous
Systems Using pXRD

The inherent specificity and quantitative power towards the crystalline state make
pXRD as the technique of choice for studying crystallization from amorphous sys-
tems (Ochsenbein and Schenk 2006). Also, the instrumental flexibility allows in
situ monitoring of crystallization as function of time, temperature, pressure, RH,
or combinations. An API can crystallize to different polymorphs from ASD (Guns
et al. 2011). The reference powder pattern enables the identification/quantification of
the polymorphs developing in ASD (Ivanisevic et al. 2010). Preferred orientation of
crystalline faces is a major source of error. Generally, analysis in transmission mode
reduces the preferred orientation and avoid other instrumentally induced distortions
and anisotropic shifts (Moore et al. 2009).

Quantification of the degree of crystallinity present initially, induced during stor-
age or processing in amorphous pharmaceuticals by pXRD is well established. The
powder pattern of a partially crystalline dispersion includes Bragg peaks associated
with the prominent crystal faces superimposed to the amorphous halo. The intensity
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and area of Bragg peaks systematically increase with increases in crystallinity and
in expense of the amorphous halo. An indirect quantitative method for crystallinity
utilizes the ratio of intensity of Bragg peaks of the sample to that of the (inter-
nal/external) reference standard. Since the predominant amorphous fraction largely
contribute to the diffraction pattern of ASD, an indirect method presents a major
analytical challenge. The ratio of net areas of all Bragg peaks to the sum of areas
of Bragg peaks and of the corresponding amorphous halos beneath at the respective
2θ obtained from the normalized pattern directly yield the degree of crystallinity in
a sample (Paudel et al. 2013; Rumondor and Taylor 2010; and Zidan et al. 2012).
This is a common method for solid dispersions and works well unless the powder
pattern comprises many overlapping peaks. Constructing calibration curves of par-
tially crystalline dispersion is tedious for this approach since it is hard to generate the
calibrants with identical microstructures as that of the analyte. Preferably, calibrants
must contain ASD mixed with the known quantity of crystalline API. Modern pXRD
software allows integrating the area under a particular Bragg peak and amorphous
halo below it separately. Rumondor and Taylor (2010) found for felodipine–PVP sys-
tem that the predicted crystallinity by partial least-squares (PLS) method exhibited
less error compared to the area ratio method. The use of intensity ratio of a peak or a
subset of characteristic peaks is also ubiquitous in quantifying crystallinity in ASD
(Paudel and Van den Mooter 2012; Paudel et al. 2013). It requires all measurements
under identical conditions and no peak broadening due to lattice strain or particle
size and the use of an internal standard. If an ample region in pXRD pattern lacks
Bragg peaks, the diffraction intensities of the noncrystalline regions representing the
short-range order can be used to estimate the amorphicity (Ivanisevic et al. 2010).
The difference in X-ray absorption coefficients of API and polymer should be duly
considered before the quantitative analysis by such approach (Madsen et al. 2011).

More challenging is to quantify trace (nano) crystallinity in ASD. The Scherrer
broadening due to the small and imperfect crystallites present in a low volume fraction
can possibly bring the diffracted Bragg intensity down to that of the diffuse halo of
an amorphous fraction (Koch and Bras 2008). These scenarios can lead to the false
impression of complete amorphicity. Total scattering pattern enables quantification
of trace crystallinity, since the scattering vector (Q) is proportional to the crystalline
fraction (Liu et al. 2012). Benmore et al. 2013 quantified the trace crystallinity in
various amorphous APIs by comparing the Bragg scattering intensity to the diffuse
scattering intensity measured using synchrotron X-ray source. The intensities of the
halo of various ASDs are shown to alter with aging as for PVP-based dispersions of
nifedipine, felodipine, indomethacin, etc. (Ivanisevic 2010).

Temporal pXRD measurements enable monitoring in situ isothermal crystal-
lization kinetics from ASD (Ivanisevic et al. 2010). Relative crystallinity is often
estimated using the area ratio method at different time periods. The crystallinity
degree at each time point is normalized with that at the point where crystallization
reaches a maximum and is stationary. The extents of crystallization can be plotted
as a function of time and modeled using diverse models of crystallization. Since the
fractals and particulate properties of growing virgin crystals are difficult to predict,
only relative crystallinity can be estimated with such experiments and is sufficient for
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comparison of kinetics. Also, long pXRD-recording programs may enhance crystal-
lization rate by X-ray energy leading to the overestimation of the rate as reported for
APIs like nifedipine (Ivanisevic 2010). Paudel et al. (2013) monitored the kinetics of
crystallization of naproxen at 94 %RH from naproxen–PVP ASD prepared by spray
drying at various process parameters.

14.5 Gravimetric Vapor Sorption (GVS)

The moisture–solid interaction is an inevitable aspect of pharmaceutical develop-
ment. Elucidation of moisture-induced physical alterations in amorphous pharma-
ceuticals is crucial, especially for ASD. Gravimetric measurement on the rate and
extent of moisture gain (sorption) by or loss (desorption) from amorphous samples
as a function of RH or as a function of time at a constant RH (isohumic condi-
tion) can provide a wealth of information of ASD. The key structural properties of
ASD measureable by moisture sorption/desorption are drug–polymer interactions,
moisture-induced glass transition, crystallization, hydrate formation/dehydration,
etc. while that associated with particulate or bulk properties are hygroscopicity,
diffusivity, pore size, surface area, etc. (Burnett et al. 2009).

The traditional way of installing the desired RH is by using a saturated aqueous so-
lution of a particular salt or salt mixture (Greenspan 1977). Commercial instruments
are now available, which can measure gravimetric moisture sorption and desorp-
tion while applying an RH ramp or at the selected humidity, known as dynamic or
gravimetric vapor sorption analyzers (DVS or GVS; Penner 2013). Thus, moisture
sorption/desorption isotherms can be expressed as a function of RH or time. The sorp-
tion isotherms may appear in various shapes for different types of samples and several
theoretical models exist for describing different types of sorption isotherms, which
is beyond the scope of our current discussion. The interested readers are referred to
the standard books for the details (Reutzel-Edens and Newman 2006). In addition,
moisture diffusivity in an amorphous solid matrix is an extremely complex process,
which depends upon the hygroscopicity, texture, microstructure, porosity, surface
chemistry and particle size, morphology, moisture-induced structural relaxation and
phase transformations as well as the extent of water content. Different models have
been proposed to account these phenomena, but none can provide complete account
of all underlying processes (Perdana et al. 2014).

An interesting use of GVS, for amorphous dispersions, is detection and quantifi-
cation of crystallinity. Due to higher hygroscopicity of hydrophilic polymers and
amorphous API of ASD, the exposure of a sample to elevated humidity environment
triggers the sorption of water molecules by polar/hydrophilic functional groups at
the air–solid interface. The α-relaxation time of amorphous material often correlates
with its water sorption potential (Bhardwaj and Suryanarayanan 2013). The gravi-
metric vapor sorption (GVS)–desorption led to the dissimilar structurally reversal of
annealed amorphous trehalose when compared to that obtained by heating beyond
Tg (Saxena et al. 2013). The sorbed water molecules (Tg = −137 ◦C) increases
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the molecular mobility and plasticize ASD (Rumondor et al. 2009). The extent of
depression of Tg due to moisture sorption depends upon the water—sample inter-
molecular interactions (Yuan et al. 2011; Crowley and Zografi 2002; Roos 1995). The
moisture-induced glass-to-rubber transition drastically increases sample fluidity af-
ter a certain RH. With sufficient moisture sorption and time, the increase in molecular
mobility facilitates the energy barrier and hence induces nucleation/crystallization.
Crystallization of an amorphous phase sharply reduces the tendency of moisture
sorption and this might be apparent from the change in the slope of the sorption
isotherm from the particular RH (Hancock and Dalton 1999; Roe and Labuza 2005).
The moisture-induced nucleation and crystal growth manifest drastic reduction in
surface area (voids/spaces) and surface free energy of the sample. This appears as a
sharp drop in the moisture sorption profile originating from the loss of excess water
during crystallization. The plots of extent of mass loss as a function of time yield
the crystallization kinetics profile at particular RH. Temperature also imparts the
synergistic effect on the induction point (RH or time) of crystallization. The ratio of
moisture induced reduced Tg to the onset of crystallization for amorphous lamotrigine
mesylate was fairly constant over a wide range of RH and temperature combination
(Schmitt et al. 1996). Interestingly, the logarithm of onset of crystallization time
below Tgm (dry) was linearly related to the ratio of reduced Tgm to the experimental
temperature (corresponding to the combination of RH/T) for ASD of the drug can-
didate SAR and HPMC phthalate (Greco et al. 2012). Yang et al. (2010) reported the
linear relationship between the crystallization constant and RH for efavirenz–PVP
ASD. Various methods have been reported for the quantification of amorphous con-
tent below 1 % using GVS that are based on the inherently higher hygroscopicity
of amorphous phases compared to crystalline counterparts (Young et al. 2007). The
extent of equilibrium moisture sorption at a particular RH for calibrants with known
amorphicity enables the quantification. However, the possible contribution of var-
ious accompanying phenomena, such as moisture-induced phase separation, limits
the quantitative application of GVS at higher amorphous content. Another hurdle
in using GVS analysis for the precise quantification of crystallinity of an API in
pure form or in ASD would be for the system wherein the incomplete crystallization
occurs even by the end of the DVS cycle, which indeed implies the reliance on the
complementary confirmation data post DVS analysis (Qi et al. 2010a, b).

Gravimetric moisture sorption data at a particular RH provide an estimate of
the strength of binary intermolecular interactions among drug, polymer, and water
molecules and hence the extent of moisture-induced destabilization possible in ASD
(Crowley and Zografi 2002; Paudel et al. 2010). By applying Flory–Huggins–Vrentas
expressions for drug–polymer–water systems, drug–polymer interaction parameters
have been derived from the moisture sorption data of physical mixtures or ASD
of many drug–polymer systems (Paudel et al. 2010; Rumondor et al. 2009). The
non-covalent interactions such as H-bonding established by hydrophobic drug with
the hydrophilic moiety of the hygroscopic polymer in ASD lead to the reduction of
moisture sorption by the polymer in ASD compared to the pure state, the process



14 Structural Characterization of Amorphous Solid Dispersions 449

sometimes known as hydrophobization. Therefore, stronger drug–polymer interac-
tions makes the polymer more hydrophobized and hence leads to the larger negative
deviation of moisture uptake by ASD as compared to the linear addition of weighted
values for drug and polymer. The PVP/VA 64-Eudragit ASD markedly retarded ex-
tent and rate of water sorption compared to the corresponding physical mixture (Yang
et al. 2013). The same polymer blend loaded with 10 % felodipine prepared by melt
extrusion showed drastic improvement on the moisture protection for the amorphous
system. With some geometric assumption, van Drooge et al. 2006 utilized a model
to estimate the size of amorphous diazepam clusters dispersed in phase-separated
PVP-based ASD using moisture sorption data. The thickness of the hydrophobized
layer and volume of hydrophobized PVP were estimated assuming that the drug dis-
persed at molecular level reduces the hygroscopicity more than clusters having less
drug–PVP contacts. The estimated size of amorphous drug clusters increased from
9.6 (265 molecules) to 20.8 nm (2674 molecules) while increasing the API content
from 35 to 65 % in phase-separated ASD.

14.6 Other Techniques

Besides thermal, diffractometric, and moisture sorption techniques, there are am-
ple other techniques, as aforementioned, that are commonplace for the analysis of
the various structural features of ASD. Table 14.1 lists various techniques and brief
descriptions for their measuring principles relevant to ASD. The details of working
principle and various other applications of these techniques are available elsewhere.
Some representative and relevant references are also included in Table 14.1. Ta-
bles 14.2–14.8 portray the structural characteristics measurable by various these
techniques and also possible hurdles and interferences.

14.7 Regulatory Perspective of ASD Analysis

Chemistry, manufacturing and control ofAPI, and dosage forms are strictly regulated
by United States Food and Drug Administration (FDA; USFDA 2012). The current
regulatory initiation towards the risk-based quality by design (QbD) approach en-
courages the implementation of a range of analytical tools varying in the depth of
information, operational cost and time during different developmental stages and
product life cycle (ICHQ8(R2) 2009). Many regulatory challenges thus apply on the
analytical techniques characterizing and controlling the key quality attributes of these
products. The inevitable qualities in any finished dosage form are the intended level
of pharmaceutical performance and physical/chemical stability. Various molecular
properties of intermediate and final product such as phase homogeneity, molecular
mobility, miscibility, hygroscopicity, crystallinity, surface chemistry, etc. can prin-
cipally govern the quality attributes of ASD-based products (in vitro dissolution,
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in vivo behavior, and physical stability). Thus, characterization and monitoring of
these physical attributes during preformulation, manufacturing, product release, and
stability studies enable the priori control on the ASD-based product quality ensuring
the patients need and the expectations of regulatory agencies. This requires various
analytical techniques that interface among physical chemistry, materials science,
surface chemistry, etc.

Preformulation studies furnish the physicochemical data including relevant solid-
state properties (amorphous stability, crystallization kinetics, hygroscopicity, etc.)
of a drug candidate intended for ASD development (biopharmaceutics classifica-
tion system (BCS) II/IV) during preclinical stage. Early screening for polymer(s),
(optional) surfactant selection and drug loading includes high-throughput solvent
casting or melt quenching with a series of compositions (Paudel et al. 2012). At
this stage, rapid and in situ analysis by polarized light microscopy and vibrational
spectroscopic probes (IR, Raman) enable identification of the crystallizing systems
and compositions. Furthermore, DSC analysis will assist for miscibility studies and
composition-phase analysis. In sample, micro-dissolution follows the solid-state
analysis that evaluates the stability of aqueous supersaturation generated by ASD
(Wyttenbach et al. 2013). Again, spectroscopic probe or microscopy can monitor
the physical manifestation, especially nucleation/crystallization or phase separation
while in contact with the aqueous medium. Accelerated stability studies under the
elevated RH/temperature can be studied in situ using pXRD or spectroscopy. These
preclinical formulation prototyping supported by promising animal exposure data
assist the nomination of first-in-human ASD and together constitute the data for
investigational new drug submission.

More detailed product characterization increasingly stipulates sophisticated ana-
lytical tools while the clinical studies on drug candidate progresses. The physic-
ochemistry of drug candidate and excipient(s) of the elected formulation and
characterization data obtained during preclinical stage will guide the manufactur-
ing feasibility studies at the laboratory scale and process selection for intermediate
ASD during phase I studies. Implementation of various non-destructive spectro-
scopic process analytical technology (PAT) probes such as Fourier transform infrared
spectroscopy (FTIR), Raman, near-infrared spectroscopy (NIR), or terahertz (THz)
fiber optics at multiple locations of processing equipment will provide real-time
monitoring of amorphization and evolution of desired physical properties such as
compositional homogeneity or stabilizing interactions in the resulting ASD. This
in-process supervisory control of product quality attributes will ensure running of
the process within the design space. Such PAT tools have been successfully applied
to some ASD manufacturing by hot melt extrusion (Saerens et al. 2013a, b). Analyt-
ical tools highly sensitive to the minute alteration in product physical structure can
only discriminate the process parameters effect on physical attributes of ASD rele-
vant to the performance and physical stability. Comprehensive studies on solid-state
solubility and kinetic miscibility of the selected drug–polymer combination require
mDSC experiments and spectroscopic studies. Thermoanalytical data can be mod-
eled using suitable theoretical models to extract physical stability descriptors such
as heteromolecular interaction parameters. Furthermore, vibrational spectroscopy
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such as FTIR, NIR, Raman, and THz will help in identifying different stabilizing
intermolecular interactions such as H-bonding. Often, these techniques can be insen-
sitive to the subtle process-related microstructural variations. Therefore, use of total
scattering (PDF) pXRD and SS-NMR spectroscopy/relaxometry is encouraged at
this stage for the estimation of miscibility at molecular level. AFM-based techniques
implemented to characterize molecular miscibility and stability of melt-quenched
films has shown promising correlation to that obtained in the dispersion prepared by
hot melt extrusion (Lauer et al. 2013). SS-NMR or sensitive pXRD measurements
can verify various features such as the extent of molecular interaction, crystallinity,
domain size, etc. achievable by faster techniques such as NIR, Raman. Detailed
elucidation of various kinetic processes concomitantly occurring during bio-relevant
in vitro drug dissolution such as nucleation/crystallization, plasticization, polymer
swelling, aggregation, etc. can facilitate more rational correlation with in vivo human
pharmacokinetic data. Various spectroscopy probes (IR, Raman, THz), microspec-
troscopic imaging (NIR, Raman, MRI, etc.), microscopy to scattering techniques
(SAXS and SANS) can provide different level of information in such investigations.

Rigorous dosage from development and manufacturing activities commencing
parallel to the phase II clinical studies further commend stronger analytical support.
DVS moisture sorption/desorption analysis, surface analysis using time-of-flight
secondary ion mass spectroscopy (TOF-SIMS), X-ray photoelectron spectroscopy
(XPS), IGC, or localized thermal analysis will help in the process-related effect on
the surface versus bulk microstructure of ASD that can be relevant to physical and
chemical stability. Comprehensive elucidation of primary and various secondary
molecular motions using DES, thermally stimulated discharge current (TSDC), or
SS-NMR can help in predicting the physical stability against crystallization. The pro-
jected stability under stressed condition can be experimentally verified. Advanced
multidimensional SS-NMR spectroscopy/relaxometry will provide the superior dy-
namic and structural information of ASD product that can be correlated with the
process as well as performance. The intended products of most ASD are solid oral
dosage forms such as tablets and capsules. This necessitates various particulate level
characterizations (powder flow, micromeritics, etc.) as well as compatibility studies
of API in ASD in presence of the intended adjuvants such as fillers, binders, lubri-
cants, etc. With the further dilution of drug in the finished product, the analytical tool
needs to more sensitive. The use of localized tests with spatiochemical specificity
such as microspectroscopic imaging (NIR, Raman) and micro/nano-thermal analy-
sis can be more helpful in elucidating content as well as phase distribution. Further,
sound understanding on the effect of downstream processing such as granulation,
compaction, coating, etc. on the product microstructure require surface sensitive
and discriminatory techniques. Compression can also lead to molecular demixing in
some systems (Ayenew et al. 2012). Dynamic TOF-SIMS revealed the orientation of
pyrrolidone group of PVP towards the surface during compression to develop tablets
containing PVP-basedASD (Leane et al. 2013). Coating-induced trace crystallization
was detected by pXRD.

The commercial drug product manufacturing process with real-time monitoring
is established by phase III clinical stage, since the intended commercial formulation
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is preferably used for these studies. Therefore, robust PAT tools and well-validated
multivariate chemometric models need the finalization to set the mechanistic QbD
framework of process monitoring in relation to the product specification (real-time
release and stability). Solid-state chemical and physical stability are integral parts
of the pre-approval accelerated and long-term stability reports for new drug appli-
cation filing. Sensitivity of solid-state techniques should be adequate to precisely
identify any alteration of physical structure (mobility, miscibility, crystallinity, etc.)
in finished product in comparison to the previously characterized intermediate ASD.
Based on the nature of the product and behavior in the stability environment, mDSC
and/or pXRD and vibrational-spectroscopy-based methods can be established as
stability monitoring methods. This becomes often challenging as API in ASD-based
final product is further diluted. The analytical capabilities of these standard tech-
niques can be inadequate in case of consolidated finished dosage tablets containing
ASD equivalent to API content < 1 %. The limit of detection and quantitation of
chemometric NIR method for crystallinity spiked in indomethacin–PVP/VA ASD
was recently found the lowest compared to pXRD and Raman methods in tablets
with total drug content below 0.5 % (Palermo et al. 2012a, b). This forecasts a great
utility of NIR method for online stability monitoring in ASD-based tablets of potent
medications. The microstructures of amorphous films in coated tablets can signif-
icantly alter during storage that can impact the drug release profile which can be
monitored using PALS. In general, regulators seek more characterization data on
finished products than on the intermediate ASD and they also make more sense in
correlating quality attributes of the finished products with its stability and in vivo
data. Unfortunately, there seems to be very few scientific contributions on character-
ization of ASD-based finished dosage form with a great detail in comparison to the
intermediate ASD.

The post-approval life cycle management of ASD-based products can become
more challenging compared to ordinary crystalline formulation. Any alteration in
physical structure of the product related to technology transfer and scale-up should
fall under the scientifically characterized design space and should clearly reflect in
the analytical data generated. The FDA recalls of nearly 100 solid oral dosages of
small molecularAPI in past 2 years due to the physical defect or instability implied to
criticality of product stability control (Recalls 2011–2013). The major specifications
of current regulations are towards the chemical stability and degradations in the
drug substances and product while limited guidance exists on the physical attributes.
Moreover, predictability of physical stability of ASD-based products in ambient
condition (shelf life) by routine accelerated stability testing is quantitatively poor and
challenging. Therefore, different line extension products of ASD systems may need
analytical data, specific to the particular products, to file the abbreviated applications.

A schematic overview of various structural characterization tools implementable
at different stages of ASD-based product development is provided in Fig. 14.6.
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Fig. 14.6 Schematic presentation of utilization of various structural characterization tools imple-
mentable at different stages of ASD-based product development

The remaining techniques are summarized in Tables 14.1–14.9 at the end of the
chapter.
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Table 14.1 Description of various analytical tools utilized for the analysis of ASD

Techniques Measuring principle/subtype

Dielectric relaxation
spectroscopy (DRS)
(Asami 2002; Kaatze 2013;
Vassilikou-Dova and Kalogeras
2008)

The responses from orientational polarization within the ana-
lyte subjected to a varying external electric field
Isochronal DRS:
Constant frequency with temperature scanning, or varying time
Isothermal frequency sweep broad-band DRS
Varying frequency at constant temperature, measurement at
different temperatures generates 3D profile

Thermally stimulated
current (TSC)
spectroscopy
(Boutonnet-Fagegaltier et al.
2002; Gun’ko et al. 2007;
Vassilikou-Dova and Kalogeras
2008)

Current released from analyte measured on linear reheating
after polarization during quenching of the heated sample from
the designated temperature under a constant DC electric field
to a sub-ambient temperature (� Tg)
Thermally stimulated depolarization current (TSDC)
Thermal-windowing TSDC (TW-TSDC)
Short temperature windows of polarization steps
Thermally stimulated polarization current (TSPC)
Current measured during first heating

Dynamic mechanical
analysis (DMA)
(Jones et al. 2012; Kalichevsky
et al. 1992; Vassilikou-Dova
and Kalogeras 2008)

Rheological behavior or mechanical stiffness (modulus) of
the material subjected to an oscillating mechanical stress at
selected frequencies
Isochronal temperature sweep DMA (DMTA)
More than 80 % application, constant frequency with temper-
ature scanning, or varying RH
Isothermal frequency sweep DMA
Analogous to frequency sweep DRS

Solid-state vibrational
spectroscopy/microscopy
(Amigo 2010; Breitkreitz and
Poppi 2012; Chen et al. 2011;
Gendrin et al. 2008; Jørgensen
et al. 2009; Kazarian and
Ewing 2013; McIntosh et al.
2012; Pavia et al. 2001; Prats-
Montalbán et al. 2012; Reich
2005; Van Eerdenbrugh and
Taylor 2011; Zeitler et al. 2007)

Change in frequency of incident electromagnetic radiation due
to the absorption or inelastic scattering of a portion resonant
to the frequency of molecular, lattice or phonon vibration
(stretching, bending, bending, rocking, wagging, scissoring,
etc.)
Middle infrared (MIR or IR) spectroscopy
Asymmetric vibration of the polar bonds mediated by the
alteration of the dipole moment
Near infrared (NIR) spectroscopy
Overtones and combinations of the fundamental vibrations
Far infrared (terahertz, THz) spectroscopy
Supramolecular vibrational, e.g., H-bonding, halogen-bonding
or lattice/phonon vibrations
Raman spectroscopy
Scattering by non-isotropic change in molecular polarizability
and leading to changes the rotational and vibrational motions
Hyperspectral imaging/mapping
Sequential collection of spectral data by locally scanning the se-
lected areas within a static sample or simultaneous acquisitions
of thousands of spectra resolved spatially
PAT application
Portable and temperature/pressure resistant fiber optics of NIR
and Raman probes
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Table 14.1 (continued)

Techniques Measuring principle/subtype

Solid-state nuclear
magnetic resonance (SS-NMR)
techniques
(Belton and Hills 1987;
Courtier-Murias et al. 2012;
Duer 2004; Fu and Sun 2011;
Mantle 2011)

Interaction between a static magnetizing field and the spin an-
gular momentum of spin active nuclei processing with angular
frequency of a sample placed inside a radiofrequency (rf ) coil
1H SS-NMR spectroscopy
Diverse local chemical environments makes a same proton
nucleus experiences varying shielding effect against external
field
13C CP-MAS SS-NMR spectroscopy
Magnetization transfer from abundant 1H nuclei to rare13C(CP)
and magic angle spinning (MAS) to nullify chemical shift
anisotropy
Heteronuclear (X = 15N,19F,17O,31P) SS-NMR spectroscopy
Same as 13C CP-MAS, but more selective
2D SS-NMR correlation spectroscopy
Homo-nuclear (e.g.1H-1H) correlation (COSY), hetero-
nuclear (1H-X, X = 15N,19F,17O,31P) correlation (HETCOR)
through- space and/or -bond dipolar coupling and nuclear
interactions recorded by designed rf pulse sequences
SS-NMR relaxometry
Measurement, in time domain, of the rate of nuclear magneti-
zation decay towards equilibrium following the excitation by
an rf-pulse
Longitudinal (spin-spin)-T1(static)/T1, (rotating frame) relax-
ation time
Transverse (spin lattice) - T2 (from NMR line width) relaxation
time
NMR imaging
Magnetic resonance (MRI), constant time (CTI)
Spatial molecular mobility recorded via T2 relaxation times of
proton nuclei

Microscopic techniques
(Carlton 2011; Dieing et al.
2011; Eddleston et al. 2010;
Vitez et al. 1998)

Interaction of molecular solids with optical/electronic source
resulting information on morphology, solid state
Polarized light microscopy
Identification of solid form based on birefringence and mor-
phology
Scanning electron microscopy (SEM)
Focused electron beam scanned over the specimen surface
under a high vacuum
Penetrate the sample interior and the emitted electrons pro-
duces the specimen topography
Transmission electron microscopy (TEM)
Spatial variation of the inelastic interaction of electron beam
while transmitting through a sample produces highly resolved
image

Thermo-gravimetry
(TGA; Giron et al. 2004)

Weight change of the sample as a function of temperature
and/or time measured using a sensitive microbalance
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Table 14.1 (continued)

Techniques Measuring principle/subtype

Surface analytical techniques
(Barnes et al. 2011; Brown
and Vickerman 1984; Chehimi
et al. 2011; Clark 1977; Hard-
ing et al. 2007; Ho and Heng
2013; Pollock and Hammiche
2001; Sitterberg et al. 2010;
Thielmann and Levoguer 2002;
Voelkel et al. 2009)

Atomic force microscopy (AFM)
A sharp probe on a flexible cantilever tip (10–20 nm) scanned
(contact mode, intermittent contact or tapping mode or non-
contact mode) on a sample surface experiences attractive
and repulsive forces thus yield high-resolution image and
nano-mechanical information
Localized thermal analysis (LTA; micro- or nano-thermal
analysis)
An AFM probe equipped with a thermal probe heats up sample
resulting topographical imaging and thermal analysis of spe-
cific areas of the sample surface, sudden change in deflection
of the heated cantilever indicates a thermal transition
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
Mass spectrometry of sample surface maps spatial compo-
sitional information: the distribution of compounds within
1–2 nm depth
X-ray photoelectron spectroscopy (XPS)
Low-energy X-ray irradiated on a sample surface under high
vacuum allows quantitation of atomic concentration over a
depth up to 10 nm
Inverse gas chromatography (IGC)
The retention behavior (volume, time) of a probe gas flowing
at constant rate through a column packed with the solid sample
yield information on surface interaction/energetics

Emerging techniques
(Dlubek et al., 2007; Kissick
et al., 2011; Magazu et al.,
2011; Pansare et al., 2012;
Zelkóa et al., 2006)

Positron annihilation lifetime spectroscopy (PALS)
Molecular free volume (distribution) of a sample probed by the
ortho positronium (o-Ps) formed by the parallel spin interaction
of injected positron atom with the electron of the sample
Second order nonlinear optical imaging of chiral crystals
(SONICC)
Selective images are produced by the detection of half the in-
cident wavelength due to the occurrence of second harmonic
generation by well-ordered chiral crystals
Fluorescence resonance energy transfer (FRET)
The extent of nonradiative energy transfer via long-range
dipole–dipole coupling from excited fluorescent donor
molecule to acceptor molecule is inversely related to the pair
distance (3–10 nm)
Neutron scattering
Incoherent neutron scattering by the sample atoms provides
information the self-dynamics such as mean square displace-
ments and the onset of anharmonic motions of these atoms

Simultaneous tools
(Dazzi et al. 2012; Feth et al.
2011; Ghita et al. 2008; Huang
and Dali 2013; Pandita et al.
2012; Pili et al. 2010; Rahman
et al. 2013)

Simultaneous multi-methodological measurement on a same
sample, increases confidence on the data interpretation of
complex systems
DSC-TGA, DSC-XRD, DSC-Raman, DSC-FTIR, and DSC-
NIR
GVS-NIR
AFM-IR

PAT process analytical technology
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Table 14.3 Structural properties of ASD measurable by thermally stimulated current (TSC)
spectroscopy and possible hurdles

Molecular mobility
(Alie et al. 2004; Bhugra
et al. 2008; Hirakura et al.
2007; Moura Ramos et al.
2002; Vassilikou-Dova and
Kalogeras 2008; Viciosa et al.
2009)

Miscibility
(Dong et al. 2008; Ghosh et al.
2011; Roig et al. 2011; Shmeis
et al. 2004a, b)

Interference/limitations
(Antonijevi’c et al. 2008;
Dong et al. 2008; Jain et al.
2012; Shi et al. 2011)

Best resolution of the subtle
sub-Tg local relaxation origi-
nating from rotational mobil-
ity of molecular dipoles

Increase in plasticization of
loss peak with increasing a
lower Tg drug content in-
creases in ASD, Tg often re-
sembles calorimetric Tg

Interference from space-
charge peak (interfacial
polarization signal), precon-
ditioning can eliminate such
effect

Peak of α-process at Tg , post-
Tg signal from rigid amor-
phous fraction

Higher scatter of TW-TSDC
peaks under a global peak in-
dicates higher compositional
heterogeneity

Non-Debye decay functions
(e.g., KWW) is inappropri-
ate to describe the TSDC re-
laxation process measured in
temperature scanning mode

TW-TSDC deconvolutes a
global peak of a particular mo-
tional process into ensemble
of Debye peaks

TSPC would be able to mea-
sure initial structure of ASD
with no need of thermal clean-
ing

Cleaning of thermal history
disadvantageous to measure
initial structure of sample by
TSDC

Cooperative process identified
by the convergence of individ-
ual relaxation times to a single
point (compensation tempera-
ture)

Discrimination of free versus
plasticizing water in ASD

ASD amorphous solid dispersions, TW-TSDC thermal-windowing thermally stimulated discharge
current
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Table 14.9 Some emerging and potential analytical applications for the advanced characterization
of ASD

Emerging/potential tools Structural information Interference/limitations

Positron annihilation lifetime
spectroscopy (PALS)
(Antal et al. 2013; Bölcskei
et al. 2011; Chieng et al.
2013a, b; Gottnek et al. 2013;
Szabó et al. 2011; Szente et al.
2009; Zelkóa et al. 2006)

Very sensitive analysis of local
and global molecular mobility
based on free volume change
Change in free volume owing
to structural cross linking by
H-bond formation in ASD
Miscibility derived from
change in number, size (dis-
tribution) of molecular holes
as a function of API content
in ASD
Water–solid interaction

Relatively novel application in
ASD area
Requires further exploration

Second order nonlinear
optical imaging of chiral
crystals (SONICC)
(Kestur et al. 2012; Kissick
et al. 2011; Toth et al. 2012;
Wanapun et al. 2011)

Qualification of crystallinity
and size distribution of trace
chiral crystal in an amorphous
matrix
Extremely sensitive (4 ppm)
of crystallinity for some chiral
crystal systems
Imaging of nanocrystal
(90 nm) in polymeric matrix
Potential utility for monitoring
early stage nucleation/crystal
growth from amorphous sys-
tem

Limited to the chiral crystals
Requires further exploration

Fluorescence resonance
energy transfer (FRET)
(van Drooge et al. 2006)

Study of miscibility in product
with low drug content (0.5–
1 %w/w)
Estimation of domain size
and identification of molecular
cluster to dispersion possible
Selective

Not applicable for high drug-
loading system as API molec-
ular proximity below FRET
distance
Fluorescent properties re-
quired and FRET should
occur

Neutron scattering
(Bordallo et al. 2012; Ler-
bret et al. 2012; Magazù et al.
2008; Magazù et al. 2010; Qi
et al. 2013a, b)

Molecular dynamics and
structural relaxation of mul-
ticomponent amorphous
systems
Small-angle neutron scatter-
ing for polymer–surfactant in-
teraction during dissolution of
ternary ASD

Sample preparation tedious
Requires isotope labeling or
enrichment

ASD amorphous solid dispersions, API active pharmaceutical ingredient
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Chapter 15
Dissolution of Amorphous Solid Dispersions:
Theory and Practice

Nikoletta Fotaki, Chiau Ming Long, Kin Tang and Hitesh Chokshi

15.1 Introduction

The dissolution test has long served as the scientific, industrial, and regulatory stan-
dard for measuring the rate of drug solubilization or drug release from solid oral
drug products and other dosage forms. The monitoring of the rate of drug solubiliza-
tion or release from the dosage form is particularly important for drug products in
which drug release is the rate-determining step for absorption and pharmacodynamic
effect. Therefore, variations in dissolution rate may result in potential variability
in bioavailability and safety or efficacy concerns. The dissolution test is a holistic
measure of critical material attributes of the composition of the drug product (drug
substance and excipients), manufacturing process, and physicochemical changes in
the drug product upon aging or exposure to stress (e.g., tablet hardening, loss of
disintegrant functionality, physical form change, etc.). For drug products contain-
ing amorphous solid dispersions, the properties of the carrier and, consequently, its
dissolution behavior will be important to the in vitro dissolution performance of the
active drug/drug product. Indeed, the dissolution test, when properly designed, is a
powerful tool to assist in the selection of the polymer carrier by virtue of its ability to
discriminate between polymers with respect to its ability to facilitate dissolution, to
maintain a supersaturated solution, and to influence solid-state stability of the amor-
phous state of the drug substance. It is also noted that the dissolution test is model
dependent. That is, the results are influenced by test parameters such as test media
pH, hydrodynamics, and test apparatus. As such, it is not surprising to note stan-
dardized test descriptions and apparatus described in the USP (USP 2009a), Ph. Eur.
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(PhEur 2011), and JP (JP 2006), and various regulatory guidances published by the
major health authorities, (FDA 1997) and (EMA 2010), covering dissolution testing.
USP < 1092 > provides detailed requirements for the development and validation
of dissolution methods (USP 2009b). As noted in the guidance, recommendations
are made for sink condition to be established for the test whereby sink condition
is defined as the volume of medium at least three times that required in order to
form a saturated solution of drug substance. When sink conditions are present, it
is more likely that dissolution results will reflect the properties of the dosage form.
USP < 1092 > allows for non-sink conditions if the method is shown to be more dis-
criminating or otherwise appropriately justified. The guidances indicate that a small
amount of surfactant is justified as needed to establish sink condition for the test.

15.2 Regulatory Quality Control Dissolution Method

As amorphous characteristic is a critical quality attribute of the amorphous solid
dispersion-based drug product, it must be monitored and controlled to ensure quality
of the product for the desired in vivo product performance/bioavailability throughout
its shelf life. The regulatory quality control (QC) dissolution method should be
capable of discriminating substantial changes in the amorphous characteristic of
a drug product, corroborating results obtained by spectroscopic methods such as
X-ray powder diffraction (XRPD), near-infrared chemical imaging (NIR-CI), and
infrared (IR). The QC dissolution method must be able to discriminate presence
of the crystalline drug in the amorphous solid dispersion-based drug product. This
discriminatory power of the dissolution method allows monitoring of batch-to-batch
consistency as well as physical form stability of an amorphous solid dispersion-based
drug product. The QC dissolution method should be validated as per the regulatory
standards with the additional emphasis on the amorphous–crystalline discriminatory
power.

Where dissolution or drug release is the rate-limiting step to drug absorption,
it may be possible to establish an in vitro–in vivo correlation (IVIVC) whereby
validated predictions of in vivo performance may be made from in vitro dissolution
data.

For the dissolution testing of an amorphous drug product, any of the test apparatus
typically used for testing of solid oral dosage forms may be selected based on its
demonstrated capability to provide meaningful drug-release data and to discriminate
for critical factors. Typically, the basket and paddle apparatus are the most commonly
used. However, the reciprocating cylinder apparatus and the flow-through apparatus
also may be used.

When the drug product contains an amorphous solid dispersion, it is important
not only to characterize the dissolution rate but also to determine the ability of the
formulation to maintain a supersaturated state upon dissolution of the drug. This
prolongation of the supersaturated state is an important aspect of the dissolution
test when applied towards the selection of polymers for the solid dispersion during
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the formulation development phase. Once the formulation has been established, a
dissolution test which incorporates sink condition in the test for monitoring lot-to-lot
differences in release rate is appropriate.

15.3 Amorphous State and Solid Dispersion

As described in previous chapters, solid forms are classified into crystalline and
amorphous states based on the order of molecular packing (Raumer et al. 2006;
Brittain et al. 1991; Ossi 2003). Molecules aggregate together with long-range order
in the crystalline state, but this is not the case for the amorphous state (Shalaev and
Zografi 2002; Raumer et al. 2006).

The dissolution and bioavailability of a poorly water-soluble drug can be enhanced
when formulated as an amorphous form (Goldberg et al. 1966; Chiou and Riegelman
1970; Hancock and Parks 2000; Six et al. 2004; Leuner and Dressman 2000).

Solid dispersion is defined as one type of method to produce an amorphous com-
pound by incorporating a hydrophobic drug into a hydrophilic carrier (Chiou and
Riegelman 1971). It is one of the most studied methods to solubilize and to enhance
dissolution rate of biopharmaceutical classification system (BCS) class 2 compounds.
For instance, a solid dispersion of ritonavir (Law et al. 2001), ER-3421 (a dual 5-
lipoxygenase/cyclooxygenase inhibitor; Kushida et al. 2002), was found to have a
much higher dissolution rate than the crystalline counterpart and resulted in higher
area under curve (AUC) and Cmax in the in vivo study.

15.4 Theoretical Aspects of Dissolution Testing of Amorphous
Drugs

15.4.1 Solubility and Dissolution of Amorphous Compounds
and Solid Dispersions

The amorphous form has attracted increasing interest within the pharmaceutical field
because of its higher kinetic solubility in aqueous solvents and faster dissolution rate,
which may result in faster absorption rate and increased bioavailability of poorly
water-soluble compounds (Leuner and Dressman 2000). The solubility increment of
amorphous forms over crystalline states depends on the potential energy difference
between these physical states (Hancock and Zografi 1997; Gupta et al. 2004a). It was
estimated that 10–1600 folds of solubility increment can be achieved by applying
the amorphous form (El-Zein et al. 1998; Fawaz et al. 1996; Ali and Gorashi 1984;
Kohri et al. 1999; Hancock and Parks 2000). However, the measured solubility of
amorphous compounds was much less, due to rapid crystallization of amorphous
materials upon contact with water. Thus, it is important to store amorphous solids
protected from moisture.
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It is well established that amorphous solids will generally exhibit faster rates of
dissolution and higher solubility than the stable crystalline form of the drug. Further-
more, the “enhanced” solubility observed with amorphous solids is transient. Over
time, the concentration of dissolved drug will decrease to a concentration consistent
with the thermodynamic solubility of the stable crystalline form in the test medium,
which is attributed to the precipitation of the dissolved drug from the supersaturated
solution as crystalline precipitate. Additionally, solid-state transformation from the
amorphous state to the crystalline state may occur due to the effect of solvent on
the glass transition temperature (Tg) of the amorphous solid. These characteristics
are also typical of amorphous solid dispersions, although the dissolution rate, ex-
tent of dissolution, ability to maintain a supersaturated solution, and the Tg of the
solid dispersion are largely dependent upon the choice of the polymer in the solid
dispersion.

It is generally believed that a solid dispersion can enhance the dissolution rate of
a poorly soluble drug through one or a combination of factors (Chiou and Riegelman
1971; Ford 1986; Bloch and Speiser 1987; Craig 1990; Torrado et al. 1996; Fawaz
et al. 1996; Serajuddin 1999; Kohri et al. 1999; Leuner and Dressman 2000; Kushida
et al. 2002; Gohel and Patel 2003; Miller et al. 2008b). In the case of amorphous
solid dispersions, a homogeneous molecular dispersion of the drug in the hydrophilic
carrier is formed. Since the drug is already present in the molecular state as a “solid
solution,” the step of drug dissolution is bypassed.

The dissolution rate of a solid is usually described by the Noyes and Whitney
(1897) model (Noyes and Whitney 1897) and the Nernst (1904) model (Nernst
1904). However, the dissolution rate of a two-component system or binary mix-
ture of a drug within a carrier is more complex which led Higuchi et al. (Higuchi
et al. 1965) to investigate a uniform, intimate, non-disintegrating mixture of two
dissolving compounds both in crystalline state. But the Higuchi model was claimed
to not adequately explain the dissolution process in the amorphous solid dispersion
model (Van Drooge et al. 2004).

A model proposed by Van Drooge et al. (2004) claimed to describe more accu-
rately the dissolution of amorphous solid dispersions compared to Higuchi’s model
as it considers phase transition during dissolution from amorphous to crystalline
phase (Van Drooge et al. 2004). Moreover, this model is able to deal with altered
dissolution behavior due to crystallization before dissolution that was also reported
by other researchers (Torrado et al. 1996; Moneghini et al. 1998; Forster et al. 2001).
The model was based on slow release profile of diazepam from solid dispersion
tablets with amorphous disaccharide as carrier. During the first phase, drug release
is slow, but is gradually accelerated and both carrier and drug dissolve according to a
nonlinear profile. In the second phase, a linear release at higher rate than during the
first phase is observed that stops when the entire amount of carrier is dissolved. In
this phase, dissolution of the solid dispersion results in transportation of drug to the
bulk. During the third phase, the crystalline drug dissolves slowly. The geometry of
the undissolved crystalline drug skeleton determines the release profile. Apparently,
this is not enough to form a robust skeleton tablet: drug particles will be dispersed
in the dissolution medium and dissolve according to a first-order release profile. On
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Fig. 15.1 Release modes of amorphous drug inclusion complexes during dissolution of a solid
dispersion. (Reproduced with permission from Moore and Wildfong 2009)

the other hand, when the carrier is dissolved, over 80 or 90 % of the drug is still
undissolved: a skeleton of crystalline drug is formed, yielding a zero-order release.

Similar behavior was reported previously by Allen and coworkers for tablets
prepared from dispersions of small saccharides like sucrose, mannitol, and sorbitol
(Allen et al. 1978). The faster release phase was attributed to a molecular incorporated
fraction and the slow release to a crystalline fraction of the lipophilic drug, which
was present due to incomplete dissolution of the drug in the molten sugar during
preparation (Allen et al. 1977). The results imply that crystallization occurred during
dissolution of disaccharide solid dispersions.

Another model was proposed to describe the dissolution behavior of solid dis-
persions and the process of crystallization (Craig 2002). It was suggested that the
release behavior of drug molecules from a biphasic solid dispersion as being either
carrier mediated or drug mediated (Fig. 15.1)

Initially, a polymer-rich diffusion layer is formed between the solid dispersion and
the dissolution medium. In a carrier-mediated dissolution (Fig. 15.1a), after diffu-
sion of drug into the polymer-rich phase, drug is further released into the dissolution
medium either as solvated molecules or as amorphous particles at a rate dictated by
the carrier. In a drug-mediated dissolution (Fig. 15.1b), the high solubility of the car-
rier in the dissolution medium does not allow the formation of a polymer-rich phase
and drug is dissolved through diffusion of the amorphous complex from the disper-
sion to the dissolution medium at a rate proportional to the aqueous solubility of the
amorphous drug. Agglomeration can occur, resulting in instability in the dissolution
(Fig. 15.1c). When the amorphous molecules diffuse through the polymer-rich dif-
fusion layer too rapidly and their dissolution rate in the aqueous medium is relatively
slow, crystallization may occur, which creates a high-energy interfacial boundary
that slows down the dissolution rate. The reduction in specific surface area due to
agglomeration would slow the dissolution rate at a greater extent, permitting a longer
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Fig. 15.2 Species formed when SDDs are added to aqueous solutions, simulating duodenal and
intestinal contents. (Reproduced with permission from Friesen et al. 2008)

time frame for crystallization (Craig 2002). The model also implied that the relative
aqueous solubility of the carrier component may induce physical instability and the
effect of manufacturing methods will affect release behavior (critical manufacturing
variables) (Moore and Wildfong 2009). Intermolecular interactions between drug
and carrier on drug release were not taken into account in this model.

In biorelevant media, according to Friesen et al. (2008), solid drug dispersions
(SDDs) rapidly dissolve and/or disperse and produce a wide variety of potential
species—categorized based on their size and composition: (1) free or solvated drug,
(2) drug in bile salt micelles, (3) free or solvated polymer, (4) polymer colloids,
(5) amorphous drug/polymer nanostructures, (6) small aggregates of amorphous
drug/polymer nanostructures (termed “nanoaggregates”), and (7) large amorphous
particles/precipitate (Fig. 15.2; Friesen et al. 2008).

The rapid formation of drug/polymer nanostructures and nanoaggregates upon
introduction of solid dispersion to an aqueous solution which are stable in aque-
ous suspension can justify the enhanced oral drug absorption. These nanostructures
and nanoaggregates produce a free drug concentration higher than the solubility
of crystalline drug which is sustained by replacing free drug as it is absorbed
(Friesen et al. 2008).
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Fig. 15.3 Concentration in the solution and the solid compositions as a function of time during the
solution-mediated phase transformation. (Reproduced with permission from Zhang et al. 2009)

15.4.2 Solution-Mediated Transformation During Dissolution

One of the issues relating to the stability of the amorphous state, particularly in vivo,
is its solution-mediated transformation characteristic. Solution-mediated transfor-
mation of amorphous to crystalline state is the conversion of metastable solids such
as amorphous solids to the crystalline state when the solids are exposed to a solvent,
in this case water. The transformation to the thermodynamically stable crystalline
state occurs at a higher rate in the presence of solvents than in the dry state because
of higher molecular mobility in the presence of solvents.

Characterization of solution-mediated transformations in the amorphous state can
give an insight into amorphous crystallization (Zhang et al. 2009). The importance
of the phase transition kinetics, molecular interpretations, and process implications
has been emphasized in numerous studies (Cardew and Davey 1985; Davey et al.
1986, 1997a, 1997b; Rodriguez-Hornedo et al. 1992; Blagden et al. 1998).

The presence of the solvent does not change the thermodynamics and stability
relationship, unless a solvate/hydrate is formed with the solvent. However, owing
to the much higher mobility in the solution state than in the solid, transformation to
the stable phase is much faster. This process is analogous to the effect of catalysts
for chemical reactions (Zhang et al. 2009). The schematic representation of concen-
trations in the solution, as well as the solid compositions as a function of time, is
shown in Fig. 15.3 for a typical solution-mediated transformation process (Zhang
et al. 2009).

As depicted in Fig. 15.3, three consecutive steps are involved in a solution-
mediated transformation (Cardew and Davey 1985; Zhang et al. 2002; Rodriguez-
Hornedo et al. 1992): (1) initial dissolution of the metastable phase into the solution
to reach and exceed the solubility of the stable phase, (2) nucleation of the stable
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phase, and (3) crystal growth of the stable phase coupled with the continuous disso-
lution of the metastable phase. Step (2) or (3) is usually the slowest of the steps. For
the overall solution-mediated transformation process, step (2) is usually the slowest.
Therefore, this is the rate-determining step as nucleation is involved. When step (2)
is the rate determinant, factors such as the solubility and the solubility difference
between the phases, processing temperature, contact surfaces, agitation, and soluble
excipients/impurities that affect nucleation will influence the overall transformation.
When step (3) is the rate-controlling step, the kinetics of the conversion is deter-
mined by solubility difference, solid/solvent ratio, agitation, processing temperature,
particle size of the original phase, and soluble excipients/impurities.

15.4.3 Crystallization During Dissolution

While it is acknowledged that orally administered amorphous formulations may
supersaturate and crystallize in vivo (when exposed to the gastrointestinal (GI) fluids
in the human body), the ability to study this phenomenon in the in vivo setting has
been hampered by the dearth of analytical tools, the complexity of GI fluids, and the
inaccessibility of the GI tract where the measurements need to be made. In contrast,
there are many reported studies on proposed mechanisms and kinetics devoted to
crystallization in vitro (Cardew and Davey 1985; Davey et al. 1986, 1997a, 1997b;
Weissbuch et al. 1987; Rodriguez-Hornedo et al. 1992; Weissbuch et al. 1994; Zhu
and Grant 1996; Zhu et al. 1996; Blagden et al. 1998; Davey et al. 2002).

The crystallization of amorphous drugs during dissolution could be shown by the
nearly 20 % difference between the predicted and experimentally measured solubility
ratios of amorphous drug. For instance, in the case of indomethacin (IMC) and
griseofulvin particles, the predicted solubility ratio in water ranged from 25 to 104
and 38 to 441, respectively, whereas the experimentally measured value was only
4.5 (IMC) and 1.4 (griseofulvin; Hancock and Parks 2000; Matteucci et al. 2008;
Elamin et al. 1994).

The concentration of the solution at equilibrium will decrease after a period of
time to the level equivalent to the solubility of the most stable crystalline form. The
duration of the period of increased (metastable) solubility is generally thought to be
controlled by the rate of nucleation and, thus, the rate of growth of the more stable
phase (Clarkson et al. 1992).

The suggested mechanism behind transformation from disordered structure to
ordered thermodynamically stable structure is mainly through surface solid-state
transition (Mosharraf et al. 1999). This would result in a very slow reduction in the
apparent solubility plateau level down to the thermodynamically stable value. The
investigation of the relationship between equilibrium solubility, the amount of solute
added to the solvent, and the proportion of disordered or amorphous structures on the
surface of the particles can provide valuable information which can be used to predict
and control the solubility and dissolution behavior of sparingly soluble hydrophobic
drugs (Mosharraf et al. 1999).
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Fig. 15.4 Schematic illustration of the competition between dissolution and crystallization via the
solid or solution state for amorphous systems. (Reproduced with permission from Alonzo et al.
2010)

Dissolution, precipitation, and crystallization that can occur during dissolution of
an amorphous system are summarized in Fig. 15.4 (Alonzo et al. 2010). Modified
Noyes and Whitney equation is used to describe the dissolution pathway, where
dc/dt represents the dissolution rate which is directly proportional to the surface area
(A) and the difference between the solution concentration (C) and the equilibrium
concentration (Ceq; Alonzo et al. 2010). In the nucleation path, J represents the
nucleation rate, which is proportional to the degree of supersaturation (S). For the
growth path, the rate of crystal growth is also proportional to the difference between
the actual solution concentration and the equilibrium concentration (Alonzo et al.
2010).

15.4.4 Supersaturation of Amorphous Systems During
Dissolution

In recent pharmaceutical literature, the terms “equilibrium solubility” and “kinetic
or apparent solubility” are often used for the systems with stable and metastable
equilibria, respectively (Lipinski et al. 2001; Huang and Tong 2004).

A solid phase is crystallized from solution if the chemical potential of the solid
phase is less than that of the dissolved component. A solution in which the chemical
potential of the solute is the same as that of the corresponding solid phase and is
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in equilibrium with the solid phase under the given conditions (temperature, pH,
and concentration) is referred to as a saturated solution (Gamsjager et al. 2008). In
order for crystallization from solution to occur, this equilibrium concentration or
solubility must be exceeded. This excess concentration or chemical potential, called
the supersaturation, is the driving force for nucleation and crystal growth (Strickley
et al. 2007).

For poorly water-soluble drugs, the maximum achievable intraluminal drug con-
centration may limit absorption. However, the intraluminal concentration of a drug
is not necessarily limited by its solubility in GI fluids (Brouwers et al. 2009). Drugs
may be in solution at a concentration above their saturation solubility, that is, in
a state of supersaturation. The degree of supersaturation can be expressed by the
supersaturation ratio, S (Eq. 15.1; Brouwers et al. 2009):

S = C/Ceq (15.1)

with C and Ceq representing the solubility and equilibrium solubility (saturation),
respectively.

A solution is defined as unsaturated, saturated, or supersaturated based on the
following relationships: S < 1, S = 1, or S > 1, respectively (Brouwers et al. 2009).

Amorphous drugs are high-energy solid systems that are capable of reaching
higher kinetic solubility values (supersaturation) than would be expected from the
equilibrium solubility of a crystalline material (Wei-Qin 2009). A supersaturated drug
solution is thermodynamically unstable compared with the equilibrium condition
(saturation). Thus, it has the tendency to return to the equilibrium state by drug
precipitation. The higher the supersaturation, the more precipitation will take place
as the former is the driving force for the latter (Six et al. 2004). The accelerated
dissolution and the higher apparent solubility provided by amorphous systems could
induce the generation of supersaturated solutions in the GI lumen that can result in
increased absorption (Brouwers et al. 2009).

The dissolution characteristics of solid dispersions depend to a large extent on the
physical state (ideally: amorphous), drug dispersivity (ideally: molecular dispersion),
and particle size (Brouwers et al. 2009). Supersaturation can be achieved through:

1. The in vivo GI conditions: effect of pH and content changes from stomach to
intestine.
Due to the pH gradient in the GI lumen (pH 1.5–2 in the stomach compared with
pH 5–8 in the intestine), the solubility of weak bases in gastric fluid (ionized
form) typically exceeds their solubility in the intestinal fluid (unionized form).
Therefore, higher dissolution of poorly water-soluble weak bases in the stomach
before transfer to the intestine may result in supersaturation (Brouwers et al. 2009;
Bevernage et al. 2010).

2. High-energy and rapidly dissolving solid forms.
As mentioned earlier, amorphous state requires less energy to dissolve, resulting
in higher apparent solubility and increased dissolution rates (Hancock and Parks
2000). Methods such as particle size reduction through milling and co-grinding
that can form an amorphous state may increase dissolution rates by enhancing the
surface area available for dissolution (Sarode et al. 2013; Brouwers et al. 2009).
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This higher initial solubility may be sufficient to ensure increased and more rapid
absorption for a drug with good permeability such as BCS class 1 and 2 drugs. But
a more thermodynamically stable form may crystallize at any time inside the GI
tract, and the crystallization would have a major impact on the product performance
in vivo (Strickley et al. 2007; Sarode et al. 2013). The higher dissolution rate and
apparent solubility of an amorphous drug usually causes supersaturation during in
vivo dissolution. It should be noted though that rapid dissolution and supersaturation
could prove counterproductive in some cases, for example, for drugs that precipitate
during transit from the stomach to upper small intestine where an increase in the pH
is observed. This precipitation in the GI tract may compromise oral bioavailability
(Brouwers et al. 2009; Overhoff et al. 2008).

If a crystallization-inhibitory polymer is incorporated into the amorphous solid
dispersion, the in vivo precipitation may be delayed or completely eliminated, result-
ing in much improved oral absorption. It is ideal if the polymeric carrier can function
as a precipitation (crystallization) inhibitor during in vivo dissolution (Zhang et al.
2009).

The commercially available Sporanox® capsule formulation is a solid dispersion
relying on the principle of supersaturation to enhance the intestinal absorption of the
antifungal itraconazole (ITR), a weak base (pKa = 4) with an extremely low and pH-
dependent aqueous solubility (ca. 1 ng/mL in water, 6 mg/mL in 0.1 M HCl). This
formulation comprises a molecular dispersion of ITR in a hydroxypropylmethyl-
cellulose (HPMC) matrix, which is coated onto inert sugar spheres. Dissolution of
HPMC in media simulating the gastric environment results in supersaturated concen-
trations which are maintained for at least 4 h. HPMC is believed to prevent ITR from
precipitation in the stomach and in the intestine, resulting in significant absorption
(maximum fraction absorbed ca. 85 %) and oral bioavailability (ca. 55 %; Brewster
et al. 2008).

Yamashita et al. (2003) investigated the dissolution in acidic medium of solid
dispersions containing the macrolide lactone tacrolimus in an amorphous state com-
paring three different polymers (HPMC, PVP, and PEG 6000) as the carrier. Rapid
dissolution and supersaturated concentrations of tacrolimus up to 25-fold higher
than the equilibrium solubility (2 mg/mL) were observed. Even though the polymer
choice did not affect the maximum degree of supersaturation, it was only HPMC that
could fully inhibit precipitation for up to 24 h.

The changes of pH in stomach and intestine and in fasted and fed state will affect
the solubility and dissolution of weak bases, for example, ITR. The GI pH may also
change the performance of precipitation inhibitors, especially their solubility and
hydrogen bonding between the H donor and acceptor. Surface tension, viscosity of
GI fluids, and presence of bile salts and phospholipids may influence the solubility
and dissolution of the drug (Dressman et al. 2007) and subsequently the intraluminal
supersaturation and drug-precipitation kinetics (Brouwers et al. 2009). Supersatu-
ration may be affected by the hydrodynamics and the composition of the GI fluids
(Brouwers et al. 2009). Thus, for the in vitro dissolution, testing the extent of su-
persaturation following acidic-to-neutral pH transition must be considered in order
to correlate the in vitro dissolution with the in vivo absorption (Miller et al. 2008a).
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Furthermore, ITR absorption mostly occurs in the proximal small intestine (Miller
et al. 2007; Six et al. 2005); hence, immediate release (IR) formulations are pro-
vided with a small window for absorption because supersaturated levels of ITR in
the gastric environment rapidly precipitate upon exit from the stomach (Miller et al.
2007; Six et al. 2005). A study was performed using various types of ITR amorphous
formulations (including Sporanox®) and reported finding revealed inconsistency be-
tween the in vitro dissolution performance in simulated gastric fluid (SGF) and the in
vivo absorption. It was suggested that faster release and increased supersaturation in
the acidic medium along with differences in crystallization rate upon transfer to the
small intestine correlated with the lower predicted bioavailability (Six et al. 2005).
Precipitation can decrease the driving force for transport across the biological mem-
brane and limit the time available for absorption which complicates development
of IVIVC with amorphous compound (Overhoff et al. 2008). The importance of
simulating the Gl pH shift during supersaturation dissolution testing of amorphous
compound to evaluate whether supersaturation is maintained in the small intestine
was described (Six et al. 2005).

15.5 Factors That Influence Dissolution of Amorphous Drug
Products

15.5.1 Formulation Factors

As with conventional formulations of IR solid oral drug products containing crys-
talline drug, dissolution behavior of amorphous drug products are greatly influenced
by the composition of the formulation as well as the manufacturing process. Of note
is the polymer used as the carrier for the solid dispersion. The dissolution rate of the
dosage form is determined by the characteristic of the carrier (Leuner and Dressman
2000). Such carrier systems include cellulose-based polymers such as HPMC and
its acidic derivative hydroxypropylmethylcellulose acetate succinate (HPMC-AS);
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) and its copolymers; acry-
late polymers (Eudragit), sugars and their derivatives; emulsifiers, organic acids and
its derivatives. There are only a handful of oral pharmaceutical products contain-
ing amorphous active pharmaceutical ingredient (API) that have been successfully
marketed despite several decades of effort in research and development (Chap. 3).
However, recently launched products such as Incivek®, Kalydeco®, and Zelboraf®

demonstrate a great versatility of the amorphous solid dispersions in increasing the
rate of solubilization and bioavailability.

Whereas, for conventional formulations, where the dissolution of the drug may
occur from the disintegrated granule (i.e., drug substance particle), dissolution of
amorphous drug products occur from the solid dispersion consisting of the amorphous
drug and the polymer. Therefore, the dissolution behavior of the polymer plays a key
role in the dissolution of the amorphous drug product. Ionizable polymers, such
as those of the acrylates or hypromellose acetate succinate will dissolve through
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salt formation at pH above the pKa. Additionally, the dissolution rates of different
grades of ionizable polymers will differ depending on the degree of substitution.
Unlike ionizable polymers, the dissolution rate of non-ionizable polymers (e.g.,
copovidone) is pH independent. The viscosity of the polymer will also influence the
dissolution rate of the amorphous solid dispersion and the final drug product.

Drug load, expressed as the ratio of the drug to polymer in the amorphous solid
dispersion, will also play a significant role in the dissolution and physical stability
of the supersaturated solution. Lower drug load (i.e., higher polymer content) will
generally result in enhanced dissolution and stability of the supersaturated solution.

15.5.2 Manufacturing Factors Which Influence Solid-State
Properties

The process for the manufacture of the drug product, particularly the processing step
for the amorphous solid dispersion and those that impact the solid-state properties
of the solid dispersion, will have a major influence on the dissolution of the drug
product. Amorphous processing technologies are described in a different chapter of
this book and, therefore, will not be covered in detail here. It should be mentioned,
however, that these technologies generally will result in material with different solid-
state properties, most notably particle size, shape, porosity and density. In addition
to the particulate properties, there may be potential differences in the type and extent
of interactions of the drug and polymer as a function of the processing technology
used to prepare the solid dispersion. Systematic research in this area is lacking;
however, it is anticipated that solvent-based processes may be conducive to certain
interactions that may not be feasible with non-solvent-based technologies such as
hot-melt extrusion (HME).

Material produced from spray-drying processes are generally spherical and hollow
due to process in which the solution of dissolved drug and polymer are sprayed
as fine droplets and then rapidly dried in an inert stream of warm air. Spray-dried
dispersions are oftentimes porous and fragile due to the escape of solvent through the
solid matrix. Processing factors that influence the particle properties of the spray-
dried dispersion (drying temperature, spray rate, droplet size, air flow, etc.) will
influence the dissolution rate.

In contrast, there are no solvents used in HME processes for manufacturing amor-
phous solid dispersions. Instead, the mixture of crystalline drug and polymer are
heated to a temperature at which the components melt or form a eutectic, and then
flash cooled, resulting in a dense amorphous glassy solid. The solid is then milled
to achieve uniform particle size distribution, which is then processed into the final
formulation. Therefore, the milling step will determine particle size and surface area,
which in turn is related to the dissolution rate of the solid.

A newer, innovative processing technology for the manufacture of amorphous
solid dispersions is the microprecipitation method in which an organic solution of
the drug and polymer is introduced into a miscible anti-solvent in which the drug and
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polymer are insoluble or less soluble (e.g., water), causing the precipitation of the
drug and polymer as a microprecipitated bulk powder (MBP). As there is water and
solvent involved in the process, a subsequent drying step and milling step are required.
Materials made by the MBP process tend to be porous. Manufacturing processes
that influence the porosity and particle size of the MBP (rate of precipitation, drying
temperature, MBP milling) will significantly impact the dissolution of the MBP and
the final drug product.

It is noted that discussion has centered on the processing technologies and pa-
rameters that will influence the MBP, and no mention is made of the drug substance.
This should be inherently clear that the solid-state properties of the starting drug
substance is not that important to the dissolution of the drug product, as the crys-
talline drug substance is converted to an amorphous solid dispersion, and it is the
properties of the amorphous solid dispersion that is responsible for the dissolution
behavior of the drug product. It should also be mentioned that the above factors that
influence dissolution are discussed independently, whereas it is the combination of
these factors, that is, composition and process factors which influence the chemical
and physical properties of the amorphous solid dispersion, which will determine the
dissolution rate of the solid dispersion.

15.6 Dissolution Case Studies to Guide Formulation
Development

In addition to the physical form stability of the amorphous drug, a sound under-
standing of the chemical form of the drug in the amorphous solid dispersion and its
behavior during and after dissolution are important elements of the quality-by-design
approach to development of an amorphous solid dispersion drug product. The chemi-
cal form of a drug (weak acid, weak base, or neutral) and its pH-dependent solubility
is known to impact in vivo performance of the amorphous solid dispersion product
due to its interplay with the pH gradient of the GI tract. Weak acids may rapidly pre-
cipitate, crystallize, or gel in the stomach at low pH, while weak bases may rapidly
dissolve at the lower pH of the stomach but precipitate at the higher pH in the lower
GI upon transiting into the intestine. It is therefore very important to consider the
impact of the drug’s chemical form and pKa while designing the amorphous solid
dispersion with respect to selection of stabilizing polymer (nonionic vs. ionic, and
pH-dependent release), drug loading, manufacturing technology, as well as down-
stream processing (IR vs. eroding vs. enteric coating) to maximize the duration of
in vivo supersaturation. In order to guide the design of amorphous solid dispersions
of new chemical entities (NCEs) with respect to these elements, researchers have
recently successfully utilized in vitro dissolution testing in non-sink and biorelevant
media as well as two-stage media as a predictive tool for in vivo precipitation, kinetic
solubility, and supersaturation. Dissolution medium representing 100 % saturation
is preferred for formulation screening; however, several successful examples of use



15 Dissolution of Amorphous Solid Dispersions: Theory and Practice 501

of less than 100 % saturation media during early design of amorphous solid dis-
persion have been published. Formulations that are able to sustain supersaturation
for at least 2 h (physiologically relevant) would represent viable formulations that
can be investigated in vivo. Formulation that can maintain supersaturation for less
than 60 min would need careful evaluation as these may be more prone to higher
pharmacokinetic (PK) variability. The following examples illustrate various in vitro
dissolution methodologies utilized to guide amorphous formulation development
with high predictive power for the desired in vivo performance.

15.6.1 Between Amorphous and Crystalline Phase

Solid-state changes that may occur during dissolution of amorphous carbamazepine
(CBZ) were studied in phosphate buffer pH 7.2 at room temperature using in situ
Raman spectroscopy (off-line; Savolainen et al. 2009). The findings of this study
confirmed that the surface of the CBZ samples crystallize immediately upon contact
with the dissolution medium. The transition from the amorphous form to crystalline
anhydrate (form I) of CBZ and then a solution-mediated transformation from form
I to dihydrate, as previously demonstrated by Murphy et al. (Murphy et al. 2002),
was proposed. The transition from the amorphous form to the crystalline anhydrate
is likely a solid-state transition as amorphous CBZ has been shown to crystallize to
an anhydrate form in dry conditions (25 ◦C and < 10 % RH; Patterson et al. 2005).
To validate the instant crystallization of CBZ, the dissolution test in phosphate buffer
was performed and no significant improvement on the dissolution rates was noted
(Savolainen et al. 2009). Dissolution from most of the amorphous samples was even
slightly slower than from the dihydrate compacts. Analysis of the remaining sample
after the dissolution experiment confirmed that the sample surface had converted to
the dihydrate (crystalline form) during dissolution (Savolainen et al. 2009).

In another case, dissolution of crystalline and amorphous ciclesonide was studied
(Feth et al. 2008). Crystalline and amorphous ciclesonide exhibit the same saturation
solubility (Feth et al. 2008). For the crystalline ciclesonide, within the first 60 min
of dissolution, the concentration measured (50 mg/L) was significantly lower than
its saturation solubility (90.1 ± 2.2 mg/L). On the contrary, for the amorphous form,
concentration increased almost instantaneously to values up to four times higher than
the saturation solubility determined for amorphous ciclesonide (91.6 ± 5.2 mg/L).
After 24 h, for both forms, concentrations were approaching the saturation concen-
tration. It was suggested that the amorphous ciclesonide was able to form a stable
supersaturated solution in water for at least 60 min due to the absence of inoculation
crystals in the amorphous phase. On the other hand, in crystalline ciclesonide, the
crystal itself acts as crystallization seed in the slurry which speeds up the process.
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15.6.2 Between Different Temperatures and Polymers

Both temperature and polymer (which act as a crystallization inhibitor) can greatly
affect the solubility of amorphous drugs (Alonzo et al. 2009). The concentration–
time (dissolution) profiles attained with solid dispersions may be higher than those
achieved with the pure amorphous API (Gupta et al. 2004b), suggesting that certain
polymers are able to further enhance solution concentrations relative to pure amor-
phous drug. The increased solution concentrations observed following dissolution of
amorphous solid dispersions have been attributed to the inhibition of API crystalliza-
tion from the supersaturated solution by the polymer (Gupta et al. 2004b; Tanno et al.
2004) and increased equilibrium solubility of the API due to solution complexation
with the polymer (Usui et al. 1997; Acartürk et al. 1992; Loftsson et al. 1996).

In order to guide design of solid dispersions, a simple supersaturation
test/dissolution study for rank ordering of polymers and drug loading was reported
without actually making solid dispersions (Konno et al. 2008). Dissolution of amor-
phous IMC at different temperatures (25 ◦C, 37 ◦C) in simulated intestinal fluid
without pancreatin showed that IMC underwent solution-mediated transformation
with higher concentration and lower temperature. The inclusion of polymer inhib-
ited crystallization (Konno and Taylor 2008; Alonzo et al. 2009). For the amorphous
felodipine, extensive crystallization was observed in 10–15 min at 25 ◦C, whereas in-
stant crystallization was observed at 37 ◦C. A supersaturated solution was not formed
when polymer was not included (Konno et al. 2008; Alonzo et al. 2009).

15.6.3 Dissolution of Salts

In the stomach and intestine, drug solubility can be enhanced by food and bile com-
ponents such as bile salts, lecithin, and fatty acids. Supersaturation in the intestinal
fluid is an important property that can play a significant role in drug absorption. For
compounds with poor intrinsic solubility in the intestinal fluid, solubility is often a
limiting factor for absorption. For many of these compounds, it may not be possible
to enhance the saturation solubility to the extent required such that the whole dose is
dissolved in the GI fluid. In this case, creating or maintaining supersaturation in the
intestinal fluid can be an effective way to enhance absorption of these compounds
(Wei-Qin 2009).

15.6.3.1 Weak Bases

In most cases, supersaturation is induced from solubilized formulations or formula-
tions that contain a high-energy state of the drug. However, for weakly basic drugs,
even intake of the crystalline powder may result in supersaturation in the small in-
testine. Due to the pH gradient in the GI lumen in fasted state conditions (pH 1.5–2
in the stomach vs. pH 5–8 in the intestine), the gastric solubility of weak bases



15 Dissolution of Amorphous Solid Dispersions: Theory and Practice 503

(ionized form) typically exceeds their intestinal solubility (unionized form). Hence,
after dissolution of poorly water-soluble weak bases in the stomach, transfer to the
intestine may result in supersaturated concentrations and an increased flux across
the intestinal mucosa (Wei-Qin 2009). By simulating the GI pH shift during disso-
lution experiments, this behavior can be monitored. For instance, Kostewicz et al.
(Kostewicz et al. 2004) evaluated the behavior of three weakly basic drugs (dipyri-
damole, BIBU 104 XX, and BIMT 17 BS) in an in vitro system simulating both the
pH gradient between stomach and intestine and the presence of bile salts and phos-
pholipids in the intestine. Upon transfer of a solution of the drug in an acidic medium
(pH 2, simulating fasted state gastric conditions), supersaturated concentrations of
the weak bases were observed in both fasted- and fed-state simulated intestinal fluids
(FaSSIF and FeSSIF). Presumably, this mechanism plays an important role in the
intestinal absorption of various poorly water-soluble weak bases.

Depending on the properties of the salt and its corresponding base or acid, the
fate of the salt in the GI tract may vary significantly. When the salt of the basic drug
gets in the GI tract, it may dissolve in the stomach and remain either in solution or
precipitate out as the free base when it is emptied into the intestine. It may also convert
to the hydrochloride salt if the hydrochloride salt is less soluble, especially with the
influence of the common-ion effect. In this case, the dissolution in the intestine is in
reality the dissolution of the precipitated hydrochloride salt. When salt conversion
happens in vivo, it can precipitate out as either the crystalline or the amorphous form
with different particle size that will affect solubility and dissolution (Wei-Qin 2009;
Li et al. 2005).

Since transport across the biological membrane of weak bases will be more pro-
nounced in the small intestine (uptake of the unionized form), sufficient precipitation
inhibition (polymer) is required upon transfer of the supersaturated solution to the
intestine. Therefore, one cannot rely on dissolution studies at constant acidic pH to
predict the performance of formulations of weak bases in vivo (Miller et al. 2007).
For instance, Six et al. (2005) observed a discrepancy between the results of in vitro
dissolution tests in acidic medium and in vivo absorption for four solid dispersions
of ITR: faster release and increased supersaturation in acidic medium correlated
with lower bioavailability. Presumably, this effect can be explained by differences
in crystallization rate upon transfer to the small intestine (increased driving force for
precipitation in case of higher supersaturation). Thus, it is crucial to simulate the GI
pH shift during supersaturation dissolution testing of weak bases to evaluate whether
supersaturation is maintained in the small intestine.

Use of a GI pH shift model was also employed in the development of a pro-
priety weak base (compound A) which exhibited high solubility at gastric pH, but
very low solubility at intestinal pH, and high PK variability in humans. A two-stage
dissolution test in which the drug product is tested in pH 2 media (HCl) or pH 4.5
media (phosphate buffer) for 30 min followed by testing in a dissolution medium
containing sodium taurocholate and lecitihin at pH 6.5 (fasted state simulated intesti-
nal fluid, FaSSIF) was used to evaluate the performance of an IR tablet containing
the thermodynamically stable crystalline-free base. The results showed that although
very high solubility is observed at low pH (2), at elevated gastric pH (4.5) the drug
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exhibits very low solubility. Moreover, upon transitioning from pH 2 to pH 6.5 (FaS-
SIF), the solubility drops quickly to the measured solubility for the amorphous drug.
These results suggested that significant PK variability observed in patients may be
attributable to differences in gastric pH associated with the disease state and with
concomitant gastric pH-elevating medications, and that an amorphous formulation
may improve the PK variability while also potentially enhancing bioavailability. Two
tablet formulations containing amorphous solid dispersion with 35 % drug load and
60 % drug load in HPMC-AS polymer made by spray drying were developed and
evaluated using this two-stage dissolution test. The results shown (Figs. 15.5 and
15.6) support the hypothesis of improved variability and potential enhancement of
bioavailability.

Two tablet formulations containing crystalline drug substance and 35 % amor-
phous solid dispersion were evaluated in humans. The results show substantial
enhancement (1.7 fold) in the bioavailability of the drug and improved PK variability
(Coefficient of Variation (CV) 80 % → 18 %) with the tablet made with amorphous
solid dispersion (Roche in-house data). The results from this study illustrate the
utility of dissolution test conditions that are carefully chosen to simulate physiolog-
ical conditions (i.e., biorelevant) when applied to testing of a poorly water-soluble
weak base and the potential for improved absorption through amorphous formulation
technologies.

15.6.3.2 Weak Acids

Dissolution of the salt of an acidic compound has its own complications. The salt is
likely to convert to the free acid. When this happens, the liberated free acid may coat
the surface of the remaining drug particles or nucleate on other particle surfaces,
leading to a slowdown of dissolution (Wei-Qin 2009). As described in the earlier
sections, weak acids may rapidly precipitate/crystallize or gel in stomach before
transit to the lower GI. It is therefore important to select amorphous solid dispersion
and downstream technology, yielding a drug product with optimal supersaturation
at physiologically relevant pH for absorption.

15.6.4 Biorelevant Dissolution Testing of Amorphous Solid
Dispersions

To better predict the in vivo behavior after oral administration and estimate the
impact of solubility, degree of supersaturation, and dissolution on absorption, the
in vitro dissolution method should be physiologically relevant (biorelevant), taking
into account the contents and the transit through the GI tract.

For example, in the case of in vitro dissolution of amorphous ITR, the initial
burst in FaSSGF, a biorelevant medium containing sodium taurocholate and lecithin
Vertzoni et al. 2005 was far greater than in SGF and led to higher dissolution
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Fig. 15.5 Two-stage dissolution of tablet formulations made with crystalline drug substance and
amorphous solid dispersion in media simulating normal gastric pH

Fig. 15.6 Two-stage dissolution of tablet formulations made with crystalline drug substance and
amorphous solid dispersion in media simulating elevated gastric pH
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(Ghazal et al. 2009). Furthermore, the presence of lecithin and sodium taurocholate
in FaSSIF and FeSSIF enhanced ITR’s dissolution rate, with a greater increase in
the lower pH and more bile salts and lecithin of FeSSIF, in accordance to the in vivo
food effect of the drug.

The precipitation behavior of the amorphous JNJ-25894934 from three differ-
ent liquid formulations in phosphate buffer, FaSSIF, and FeSSIF was investigated
(Dai et al. 2007). The solubility of the drug was similar in FaSSIF and FeSSIF, but
was eightfold lower in the phosphate buffer. Differences in precipitation were ob-
served between the different media, especially for the fast-precipitating formulation.
While precipitation from this formulation was immediate and complete in phosphate
buffer, a metastable zone containing about 20 and 80 % dissolved drug, was main-
tained during 8 h in FaSSIF and FeSSIF, respectively, and precipitation continued
after 8 h. As there was no difference in drug solubility in FaSSIF versus FeSSIF,
enhanced concentrations in the metastable zone in FeSSIF clearly suggest specific
precipitation-inhibiting interactions that are more effective in FeSSIF, presumably
due to the increased bile salt/phospholipid concentrations. The in vitro precipitation
profiles in FeSSIF correlated better with in vivo absorption than those in phosphate
buffer and FaSSIF (Dai et al. 2007).

Another example of the usefulness of biorelevant media, in this case FaSSIF, could
be seen in the development of Zelboraf® (vemurafinib), an IR tablet drug product
made with amorphous solid dispersion (Shah et al. 2013). The initial clinical for-
mulation was an IR capsule containing a fast dissolving metastable crystalline form
of the vemurafinib. In order to achieve higher exposures in the clinical studies, IR
capsule prototypes made with amorphous solid dispersion were prepared. Whereas
dissolution results for the three formulations suggested comparable exposures; the
actual exposures obtained in humans revealed the amorphous formulations to be
far superior to the formulation made with the metastable crystalline drug substance
(Fig. 15.7). However, when the formulations were tested using biorelevant media
(FaSSIF), a clear distinction could be made between the formulations, which cor-
responded to the observed differences in vivo (Fig. 15.8). Further investigation into
the underlying reason for the substantial differences found evidence of solid-state
transformation of the metastable crystalline form of the drug substance (form 1) to
its thermodynamically stable, insoluble crystalline form (form 2).

The same test conditions were used to demonstrate the effect of stressing on
the amorphous formulation (Fig. 15.9), which showed lower rate and extent of dis-
solution of the amorphous formulation when stressed by heat and humidity. The
diminished dissolution observed in the stressed sample was determined to be due to
stress-induced crystallization of the amorphous product (Shah et al. 2013).

Although it is not possible to measure intraluminal supersaturation in the GI tract
as mentioned previously, more reliable prediction of intraluminal supersaturation of
amorphous solid dispersions can be gained by performing supersaturation/dissolution
assays in biorelevant media. It is important to evaluate supersaturation not only in
gastric but also in intestinal conditions, as discussed previously, and simulation of
the GI pH gradient would be essential (Brouwers et al. 2009). A pH shift can be
simulated by multi-compartmental dissolution techniques (Kostewicz et al. 2004;
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Fig. 15.7 Plasma concentration time profiles of vemurafinib, given as a single dose of capsule
formulations made with metastable crystalline drug substance (form 1) or amorphous MBP (MBP-1
and MBP-2) to healthy volunteers. (Reproduced with permission from Shah et al. 2013)

Fig. 15.8 Dissolution profiles of capsule formulations made with metastable crystalline drug sub-
stance (form 1) and amorphous solid dispersions (MBP-1 and MBP-2) obtained using paddle
apparatus and fasted state simulated intestinal fluid (FaSSIF). (Reproduced with permission from
Shah et al. 2013)
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Fig. 15.9 Dissolution profiles of MBP and crystalline vemurafenib in USP apparatus 2: a unstressed
vemurafenib MBP, b stressed vemurafenib MBP, c metastable crystalline vemurafenib, and d stable
crystalline vemurafenib. (Reproduced with permission from Shah et al. 2013)

Gu et al. 2005) or simple manual transfer of gastric medium into intestinal medium
(Mellaerts et al. 2008). Understanding of the intraluminal factors that affect super-
saturation in both fasted and fed state would allow the development/modification of
more appropriate biorelevant media for dissolution testing of amorphous solid disper-
sions. As endogenous and exogenous components such as bile salts, phospholipids,
and food digestion products alter the dissolution and solubility of drugs (Dressman
et al. 2007), more studies are needed in order to understand their influence on the rate
and extent of intraluminal supersaturation as currently little is known regarding the
impact of these factors (Brouwers et al. 2009). The discrepancy in supersaturation
of amorphous compounds between in vitro studies and in vivo results (DiNunzio
et al. 2008) presents another biopharmaceutical consideration in the development of
IVIVCs.

15.7 IVIVCs of Amorphous Formulations

A few successful examples of IVIVC for amorphous formulation have been reported
in the literature. A level A correlation was developed for disintegration-controlled
amorphous nilvadipine matrix tablet (DCMT; Tanaka et al. 2006) (Fig. 15.10). Two
DCMT amorphous nilvadipine formulations, DCMT-1 and DCMT-2, with different
compositions of disintegrant were prepared and tested in vitro (USP apparatus 2 (100
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Fig. 15.10 Level A IVIVCs of DCMT-1 (a) and DCMT-2 (b) amorphous nilvadipine formula-
tion. The reported linear regressions were y = 0.995x (a) and y = 0.9512x (b). (Reproduced with
permission from Tanaka et al. 2006)

rpm) in Japanese Pharmacopoeia (JP) first medium (pH 1.2, 37 ± 0.5 ◦C)) and in vivo
(fasted beagle dogs; in vivo absorption calculated with numerical deconvolution).

A successful multiple level C correlation between Cmax and AUC with % re-
leased at 5 min (Q5min) and at 60 min (Q60min) was developed for poly(ethylene
glycol) (PEG)–ritonavir amorphous solid dispersion formulations (Law et al. 2004).
In this study, in vitro dissolution was conducted with a USP apparatus 1 (50 rpm,
37 ± 0.5 ◦C) in 900 mL of 0.1 N hydrochloric acid. The in vivo data was obtained
from beagle dogs.

15.8 Conclusion

The dissolution test is still the only in vitro test that can potentially serve as a sur-
rogate for in vivo performance. A well-designed test can serve as a valuable tool
for the development of amorphous solid dispersions and the drug products contain-
ing amorphous solid dispersions. Appropriate test conditions may be developed to
discriminate for composition, drug load, manufacturing process, and solid-state prop-
erties of the solid dispersion. Use of biorelevant and two-stage dissolution methods as
well as supersaturation and sink versus non-sink conditions should be carefully con-
sidered during design of amorphous solid dispersion. The test may also offer insight
into supersaturation and crystallization behavior as the drug is exposed to water dur-
ing dissolution. The QC dissolution method must be able to discriminate between the
presence and absence of the crystalline drug in the amorphous solid dispersion-based
drug product. As a final note, consideration should be given to new developments
in the area of integrated modeling and simulation, which offer the opportunity to
integrate solubility, dissolution, precipitation, and absorption with simulations of
dissolution behavior and impact on bioavailability of amorphous formulations.
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Chapter 16
Stability of Amorphous Solid Dispersion

Xiang Kou and Liping Zhou

16.1 Introduction

Presently, the majority of new chemical entities in a typical pharmaceutical com-
pany’s pipeline are reported to be poorly water soluble (Siew and Arnum 2013).
Amorphous solid dispersion (ASD) is one of the most attractive approaches to pro-
vide a supersaturating drug delivery system (SDDS; Newman et al. 2012). The solid
dispersion approach has been used to increase the rate of dissolution and solubil-
ity of active pharmaceutical ingredients (API) without sacrificing their intestinal
membrane permeability (Miller et al. 2012). It has also been used for controlled
release of an API (Tran et al. 2011). Compared to crystalline solids, amorphous
materials lack three-dimensional long-range order. They often have the desired phar-
maceutical properties of dissolving faster and showing higher kinetic solubility when
compared to corresponding crystals. A well-designed amorphous system can exist
in a supersaturated state in vivo, thus improving the exposure of the drug.

Despite these advantages, ASDs also demonstrate poor chemical and physi-
cal stability, creating development challenges related to their commercialization
as marketed products. Major contributors to instability and other unpleasant sur-
prises, particularly in the late-phase development include (1) lack of understanding
of the physicochemical properties of the API, the stabilizing polymer, other ad-
ditives, and the interactions among all the ingredients; (2) shortage of reliable
technologies for early prediction of the amorphous formulation stability with limited
amount of material; and (3) disconnection between early formulation development
and downstream processing technologies/methodologies due to the difference in
manufacturing setups. To mitigate the risks associated with physical instability, a
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comprehensive understanding of the molecular structure and the interactions among
different ingredients is essential to the successful development of an ASD dosage
form.

The fundamentals regarding ASD have already been introduced in the previous
chapters and elsewhere (Taylor and Shamblin); readers are encouraged to use those
for reference. This chapter introduces the mechanisms of instability and influencing
factors, options to prevent instability, and methods to characterize API and other
ingredients as well as to predict the instability. In addition, we introduce the typical
stability programs applicable for early ASD development. It is important to note that
this chapter mainly focuses on the physical stability aspects. Though not the focus of
this chapter, chemical instability ofASD is of equal importance to physical instability
(Pikal and Dellerman 1989). Chromatographic approach is the most widely adopted
method for the assessment of chemical stability of both API and the key excipients.

16.2 Factors Affecting the Stability of Amorphous Solid
Dispersion (ASD)

ASDs ideally can be imagined as amorphous solids being molecularly dispersed
into an inert polymer matrix (Chiou and Riegelman 1971). Amorphous solids ex-
ist as a nonequilibrium phase lacking all long-range order symmetry. They exhibit
short-range order over a few molecules, including nearest-neighbor or next-nearest-
neighbor interactions. Sufficient nonbonded interactions enable amorphous material
to present as a condensed phase and behave mechanically like crystalline solids. The
lack of periodicity in nonbonded interactions results in high internal energy relative
to the crystalline state, providing increased apparent aqueous solubility and enhanced
dissolution. The enhancement in API absorption is further strengthened by the sol-
ubilization effects of excipients (polymer and surfactant). However, as a metastable
state, there exists a thermodynamic potential for amorphous solids to sponta-
neously revert to a more stable crystalline state. The reduction in molecular mobility
(Korhonen et al. 2008; Van den Mooter et al. 2001) and reduction in molecular cou-
pling due to specific interactions between the drug and the polymer (Aso andYoshioka
2006) are additional driving forces for form conversion from amorphous stage to
crystalline stage. In addition, there is a balance between the thermodynamic driving
force for nucleation and crystal growth and the kinetic factors, mainly the molecular
mobility. Nucleation occurs at lower temperature more likely due to the thermody-
namic driving force, whereas molecular mobility is mostly at higher temperature. The
processing and storage conditions, and parameters such as temperature and relative
humidity (RH) mainly, play significant roles on both the thermodynamic and kinetic
aspects (Leuner and Dressman 2000; Serajuddin 1999). A thorough understanding
of these ASD physical stability-governing aspects will elicit conscious evaluation of
ASD formulation and facilitate rational drug product design and development.
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Fig. 16.1 Schematic diagram
of the thermodynamic
relationship of amorphous
and crystalline states: Tm the
melting point, Tg the glass
transition point, andTk the
Kauzmann temperature

Temperature

En
th

al
py

 /
 e

nt
ro

py

Tk Tg Tm

liquid

glass

crystal

Supercooled
liquid

16.2.1 Thermodynamic Aspect

ASD is a glass solution of a poorly solubleAPI in a hydrophilic polymer carrier with a
high glass transition temperature. The solid-state change is on a molecular level. The
thermodynamic driving force for crystallization from an amorphous solid arises from
the higher Gibbs free energy of the amorphous system relative to that of the crystal
for all temperatures lower than the equilibrium melting point. The glass will relax
toward lower configurational enthalpy and entropy. This driving force increases with
the degree of supercooling; thus, the further from the crystal melting temperature,
the greater the driving force for crystallization (Fig. 16.1). The difference in Gibbs
free energy between the supercooled liquid and crystalline phase, �G, is given by
Gibbs equation,

�G(T ) = �H (T ) − T �S(T ) (16.1)

The enthalpy change can be estimated by,

�H (T ) = �Hfus +
∫ T

Tm

�CpdT , �S(T ) = �Sfus+
∫ T

Tm

�Cp

t
dT (16.2)

Although the thermodynamic driving force increases with decreasing temperature,
molecular mobility decreases on cooling, thereby increasing the kinetic barrier to
crystallization. The kinetic barrier to crystallization is a consequence of the high vis-
cosity and decreased molecular mobility of supercooled liquids and glassy systems,
and is obviously strongly temperature dependent.

The reduction of free energy is modeled according to the classical nucleation
theory, which describes factors influencing nucleation kinetics from supercooled
liquids (Turnbull and Fisher 1949; James 1985). In this model, the rate of homoge-
neous nucleation (I) is governed by the free energy change occurring on formation
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of a nucleus with a critical size, �G∗, and the activation energy for transporting a
molecule from the amorphous phase to the nucleus, �Ga:

I = A exp
−(�G∗ + �Ga)

kT
(16.3)

In this equation, A is a constant, k is the Boltzmann constant, and T is the temperature.
�G∗ represents the balance between the energy penalties associated with creating a
new surface. The thermodynamic driving force for nucleation rises with the degree
of supercooling. Once a stable nucleus has been formed, an increase in the mass
of crystalline material is achieved by crystal growth. Crystal growth starts with
the diffusion of molecules from the bulk solution toward the liquid–solid interface,
followed by the integration of the molecules into the crystal lattice. Crystal growth
from viscous liquids is often described by the normal crystal growth model,

u = k
δ

[
1 − exp

(
�G
RT

)]
(16.4)

where �G is the free energy difference between the liquid and crystalline forms, k
is the Boltzmann constant, independent of temperature, and δ is the viscosity. More
complex modeling equations were reported elsewhere (Nascimento and Zanotto
2010).

The thermodynamic driving force of crystal growth lies in the metastable equi-
librium at the interface of solid and liquid and is dictated by the degree of
supercooling.

16.2.2 Kinetic Driving Force: Molecular Mobility

Amorphous material has higher apparent solubility and can remain in supersaturated
state upon transit from gastric compartment to the intestinal compartment with or
without the assistance of precipitation inhibitors. According to the model of API in
polymer solubility (Marsac et al. 2006b), APIs have the tendency to crystallize to
the more thermodynamically stable form. Inhibition of API crystallization in solid
dispersion is attributed predominantly to kinetic stabilization (Marsac et al. 2006b).

Molecular mobility is the rotational and transitional movement of molecules. It
is well known that the reduced stability of amorphous solid is due to its greater
molecular mobility relative to that of the corresponding crystalline form. The role
of molecular mobility in crystallization lies in the fact that it is necessary to allow
diffusion and surface integration. Crystallization of the drug is generally preceded
by phase separation and thus the formation of a drug-rich amorphous phase and
polymer-rich phase. The molecular mobility of an amorphous compound is due to
two main relaxations, global and local. The molecular mobility responsible for the
glass transition is cooperative in nature and is also called the global mobility. Such
molecular motions are also known as α-relaxations. Local mobility, otherwise known
asβ-relaxation or secondary relaxation, is noncooperative and much faster than global
mobility (Bhattacharya and Suryanarayanan 2009). Both types of molecular mobility
will impact the possibility of recrystallization.
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16.2.2.1 Temperature Effect on Mobility

Temperature has a huge impact on the stability of an ASD. Thermodynamically, as
clearly illustrated by Eqs. 16.1 and 16.2, the crystallization tendency is a function
of temperature (Marsac et al. 2006a). Kinetically, the temperature affects the molec-
ular mobility of the ASD system in a way that the temperature dependence of the
molecular motions below the glass transition event is less than that the above Tg

(Hancock et al. 1995). At elevated temperatures above Tg, with the transition from
glass to supercooled liquid phase, structural relaxations happen rapidly leading to
an enhanced phase separation and/or crystallization potential (Vasanthavada et al.
2004). In addition, thermal expansion of the API–polymer matrix may reduce the
degree of interaction between its two components, affecting the hydrogen bonding,
thereby decreasing the miscibility limit and contributing to the recrystallization as
suggested elsewhere (Tang et al. 2002; Shibata et al. 2014).

Generally, it is recommended to store the amorphous material at least 50 ◦C below
its glass transition temperature (Hancock et al. 1995). At lower temperatures, molec-
ular mobility can practically be neglected due to the high viscosity of the system
and the glass annealing (Qian et al. 2010). Albeit the low likelihood, recrystalliza-
tion can still occur even with the storage temperature lower than Tg− 50 ◦C and has
been observed by multiple research groups (Miyazaki et al. 2007; Yoshioka 1994).
In a study on indomethacin, a β-relaxation was observed at − 20 ◦C (Vyazovkin
and Dranca 2005). The Tg− 50 ◦C rule is only suitable when the crystallization is
driven by α-relaxation; however, local molecular mobility is noncooperative and
requires less activation energy. At temperatures well below Tg, β-relaxation is the
predominant driving force. An alternative recommendation is to keep the storage
temperature at or below the Kauzmann temperature (Tk). As shown in Fig. 16.1,
the entropy difference between the liquid and solid phase decreases as a liquid is
supercooled. Kauzmann temperature (Tk) is a theoretical temperature value at which
the potential for molecular rearrangement approaches a minimum value. The status
at Tk is equal to that of the crystal. At this temperature and below, rotational and dif-
fusive motions are improbable, even over extremely long timescale (Yu 2001; Craig
et al 1999), Tk nominally represents a temperature below which many processes
requiring molecular rearrangement will cease (Kauzmann 1948). It can be roughly
estimated by (Tg)2/Tm (Tg, Tm expressed in kelvin scale). Materials having both Tg

and Tk values below ambient temperature are often hard to produce and maintain in
an amorphous state.

16.2.2.2 Moisture/Water Effect on Mobility

The influence of moisture or water on ASD stability is governed by the interaction
of water with either API or polymer. The amorphous solids can interact with water
via two mechanisms: the adsorption of the water molecules at the surface and the
absorption of water into the bulk structure. Absorption is possible due to the lower
density structure of amorphous solids whereby the free volume facilitates the sorption
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of water molecules, and hence, amorphous solids typically absorb considerably more
water than their crystalline counterparts.

The water absorption by amorphous material is via hydrogen bonding. Water
has a low glass transition temperature (Tg) at − 138 ◦C (Giovambattista et al. 2004)
and has a plasticizing effect on the ASD, which lowers Tg of most pharmaceutical
systems and increases the crystallization rate (Miller and Lechuga-Ballesteros 2006).
Plasticizers change a number of material properties such as decrease in mechanical
strength, viscosity, Tg, and increase in molecular mobility, all resulting in greater
tendency for crystallization and chemical reactivity. A research showed that with
the moisture content increased from nearly zero to 2.7 %, the molecular mobility of
the quenched trehalose increased approximately by a factor of 6 (Liu et al 2002). It
has been found that even with as low as 1–2 % of water content, molecular mobility
can be significantly influenced (Andronis and Zografi 1998; Andronis et al. 1997).
In addition, it has been found that mixtures of deliquescent API and deliquescent
excipient are more hygroscopic than either the API or the excipient alone (Salameh
and Taylor 2005). In another study, it was reported that a system with stronger drug–
polymer interactions and a less hygroscopic polymer is less susceptible to moisture-
induced phase separation, while more hydrophobic drugs are more susceptible to this
phenomenon even at low levels of absorbed moisture (Rumondor and Taylor 2009;
Bhugra and Pikal 2008)

Polar polymers including proteins, starches, cellulose, and other water-soluble
formulation excipients may absorb significant amount of moisture when exposed
to water vapor under various humidity and temperature conditions (Weuts et al.
2005). As moisture uptake increases, the polymer becomes plasticized and undergoes
structural changes which may then affect the mobility of the dispersed API. The
nature of hydrogen bonding between a water molecule and a polymer molecule has
been investigated by Fourier transform (FT) Raman spectroscopy in combination
with gravimetric water vapor absorption and differential scanning calorimetry (DSC;
Taylor et al. 2001). Hydrogen bonding between water and the polymer has been
confirmed by a shift in the carbonyl peaks toward lower wave numbers in FT Raman
spectrum. The extent of the red shift has been noted to be polymer specific (Taylor
et al. 2001). This is evidenced by a larger shift in the carbonyl peaks at equivalent
water content. The carbonyl group is able to interact to a greater extent with the
absorbed water molecules in its rubbery state.

The mechanism of moisture-induced relaxation remains an open question. One
hypothesis is that an amorphous solid contains a finite amount of hydrophilic sites
that become saturated at some critical moisture content. Above this moisture content
value, adsorbed/absorbed water molecules have a greater molecular mobility. Thus,
water exhibits different type of impact on the solid dispersion below and above this
critical moisture content. This water-binding-site saturation hypothesis is supported
by calorimetric measurements which clearly show that the heat of water sorption
approaches the enthalpy of condensation of water above RH threshold (Miller and
Lechuga-Ballesteros 2006).
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16.2.2.3 Molecular Mobility and Phase Separation

One mechanism of solid dispersion instability has been proposed by Vasanthavada
and coworkers (Vasanthavada et al. 2004). In the absence of moisture, freshly pre-
pared dispersion mixtures have high Tg values and hence the molecular mobility is
very low at the storage temperatures. The API remains in a kinetically frozen state of
miscibility. Upon exposure to moisture, the solid dispersion gets plasticized, and the
molecular mobility increases. The exact role of water is not yet clear. Water either
may weaken the H-bond interaction by bridging with polymer and API structural
units or may merely increase the molecular mobility by plasticizing the mixture.
In either case, diffusion of API through the polymeric matrix can result in separa-
tion of the API into an amorphous phase, which subsequently crystallizes. As more
and more API phase separation occurs, increasing amount of free polymer units are
left to interact with the remaining API. Such units possibly orient around and arrest
the nondiffused API molecules by satisfying their H-bond requirement. At equilib-
rium, localized pockets of API molecules are almost entirely bonded to the polymer,
reaching solid solubility. Upon phase separation, amorphous API crystallizes.

There is another explanation of phase separation. The existence of local density
gradients stimulates translational diffusion of molecules from high- to low-density
areas. This would ultimately lead to equalizing the density throughout the whole
system so that it would assume the more homogeneous structure as of a liquid. A
glass consisting of both high- and low-density regions demonstrates low and high
molecular mobility. High-density regions are primarily involved in slower rotational
diffusion, whereas faster translational diffusion is associated with low-density re-
gions. The latter, therefore, are the most likely regions for nucleation to occur. In
the process of density equalization, the molecules from the structurally arrested re-
gions diffuse into neighboring high-mobility areas, therefore increasing the fraction
of molecules capable of nucleating (Vyazovkin and Dranca 2007). The increased
molecular mobility allows the system to equilibrate to reach thermodynamic solid
solubility in the amorphous phases and to form a crystalline fraction of the excess
amount of the API (Vasanthavada et al. 2004).

As the phase-separated API crystallizes, the fraction of polymer in close contact
with the crystalline surface increases till the heat capacity reaches a plateau. An
example of gradual phase separation is shown in Fig. 16.2.

16.2.3 Processing Methods

Solid dispersion can be prepared by many methods, with solvent removal and hot-
melt extrusion being the most widely used approaches (Bikiaris 2011; Alam et al.
2012). Readers can find details on all types of processing technologies in other re-
lated chapters in this book. In the authors’ experience, the binary phase behavior
in solid dispersions exhibits substantial processing method dependency. For solid
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Fig. 16.2 Examples of phase
separation. Phase maps
recorded on fracture surface
of cholesteryl ester transfer
protein (CETP)/PVP VA64
film at different time points
with exposure to stress
conditions (RH = 75 %,
T = 40 ◦C): (a) t = 0,
(b) t = 2 h, (c) t = 24 h, and
(d) t = 1 week. (Reproduced
with permission from Lauer
et al. 2011))

dispersions with the same contents at the same drug load, often significant differ-
ence in physical stability and biopharmaceutical properties can result from different
processing methods.

Structural relaxation is a multiexponential decay from the initial glassy state,
where the configurations are “frozen in” during processing, toward the equilibrium
supercooled liquid state. Therefore, the relaxation behavior would be expected to
depend on processing methodology. It is found that quenched samples have longer re-
laxation times than the corresponding freeze-dried samples (Liu et al. 2002). Fourier
transform infrared (FTIR) spectroscopy data indicate that the difference is attributed
to two different types of H-bond populations (Paudel et al. 2012). The heterogene-
ity has also been observed by solid-state nuclear magnetic resonance (NMR) in the
study of nifedipine–polyvinyl pyrrolidone (PVP) solid dispersions prepared by spray
drying and melt quenching (Yuan et al. 2013). This is believed to be due to the differ-
ent kinetic processes involved during the dispersion formation. Different processing
methods result in different thermal histories, and this is reflected by the variations
in molecular mobility. Amorphous simvastatin prepared via cryo-milled approach
has been shown to have less stability than quench-cooled simvastatin (Graeser et al.
2009a). In another study, the physical stability of amorphous indomethacin has shown
to be correlated to the cooling rate during the melt-quenching process, most likely
due to the differences in nucleation under different conditions (Bhugra et al. 2008).
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Table 16.1 Commonly used excipients in a solid dispersion formulation

PEG 4000 Cyclodextrin Polyox®

PVP K30 SLS Soluplus®

Eudragit® EPO HPMCAS Gelucire® 50/13

VA 64 Kollicoat® IR Eudragit® RS 100

HPMC Gelucire® 44/14 HPC

HPMC hydroxypropyl methyl cellulose, HPMCAS hydroxypropyl methyl cellulose acetyl succi-
nate, PEG polyethylene glycol, PVP polyvinyl pyrrolidone, SLS sodium lauryl sulfate, VA vinyl
acetate

16.2.4 Physicochemical Properties of the Additives:
Polymer/Surfactant

Pharmaceutically acceptable polymers or copolymers are typically used as crystal-
lization inhibitors in ASD. The selection of polymer and the drug load are vital
not only to the creation of a good ASD but also to its physical stability. The glass
transition temperature could be potentially modified, thus impacting the rate of crys-
tallization (Yu 2001). In addition to the modification of Tg, polymers with good
hydrogen-bond acceptors show more influence on the stabilization of the amorphous
system (Wegiel et al. 2013). While working onASD of acetaminophen, Miyazaki and
coworkers observed that both acetaminophen–polyacrylic acid and acetaminophen–
polyvinylpyrrolidone dispersions showed similar Tg values; however, the former
had slower crystallization rate in the temperature range of 45–60 ◦C due to stronger
hydrogen bonding (Miyazaki et al. 2004). Ghosh et al. reported phase separation
in solid dispersion (SD) of NVS981 and hydroxypropyl methyl cellulose phthalate
(HPMCP), but the dispersion in HPMC 3cps and hydroxypropyl methyl cellulose
acetyl succinate (HPMC-AS) was stable (Ghosh et al. 2011). Many times, binary,
ternary, or even quaternary ASD mixtures are ideal. Table 16.1 summarizes the
polymers frequently used for ASD formulations.

In addition to inhibiting translational diffusion of APIs, steric hindrance either by
polymers of different molecular weights or by a polymer of different concentrations
may also slow crystallization mechanisms that proceed by rotational diffusion via a
nearest substitution of a drug molecule with a polymer molecule. Either translational
diffusion inhibition or steric hindrance may act to prevent drug molecule aggregation
and/or interaction that are the precursors for crystallization (Matsumoto and Zografi
1999).

The appropriate use of polymer is very important to the physical stability of an
ASD. Even at a low polymer concentration that results in a minor increase in Tg,
enhanced drug stability has been observed (Matsumoto and Zografi 1999; Konno
and Taylor 2006). This could be attributed to intermolecular interactions between
the drug and the polymer in the dispersion. In the study with indomethacin, the
drug–polymer interactions are indicated by peak shifts or peak intensity changes
corresponding to specific vibrational modes of the functional groups involved in
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intermolecular interactions in FTIR (Taylor and Zografi 1997). PVP is commonly
selected to stabilize indomethacin in its solid dispersions. Having no acidic protons,
PVP does not self-associate through hydrogen bonding, although it can act as a proton
acceptor through either the oxygen or nitrogen atom in the pyrrole ring. The carbonyl
group is the least sterically hindered group and it is expected to be a more favorable
site for interactions. It has been shown that solid dispersions of indomethacin-PVP
produced FTIR spectra that showed an increase in the intensity of the band assigned
to the nonhydrogen-bonded carbonyl and the PVP carbonyl stretch was shifted to
a low wave number (Matsumoto and Zografi 1999). These results, not mirrored in
the physical mixture data, suggested that hydrogen bonds between the indomethacin
and PVP hydroxyl and carbonyl groups, respectively, were formed at the expense
of indomethacin dimers. It was found that different types of hydrogen bonds were
responsible for different behaviors in solid dispersions (Paudel et al. 2012).

In a study by Vasanthavada and coworkers, the data show that solid dispersion
of griseofulvin–PVP had higher crystallization rate than that of the solid dispersion
of indoprofen–PVP at the same drug load. This was attributed to the missing of
hydrogen bonding between griseofulvin and PVP (Vasanthavada et al. 2005). In
another study by Aso’s group, it was revealed that the enthalpy relaxation time of
amorphous nifedipine increased from 1 to 2 days in the absence of PVP to 18 days
in the presence of 10 % PVP, whereas that of amorphous phenobarbital increased
from 1.0 to 3.7 days in the absence and presence of 5 % PVP (Aso et al. 2004). This
phenomenon has been attributed to the hydrogen bonding formed between PVP and
the APIs based on data from carbon NMR (Aso and Yoshioka 2006).

Another type of excipient typically added to ASD is surfactant to improve the
processibility of amorphous drug product (Ghebremeskel et al. 2006) and/or the in
vivo performance (Qi et al. 2013). Comparing the impact of polymer on stabilizing
ASD, the influence of surfactant is somewhat more complicated and can go in both
directions. In a study on the impact of surfactants on crystal growth of amorphous
celecoxib carried out by Dr. Taylor’s group, the crystal growth rate increased with the
presence of a surfactant alone (sodium lauryl sulfate (SLS), tocopherol polyethylene
glycol succinate (TPGS), or sucrose palmitate); however, when polymer PVP was
dispersed with one of the three surfactants mentioned above, the crystal growth rate
was higher in the case of SLS and sucrose palmitate, but lower in the case of TPGS.
It has also been observed that the rate was related to the amount of polymer used
(Mosquera-Giraldo et al. 2013). In light of this observation, more attention is needed
when addressing the physical stability of a more complex ternary solid dispersion
system.

16.3 Principle and Techniques for Prediction of ASD Stability

Prediction methods of ASD stability can be categorized based on the stage of the
formulation development: prediction during the formulation design and after for-
mulating the ASD. The methods used in the ASD design phase are to measure the
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crystallization tendency of API alone or to test if a stable formulation is feasible
by examining the API-additive miscibility. Once an ASD formulation is available,
physical stability estimation can be carried out with methods to determine the kinetic
factors influencing crystallization, for example, by determining molecular mobility
or by measuring the phase separation. The appropriate application of the prediction
approaches can mitigate the risks associated with the ASD as early as possible, thus
improving the success rate.

16.3.1 API Crystallization Tendency

At the early stage of formulation development, formulation scientists can utilize some
empirical rules to assess the suitability of an ASD for the API of interest. Simple
estimations can be made using the ratio between glass transition temperature and
melting point in kelvin as well as the Kauzmann temperature (Tk; Fig. 16.1). These
estimations often provide quick educated guesses on the crystallization tendency of
the API. Such information will be useful for estimating the difficulty of forming a
stable ASD.

The glass-forming capability is an intrinsic property of organic materials. Upon
solidification via either cooling or precipitation from solution, some organic materials
prefer to attain crystallinity while others become amorphous. Thus, they are classified
as good and poor glass formers, respectively. Over the past decades, it has been
observed that the glass transition of a substance occurs in a temperature region that
is approximately two thirds of the melting point in kelvin. If both Tg and Tm are
known, then it is possible to estimate the deviation from the two-thirds rule, which is
considered to reflect the temperature dependency of molecular motions in the region
just above Tg. If Tg/Tm is significantly greater than 2/3, the material of interest is likely
to have a greater than average temperature dependence of its molecular mobility in
the region of Tg, and it is said to be “fragile,” with a greater propensity to crystallize.
Conversely, a material with a Tg/Tm ratio much less than 2/3 has a less than average
temperature dependence of its molecular motions between these two temperatures
(Hancock and Zografi 1997).

Though the two-thirds rule provides a quick estimation on the glass-forming
ability of the material of interest, its predictivity is yet to be challenged. Compounds
with similar Tg/Tm values may have very different crystallization behaviors. More
sophisticated models using principal component analysis have been developed with
better prediction power on material’s glass-forming ability. Such models normally
combine multiple parameters, including both experimental values and molecular
intrinsic properties with the aim to develop a more predictive estimation than the
simple two-thirds empirical rule. Baird et al. utilized thermodynamic parameters such
as melting temperature, enthalpy, entropy, heat of fusion as well as molecular intrinsic
properties like molecular weight and number of rotational bonds to build a model
using 51 model compounds (Baird et al. 2010). Mahlin et al. built another model using
multiple molecular descriptors, reflecting aromaticity, symmetry, flexibility, size,
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and distribution of electrons (Mahlin et al. 2011). These models provide high-quality
alternatives for the prediction of ASD applicability and stability.

16.3.2 API and Additive Miscibility

“Miscibility” of an API and its additive(s) refers to a homogeneous system in which
API and additives are mutually influencing the solid structures of each other. A
miscible system indicates the API and the polymer are imbedded into each other’s
bonding network at a molecular level; hence, the system is stable and there is only
one uniform phase. Miscibility is the key for the selection of a polymer carrier.

There are several parameters to consider for quick assessments. The detailed
theoretical explanation can be found elsewhere. The most commonly used criteria
are solubility parameter and lipophilicity (LogP). When the solubility parameter is
used, a difference below 2.8 is empirically recognized as well miscible (Yoo et al.
2009). LogP value differences between the component pairs below 1.7 tend to stay
amorphous; however, this rule is not strictly followed (Yoo et al. 2009). A more
complicated miscibility estimation is to employ molecular dynamic (MD) simulation
to predict the miscibility of a drug candidate and its carrier (Gupta et al. 2011). The
MD approach can provide molecular level insight.

Besides the above-described ways for quick estimations, a prediction of misci-
bility using physical mixture of API and polymer is likely the most commonly used
method. Different methodologies have been proposed for polymer selection (Van
Eerdenbrugh and Taylor 2011), DSC being the most popular approach. The method
is to test the Tg of the physical mixture, assuming one Tg indicates miscibility and
hence a possible stable formulation. The physical mixture is first heated to pass the
Tm of the API, followed by a quick cooling. During the modulated reheating process,
the thermo activities are monitored. Albeit being a powerful and practical tool, a
DSC also has some drawbacks. Formation of small domains (less than 15–30 nm)
in a binary amorphous mixture containing more than one phase may result in failure
to detect two distinct Tg events. Also during DSC measurements, the temperature of
the sample is constantly changing, which in turn could result in a shifting miscibility
of the system’s components due to an increased or decreased miscibility with in-
creasing temperature. Thus, the detection of a single Tg at temperatures higher than
the Tg of the lowest individual component may not provide enough information to
determine the number of amorphous phases present at room temperature (Rumondor
et al. 2009).

Another method is to use rheological analysis (Liu et al. 2012). This technique
is based on the fact that the curve of drug loading versus viscosity has a “V” shape,
and drug load corresponding to the minimal viscosity indicates the API solubility in
the polymer (dynamic frequency sweep). At lower drug load, with the increase in
drug load, the viscosity decreases because of the plasticizer effect of the dissolved
drug. Beyond the solubility point, the viscosity increases with the increasing drug
load because the undissolved drug particles act as solid fillers (Liu et al. 2012).



16 Stability of Amorphous Solid Dispersion 527

Miscibility can be predicted by locating the minimal viscosity point. This method
can also provide the minimum hot-melt extrusion processing temperature.

Additional approaches in place are the Flory–Huggins theory (Marsac et al. 2006b)
and melting point depression approach (Marsac et al. 2006b; Marsac et al. 2009).
Flory–Huggins theory investigates the solubility of the API in the polymer, while the
melting point depression approach focuses on the change in melting point shift.

The Flory–Huggins lattice theory is originally developed to describe the solubility
of a crystalline material in a solvent and can be derived to describe the relationship
between drug and polymer, in which the polymer is the substitute of the solvent and
the relationship is illustrated by Eqs. 16.5 and 16.6:

lna1 = �Hm
R

(
1

Tm
− 1

T

)
(16.5)

where Tm is the melting point of the pure drug, �Hm is its molecular heat of melting,
and T is the temperature at which the drug’s solubility is measured (Zhu et al. 2010).

When the Flory–Huggins theory is applied to the drug–polymer, we get the
following equation:

lna1 = lnυ1 + (
1 − 1

x

)
υ2 + ωυ2

2 (16.6)

where υ1 and υ2 are the volume fractions of the drug and the polymer respectively,
x is the molar volume ratio of the polymer and the drug, and ω is the drug–polymer
interaction parameter.

Volume fraction is the same as the weight fraction and the parameter x is the
molecular weight ratio between the polymer and the drug (Sun et al. 2010; Tao et al.
2009). The drug–polymer interaction parameter ω is obtained by fitting the activity
solubility relationship (Qian et al. 2012). If there is a net attraction between the two,
the value of ω is negative. If there is a net repulsion, the ω value is positive. By
comparing the ω value against the critical interaction parameter value for the binary
system (0.5), the interaction between drug and polymer can be predicted (Rumondor
et al. 2010).

A more complicated ternary system can also be predicted in a similar manner. For
a ternary system, Flory–Huggins equation is,

ln
p

p0
= lnϕ1 + (ϕ2 + ϕ3) − ϕ2

x12
− ϕ3

x13
+ (ω12ϕ2 + ω13ϕ3)(ϕ2 + ϕ3) − ω23

ϕ2ϕ3

x12

(16.7)

Here the subscripts 1, 2, 3 refer to water, drug, and polymer, respectively; ϕ is
volume fractions; ω is interaction parameters; ρ is the relative water vapor pressure
and x is molecular size ratio parameter for the components (Rumondor et al 2010).

Finally, the melting point depression approach has been adapted to describe the
API–polymer interaction, in which the thermal activities of the ASD are compared
with those of the API alone. With the help of mathematic simulation using Eq. 16.8, a

plot of
(

1
T mix

M
− 1

T
pure
M

)
× (

�Hfus
−R

) − ln(φdrug) − (
1 − 1

m

)
φpolymerversus φ2

polymer reveals
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the value of ϕ (Marsac et al. 2006b), which is the key interaction parameter for the
understanding of drug–polymer interaction:(

1

T mix
M

− 1

T
pure

M

)
= −R

�Hfus

[
lnφdrug +

(
1 − 1

m

)
φpolymer + ϕφ2

polymer

]
(16.8)

where T mix
M is the melting temperature of the drug in the presence of the polymer,

T
pure
M �Hfus is the heat of fusion of the pure drug, m is the ratio of the volume of the

polymer to that of the lattice site, φ, is the volume fraction, and ϕ, is the interaction
parameter.

When using the melting point depression approach, melting event must precede
chemical decomposition. Melting point of the drug should be sufficiently high so
that the polymer is in a supercooled liquid-like state to interact and mix with the
molten drug. This approach is more appropriate for polymers whose glass transition
temperatures are significantly lower than the melting point of the drug. This method
provides an estimation of the interaction parameter close to the melting point of the
drug. The polymer drug ratio linearity is limited to relatively low polymer concentra-
tions. The interaction parameter determined represents a composite value over this
limited concentration range (Marsac et al. 2009).

16.3.3 Molecular Mobility Estimation of Formulated ASD

The molecular mobility of amorphous material, usually expressed as the relaxation
time, τ , is typically evaluated through measurements of certain relaxation processes.
From the stability perspective, storage conditions under which the materials exhibit
relaxation times comparable to or greater than the timescale of the required shelf
life are desirable. The general method in molecular mobility approach is to measure
an indicating parameter under a certain condition, then to correlate this indicating
parameter with relaxation time by different equations. This relaxation time could be
an indication of the starting time of instability.

In an amorphous solid, relaxation may arise from different origins: enthalpy re-
laxation, volume relaxation, dielectric relaxation, and spin relaxation of protons and
13C nuclei. Molecular mobility can be indirectly estimated using DSC and isothermal
microcalorimetry (IMC) under the prerequisite that the estimated mobility is highly
coupled to physical instability (Graeser et al. 2009b). Techniques such as dielectric
spectroscopy and solid-state NMR directly measure the relaxation of a sample and
provide information about the global α-relaxation as well as the local β-relaxation.
However, solid-state NMR is not readily available. Hence, it is not widely used.
Molecular mobility estimation using solid-state NMR will not be introduced in this
chapter; readers can refer to literature elsewhere (Aso and Yoshioka 2006; Kojima
et al. 2012; Ueda et al. 2012; Masuda et al. 2005). The molecular mobility can be
estimated from the peak width obtained from NMR.

The molecular relaxation time value is methodology and instrumentation depen-
dent. This is especially true when studying an amorphous system below its glass
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transition temperature since the sample may not be at true equilibrium with the
experimental surroundings. It is preferable to utilize several complementary analyt-
ical tools to study the system of interest rather than relying on a single measuring
technique. In addition, DSC method provides an estimate of the average molecular
mobility that is associated with enthalpy changes in the sample, and other techniques
(e.g., dielectric relaxation experiments) may provide slightly different absolute esti-
mates of the average molecular relaxation time under similar time and temperature
conditions. In all cases, the distribution parameter (β) indicates the extent to which
the data deviate from a true exponential function, with a value of unity correspond-
ing to an exponential function. Meaningful comparisons of average relaxation times
from different experiments can only be made when the values of β are comparable
(± 0.1) or when the impact of the non-exponential behavior on the average value of τ

is fully understood. It should be noted that comparison of material properties should
only be made using data generated under similar experimental conditions (Hancock
and Zografi 1997).

In this section, we only cover the techniques that have been applied to solid
dispersions; however, readers are advised that other techniques such as mechanical
analysis have also been used for amorphous solids molecular mobility though not
on solid dispersions (Andronis and Zografi 1997). In addition, it has been found
that below Tg no clear relationship between the various factors and physical stability
exists (Graeser et al. 2009b). It has been confirmed by a study with amorphous
cephalosporin (Shamblin et al. 2006). Phase separation and crystallization involve
diffusion and nucleation, both linked to molecular mobility. There are numerous
studies attempting to correlate molecular mobility with physical stability. Though
scientifically interesting and useful, readers should not relate ASD physical stability
with molecular mobility solely, as molecular mobility is just one of the factors as
shown in the earlier section on factors affecting physical stability. It is not surprising
that the correlation between physical stability and molecular mobility is low. In
addition, the correlation between the two is not complete. Most of the correlations
only consider global mobility, not local mobility, though studies have shown that
β-relaxation plays a key role in estimating the physical stability of solid dispersions
(Vyazovkin and Dranca 2007). Hence, cautions should be taken when applying
molecular mobility to predict stability.

A summary and comparison of different molecular mobility methods is shown in
Table 16.2.

16.3.3.1 Molecular Mobility Measured by DSC

The most frequently employed approach for estimating molecular mobility in amor-
phous solids is that of enthalpy recovery experiments using DSC. The relaxation
time measured by this approach is from samples stored at a temperature below Tg.
Assessment of drug stability below Tg focuses on relating the measured recrystal-
lization enthalpy of the samples to the recrystallization enthalpy of the fresh sample
(Graeser et al. 2009b).
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Table 16.2 Techniques used to determine molecular mobility

Method Measured parameter Description Equation

DSC Enthalpy (�H) Determine the thermal
events with temperature
change

1 − ( �H
�H∞ ) = exp [ − ( t

τ
)β ]

Dielectric
spectroscopy

Permittivity (ε) Measure the dielectric
properties of a medium
as a function of fre-
quency

ε∗ = ε∞ + εS−ε∞
(1+iωτ)β

+ σdc

iωεS

IMC Heat powder (P) Determine the thermal
events with time change

P = 277.8 × �Hr (∞)
τ0

×(1+ βt

τ1
) × (1+ t

τ1
)β−2

× exp
[
−( t

τ0
)×(1+ t

τ1
)β−1

]
×τD = τ

1/β

0 × τ
(β−1)/β
1

DSC differential scanning calorimetry, IMC isothermal microcalorimetry

Fig. 16.3 A typical DSC
thermogram from an enthalpy
recovery (“relaxation”)
experiment. (Reproduced
with permission from
Hancock and Shamblin 2001)

P/
W

~ Tg

T / K

~ ΔHt, T

In these experiments, the ASD is stored at different temperatures and different
lengths of time, at a temperature below Tg. The sample is then reheated through Tg

and the DSC trace at Tg is analyzed as shown in Fig. 16.3. The endothermic event
is the recovery of the enthalpy that is lost by structural relaxation during the storage
below Tg (also known as “aging”). The enthalpy associated with this endotherm
(�Ht,T) can be quantified in most cases by the subtraction of the response from a
nonaged sample with an identical thermal history.Alternatively, it can be estimated by
using the extrapolated supercooled liquid response to define an approximate baseline
response as shown in Fig. 16.3. It is also possible to use modulated DSC (mDSC) as
shown in Fig. 16.4.
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Fig. 16.4 Illustration of the use of DSC data for measuring Tg and �H* (the activation energy for
enthalpy relaxation). Tgon, Tgend, and �T g indicate the onset, end, and width of the glass transition.
Modulated DSC (mDSC) allows the separation of the total heat flow into reversing and nonreversing
components. �H* can be evaluated from (a) the dependence of Tgon on scanning rate q, (b) �Tg,
(c) the dependence of the “relaxation enthalpy” �H (area of the “overshoot” on annealing time,
and (d) the dependence of the complex heat capacity Cp* (obtainable by mDSC) on modulation
frequency v. (Reproduced with permission from Yu 2001)

The enthalpy change indicated by the measured endotherm peak corresponds to
the extent that the sample is able to relax under the chosen storage conditions (tem-
perature, humidity, and storage time). This enthalpy relaxation is directly related
to the “average” molecular mobility of the material under those conditions. By re-
peating the experiment using a range of storage times, it is possible to determine
the enthalpy change versus storage time, and from these data, the average molecular
relaxation time can be estimated at any given temperature. The enthalpy change at
each time point can then be expressed as a fraction of the total potential enthalpy
relaxation, or the fraction relaxed expressed as �Ht ,T

�Hmax,T
; next the fraction relaxed

is plotted as a function of storage time and, in most cases, a fit to the empirical
Kohlrausch–Williams–Watts (KWW) equation. This is used to estimate the aver-
age relaxation time (τ ) and the corresponding distribution parameter/stretched time
function parameter (β), �Hmax,T = �C

Tg
p (Tg − T ) is the heat capacity change at Tg

and T is the storage temperature:

�Ht ,T

�Hmax,T
= 1 − exp

(
− t

τ

)β

(16.9)

Once fitting the enthalpy data into the above equation, τ can be obtained. The
fitted curve is shown in Fig. 16.5. In order for this curve-fitting procedure to provide
meaningful data, at least five or six data points are needed. On the other hand, this
method presents some limitations to its ability to describe the true relaxation behavior
due to the assumption that the structural relaxation time τ is a constant throughout the
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Fig. 16.5 Fraction-recovered
enthalpy versus time for
quench-cooled amorphous
sucrose at 333 K. Line
represents fit to the
Kohlrausch–Williams–Watts
equation. (Reproduced with
permission from Hancock and
Shamblin 2001)
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relaxation process. In reality, τ tends to increase as relaxation of the glass progresses.
As a consequence, if the change in τ during relaxation is considerably pronounced,
it will lead to a situation in which no single τ value is sufficient to properly describe
the relaxation process.

In case �H∞ is not easy to determine, it can be estimated by measuring the
heat capacity (�Cp) using mDSC (Six et al. 2001), where �H∞ can be obtained by
�H∞ = �Cp(Tg−Ta), and Ta is the annealing temperature or the storage temperature
(Hancock et al. 1995; Kakumanu and Bansal 2002).

In order to overcome the possibility of not being able to measure the value of
�H∞, a couple of alternate methods have been developed by Dr. Pinal’s group
using parameters determined by DSC (Mao et al. 2006a; Mao et al. 2006b) and the
step-by-step procedures are listed in Table 16.3.

16.3.3.2 Molecular Mobility Measured by Dielectric Spectroscopy

Dielectric spectroscopy is a very promising tool to probe relaxation processes, es-
pecially since new broadband equipment can cover frequencies in the range of 10−4

to 1010 Hz. The theoretical introduction of this technique can be found in literature
(Korhonen et al. 2008). Basically, electrodes of two different sizes are used, and the
overall response, given by capacitance (C), depends on both the intrinsic charac-
teristics (permittivity ε) and the geometry of the sample. The relationship between
capacitance and sample geometry is given by:

C = Aε

d
(16.10)

where C is the capacitance, ε is the permittivity, and d is the geometry. When the
experiment is carried out, stored sample is placed into a holder with electrodes
connected to it. The permittivity (ε) is recorded. The permittivity data is fitted into
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Table 16.3 Step-by-step instructions on the determination of relaxation time using DSC

Method 1 (82)

1 Evaluating B and T0 from scanning rate dependence of Tg using DSC T0 = Tg(1 −
mmin

m
), B = (ln10)Tgm2

min

m
, mmin = 16, m = �H∗(Tg)

(ln10)RTg

2 Measuring of �CpTgand γ at Tg by DSC, γ = �Cp

�Cl
p

3 Calculating the initial enthalpy fictive temperature T 0
f from Tg and γ, T 0

f = T
γ

g ×T
(1−γ )

1

4 Evaluate time-dependent Tf by measuring recovered enthalpy using DSC after allowing

samples to relax for given lengths of time, Tf = T 0
f exp

(
− γ�Hrelax

�Cp,Tg Tg

)
5 Calculate the time-dependent relaxation time, τ = τ0 exp

(
B

T (1− T0
Tf

)

)

Method 2 (83)

1 Measure Tg as a function of heating rate (q)

2 Plot ln q versus 1/Tg (K), obtain the slope of the fitted line

3 Calculate the activation enthalpy, �H∗ (Tg) = 8.314*slope

4 Calculate the fragility index, m = �H∗ (Tg)/(2.303*8.314*Tg)

5 Calculate D and T0, D = (2.303*m2
min)/(m− mmin), T0 = Tg*(1− mmin/m)

6 Measure Cp of the liquid (l), glass (g), and crystalline (x) forms

7 Calculate the γ parameter, γ = (Cl
p−C

g
p )

(Cl
p−Cx

p )

8 Calculate the initial relaxation time, τ 0 = τ0 exp DT0

T −T (
T
Tg

)
γ , τ0 = 10−14, mmin = 16

Eq. 16.11,

ε∗ = ε∞ + εS − ε∞
(1 + iωτ )β

+ σdc

iωεS

(16.11)

where ε∗ is the complex permittivity, εS is the low-frequency limit of permittivity, ε∞
is the high-frequency limit, ω is the frequency, τ is the relaxation time, β represents
the distribution of relaxation times with a value close to unity indicating homoge-
nously distributing species and value close to zero indicating broad distribution of
relaxing substates, and σdc is the dc conductivity contribution (Bhugra et al. 2006).
Different from the methods using DSC in which it is required to store the test sam-
ple at temperature below Tg, samples using dielectric spectrometry can be stored at
temperature above Tg. This feature makes the test more useful as such conditions
mimic the real ASD storage situations.

16.3.3.3 IMC

Isothermal microcalorimetry (IMC) monitors real-time heat change with elapsed time
and has also been applied in ASD stability prediction. The typical sample size for
each IMC measurement is about 200–1000 mg. A thermally inert material, glycerin
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in the crystalline state, is used as reference in the IMC experiment. The heat power
(P), typically in the unit of μw/g, is monitored with time and the data are fitted into
Eq. 16.12,

P=277.8 × �Hr(∞)

τ0
×

(
1+βt

τ1

)
×

(
1+ t

τ1

)β−2

× exp

[
−

(
t

τ0

)
×

(
1+ t

τ1

)β−1
]

(16.12)

where P is the heat power. The obtained value is then fitted into another equation,

τD = τ
1/β

0 × τ
(β−1)/β
1 (16.13)

and τD is the relaxation time. This approach allows the stability to be predicted under
different temperature conditions (Liu et al. 2002).

16.3.4 Prediction of Physical Stability by Detection of Phase
Separation and Crystallization

In API–polymer systems, many times the physical instability is initiated by
amorphous–amorphous phase separation ending in heterogeneous arrangements.
Drug crystallization from a solid solution is the segregation of drug molecules from
the polymers prior to nucleation and subsequent crystal growth. Hence, determina-
tion of the drug phase separation from the solid solution can provide an estimate
for the kinetics of physical stability. The general practice is to place the sample
at the designed temperature and humidity and to detect phase separation and then
crystallization. The parameters that indicate the occurrence of phase separation or
crystallization are then characterized at different time intervals. The results from
different time intervals can then be plotted over the time period of test to predict
when the crystallization start or the stability failed the requirement.

A summary of techniques used to study phase separation is shown in Table 16.4.

16.3.4.1 Phase Separation Detection by Atomic Force Microscopy

Atomic force microscopy (AFM) has been used for stability studies of solid disper-
sions. The presumption of using AFM to characterize phase separation is that freshly
made solid dispersion is homogeneous and the surface is smooth, and changes in
surface roughness are induced by phase separation. Once the phase separation oc-
curs, surface roughness will be increased. An example of AFM image was shown in
Fig. 16.2. Hence, solid dispersion is placed under AFM over certain period of time
under stress conditions. The surface roughness is then monitored and plotted over
time. The stability can thus be monitored and predicted (Lauer et al. 2011). A more
advanced version is AFM coupled with IR (Van Eerdenbrugh et al. 2012), offering
additional information on chemical stability. The disadvantage of AFM is the surface
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Table 16.4 Techniques used to characterize phase separation

Method Measured parameter Description Equations

AFM Surface roughness Fractured films are pre-
pared by annealing and
quench cooling

Roughness versus time

Raman/IR Peak intensity Sensitive approach to
get the homogeneity of
the sample

DSC Tg Determine the num-
ber of glass transitions
events with 1 Tg indicat-
ing no phase separation

(1−α)t = 1− Tg(polymer)−Tg,T

Tg(polymer)−Tg(initial)
,

[−ln(1−α)]

= kt

it is the rate constant for solid-state
transformation

XRD Crystallinity and
crystallization onset
time ( τoc)

Measure the intensity of
diffraction peaks. The
crystallinity is indicated
by the diffraction peaks’
sharpness

@ T > Tg, log (τoc) = log (τ 0
oc)

+ 1

ln(10)
× D′T0

T −T0

@ T < Tg, log (τoc)

= log (τ 0
oc) + 1

ln (10)
× εDT0

T −T0/Tf

When humidity is considered, ln

[τoc(T , RH)] = log (τ 0
oc) + A

Tg(RH)

T

IGC Retention
volume (V )

Detect surface crystal-
lization under different
humidity

V = [1 − exp (−Btm)](Vmax−V0)+V0

α = (V − V0)/(Vmax − V0 )

[ − ln (1 − α)]1/2 = kt

α = kt

ln k = ln A − Ea/RT

AFM atomic force microscopy, DSC differential scanning calorimetry, IR infrared, XRD X-ray
diffraction, IGC inverse gas chromatography

of the solid dispersion needs to be relatively smooth; otherwise, it cannot be detected
by AFM unless surface polish is applied. Another drawback of AFM is the surface
area for detection is very limited.
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16.3.4.2 Phase Separation Detection by Raman Mapping and IR

Raman mapping has been shown to be able to detect phase separation in systems
which do not exhibit glass transition detectable by calorimetry (Padilla et al. 2011).
In other words, the sensitivity of this approach is superior to that of DSC. The phase
separation indication is the deviation in the peak intensity of the compound over an
area. It is measured by scanning 100 μm line map; an average of the peak intensity
for the one component system is detected. By subtracting this average intensity from
the intensity of the appropriate peak at each point across a map, a deviation from
homogeneity is obtained. The deviation in the peak intensity at each point across
the map is then weighted relative to the corresponding peak height. This deviation
is mainly due to phase separation (Padilla et al. 2011) and plotted over time. The
stability plot is then obtained. Same principle applies to the measurement by IR
(Rumondor and Taylor 2009).

16.3.4.3 Phase Separation Detection by Tg Change

The kinetics of drug phase separation can be determined by monitoring the change
in Tg of the solid dispersion. The time-dependent changes in Tg values are used in
calculating the fraction of the drug phase separated (1−α) from the solid dispersions,
where α is the fraction that remains miscible in the solid dispersion. The fraction of
the drug that is phase separated at a specific storage time (t) is calculated by using
the ratio shown below:

(1 − α)t = 1 − Tg(polymer) − Tg,T

Tg(polymer) − Tg(initial)
(16.14)

Here Tg(polymer) is the Tg of the polymer, Tg,T is the Tg of the solid dispersion
under a certain condition, Tg(initial) is the Tg of the freshly made solid dispersion.
To estimate the rate constant of phase separation, the phase-separated fraction of the
drug is plotted against the storage time and a linear fit obtained by using the equation,

[− ln(1 − α)] = kt (16.15)

where k is the rate constant for the solid-state transformation. Hence, the instability
time can be estimated (Vasanthavada et al. 2005). An illustration is shown in Fig. 16.6.

16.3.4.4 Crystallization Tendency Measured by X-Ray Diffraction

The principle of using X-ray (powder) diffraction (XRPD) to detect stability is to
monitor the change of crystallinity over time under different temperature and hu-
midity conditions (Greco et al. 2012). The advantage of this technique is that the
temperature can be both above and below Tg. Small-angle X-ray diffraction (XRD)
can also be used (Zhu et al. 2010). The onset of crystallization, τoc, is hence obtained.



16 Stability of Amorphous Solid Dispersion 537

Fig. 16.6 An illustration of
the estimation of the extent of
phase separation of
a griseofulvin and b
indoprofen from the PVP
solid dispersions.
(Reproduced with permission
from Vasanthavada et al.
2005)

By fitting τoc versus temperature data into different equations (Eqs. 16.16 and 16.17),
according to the scenario, unknown parameter, τ 0

oc, D′ = εD and T0 can be derived.
The long-term stability is then predicted by inputting the target temperature back to
the equation with already known parameters:

Log(τoc) = Log(τ 0
oc) + 1

ln(10)
× D′T0

T − T0
(16.16)

Log(τoc) = Log(τ 0
oc) + 1

ln(10)
× εDT0

T − T0/Tf
(16.17)

Once humidity effect is considered, equations will be changed into,

ln(τoc(T , RH)) = Log(τ 0
oc) + A

Tg(RH)

T
(16.18)

Here A is a constant

(
A = εDT0/Tg

(1− T0
Tf

)

)
, and Tg (RH) is the Tg at that RH.



538 X. Kou and L. Zhou

16.3.4.5 Crystallization Tendency Measured by Inverse Gas Chromatography

Inverse gas chromatography (IGC) has been used to detect surface crystallization
and to predict solid dispersion stability (Miyanishi et al. 2012). The principle of
IGC is out of scope of this chapter; readers are encouraged to read elsewhere. In
IGC, sample of the solid dispersion is placed in the capillary in the machine. Solvent
vapor is continuously purged on the surface of the freshly made solid dispersion over a
period of time; the volume of the solvent retained on the surface can be measured over
time. A retention volume will change if the surface crystallization occurs. Therefore,
the retention volume will be an indication of solid dispersion instability. A retention
volume versus time plot can be drawn from the IGC results. A retention volume
change versus temperature plot can also be obtained if the experiment was carried
out at different temperature. The steps to obtain the crystallization rate and finally
the prediction of instability are shown below:

By fitting the retention volume data into the equation, Vmax could be obtained,
which is the retention volume when crystallization at the surface is completed:

V = [1 − exp (−Btm)](Vmax − V0) + V0 (16.19)

where V is the retention volume at time t, V0 is the retention volume at t = 0, and Vmax

is the retention time when the crystallization at the surface is completed (t = ∞). m
and B represent the reaction mechanism and reaction rate, respectively.

Once Vmax is obtained, it is fit into the Eq. 16.20 to obtain α, which represents the
percentage of crystallized drug at the surface of the solid dispersion at time t:

α = (V −V0)
(Vmax−V0) (16.20)

Once α is obtained, retention volume data from the experiments are fitted into two
equations, [− ln (1 − α)]1/2 = kt and α = kt , to determine which equation to use.
The criterion is regression r. Once decided, k would be derivded from regression
using one of the above equations.

Following that is to fit k into lnk = lnA − Ea/RT, in which A is a constant, Ea is
the activation energy, R is the gas constant, and T is the temperature of the experiment
at which solid dispersion crystallization is carried out. Hence, experiments at several
temperatures will be needed for solid dispersion crystallization in order to get the
equation. From the equation fitting, A and Ea can be derived.

Finally, the derived temperature of storage can be applied to the equation lnk =
lnA−Ea/RT, to calculate the corresponding k. Once k is available, the crystallization
rate can be obtained, and the stability prediction can be made based on that.

16.4 Stability Programs

Due to the complexity of the interplaying factors on ASD stability, studies are of-
ten carried out focusing on one or a few parameters at a time. As a consequence,
there are different options on the prioritization of the different impacting factors to
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identify the underlying mechanism for instability and to evaluate approaches to
inhibit crystallization. Here we want to share with readers our rationale for a
sophisticated stability program which provides a rather general understanding.

As discussed in Sect. 18.3, several models are available and can be applied with
limited amounts of experimental data in combination with calculated molecular de-
scriptors. These models are extremely valuable at the early stage of development of
the API. A quick decision can be made regarding if ASD is an applicable approach
for the candidate. Once this question is answered, the selection of an appropriate
polymer comes in as the next step. If other additives are needed, for example, a
surfactant to improve the manufacturability or to enhance the pharmacokinetic (PK)
performance, the implication on system stability has to be assessed. The different
formulations developed can be rank ordered based on their stability under severe
temperature and humidity conditions. When the composition of the ASD is final-
ized, a more systematic stress test is used to understand the recrystallization risk.
Though the changes in physicochemical properties by and large appear in a nonlinear
fashion, the stress tests normally are sufficient to assess the risks, thus providing the
formulation scientists confidence to estimate the stability of the drug product.

There are many approaches that are in place for mechanistic insights of the in-
stability mechanism from both thermodynamic and kinetic viewpoints as discussed
previously. These approaches normally require solid understanding of the instru-
mentation involved and the data interpretation may not always be straightforward.
In addition, not all of these approaches are readily available in the formulation lab-
oratories in most of the pharmaceutical companies. Instead, they are more prone
to academic research. In a more conservative approach, instead of predicting the
stability, a stability program is carried out normally under stress conditions. In a
typical stability program, suitable amorphous formulation should exhibit long-term
stability with respect to solid-state properties as well as chemical integrity (Verreck
et al. 2003). Finalized ASD can be produced via an appropriate processing method
and the amorphous samples lightly ground prior to storage for evaluation. Although
varying from laboratory to laboratory, company to company, a common set of stress
conditions would generally include 4 ◦C, 25 ◦C, 50 ◦C, 80 ◦C, 25 ◦C/60 % RH, and
37 ◦C/75 % RH with time points ranging from one day up to six months or two years.
At each time point under each stress condition, the sample is analyzed using XRPD,
DSC, and/or FTIR as illustrated above. In the late-phase drug development, long-
term stability is carried out for years to monitor the stability by either XRD or DSC.
In this case, the objective is not to predict but to evaluate real-time stability.

In addition to the stability assessment of ASD with the goal for drug product
development, the ASD formulation also needs to maintain supersaturation during
the in vivo dissolution window so as to achieve the solubility enhancement and to
optimize drug absorption.

In case of preclinical studies, suspension stability may also be important. The
ASD suspension stability is conducted to support PK and/or toxicology studies. The
preferred suspension vehicle is the one in which the API would remain amorphous
for up to 4–6 h at room temperature.
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Conclusions

ASD approach is of high interest due to the potential for oral bioavailability en-
hancement, particularly for an API with poor aqueous solubility. At the same time,
these are challenging systems with regard to chemical and physical stability due to
their high energy state as compared to their crystalline counterparts. Chemical and
physical stability of ASD is the key for its successful development and commer-
cialization. Fundamental understandings of both thermodynamic and kinetic aspects
are essential to ensure sound rational formulation design. In this chapter, we have
focused on the physical stability of ASD and discussed the factors that impact the
physical stability, available prediction tools, and approaches applicable to improve
the stability, as well as practical stability programs suitable for different stages of
ASD development.

Although an ASD drug formulation has inherent stability risks, they present sig-
nificant opportunities. The task for formulation scientists lies in the design of the
ASD matrix with API, hydrophilic carrier, and/or surfactant that offers supersatu-
rated API solution in the gastrointestinal tract with sufficient stability in addition to
a stable formulation matrix under standard storage conditions. With an increased
mechanistic understanding of the instability, advancement in accuracy and accessi-
bility of modern analytical technologies, and downstream processing development,
the intrinsic risks can be successfully mitigated to enable full exploitation of the solid
dispersion formulation strategies.
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Chapter 17
Regulatory Considerations in Development
of Amorphous Solid Dispersions

Ziyaur Rahman, Akhtar Siddiqui, Abhay Gupta and Mansoor Khan

17.1 Introduction

Amorphous solid dispersion (ASD) provides an opportunity to enhance the bioavail-
ability and therapeutic performance by improving the physicochemical properties of
poorly aqueous soluble drugs. Generally, an amorphous form of the drug has higher
solubility as well as dissolution rate and extent than its crystalline counterpart due to
its ability to produce high supersaturation in the aqueous conditions (Ivanisevic et al.
2009; Tobyn et al. 2009). On the other hand, noncrystalline drug delivery strategies
such as cosolvent or self-emulsifying drug delivery system are liquid or semi-solid
dosage forms which have high manufacturing cost and a undesirably high level of
surfactants and/or solvents, which sometimes may not be acceptable to regulatory
authorities (Fatouros et al. 2007; Gao and Morozowich 2005). Although amorphous
materials possess crystal-like short-range order arrangements, they lack long-range
translational oriental symmetry characteristics of the crystalline molecules. This
makes amorphous systems inherently metastable or thermodynamically unstable.
Due to this reason, these systems have a tendency to phase transform to their stable
crystalline form during storage, usage, dissolution testing, and/or upon oral inges-
tion (Ivanisevic et al. 2009; Tobyn et al. 2009). Thus, crystalline reversion negates
the solubility and dissolution advantages of the amorphous system. This is a major
challenge for the pharmaceutical manufacturers to keep the drug in the amorphous
form in the solid dispersion in order to meet the quality specifications and to ensure
consistent in vivo response. This challenge is compounded for low-dose ASD such
as tacrolimus (Prograf; Janssens and Van den Mooter 2009; Van den Mooter 2009)
because it is difficult to monitor devitrification in the final dosage forms. It is a regu-
latory challenge to monitor and control such a pharmaceutical product since often the
product meets the quality specifications at the time of release but later fails quality
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control tests such as dissolution, as the product ages during the storage or use. The
reason for discrepancy in the quality control test results is due to the fact that the
product may be fully amorphous or contain higher amorphous content when tested
initially but its amorphous percentage changes with time as ASD products are ther-
modynamically unstable (Ivanisevic et al. 2009; Tobyn et al. 2009). Additionally,
low-dose drugs may also have blending and content uniformity problems. This may
make such drug products unsafe and inefficacious if not understood and processed
well. In the past, various ASD products were recalled by FDA due to safety and effi-
cacy issues. In 2012, A pharmaceutical company recalled its commercial tacrolimus
capsule (generic version of Prograf) due to its failure to meet quality specification.
Similarly, there were instances of lyophilized product recalled due to particles in the
reconstituted product. These particles were the crystallized drug which did not dis-
solve on reconstitution (Guo et al. 2013; FDA recalls 2013). A structured approach to
product development using quality by design (QbD) should result in a good quality
product. QbD is a new product development paradigm where quality is built into the
product rather than confirmed by quality control tests. It is all about understanding,
monitoring, and controlling the factors that could affect the critical quality attributes
(CQAs) of the product by utilizing novel technologies and mathematical tools (mul-
tivariate analysis; Rosencrance 2011). This chapter reviews regulatory aspects of the
ASD.

17.2 NDA Versus ANDA

The application for a new drug product is called a new drug application (NDA) and
submitted to the Office of New Drug Quality Assessment (ONDQA). Similarly, the
application for generic drug product is called an abbreviated new drug application
(ANDA) and submitted to the Office of Generic Drugs (OGD). A generic product is
the equivalent or copy-cat version of the original drug product, reference listed drug
(RLD) approved by the FDA. Generic drug manufacturers have to show that their
product is pharmaceutically equivalent and bioequivalent, and hence therapeutically
equivalent to the RLD. The generic products should also be appropriately labeled and
manufactured in compliance with the current good manufacturing practices (cGMPs;
FDA-ANDA 2013). Therapeutic equivalency information of generic drug products
is available on electronic Orange Book (FDA-Orange Book 2013). The major differ-
ences between NDA (full) and ANDA (abbreviated) relate to preclinical and clinical
data which are not required for the generic drug application. Since NDA has already
established the safety and efficacy of the drug, the ANDA sponsor does not have
to repeat these studies (FDA-NDA 2013; FDA-ANDA 2013). This is based on the
assumption that when a therapeutically equivalent generic product is administered, it
will be safe, effective, and bioavailable (rate and extent) as to the RLD. The data sub-
mission requirements ofANDAs and NDAs are the same beside differing requirement
on preclinical and clinical data. These include chemistry, manufacturing, controls,
testing, and labeling. It is the responsibility of the ANDA sponsors to demonstrate



17 Regulatory Considerations in Development of Amorphous Solid Dispersions 547

that their product meets the same quality standard as that of RLD. Drug application
for RLD and generic products are submitted in common technical document (CTD)
format as devised by the International Conference of Harmonization (ICH). CTD
contains five modules and each module deals with the specific information of the
application. Module 1 contains administrative and prescribing information such as
label information, module 2 contains overviews and summaries, module 3 contains
information on the manufacturing and quality control aspects of the drug products,
module 4 contains nonclinical study data and module 5 contains clinical study reports
(FDA-eCTD 2003).

17.3 Quality by Design

A pharmaceutical quality product is “a product free from contamination and re-
producibly delivers the therapeutic benefits promised in the label to the consumer”
(Woodcock 2004). The traditional approach of pharmaceutical development may be
called quality by testing (QbT) in which qualities of pharmaceuticals are ensured
by a battery of quality control tests. FDA ensures product quality by tightening the
specifications which are based on the properties of the exhibit or clinical batches.
This approach is based on the assumption that tighter specification will be able to
detect differences among batches if there are changes in the formulation and/or pro-
cesses parameters. Tighter specifications entail increased number of tests in order
to meet the quality standard. However, FDA understood that increased testing does
not necessarily increase or improve the quality of the product. In a newer approach
for pharmaceutical development, FDA is emphasizing that quality should be built
into the product starting at the product development stage rather than quality con-
firmed by testing at the end of manufacturing stage. This newer approach is called
quality by design (QbD) as defined by ICH Q8 (R2) document “a systematic ap-
proach to development that begins with predefined objectives and emphasizes product
and process understanding and process control, based on sound science and quality
risk management”(ICH-Q8(R2) 2009). The overall objective of QbD concept is to
develop quality product from the conception stage of the product development. Prede-
fined quality of the product can be achieved and maintained throughout the life cycle
of the product using QbD principle. This involves thorough understanding, monitor-
ing, and controlling of drug substance, excipients, processes, and packaging system
using QbD tools such as risk assessment, design of experiment, process analytical
technology (PAT) and multivariate analysis. Additionally, enhanced knowledge about
product quality and performance can be obtained using these tools that allow study-
ing the range of material attributes, manufacturing methods, and process parameters.
Knowledge gained through QbD helps in establishing design space, specifications,
and manufacturing controls. Those aspects of drug substance, excipients, container
closure systems, and manufacturing processes that are critical to product quality
should be determined and controlled. Similarly, critical formulation and process pa-
rameters that may contribute to variation in the product quality and hence in vivo
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performance should be understood and controlled. As illustrated in the ICH-Q8(R2)
document, the element of QbD include:

• Quality target product profile
• Risk assessment
• Critical quality attributes

– Drug substance
– Polymers and/or excipients
– Amorphous/crystalline ratio
– Dissolution

• Manufacturing process
• Quality risk management
• Design space
• Control strategy

Some of these elements and their subparts will be described in detail in the following
sections.

17.3.1 Quality Target Product Profile

According to ICH-Q8 (R2), QTPP is “a prospective summary of the quality charac-
teristics of a drug product that ideally will be achieved to ensure the desired quality,
taking into account safety and efficacy of the drug product” (ICH-Q8(R2) 2009).
It is an essential element of QbD that elaborates the design criteria of an intended
drug product. Furthermore, it forms the basis for development of CQA, critical pro-
cess parameter (CPP) and control strategy. It also forms the basis of strategies to be
adopted to ensure quality, safety, and efficacy of the drug product. Following are the
QTPP as per ICH-Q8(R2): clinical use, route of administration, dosage form, deliv-
ery systems, dosage strength, container-closure system, therapeutic moiety release
or delivery, attributes affecting pharmacokinetic characteristics (e.g., dissolution,
aerodynamic performance) and drug product quality criteria (e.g., sterility, purity,
stability, and drug release) appropriate for the intended marketed product. Basically,
QTPP lays the foundation of product and process design and optimization. It also
includes patient-relevant product performance characteristics such as assay, dissolu-
tion, amorphous/crystalline (A/C) ratio, content uniformity, impurities and stability
profile, etc. Interestingly, QbD implementation difference on NDA and ANDA prod-
ucts are visible at this stage. QTPP of NDA is usually determined before or during
the drug product development progress. On the other hand, QTPP has already been
established from the characterization, labeling, and clinical data of the RLD for the
ANDA. Moreover, it is expected that generic product would have same QTPP as
that of RLD but may implement and achieve it using different formulation or design
approaches.
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17.3.2 Critical Quality Attributes

Critical quality attribute (CQA) according to ICH-Q8(R2) document is a “physi-
cal, chemical, biological, or microbiological characteristic that should be within the
appropriate limit range or distribution to ensure the desired product quality” (ICH-
Q8(R2) 2009). Identification of CQAs is done through quality risk assessment which
is the part of quality risk management as outlined in ICH-Q9 document (ICH-Q9
2009). Prior product knowledge is also considered in the risk assessment and forms
the basis of linking CQAs to its safety and efficacy. Based on quality risk assessment,
CQAs may be arranged in order of their importance. CQAs identify and link critical
materials attribute (CMAs) and process parameters to the QTPP of the drug product.
It covers both aspects of product performance and determinants of product perfor-
mance. In general, CQAs are considered to be the attributes of the drug substance,
excipients (polymers), and final drug products but may also include CQA of the drug
product intermediates. The CQAs of a drug product may include those characteristics
that affect purity, strength, drug release, and stability, e.g., assay, impurity profile,
accelerated stability, dissolution, and A/C ratio, etc. More specifically, for ASD, im-
portant CQAs are dissolution and A/C ratio. These CQAs may also be important for
intermediate ASD in order to control and maintain quality of final product over its
intended shelf life. Intermediates ASD could be primary granules containing a solid
dispersion of drugs and polymers and/or excipients before mixing with other ingre-
dients of the formulation such as diluents, lubricants, and glidants, etc. to formulate
into tablet/capsule.

17.3.2.1 Drug Substance

Drug substance properties should be carefully evaluated. These property will dictate
the excipients, method, and process selection for ASD product. The properties to be
considered are solubility in organic and aqueous solvents, miscibility with polymers,
melting point, particle size, and thermal stability. These properties determine man-
ufacturability, product performance, and long-term stability. For example, hot melt
extrusion cannot be used for thermally labile drug molecules (Forster et al. 2001;
Vasconcelos et al. 2007; Leuner and Dressman 2000). On the other hand, for spray
drying process, drug solubility determines the selection of the solvent as well as inlet
process temperature (Vasconcelos et al. 2007; Leuner and Dressman 2000).

17.3.2.2 Polymers and/or Excipients

Polymers or matrix formers are the major ingredients of ASD formulations and
should meet regulatory requirements. They should be food or pharmaceutical-grade
materials and include materials in the “Generally Regarded As Safe” (GRAS) cate-
gory. List of safe excipients/polymers and their percentage level that can be safely
used in the formulation are found in FDA inactive ingredient database (FDA-IIG
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Table 17.1 Commercial amorphous solid dispersion products

Commercial
name

Polymer Drug Dosage form Manufacturers

Kaletra® Copovidone lopinavir/ritonavir Tablet Abbott Laborato-
ries

Gris-PEG® Polyethylene glycol Griseofulvin Tablet Pedinol Pharma-
cal Inc.

CesametTM Polyvinyl pyrollidone Nabilone Capsule Valeant Pharma-
ceuticals

Sporanox® Hydroxypropylmethyl
cellulose

Itraconazole Capsule Janssen Pharma-
ceutica

Intelence® Hydroxypropylmethyl
cellulose

Etravirine Tablet Tibotec Pharma-
ceuticals

Certican® Hydroxypropylmethyl
cellulose

Everolimus Tablet Novartis

Isoptin SR-E Hydroxypropylmethyl
cellulose-
Hydroxypropyl
cellulose

Verapamil Tablet Abbott

Prograf® Hydroxypropylmethyl
cellulose

Tacrolimus Capsule Astellas

list 2013). The polymers used in the commercial ASD products (Table 17.1) in-
cludes copovidone (Chandwani and Shuter 2008; Janssens andVan den Mooter 2009;
FDA-Kaletra® 2013), polyethylene glycol (Janssens andVan den Mooter 2009; FDA-
Gris-PEG® 2013), polyvinyl pyrollidone (PVP; Janssens and Van den Mooter 2009;
FDA-CesametTM 2013), hydroxypropylmethyl cellulose (HPMC; Janssens and Van
den Mooter 2009; Vajna et al. 2011; FDA-Intelence® 2013; FDA-Sporonox® 2013;
EMA Assessment Report 2011; FDA-Prograf® 2013) and hydroxypropyl cellulose
(HPC; Vajna et al. 2011; Janssens and Van den Mooter 2009). The selection of the
polymer depends also on physicochemical properties of the drug, manufacturing pro-
cess, and its manufacturability as it is one of the determinant of CQAs of theASD. The
properties of a polymer to be evaluated as a component of the ASD formulation are
polymer type, molecular weight, polydispersity, concentration or amount, number
of the polymer in the formulation, melting point and/or glass transition temperature
(Tg), extent of miscibility with the drug, solvent solubility, particle size, hygroscop-
icity, compatibility with the drug and other excipients of the formulation, presence
or absence of the intermolecular interactions (chemistry of the polymer), mechanical
properties and chemical stability (Konno and Taylor 2006; Ingkatawornwong et al.
2001; Van Eerdenbrugh and Taylor 2010; Padden et al. 2011).

Polymer conformations have shown to influence theASD performance (Al-Obaidi
et al. 2009; Six et al. 2004). Similarly, molecular weight of the polymer influences
the solubility, dissolution (rate and extent), physical and chemical stability (Wu et al.
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2011). Correlation is reported between decreasing molecular weight of the polymer
and increasing dissolution rate of the drug. This is related to polymer swelling, vis-
cosity, and diffusion layer thickness (Tantishaiyakul et al. 1999; Hilton and Summers
1986). Higher dissolution rate would be observed in lower molecular weight polymer
due to thin diffusion layer whereas higher molecular weight give lower dissolution
rate which provide thick diffusion layer around the particles which act as a physi-
cal barrier. On the contrary, higher molecular weight polymer prevents the physical
transformation to stable crystalline form during dissolution testing (Kogermann et al.
2013). Similarly, drug–polymer miscibility characteristics are very important as it
will impact devitrification propensity of the system. The probability of crystalliza-
tion or phase separation of the drug is lower in a miscible system as compared to a
partially miscible or immiscible system (Ivanisevic 2010; Qian et al. 2010). Misci-
bility also depends upon intermolecular interactions between the drug and polymers.
Additionally, these intermolecular interactions further increase the physical stability
of amorphous systems (Tobyn et al. 2009). The propensity of the material to form a
miscible solid dispersion could be predicted from the chemical structure of the drug
and polymers/excipients. Other factors affecting miscibility are temperature and
presence of other ingredients in the formulation including water. Miscible systems
are indicated by a single transition in the DSC studies but there are reports in the
literature of the phase-separated system showing single thermal transition (Lodge
et al. 2006; Krause and Iskandar 1978). It is important to confirm miscibility by
other analytical tools such as powder X-ray diffraction and computational models
(Ivanisevic et al. 2009; Newman et al. 2008). Most commonly used polymers for
the ASD are hydrophilic and hygroscopic. Hygroscopicity of the polymer affects the
long-term stability of the ASD, e.g., ASD of felodipine with hydroxypropylmethyl
cellulose acetate succinate (HPMCAS) is more stable than PVP. This is probably due
to higher hygroscopicity of PVP, which increases the molecular mobility and hence
crystallization (Rumondor et al. 2009). Water acts as a plasticizing agent (Hancock
and Zografi 1994; Zhang and Zografi 2001) and changes the driving force of crys-
tallization. It also competes for H-bonding and intermolecular interaction between
the drug and polymers/excipients (Marsac et al. 2008).

Drug to polymer ratio is selected based on polymer properties and manufacturing
method. The selected ratio should be convenient to process and allow for the inter-
mediate to be processed into tablet or capsule dosage form. The biggest challenge
of a solid dispersion is to maintain the drug in the amorphous form. This can be
achieved to some extent by using low drug and high polymer levels. On the other
hand, if selected polymers/excipients promote chemical interactions, its high level
will produce extensive chemical interactions, poor stability, and degradations. Thus,
balance must be maintained to produce a physically and chemically stable system, as
thermodynamics of crystallization/destabilization driving forces depend on the drug
loading, drug–polymer solubility and miscibility, and its Tg (Marsac et al. 2006a, b).

Amorphous drugs are thermodynamically unstable and revert to stable crystalline
form. They are characterized by unique thermal event called glass transition tem-
perature, Tg. These systems exhibit higher molecular mobility above their Tg. One
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method of increasing physical stability of an amorphous system is to increase the
Tg of the drug by incorporating high Tg polymers/excipients. At temperatures be-
low Tg, amorphous systems have low molecular mobility and thus a lower chance of
molecular reorientation, generation of crystal nuclei, and growth. In general, crystal-
lization involves grouping of critical mass of the drug, alignment, and reorientation
to form crystal lattice (Marsac et al. 2006a). Mixing of drugs with polymers prevents
and/or decreases the crystallization by one or more of the following mechanism:
increase Tg of the drug, decrease the chemical potential of the drug (Hancock et al.
1995), increase activation energy for crystallization (Marsac et al. 2006b), provide
kinetic barrier against crystallization (Crowley and Zografi 2003), and/or impede
the transport of the drug to the crystallization phase (Marsac et al. 2006a). These
mechanisms influence the driving force for drug crystallization. It is proposed that if
the storage temperature is at least 50 K below the Tg, amorphous phase will be stable
for many years (Newman et al. 2012; Hancock et al. 1995). However, it is difficult
to predict stability of ASD based on Tg alone, e.g., amorphous indomethacin is more
stable than amorphous phenobarbital, although both have same Tg (Fukuoka et al.
1989) and similar behavior is shown by amorphous felodipine which is more stable
than amorphous nifedipine (Marsac et al. 2006b). Another very important factor to
consider in predicting the devitrification potential of the ASD is the chemistry of
the polymer such as the type and number of the chemical group capable of forming
ionic and/or hydrogen bonds with drugs. Polymers/excipients and drugs could in-
teract by ionic bond (between acid and base, Yoo et al. 2009), hydrogen bond, van
der Waals forces, and k–k stacking (Ghebremeskel et al. 2006). The intermolecular
interactions between the components are strong enough to overcome crystal lattice
energy to ensure stable and homogeneous system. For example, PVP is a commonly
used polymer due to its high glass transition temperature and ability to form hy-
drogen bond, which prevents drug crystallization in the ASD (Taylor and Zografi
1997). Based on the same principle, co-amorphous approach has been proposed to
increase the physical stability in which two drugs or a drug and small molecule are
co-processed to produce an amorphous system and stabilized by the intermolecular
interactions (Chieng et al. 2009; Lobmann et al. 2011).

Bicomponent versus multicomponent ASD also influence physical stability. Mul-
ticomponent offers advantage in terms of enthalpy by maximizing the chance of
the intermolecular interactions (hydrogen bonds, ion–ion, and ion–dipole forces)
and their intensity. It also lowers entropy, thus improving the physical stability. The
mechanism of the improvement in the physical stability involves anti-plasticizing
effect, which is indicated by an increase in Tg, and intermolecular interactions. An-
other advantage of multicomponent ASD is improvement of solubility/dissolution
as one polymer stabilizes the solid state and the other prevents solution-mediated
crystallization during dissolution or in gastrointestinal fluid (Sakurai et al. 2012a)
or processability. The selection of additional component is based on the assess-
ment of individual and binary component. The other component could be another
polymer or excipient (surfactants, wetting agents, organic acid, organic base or dilu-
ents; Ghebremeskel et al. 2006; Sakurai et al. 2012a; Huang et al. 2008; Al-Obaidi
et al. 2011). One of the requirements of multicomponent ASD ingredients is mutual
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compatibility. They should neither promote drug degradation nor increase impu-
rity generation that will impact the product safety and/or efficacy. The commonly
used surfactants in the multicomponent ASD are Tween® 80, Span® 80, vitamin
E polyethylene glycol 1000 succinate (D-α-tocopheryl polyethylene glycol 1000
succinate), or Cremophor® (Shamblin et al. 1998; Newman et al. 2008).

17.3.2.3 Amorphous/Crystalline Ratio

Superior in vivo performance of the ASD drug product is due to the presence of
a completely or partially amorphous drug in these products when compared to its
crystalline drug product. Furthermore, in vivo performance of the ASD may be re-
lated to A/C ratio, and maintaining that ratio throughout its shelf life would ensure
consistent pharmacological response. Therefore, it is very important to understand
the formulation and process parameters that could possibly change A/C ratio in the
final product. At the same time, monitoring of this ratio is also critical during prod-
uct development as it can point out what formulation and/or process factors need to
change and control. Similarly, post approval monitoring of the ratio is also important
as it can predict when product becomes unsafe/inefficacious to use. The A/C ratio
monitoring and measurement should be done using appropriate analytical tools. This
is one of the specification of ASD-based products in NDA/ANDA submission to the
FDA as a measure of safety and efficacy of the product. Powder X-ray diffraction is
the most commonly used technique because it is most definitive in identifying and
providing a quantitative method to measure the crystalline drug in the amorphous
system. The technique is very simple and nondestructive, with the ability to detect
crystallinity at the level as low as 5 %. Crystalline material will show strong diffrac-
tions corresponding to the molecular arrangement in the crystalline lattice whereas
amorphous material shows an amorphous halo and diffuse diffraction pattern due
to lack of crystalline order at the molecular level (Shah et al. 2006). In case of the
ASD intermediate product, it is mixed with other ingredients of the formulation,
and there is a dilution in the final drug product leading to challenges in the deter-
mination of the A/C ratio, especially for the low-dose drug. Another problem arises
due to overlapping of the crystalline peaks from the other formulation components
that may interfere with the drug peaks. In such cases, it may be easier to determine
the A/C ratio in the intermediate than the final product or to use other techniques
of spectroscopy such as Fourier infrared, near infrared, or Raman spectroscopy in
conjunction with chemometric methods such as principle component analysis and
partial least square analysis, which may amplify and separate the peaks of the drug
from the excipients (Zidan et al. 2012).

17.3.2.4 Dissolution

Dissolution is a very important CQA of the ASD and can be used in setting QTPP of
the product. Although dissolution does not simulate the actual in vivo conditions the
dosage form would encounter after oral ingestion, it can be used as an in vitro quality
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control test with an indirect link to the clinical performance. Change in the dissolution
rate and extent indicates a change in the product during the shelf life or change in the
formulation and/or process parameters. It is a good indicator of in vivo performance
of ASD product. For example, dissolution behavior could predict the potential of
amorphous drug transformation under in vivo conditions. There is always a risk of
drug precipitation/crystallization due to the supersaturation phenomenon exhibited
by an amorphous drug leading to a portion of the drug not being bioavailable. This is
related to intraluminal supersaturation of the drug. Suitably formulated ASD should
maintain the intraluminal supersaturated concentration for sufficient time so that
sufficient epithelial absorption can take place (Hancock 2002; Hancock and Parks
2000; Bikiaris 2011).

Dissolution method of the ASD product should have discriminating ability. Dis-
solution methods commonly used for solid dispersions are USP apparatus 1 (paddle
method) and apparatus 2 (basket method). Apparatus 3 (reciprocating cylinder) and
apparatus 4 (flow through cell) can also be used as they provide sink conditions for
low-solubility drugs and have a provision to change the pH of the media during the
dissolution to simulate gastrointestinal conditions (Newman et al. 2012). In general,
the agitation speed used is 50 rpm for paddle method and 100 rpm for basket method.
Lower or higher agitation speed can be used as long as it can discriminate the effect of
formulation, process, manufacturing variables, and change in amorphous/crystalline
proportion of the drug in the ASD product. Furthermore, dissolution is usually con-
ducted under sink condition, which is defined as three times the volume of dissolution
media required to achieve saturation of the drug (USP34-NF29 2006). Another way
of selecting the dissolution media type and volume is by dose–solubility ratio. It is
dose of the drug soluble in 250 ml of media (Xia et al. 2010). It is also possible to
run dissolution in non-sink condition when the drug is poorly soluble since solid dis-
persion provides supersaturated condition but the dissolution media should be able
to maintain the supersaturation for sufficiently long time to allow for the analysis of
the dissolution samples. The dissolution media used should be aqueous-based and
biorelevant, simulating the physiological pH range of 1.2–7.5. Additionally, perform-
ing dissolution in biorelevant media helps in justifying dissolution conditions to the
regulatory agency. The most commonly used dissolution media are 0.1 N HCl, water,
simulated gastric fluid without enzyme, simulated intestinal fluid without enzyme,
and pH 6.8 buffer (Jantratid et al. 2009; Newman et al. 2012). It is also recommended
to run the dissolution in two media that can predict in vivo performance ofASD, most
preferably in simulated gastric and simulated intestinal fluid (Gao et al. 2010; Polster
et al. 2010). However, when possible, surfactants and organic solvents-based dis-
solution media should be avoided as they would diminish the discriminating ability
of the dissolution method. For example, FDA recommends aqueous media adjusted
to pH 4.5 containing 0.005 % w/v HPC for the tacrolimus solid dispersion capsule
(FDA-Dissolution method 2013). This dissolution media is able to detect increase
in the crystalline portion in the product with age/storage conditions as reflected by
decrease in the percent drug dissolved. When this dissolution media is used with
surfactant, it loses its discriminating ability (Zidan et al. 2012). If dissolution cannot
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be conducted without a surfactant, the surfactant level should be kept to bare min-
imum to keep the drug in solution and to allow for its analysis. At the same time,
the dissolution method should still be able to detect the changes in the product due
to process, formulation, or storage conditions. Attention should also be paid to sol-
ubility characteristics of the polymer in the dissolution media. The selected media
should not only support the dissolution of the drug but also the dissolution and/or
swelling of the polymer of the ASD product, otherwise complete dissolution of the
drug will not take place, leading to misinterpretation of the results. For example,
ASD-containing pH-dependent polymer such as Eudragit® E100 or HPMCAS or
hydroxypropylmethyl cellulose phthalate (HPMCP) are insoluble in gastric pH. For
such products, dissolution should be conducted in alkaline pH (Newman et al. 2012).
Volume of the media could be 500–900 ml or lower depending upon the properties
of ASD. It is also important to study the effect of media composition, volume, and
stirring speed to get product profiles as dissolution parameters change. The physical
characteristics of the ASD product such as gel formation, floating of the dispersion or
particles on the top of the dissolution vessels, and particles clinging to shaft or vessels
should also be investigated early in the development of the dissolution method (Puri
et al. 2011).

Dissolution of ASD product involves various simultaneous processes such as dis-
solution of the amorphous drug, nucleation, and crystal growth of stable form of the
drug and polymer dissolution. Crystallization of amorphous drugs could take place
during in vitro and/or in vivo dissolution (Alonzo et al. 2010; Greco and Bogner
2012). Crystallization of metastable amorphous drugs could be from solid state,
solution-mediated or simultaneously by both methods (Greco and Bogner 2012).
In the solid-state devitrification, dissolution media act as a plasticizing agent that
increases the mobility of molecules by decreasing Tg of the product which is the pre-
requisite for crystallization (Zhang et al. 2004). In such cases where crystallization
is faster than dissolution, super-saturation would not be achieved and dissolution
profile looks similar to its crystalline counterpart. In the solution-mediated crystal-
lization, supersaturated solution produced during dissolution acts as a driving force
for crystallization (Greco and Bogner 2012). The dissolved drug may crystallize
on the surface of the matrix from supersaturated solution, e.g., crystallization of
amorphous carbamazepine into carbamazepine dihydrate crystals (Savolainen et al.
2009). Crystal growth from solution-meditated crystallization consists of two steps:
(1) diffusion of the drug from the supersaturated solution to crystal interface and
(2) integration of the molecule into the crystal lattice which is accompanied by
desolvation of the dissolution media. Several factors influence extent and kinetics
of this transformation such as degree of solubility and dissolution enhancement of
amorphous form compared to crystalline form and properties of the molecules under
consideration (Greco and Bogner 2012). These transformations may have significant
impact on the product performance as the crystallized drug present as thin layer on
the surface or inside the matrix, would dramatically alter the dissolution profile of
the product (Zhang et al. 2004). Ideally, stable amorphous system should be able to
maintain supersaturated condition for long enough time for effective absorption to
take place. Otherwise, the amorphous phenomenon advantage would be lost and the
product would behave like a crystalline drug product.
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Crystallization in the dissolution vessels could be prevented by various methods,
e.g., increasing agitation speed, dissolution in large media volume, and adding poly-
mers and/or surfactants in the dissolution media or a combination of these methods.
Surfactants and polymers should be used at their lowest possible level and should
not affect the drug solubility and/or dissolution behavior of the product, e.g., hy-
droxypropylmethyl cellulose (HPMC) prevented the crystallization of amorphous
9,3-diacetylmidecamycin during dissolution testing (Sato 1981). Since crystalliza-
tion of drugs occurs at the surface through plasticizing effect of the dissolution media,
polymers inhibit or delay surface crystallization by interacting with the surface (Wu
et al. 2007). Furthermore, the polymer type also determines its ability to prevent
crystallization from the supersaturated solution. For example, HPMC is more effec-
tive than polyvinyl pyrrolidone (PVP) in preventing the crystallization of amorphous
indomethacin and felodipine during dissolution testing because HPMC acts both as
the solid state and super saturated state stabilizer (Alonzo et al. 2010).

17.3.3 Manufacturing Process

The selected method and process critically influence theASD CQAs. Commonly used
methods and processes for the ASD are solvent evaporation, precipitation, milling,
freeze drying, fluid bed drying, spray drying, hot melt extrusion, and recently intro-
duced solvent co-precipitation variant called microprecipitated bulk powder “MBP”
technology. Selected manufacturing method and process parameters will impact the
characteristics of the final product, ultimately influencing the in vitro and in vivo
performance. For example, physical stability of the troglitazone solid dispersion pro-
duced by solvent evaporation and milling method is due to differences in short range
order (Alonzo et al. 2010). Similarly, rapid freezing in the freeze-drying method fa-
vors the formation of an amorphous drug while introducing annealing step promotes
the formation of a crystalline drug (Pikal 1994). Process and method affect the mor-
phology, performance, and stability. For example, spray drying process produces
bulky product while hot melt extrusion produces dense product (Van den Mooter
2009). On the other hand, hot melt extrudate ASD have low moisture content and
thus have better physical and chemical stability (Sakurai et al. 2012b). It is critically
important to fully understand and control process and method variables by utilizing
sophisticated and online tools such as near infrared and Raman spectroscopy.

Spray drying and fluid bed processes are based on solvent evaporation method.
The main requirement for solvent evaporation method is the property of the sol-
vent to dissolve the drug and polymers to produce single phase. The solvent should
preferably be ICH class III solvent because of its low toxic potential (ICH-Q3(R5)
2011). Solvent type and volume (percentage solid) also influence the performance
of the ASD (Al-Hamidi et al. 2010). The most critical processing parameters (CPP)
are drying temperature, nozzle configuration, nitrogen/air flow rate, pump speed,
temperature, and air volume (Marsac et al. 2010; Patterson et al. 2005; Wu et al.
2011). The most critical factors affecting the amorphous to crystalline ratio in the
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final product is the solvent evaporation rate. Solvent evaporation rate should be faster
in order to prevent drug crystallization. In other word, drying time should be less
than crystallization time (Wu et al. 2011; Leuner and Dressman 2000; Van den
Mooter 2012). Shorter drying time prevents molecules to arrange into crystal lattice.
The major advantage of solvent evaporation-based processes over hot melt extrusion
processes is their ability to process a heat labile drug, and they can utilize high Tg

or melting point polymers without compromising their heat lability. Since solvent
evaporation-based processes use solvent and even a trace amount of the residual sol-
vent in the final product can itself act as a plasticizer, increasing the drug mobility
by decreasing its Tg and promote physical instability (Van den Mooter 2009), so it is
very critical to reduce the solvent level in the ASD product to lowest possible level
to maximize the physical stability.

Some advantages of the hot melt extrusion process include fast, simple, solvent
free, continuous, and scalable operation. The first step is the selection of a heat-stable
drug and polymer for the process. In an ideal situation, the drug should dissolve or be
miscible in the polymer, not degrade in combination with it and/or other excipients
and on exposure to high temperature. At the same time, the polymer should minimize
the molecular mobility of the drug in the extruded product. Additionally, the polymer
selected should be thermoplastic and have high fragility (Crowley et al. 2007; Van den
Mooter 2009; Rauwendaal 1986). It is desirable that a polymer must have higher Tg

than API to facilitate miscibility of a drug into a polymer. Plasticizers are commonly
used in the hot melt extrusion process to improve thermal processability, modify
drug release, and improve mechanical properties and surface appearance (Repka and
McGinity 2000). When used in combination with a polymer, plasticizer improves the
workability and flexibility of the polymer by increasing intermolecular separation of
the molecules (Wang et al. 1997), and allows lower thermal processing (Zhu et al.
2002). Hot melt processing is usually carried out above Tg or melting temperature of
the polymer to soften and lower melt viscosity so that it can easily flow through the
extruder. Addition of plasticizer lowers the Tg of the polymer due to intermolecular
interaction with the other molecules and allows processing at lower temperature
(Repka and McGinity 2000). Surfactants are commonly used as plasticizers in the
hot melt extrusion. Some examples include Tween® 80, docusate sodium, vitamin
E polyethylene glycol 1000 succinate (D-α-tocopheryl polyethylene glycol 1000
succinate), or Cremophor® (Repka and McGinity 2000; Ghebremeskel et al. 2006;
Shamblin et al. 1998; Newman et al. 2008). Drug to polymer homogeneity in the
extrudate is a critical attribute that affects not only performance but also stability of
the system. Nonhomogeneous system with a drug or polymer-rich region could lead
to instability and variability in the product performance. Tg provides an indication
of homogeneity or non-homogeneity of the solid dispersion (Guo et al. 2013).

Recently, solvent co-precipitation MBP technology was successfully utilized to
prepare a stable ASD of a brick-dust drug to provide significantly higher exposure in
humans. MBP technology is reported to be useful when conventional technologies
such as hot melt extrusion and spray drying technologies are not suitable to form
solid dispersions due to the very high melting point and very low solubility in low-
boiling solvents. In this MBP process, drugs and ionic polymers (e.g., HPMCAS,
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HPMCP, Eudragit) are dissolved in a super solvent such as dimethyl acetamide
(DMA). The DMA solution is then introduced into acidic solution such as 0.01 N HCl
maintained at 2–5 ◦C. The resulting precipitate is filtered, washed with cold dilute
acid followed by cold water to remove DMA. The wet precipitate is dried to provide
the ASD. Overall, the drug is precipitated in an ionic polymer in an amorphous
form (microprecipitated bulk powder, MBP) at the nano-size or molecular level,
thus significantly enhancing its bioavailability compared with micronized form of
the drug. The stabilization of the amorphous form is imparted by the ionic nature of
the polymers due to their high molecular weight and high glass transition temperature
(Shah et al. 2012).

17.3.4 Design Space

According to ICH Q8(R2) document, design space is “a multidimensional com-
bination and interaction of input variables (e.g., material attributes) and process
parameters that have been demonstrated to provide assurance of quality” (ICH-
Q8(R2) 2009). It is proposed by a sponsor and subject to regulatory review and
approval by FDA. Working within design space is not considered a change because
product will meet the defined quality. However, moving out of the design space is
considered a change and initiates regulatory post approval process. The wider the
designs space is, the more robust the product would be, as it would accommodate
wider variation in the process and/or formulation parameters. Risk assessment, mul-
tivariate experimental design, literature, and prior experience/knowledge contribute
in defining the design space. Design space of the product could be defined by range
of material attributes and process parameters or through complex mathematical re-
lationships. The process parameters studied should be critical process parameters
(CPPs) that have significant effect on the CQAs. On the other hand, material at-
tributes studied should be critical attributes of the drug substance (particle size,
polymorphs, impurity, etc.) and excipients (moisture level, particle size, molecular
weight, etc.) that would directly/indirectly affect the CQAs of the ASD. CPPs help
in defining and controlling the design space. Sponsor could propose multiple design
spaces of individual unit operation or a single design space encompassing multiple
unit operations. Practically, it may be easier to develop and control design space
of individual unit operations of a multistep process, and this approach would also
provide greater operational flexibility.

17.3.5 Control Strategy

The objective of control strategy is to make sure that the product of required quality is
produced consistently. The control strategy includes controls of in-process variables,
input materials (drug substance and excipients), intermediates (in-process materials),
packaging system, and drug product attributes. These controls should be based on
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the sound understanding of product formulation and process and should include the
control of CPPs and CQA.

17.4 Conclusion

Introduction of QbD principles as laid out in the ICH documents Q8, Q8 (R2) and
Q9 allow for a rational product development with well-controlled product interme-
diate and final product quality in the QbD paradigm. Solid dispersion products are
highly amenable to the utilization of modern technologies with respect to the drug
crystalline reversion and content uniformity throughout the shelf life. Post-marketing
changes and product failures with recalls indicate that a thorough understanding of
the product and process with validated and well-controlled analytical procedures are
needed. The analytical methods should include methods with a discriminating abil-
ity to monitor crystalline reversion and the resultant lowering of dissolution upon
storage, particularly in a high-temperature and humidity environment.

Disclaimer The views and opinions expressed in this chapter are only those of the
authors and do not necessarily reflect the views or policies of the FDA.
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Chapter 18
KinetiSol®-Based Amorphous Solid Dispersions

Dave A. Miller and Justin M. Keen

18.1 Background

KinetiSol has recently emerged as a novel technology in the field of amorphous
solid dispersion (ASD) processing, and has been demonstrated in the pharmaceutical
literature to produce ASDs with the most challenging compounds and compositions.
Similar to hot-melt extrusion (HME) and spray drying, the fundamentals of the
KinetiSol technology were established in another industry, specifically, commercial
plastics processing, prior to its adaptation for pharmaceutical manufacturing. The
viability of the KinetiSol process for production of pharmaceuticalASD systems was
first established on commercial-scale plastics processing equipment (Miller 2007)
and then subsequently scaled down to accommodate pharmaceutical development. A
photograph of a model TC-254B batch-mode GMP KinetiSol compounder is shown
in Fig. 18.1.

18.2 KinetiSol Fundamentals

KinetiSol is a fusion-based process that utilizes frictional and shear energies to rapidly
transition drug and polymer blends into a molten state. Concurrent to the molten
transition, KinetiSol rapidly and thoroughly mixes the active ingredient with its
excipient carrier(s) on a molecular level to achieve a single-phase ASD system. The
real-time temperature of the composition within the KinetiSol chamber is monitored
by a computer-controlled module, and upon reaching the user-defined end point,
molten material is immediately ejected from the process. Total processing times
are generally less than 20 s, and elevated temperatures are observed for typically
less than 5 s before discharge and cooling. On a laboratory scale, the process is

D. A. Miller (�) · J. M. Keen
DisperSol Technologies LLC, Georgetown, TX, USA
e-mail: dave.miller@dispersoltech.com

© Controlled Release Society 2014 567
N. Shah et al. (eds.), Amorphous Solid Dispersions,
Advances in Delivery Science and Technology, DOI 10.1007/978-1-4939-1598-9_18



568 D. A. Miller and J. M. Keen

Fig. 18.1 Batch-mode GMP
KinetiSol compounder model
TC-254B

designed to operate in batch mode, whereas in commercial processing, it is operated
semicontinuously, achieving product throughput as high as 1000 kg/h.

With its unique attributes, the KinetiSol process is providing novel solutions to
emerging problems associated with ASD processing. KinetiSol’s very brief pro-
cessing times enable production of ASD systems with thermally sensitive active
pharmaceutical ingredients (API) and excipients. The high rates of shear inherent to
KinetiSol accelerate solubilization kinetics of drug compounds in molten polymers,
which typically results in processing temperatures that are well below the melting
point of the API. Consequently, the production of ASD systems with high melt-
ing point compounds (> 225◦C) in a broad spectrum of concentration-enhancing
polymers is routinely achieved with KinetiSol. The KinetiSol process is not torque
limited, and hence processing of highly viscous/non-thermoplastic/high molecular
weight polymers can be easily accomplished without the use of plasticizers. The
capabilities of KinetiSol enable the use of unique drug/excipient combinations to
create solubility-enhanced compositions that cannot be reproduced or manufactured
at large scales by other technologies.

18.3 Process Development and Manufacturing with KinetiSol

KinetiSol process development and early-stage manufacturing are conducted in the
batch-mode equipment configuration with batch sizes ranging from 50 to 300 g. In
this configuration, the formulation is fully developed, the optimum batch size is de-
termined, the influence of processing parameters on critical product quality attributes
is characterized, and the processing parameters are optimized. Early development
can be completed in a matter of days with API consumption on the order of just a few
hundred grams. Once formulation and process development are complete, good man-
ufacturing practice (GMP) production of amorphous intermediate can commence in
batch mode to meet clinical trial material (CTM) demands of 10 kg or less for use in
proof-of-principle clinical trials and stability analysis.
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When larger product volume is required, the batch process is transferred to the
semicontinuous KinetiSol equipment configuration. While it is possible to geomet-
rically increase the size of the process (much larger machines are in use for plastics),
a TC-254C continuous compounder produces commercial quantities using the same
process geometry as the batch-mode compounder. The TC-254C is identical to the
batch-mode equipment; however, the feeding and quenching operations are auto-
mated, allowing for the production of a sub-batch approximately every 30 s–2 min.
Typical product throughputs on a TC-254C KinetiSol unit range from 20 to 30 kg/h.
Due to the small footprint of the machinery, multiple compounders can be read-
ily operated in parallel to provide greater throughputs when required. Because the
processing geometry of the semicontinuous unit is identical to that of the batch-
mode equipment, the starting parameters and design space developed in batch mode
can be directly transferred to the production machine with little additional process
development work. This attribute not only decreases the workload associated with
process scale-up but also reduces the time and API required for the development of
a high-volume production-ready process.

18.4 Novel Attributes of KinetiSol for the Processing of ASDs

By virtue of its unique characteristics, the KinetiSol process is providing novel solu-
tions to emerging problems associated with ASD processing. KinetiSol’s very brief
processing times enable production of ASD systems with thermally sensitive APIs
and excipients that meet potency, purity, and functionality requirements. The high
rates of shear inherent to KinetiSol accelerate the solubilization kinetics of a com-
pound in a molten polymer, which typically results in peak processing temperatures
that are well below the melting point of the API. Consequently, the production of
ASD systems with high melting point compounds (> 225◦C) in a broad spectrum of
concentration-enhancing polymers at high drug loadings is routinely achieved with
KinetiSol. The KinetiSol process offers high torque output, and hence processing
of highly viscous, non-thermoplastic, high molecular weight, and cross-linked poly-
mers can be easily accomplished without the use of plasticizers. These capabilities of
KinetiSol enable unique drug/excipient combinations which give rise to solubility-
enhanced compositions that cannot be reproduced or manufactured at large scales
by other technologies.

18.4.1 KinetiSol Processing of High-Melting-Point Drugs

Poorly water-soluble drugs with very high melting points (> 225◦C) are emerg-
ing from drug discovery with greater frequency in recent years. High melting point
compounds present significant challenges to thermal processing for the production of
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ASD systems, namely polymer degradation and drug loading limitations. The advan-
tage of KinetiSol for thermal processing of high melting point compounds is twofold:
(1) the mechanical energy input typically renders crystalline compounds amorphous
well below their melting points and (2) the process’s high shear rates significantly
accelerate solubilization kinetics of APIs in molten polymers. Consequently, Kineti-
Sol can render high melting point APIs amorphous at temperatures well within
the thermal-processing limits of most pharmaceutical polymers. Additionally, the
rapid solubilization kinetics provided by KinetiSol allow for the achievement of
high amorphous drug loading requirements.

An example of this unique benefit of KinetiSol was demonstrated by Bennett et al.
(2013) in the generation of ASDs of 3-acetyl-11-keto-beta-boswellic acid (AKBA).
AKBA is a botanical extract and experimental oncology compound that has demon-
strated compelling efficacy in aggressive cancer models (Park et al. 2011;Yadav et al.
2012). The melting point of AKBA is 295◦C and efforts to solubilize this molecule
at target amorphous drug loadings using HME have been unsuccessful (Bennet et al.
2013). KinetiSol processing was successfully applied to produce ASD compositions
of AKBA with four different polymeric carrier systems: HPMCAS-LF, HPMCAS-
MF, Eudragit® L100-55, and Soluplus® in combination with Eudragit® L100-55,
each also containing a surfactant. The KinetiSol process temperature profiles for
each composition are shown in Fig. 18.2. It can be seen that all compositions were
rendered amorphous at peak temperatures as much as 160 ◦C below the melting point
of the drug. Also, processing times at elevated temperature were less than 5 s for all
compositions, demonstrating the rapid solubilization kinetics achieved with Kineti-
Sol. Potency analysis revealed that the AKBA content in all formulations was in
excess of 99 %.

Pharmacokinetic studies in male Sprague-Dawley rats were conducted to com-
pare the oral absorption of AKBA from the best KinetiSol compositions versus the
micronized crystalline drug. As seen in Fig. 18.3, all KinetiSol compositions gen-
erated substantial improvements in systemic concentrations of AKBA over the pure
drug. The results of KinetiSol processing with AKBA illustrate the capability of the
process to achieve target amorphous drug loadings of a very high melting point com-
pound in various solubility-enhancing polymeric carriers to dramatically improve
bioavailability.

18.4.2 KinetiSol Processing of Thermally Labile Drugs

Owing to increasing molecular complexity (Keseru and Makara 2009), there is a
growing percentage of poorly water-soluble compounds in contemporary develop-
ment pipelines that are also highly thermally sensitive. Thermal degradation of a
material is the result of total heat exposure, which is a function of both temperature
and duration. KinetiSol- processing limits elevated processing temperatures to just
a few seconds, and peak process temperatures are typically well below the melting
point of the compound. KinetiSol therefore offers significant advantages for the pro-
duction of ASD compositions with thermally labile compounds as it significantly
reduces total heat exposure.
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Fig. 18.2 KinetiSol-processing profiles for AKBA with four polymeric carriers

Fig. 18.3 AKBA plasma concentration profiles from oral dosing of three KinetiSol compositions
and pure crystalline drug in male Sprague-Dawley rats (50 mg/kg)
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Fig. 18.4 Thermogravimetric analysis of: a ROA with HPMCAS-LF and b ROA with Eudragit
L100-55. (Reprinted with permission from Hughey et al. 2010)

Hughey et al. (2010) demonstrated the advantages of KinetiSol over HME pro-
cessing with a heat labile compound identified as ROA. Preformulation solubility
enhancement studies identified Eudragit® L100-55 and HPMCAS-L as the optimum
polymer carriers for an ASD of ROA. Thermogravimetric analysis (TGA) studies
revealed that ROA degraded at an accelerated rate at elevated temperatures when in
the presence of the anionic polymers (Fig. 18.4), which was attributed to an incom-
patibility with the acidic functional groups. The acceleration of thermal degradation
in the presence of the anionic polymers thus presented even greater challenges to the
thermal processing of ROA.

The KinetiSol-processing profiles for the ROA-Eudragit L100-55 and ROA-
HPMCAS-LF compositions are shown in Fig. 18.5. As seen from these profiles,
the processing time at elevated temperature for both compositions was limited to
a few seconds and both ejection temperatures were less than 120◦C; thus, demon-
strating that KinetiSol was effective in rendering ROA substantially amorphous at
processing temperatures far below its melting point of 230◦C. When processed by
HME, residence times were on the order of minutes and processing temperatures of
140 and 170◦C were required to render ROA substantially amorphous in the Eudragit
L100-55 and HPMCAS-LF compositions, respectively.

Potency analysis of the amorphous dispersion systems revealed that drug recovery
was significantly higher with KinetiSol versus HME for comparable process feeds. In
the case of Eudragit L100-55, the mean ROA potency value was 70.9 % for KinetiSol
and 22.7 % for HME. The mean potency value for the HPMCAS-LF composition was
99.4 % with KinetiSol and 70.9 % for HME. A comparative summary of processing
parameters and chemical analysis of the KinetiSol and HME products is provided
in Table 18.1. The results demonstrated that KinetiSol was an effective method for
producing ASDs where HME was not feasible, owing to the compound’s thermal
instability.
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Fig. 18.5 KinetiSol-processing profiles of ROA:HPMCAS-LF and ROA:Eudragit L100-55 solid
dispersion systems. (Reprinted with permission from Hughey et al. (2010))

Table 18.1 Summary of processing parameters and chemical analysis of ROA compositions with
Eudragit L100-55 and HPMCAS-LF produced with KinetiSol and HME. (Source: Adapted from
Hughey et al. 2010)

KinetiSol compositions

Polymer Particle size Speed (RPM) Temp.◦C Potency (%) Impurities (%)

Eudragit®

L100-55
Unmicronized 1450 100 70.9 ± 0.8 12.9

HPMCAS Unmicronized 2400 112 99.4 ± 1.2 1.6

Hot-melt extrusion compositions

Polymer Particle size Processing
temp.◦C

Screw speed
(rpm)

Recirculation
time (min)

Potency
(%)

Impurities
(%)

Eudragit®

L100-55
Unmicronized 140 300 2 22.7 ± 0.5 55.9

HPMCAS Unmicronized 170 300 2 70.9 ± 0.3 10.2
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18.4.3 KinetiSol Processing of Thermally Sensitive, Highly
Viscous Polymer Systems Without Plasticizers

Many of the polymers commonly used inASD systems present challenges for fusion-
based processing with respect to thermal sensitivity, high viscosity, or both. Often,
plasticizers and other processing aids are required to reduce polymer Tgs to enable
thermal processing or facilitate thermal processing at lower temperatures. Because
KinetiSol is not torque limited, highly viscous polymer systems are straightforward
to process without plasticizers. Furthermore, KinetiSol reduces thermal stress on the
polymer, and hence reduction of process temperatures by incorporating a plasticizer
is not required. The elimination of plasticizers leads to increased composite Tgs and
improved physical stability, in most cases.

DiNunzio et al. (2010a) evaluated this aspect of KinetiSol in comparison with
HME in the production of ASD systems with itraconazole (ITZ) and Eudragit L100-
55. Eudragit L100-55 is a heat labile polymer, which undergoes thermal degradation
at approximately 155◦C by decomposition of carboxylic acid side groups, followed
by chain decomposition above 180◦C (Lin and Yu 1999). Its thermal sensitivity
coupled with high molten viscosity make Eudragit L100-55 a particularly challenging
polymer to process thermally, and hence plasticizers are almost always required when
processing by HME. This was the case in the study by DiNunzio et al., where Eudragit
L100-55-based compositions prepared by HME required the aid of a plasticizer to
achieve the necessary viscoelastic characteristics to enable processing. However,
enablement of HME processing was achieved to the detriment of matrix rigidity as
these materials exhibited a reduced compositional Tg of 54◦C.

Conversely, KinetiSol processing allowed for the production of ASDs without
the aid of a plasticizer, resulting in an amorphous ITZ-Eudragit L100-55 (1:2) com-
position with a measured Tg of 101◦C. Examination of side group functionality of
KinetiSol-processed L100-55 compositions showed similar functional levels to that
of the unprocessed polymer, indicating that the polymer was not degraded during
processing despite being processed above its degradation onset temperature.

This difference in composite Tgs between plasticized HME compositions and
un-plasticized KinetiSol compositions was found to directly correlate with physical
stability. ITZ crystallization was identified with the plasticized HME composition
after just 1 month storage at 40◦C/75 % RH; whereas, the un-plasticized Kineti-
Sol composition remained physically stable for the entire 6-month study duration.
With these results, this study established the unique ability of KinetiSol to pro-
cess thermally sensitive, highly viscous polymers without use of a plasticizer and
the corresponding improvement in physical stability of the resulting amorphous
dispersion.
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Fig. 18.6 Reversing heat-flow profiles of amorphous ITZ, HPMC E5, and ITZ:HPMC E5 solid
dispersions produced by HME and KinetiSol. (Reprinted with permission from DiNunzio et al.
2010b)

18.4.4 KinetiSol Processing With a Non-Thermoplastic Polymer
for Improved Homogeneity

Cellulosic polymers such as hypromellose (HPMC) and hypromellose acetate
succinate (HPMCAS) have proven to be among the most effective concentration-
enhancing polymers, yielding extensive and prolonged supersaturation from various
ASD systems (Friesen et al. 2008; Miller et al. 2008; Curatolo et al. 2009). However,
cellulosics are non-thermoplastic and as such are difficult to process thermally; often
leading to heterogeneous, multiphase systems (Six et al. 2003; Verreck et al. 2003).

In a study conducted by DiNunzio et al. (2010), thermal processing of ITZ and
HPMC by HME and KinetiSol was investigated. DiNunzio and coworkers deter-
mined that ITZ:HPMC E5 (1:2) ASD systems produced by HME were two phase,
while the same composition processed by KinetiSol yielded a single-phaseASD with
a single Tg of 86.02◦C. A comparison of the thermograms for the HME and KinetiSol
processed systems is shown in Fig. 18.6. The authors attributed the improved homo-
geneity of the KinetiSol processed system to the higher shear rates which provided
improved mixing characteristics over HME.

KinetiSol processing of high-viscosity HPMC was established in a research pub-
lished by Hughey et al. (2012). In this study, the authors successfully producedASDs



576 D. A. Miller and J. M. Keen

with a 50 cP grade of HPMC, demonstrating single-phase systems with enhanced
performance with respect to ASDs comprising lower-viscosity HPMC. Further, it
was shown that KinetiSol processing resulted in substantially less polymer degrada-
tion than HME processing conducted on a low-shear, small-scale extrusion system.
The results of KinetiSol processing with HPMC presented by Hughey et al. and
DiNunzio et al. illustrate the novelty and utility of KinetiSol with non-thermoplastic
and highly viscous pharmaceutical polymers.

18.5 Summary

KinetiSol is a novel processing technology for the production of pharmaceutical
solid dispersions that was adapted from the plastics processing industry. KinetiSol
offers unique capabilities that provide ASD-processing solutions for challenging
compounds and compositions. KinetiSol enables thermal processing of heat-labile
APIs and polymers by substantially reducing total heat exposure. The rapid solubi-
lization kinetics inherent to the KinetiSol process enables the achievement of ASD
systems with very high melting point compounds in a broad spectrum of polymer
carriers. KinetiSol enables processing of highly viscous, non-thermoplastic poly-
mers without the use of plasticizers or other processing aids for the production
of single-phase, high drug load ASDs. The streamlined development-to-production
approach enabled by batch-mode development followed by semicontinuous mode
production significantly simplifies the establishment of a commercial-ready process.
With these unique attributes, KinetiSol is providing commercially relevant solu-
tions to the problems presented by the challenging poorly water-soluble compounds
clogging contemporary development pipelines.
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Chapter 19
Amorphous Solid Dispersion Using Supercritical
Fluid Technology

Pratik Sheth and Harpreet Sandhu

19.1 Introduction

The enhancement of solubility and oral bioavailability of poorly water-soluble drugs
continue to be the most challenging aspect of drug development. Among the various
formulation approaches, amorphous solid dispersion (ASD) is considered to be top
ranked in terms of achieving the highest possible advantage (Chiou and Riegelman
1971; Stegemann et al. 2007). Various technologies are cited in the literature for
preparation of ASD (Bikiaris 2011; Williams et al. 2013), which commonly involve
mixing of drug with carrier polymer(s). Solid dispersion preparation methodology
can be grouped into two main categories: fusion method and solvent evaporation
method. Fusion method, also called melt method, requires high processing temper-
atures, at which many active pharmaceutical ingredients (API) and excipients may
degrade. Solvent evaporation method, although requires milder processing condi-
tions, has a drawback of using excessive volume of organic solvents and subsequent
difficulties of removing the solvents below an acceptable level from the finished prod-
uct. There are three subcategories of solvent evaporation method: (1) conventional
solvent evaporation, (2) spray drying, and (3) supercritical fluid (SCF) technologies.

Solvent evaporation is commonly carried out in a rotary evaporator under reduced
pressure and elevated temperature. A typical problem encountered in this process is
the slow rate of solvent removal. This is due to the fact that as the “drying” proceeds,
the viscosity of solution becomes higher which further slows down the evaporation
rate. An improved version of the solvent evaporation is spray drying. In its basic
form, spray drying is a very simple process where droplets or particles are dried
while suspended in the drying gas, turning a liquid feed into a dry powder in a
single continuous process step. Spray drying is recognized as one of the preferred
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Table 19.1 Physical properties of selected supercritical fluids

Fluid Critical temp (◦C) Critical pressure (atm) Critical density (g/cc)

Carbon dioxide 31.3 72.9 0.47

Water 374.1 217.8 0.32

Nitric oxide 36.5 72.5 0.45

Ammonia 132.5 112.5 0.24

Methane − 79.6 45.4 0.16

Ethane 32.3 48.1 0.20

Propane 96.8 41.9 0.22

Ethylene 9.4 49.7 0.22

Methanol 239.6 79.8 0.27

Ethanol 240.9 60.6 0.28

Acetone 235.1 46.4 0.28

method for the production of ASDs. However, the spray drying process generally
produces powders with low bulk density which requires downstream processing for
the densification. In addition, product recovery and dust collection increase the cost of
spray drying. These limitations as well as a search for an efficient and environmentally
safe technique has led the researchers to explore SCF technology for the production
of the ASDs (York et al. 2004).

SCF- based technologies have been increasingly used in the pharmaceutical in-
dustry for the preparation of micro- and nano-sized solid particles over the past
several decades (York 1999). From a conceptual perspective, any material can exist
in the supercritical phase depending on temperature and pressure conditions; how-
ever, for practical purposes only few of these conditions are feasible. Table 19.1
(Bartle 1988, Poling et al. 2001) lists the relevant properties of some fluids. Low
critical temperature (31.2 ◦C) and pressure (72.9 atm) of carbon dioxide coupled
with environmentally safe handling and noninflammable nature make it ideal for
processing pharmaceuticals including heat-sensitive materials such as biologicals.

The solubilization properties of SCF are attributed to high diffusivity, low density,
low viscosity, and low surface tension (see Table 19.2) compared to other states of
matter. Based on the extensive application of SCF in chromatographic and extraction
processes, the solvent polarity of scCO2 is generally estimated to be similar to hexane.
The solvent characteristics of scCO2 can be further modulated by changes in the
state variables such as temperature and pressure as well as using cosolvents. It is
generally observed that an increase in density due to an increase in pressure induces
more fluid-like properties and helps improve solubility of organic compounds.

Depending on the application, carbon dioxide can act either as a solvent, an anti-
solvent, or as a solute in the SCF processes. SCF technologies are further classified
based on the particle growth mechanisms and their collection environment. Rapid
expansion of supercritical solutions (RESS), gas antisolvent (GAS) precipitation,
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Table 19.2 Relative differences in the solvent properties of different states of fluid

State of matter Density (g/cc) Viscosity (μPa s) Diffusivity (mm2/s)

Gas 0.001 10 1–10

Supercritical fluid 0.10–1.0 50–100 0.01–0.1

Liquids 1.00 500–1000 0.001

supercritical antisolvent (SAS) precipitation, precipitation with compressed fluid
antisolvent (PCA), solution-enhanced dispersion by supercritical fluids (SEDS), and
precipitation from gas-saturated solutions (PGSS) are the main variants of SCF-
based technologies (Foster et al. 2003; Knez and Weidner 2003; Valle and Galan
2005). These techniques have successfully been used in the production of micro-
and nanoparticles as well as ASDs to achieve particle size control and solubility. The
ability to produce narrow particle size distribution with desired morphology has been
extensively used in designing drug products for inhalation (York 1999; Lobo et al.
2005; Badens et al. 2009; Ayad et al. 2013).

19.2 Operations Where SCF Acts as a Solvent

19.2.1 Rapid Expansion of Supercritical Solvent (RESS)

This process is schematically illustrated in Fig. 19.1. The process is used when the
solute (polymer, drug, or drug–polymer matrix) has high solubility in the SCF. The
RESS process involves the saturation of SCF with drug or drug–polymer matrix,
followed by depressurization of the solution by passing through a heated nozzle
into a low-pressure chamber. The rapid decompression of the SCF containing the
drug and/or polymers drives the nucleation and the particle formation. During de-
compression, the SCF solution experiences a Joule–Thomson cooling due to a large
volumetric expansion.

RESS is an attractive process as it is a single-step process which requires minimum
to no organic solvent. During rapid expansion, the solute experiences simultaneous
pressure and temperature drop that considerably promotes the particle formation
process.

Particle agglomeration is a common issue in RESS process. It becomes worse
if residual cosolvent remains in the processed material. Several researchers have
used various particle collection systems to overcome the agglomeration issues. Ad-
ditionally, RESS process is only applicable to the compounds with good solubility in
scCO2. Unfortunately, many poorly soluble compounds with high molecular weights
and polar bonds are also poorly soluble in scCO2 at moderate temperatures (less than
60 ◦C) and pressures (less than 300 bar). Cosolvents such as methanol can be added
to carbon dioxide to enhance solubility of the drug. However, inclusion of solvent to
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Fig. 19.1 Simplified schematic representation of RESS equipment setup showing components such
as CO2 tank, pump, back pressure regulator, extraction vessel, and particle collection vessel

aid in the solubility mandates the removal of residual solvent from the final product
and adds significantly to the cost and complexity.

19.2.2 RESS Applications

Over the past several decades, RESS technology has been successfully used in the
production of crystalline as well as amorphous particles of drugs and polymers (Perrut
2000; Yeo and Kiran 2005). A few examples from the literature are presented to
illustrate the versatility of the technology and to explain the modification of basic
RESS process to minimize agglomeration.

Using RESS process, nanoparticles of naproxen were produced with and without
polylactic acid (PLLA). It was shown that the coating of naproxen particles with
PLLA stabilized the particles against aggregation (Gadermann et al. 2009). Us-
ing this technique, another research group produced amorphous cefuroxime axetil
nanoparticles (Varshosaz et al. 2009). In addition to polymer, they studied the effect
of nozzle temperature and the extraction port temperatures on the particle morphol-
ogy and size. Amorphous nanoparticles were obtained in all cases and the particle
size decreased from 450 to 150 nm with increase in the drying efficiency.

The basic RESS process has been further modified to produce nanoparticles with
tight particle size control and minimal agglomeration. Rapid expansion of a supercrit-
ical solution into a liquid solvent (RESOLV; Pathak et al. 2004) and rapid expansion
from supercritical to aqueous solution (RESAS; Young et al. 2004; Tozuka et al.
2010) are the most notable ones. In RESOLV, the supercritical solution is allowed
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to expand into a liquid medium instead of an air medium. Pathak et al. showed that
the RESOLV technique can successfully produce individual and spherical particles
of naproxen and ibuprofen in nanoscales when the product is expanded into aqueous
media containing polyvinylpyrrolidone (PVP). In the absence of PVP, the particles
obtained were nanosized; however, they were agglomerated and nonspherical. It is
attributed that the liquid at the receiving end of the rapid expansion in RESOLV
suppresses the particle growth in the expansion jet, thereby allowing production of
nano-sized and round particles.

The expansion of supercritical solution through an orifice or tapered nozzle into
aqueous solution containing a stabilizer(s) is the operating principle of RESAS
processes. This arrangement minimizes the particle agglomeration during free jet
expansion. The stabilizers used in this process are mainly surfactants such as polysor-
bates, poloxamers, and lecithins or hydrophilic polymers. The presence of a stabilizer
minimizes the particle aggregation by rapidly reducing the surface free energy of the
primary particles together with steric stabilization. Indomethacin nanoparticles were
produced using 1 % polyvinyl alcohol via the RESAS process (Tozuka et al. 2010).

In another variation of the RESS process, referred to as RESS-SC, a solid cosol-
vent such as menthol was used to modulate the solubility of the drug (phenytoin) in
the polymer (Thakur and Gupta 2006). It was shown that when drug particles were
mixed with solid cosolvent such as menthol, the presence of solid cosolvent inhibited
particle–particle interactions between drug particles, thereby hindering the crystal
growth. As illustrated in Fig. 19.2, phenytoin particles are surrounded by menthol,
which reduced interparticulate interactions with other phenytoin particles. The co-
solvent (menthol) is then removed by downstream processing such as sublimation
or lyophilization.

Although RESS process is better suited to produce crystalline nanoparticles, it is
amenable to the production of ASDs especially for compounds with low crystalliza-
tion tendency. However, the successful application of RESS for ASD is also limited
by the solubility of drug and polymer in the SCF. It is commonly observed that most
organic compounds with poor solubility also exhibit low solubility in the SCF.

19.3 Operations Where SCF Acts as an Antisolvent

SCF-based processes such as GAS process, SAS process, aerosol solvent extraction
system (ASES), SEDS address low solubility of the compounds in scCO2. In these
processes, the drug, polymer, or both are dissolved in an organic solvent to form
a solution. Solvents used may include dimethyl sulfoxide, N-methyl pyrrolidone,
methanol, ethanol, acetone, chloroform, or isopropanol. To successfully produce
ASD, the drug and polymer should exhibit limited solubility in SCF and the organic
solvent should be miscible with carbon dioxide. Collection of the precipitated parti-
cles in the antisolvent is carried out in the same vessel where solvent extraction takes
place. The particles are collected on a filter unit located at the bottom of the vessel.
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Fig. 19.2 Schematic representation of particle formation in expansion zone during conventional
RESS process (a) with RESS-SC process (b)

19.3.1 Mechanism of Particle Formation in GAS, SAS/ASES

Figure 19.3a is the schematic representation of the GAS process. In this process, the
solute is first dissolved in a liquid organic solvent or solvent mixture, and carbon
dioxide gas is introduced to precipitate the solutes. The CO2 gas used as the antisol-
vent does not have to be at supercritical condition. It is injected into the solution in a
closed chamber, preferably from the bottom, in order to obtain uniform mixing. As
a result of dissolution of CO2 gas in organic solvent, the solubilization power of the
solvent is reduced causing the precipitation of solutes. The particles produced are
washed with additional antisolvent to remove the remainder of the solvent.

GAS processes are batch or semicontinuous operations. They do not work under
constant pressure. The pressure varies continuously from 1 bar to the final pressure.
GAS is favored by some researchers as it is a rather slow process that allows the
growth of the particles in a controllable manner. Consequently, it is not considered
suitable for ASD.

Figure 19.3b provides the schematic representation of the SAS process. Unlike
GAS, this technique utilizes CO2 gas in its supercritical stage as an antisolvent of
the solute. The solute is first dissolved in a liquid solvent and then this solution is
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Fig. 19.3 Simplified schematic representation of GAS (a) and SAS/ASES (b) equipment set up
showing components such as CO2 tank, pump, back pressure regulator, extraction vessel, and
solution of API and/or polymer in organic solvent

sprayed onto a chamber containing SCF (antisolvent). As organic solution droplets
are diluted by SCF, the solubilization power of the organic solvent is reduced. As a
consequence, the liquid mixture becomes supersaturated against the drug molecules,
causing precipitation. Unlike GAS, this technology has produced favorable results
during scale up to industrial scale (Jung et al. 2003). ASES process is the same
process as SAS in principle.

The SAS- based processes are considered more amenable for the production of
ASD. Besides the formulation composition (API, polymer, stabilizer, cosolvent,
solvent, etc.), the key tunable variables that can affect the product attributes include
pressure and temperature in the precipitation zone, atomization and feed rate of
solution, flow rate of the SCF, and final drying/extraction time.

19.3.2 Applications of GAS, SAS and ASES

The earlier application of SCF in particle design has been focused on improving the
morphology and particle size distribution of pure drug substance. Few examples are
listed below:

Amorphous Nanoparticles of Amoxicillin Using SAS technology, Kalogiannis et al.
produced amorphous nanoparticles of amoxicillin. The crystalline drug was dissolved
in dimethysulfoxide (DMSO), or mixtures of DMSO with ethanol or methanol. Par-
tially replacing the DMSO with ethanol or methanol further helped to reduce the
particle size (Kalogiannis et al. 2005).

Rifampicin Similarly, Reverchon et al. produced amorphous particles of rifampicin
using DMSO as the solvent and SAS as the processing technology (Reverchon et al.
2002).



586 P. Sheth and H. Sandhu

Atorvastatin Calcium By modifying the processing conditions such as temperature
and pressure during precipitation, concentration of drug in the feed solution, and
ratio of feed solution and SCF, the amorphous particles of atorvastatin calcium were
also obtained (Kim et al. 2008)

Among all the SCF-based processing, SAS has been most promising to produce
ASD. A few examples are presented below:

Itraconazole ASD Itraconazole solid dispersion was prepared with hypromellose
(HPMC 2910; Lee et al. 2014). The particle size of solid dispersion prepared ranged
from 100 to 500 nm. It was further confirmed that itraconazole was molecularly
dispersed in HPMC 2910 as an amorphous form.

Paclitaxel ASD ASD of paclitaxel was prepared with SAS using series of polymers
and surfactant as stabilizers (Woo et al. 2006). The drug, polymer, and stabilizer
were dissolved in an organic solvent such as ethanol and dichloromethane. This
solution was then sprayed into a vessel containing SCF, to produce a highly uniform,
nanoscale ASD. The solubility of the paclitaxel solid dispersion prepared by the SAS
process was significantly higher than the untreated paclitaxel.

Phenytoin ASD prepared with PVP K 30 using compressed antisolvent process was
compared to ASD produced by spray drying process (Muhrer et al. 2006). After
ensuring that both were amorphous, dissolution profile of both were compared.
Based on in vitro dissolution, the performance of the SAS- based material was
at least 25 % better than the spray-dried material which can be attributed to better
control of particulate properties such as morphology and particle size distribution,
in SCF.

19.4 Solution-Enhanced Dispersion by Supercritical Fluids
(SEDS)

This patented technique uses SCF as an antisolvent as well as a dispersing agent
(Hanna and York 1998). The contact of the liquid solution containing the drug and
the polymer with the SCF generates a finely dispersed mixture which leads to rapid
particle precipitation. This technology is generally used to produce microspheres.
The most important feature of the SEDS is the nozzle type. In this process, two types
of coaxial nozzles are used: the first one is a nozzle with two channels which allows
introduction of the SCF and the drug solution or drug polymer mixture at the same
time. The second type of nozzle has three channels which allow introduction of three
different fluids at once providing more choices in operating variables. For example,
injection of the drug in an organic solvent, the polymer in an aqueous solution,
and SCF at the same time is possible. The experimental arrangement of the SEDS
process is shown in Fig. 19.4a. Figure 19.4b shows the schematic representation of
the three-channeled coaxial nozzle.
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Fig. 19.4 Schematic drawing of SEDS (a) process and a simplified arrangement showing three-
channeled coaxial nozzle (b) used in SEDS process

SEDS process was used to produce particles of salmeterol xinafoate with a poly-
mer matrix (Beach et al. 1999). Two separate solutions of the active substance and
the polymer (hydroxypropylcellulose) were prepared by dissolving in acetone, and
co-introduced with supercritical CO2 in a precipitator, using a three-passage noz-
zle. Analysis confirmed the inclusion of drug into the polymer matrix. Using a
similar setup, spherical microparticles of hydrocortisone were entrapped within the
biodegradable polymer poly (D, L-lactide-co-glycolide; DL-PLG) by using a combi-
nation of supercritical N2 and CO2 (Ghaderi et al. 2000). The use of N2 together with
CO2 improved the homogeneity of mixing which led to more efficient integration of
the polymer and the drug. This technique was also applied to produce PLLA-coated
microparticles of puerarin (Chen et al. 2009).

19.5 Operations Where SCF Acts as Solute (Particles from Gas
Saturated Solution)

Figure 19.5 provides a schematic illustration of PGSS equipment setup. As discussed
earlier, it is difficult to dissolve high molecular weight or polar compounds in CO2,
which is a nonpolar solvent even in a supercritical state in the absence of the cosolvent.
However, scCO2 has the ability to diffuse into organic compounds, particularly
into polymers. When scCO2 diffuses into the polymer, it lowers the glass transition
temperature and decreases its viscosity. These characteristics are bases of the PGSS
process.

In the PGSS operations, the physical mixtures of the drug and the polymer are
first exposed to SCF. In the presence of SCF and elevated pressure, the mixture starts
to plasticize and melt. Following initial melt, introduction of the scCO2 continues to
dissolve the mixtures and the viscosity is decreased further. This nonviscous solution
is then sprayed into a receiver using a nozzle and a pressure controlling valve. As
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Fig. 19.5 Schematic representation of equipment setup of PGSS process

a result of rapid decompression, the dissolved SCF escapes from polymer matrix
leading to the formation of composite microcapsules. This process suits well with
materials that absorb SCF at high concentrations like PVP, polyethylene glycol,
polyethylene, polyester, D, L-PLA, and poly(lactic-co-glycolic acid) PLGA.

Sencar-Bozic et al. made composite microparticles of nifedipine and polyethylene
glycol (PEG 4000) using the PGSS process (Senčar-Božič et al. 1997). They showed
that the solid dispersions had increased dissolution rates of nifedipine. Similar re-
sults were reported for the felodipine (Kerc et al. 1998). Rodrigues et al. prepared the
microparticles of theophylline with hydrogenated palm oil (HPO) by the PGSS pro-
cess demonstrating that the process enabled coprocessing of API with the excipient
(Rodrigues et al. 2004). Particle size obtained was about 3 μm in diameter. Spheri-
cal morphology with a regular surface was obtained at higher expansion pressures.
Although used to process crystalline material, this technology has successfully been
scaled up to industrial scale (Weidner 2009).

The PGSS process can be performed without using any organic solvents. It usually
requires lower operational pressures and gas consumption than the RESS process.
One problem associated with the PGSS process is potential separation of the in-
gredients at pressure drop zone. However, PGSS can be modified to overcome the
agglomeration, ingredient separation, and nonuniform particle size distribution prob-
lems. For example, using two separate mixing chambers, drug and polymer solution
can be sequentially diluted with SCF to reduce viscosity, improve flow property, and
atomization efficiency thereby produce more controlled particles (Shekunov et al.
2006).

Application of scCO2 in melt extrusion process as a processing aid may function in
either RESS or PGSS mode depending on the mutual solubility of drug and polymer
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Table 19.3 Overview of various SCF process modalities evaluated for pharmaceutical product
design

Criteria/
process

RESS GAS ASES SAS/modified
SAS

PGSS

Mechanism Rapid expan-
sion of SCF

SCF introduced
into solution

Solution
introduced
into SCF

Solution
introduced
into SCF

Solid
incubated
with SCF

Role of
SCF

Solvent Antisolvent Antisolvent Antisolvent Plasticizer/
solvent

Pressure
changes

Variable Variable Variable Fixed Fixed

Compound/
polymer
solubility
in SCF

Required Not required Not required Not required Preferred

Particle
control

Limited Controlled by
SCF flow rate

Controlled
by solution
addition rate

Limited Limited
(similar
to RESS)

ASES aerosol solvent extraction system, GAS gas antisolvent precipitation, PGSS precipitation
from gas-saturated solutions, RESS Rapid expansion of supercritical solutions, SAS supercritical
antisolvent, SCF supercritical fluid

in scCO2. The pressure drop experienced by the extrudates at the die port can change
the material characteristics depending on its interaction with scCO2 (Verreck et al.
2005).

19.6 Conclusions

SCF-based technology has made tremendous progresses over the past several decades
from the simple RESS process to a number of modified processes to accommo-
date various needs. The key features of some commonly used technologies are
summarized in Table 19.3.

Analogous to melt extrusion and spray drying, SCF technology offers tremen-
dous flexibility with respect to process design and operation. Despite a number of
advantages, its application in the ASD has been limited, and that can be attributed to
the lack of robust process understanding. However, continuous improvements over
the past two decades have resulted in better equipment design and robust scale-up of
such systems (Jung et al. 2003). Its use in the melt extrusion process as temporary
plasticizers has contributed significantly to the development ofASDs. Further control
of particulate properties with respect to physical stabilization, agglomeration, and
densification will continue to grow in the future thus leading to more value-added
processes and products.
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Chapter 20
Supersolubilization by Using Nonsalt-Forming
Acid-Base Interaction

Ankita Shah and Abu T. M. Serajuddin

20.1 Introduction

It is estimated that at least two thirds of new chemical entities (NCE) synthesized
in the pharmaceutical industry fall in the category of poorly water-soluble drug and
mostly belong to the class II of the biopharmaceutical classification system (BCS).
Even when the compounds are considered to have poor or low aqueous solubility,
the degree of how low the solubility could be differs greatly. Most of the drugs that
were considered to be poorly water-soluble in the 1970s and 1980s, and exhibited
bioavailability issues, had solubility in the range of 20–100 μg/mL. Two of the first
drugs that had solubility of < 10 μg/mL were lovastatin and simvastatin, which
were introduced in the market in the late1980s; their reported solubility was ∼ 7
μg/mL (Serajuddin et al. (1991). The situation has changed so much during the past
two decades that the solubility of < 1 μg/mL is now very common. The aqueous
solubility of as low as 4–5 ng/mL has been reported for itraconazole (Six et al. 2005),
and another drug, ziprasidone, has such a low aqueous solubility that it could not
be determined for its unionized species (Kim et al. 1998). Therefore, depending
on how low their solubility are, the same formulation strategies do not apply to
all poorly water-soluble compounds, and the applicable technologies to enable their
development into bioavailable oral dosage forms differ greatly. Williams et al. (2013)
published an excellent article reviewing different strategies that may be applied to
the formulation of drugs with low aqueous solubility. They include salt formation,
particle size reduction, solid dispersion, and lipid-based drug delivery. Each of the
technologies has its own advantages and limitations.

Among the technologies mentioned above, much research has been done on solid
dispersion for over 50 years (Chiou and Riegelman 1969; Vasanthavada et al. 2008).
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However, despite its great promise, only a very limited number of products, for-
mulated based on the solid dispersion principles, have been marketed. One of the
major limitations of using these systems is that there could be physical and chemical
instability of drugs in polymeric carriers (Serajuddin 1999). There is also the risk
of drug precipitation in vivo due to the inability of the system to maintain a super-
saturated state in the gastrointestinal (GI) fluid after oral administration. In case of
weakly acidic and basic drugs, which exhibit pH-dependent solubility profiles, the
drug release from conventional solid dispersions could also be pH dependent, and it
may not be possible to maintain a steady drug release from dosage forms at different
pH environments of the GI tract (Doherty and York 1989; Tran et al. 2010a).

The objective of this chapter is to present how weak acids and weak bases can
be used as carriers in solid dispersions to modulate microenvironmental pH, and
improve the dissolution rate of acidic or basic drugs. There are, however, limits
on how much improvement in dissolution rate may be achieved by simply mixing
acidic and basic excipients with, respectively, weakly basic and weakly acidic drugs.
Recently, Singh et al. (2013) developed a novel approach of greatly increasing the
solubility of basic drugs by interacting with weak acids that would not normally
form salts with the drugs used. The aqueous solubility of haloperidol, which has an
intrinsic solubility of 2.5 μg/mL, could be increased as high as > 300 mg/g of solution
by using such weak acids as malic acid and tartaric acid. The authors called it the
supersolubilization of drug. Since these acids did not form salts with haloperidol, the
drug could be converted to amorphous forms by drying the highly concentrated drug
solutions. In this chapter, the development of solid dispersions by such an acid–base
interaction will be presented. This chapter will specifically contain the following
topics:

• A review of how acidic and basic excipients have been used to modulate
microenvironmental pH and improve the dissolution of drugs.

• Theory of supersolubilization by acid–base interaction.
• Superiority of supersolubilization over salt formation and conventional pH

modulation
• Development of solid dispersion by using the supersolubilization principle.

20.2 Modulation of Microenvironmental pH

20.2.1 Microenvironmental pH

As acidic and basic drugs demonstrate pH-dependent solubility, their dissolution
rates in aqueous media having different pH values may differ greatly. The Noyes–
Whitney equation describing the relationship between dissolution rate and solubility
(Noyes and Whitney 1897) is given below:

J = KA(Cs − C) (20.1)
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Fig. 20.1 Schematic diagram
of diffusion layer on
dissolving solid surface,
where h represents diffusion
layer thickness, Cs is the
saturation solubility of solid,
and C is the concentration in
the bulk medium

where J is the dissolution rate, K is a constant, A is the surface area of the dissolving
solid, Cs is the saturation solubility of the compound in the dissolution medium, and
C is the concentration of the drug in the medium at different time points during disso-
lution. The difference between Cs and C in the equation represents the concentration
gradient in the dissolution medium. The Noyes–Whitney equation was modified to

J = DA

h
(Cs − C), (20.2)

by considering that the solid drug dissolves instantly in a thin unstirred layer of
dissolution medium surrounding the dissolving solid. This is shown schematically
in Fig. 20.1. The transfer of the drug from the surface of the solid to the bulk
dissolution medium outside this layer occurs through the diffusion of the solute
from the solid surface through this layer, and this layer is also called the diffusion
layer. The thickness of the diffusion layer and the diffusion coefficient of the drug
through this layer are denoted in Eq. 20.2 by h and D, respectively, and at the nearest
to the surface of solid drug where the thickness of the diffusion layer approaches zero,
the concentration of drug in the diffusion layer approaches the saturation solubility
Cs. Since the dissolution rate of a drug is dependent on its saturation solubility in
the diffusion layer, it has been reported that the solubility of a drug under the pH
condition of the diffusion layer rather than that in the bulk medium dictates the drug
dissolution rate (Serajuddin and Jarowski 1985a,1985b). The pH in the diffusion
layer, especially at the surface of the solid, represents the microenviromental pH
(Pudipeddi et al. 2008). It is essentially the pH of the saturated solution in the
immediate vicinity of drug particles.
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20.2.2 Modulation of Microenvironmental pH by Salt Formation

According to the Noyes–Whitney equation described in the previous section, the
dissolution rate of a drug is directly related to the Cs or saturation solubility. There-
fore, if the pH of the diffusion layer is modified or modulated such that it becomes
more favorable to an increase in drug solubility, the dissolution rate of the drug will
increase accordingly.

The most common method of modulating microenvironmental pH is the salt for-
mation. Since the solubility of salts are usually much higher than those of their
corresponding base or acid forms, as shown in Fig. 20.1, the solubility of the drug
in the diffusion layer at the surface of the salt is much higher than those in the bulk
medium. As a result, the dissolution rate of the drug increases due to the salt for-
mation (Serajuddin 2007). Using phenazopyridine hydrochloride and its free-base
form, Serajuddin and Jarowski (1985a) demonstrated good correlation between the
saturation solubility and the dissolution rate when the solubility under the microen-
vironmental pH, rather than the solubility under the bulk pH condition, was used.
Since the acidic and basic drugs exhibit the pH-dependent solubility, there is a poten-
tial that the drug may precipitate out in the GI fluids after dissolution. The free acid
may precipitate out from salts at the relatively lower pH of the stomach (pH 1–3),
while the free base may precipitate out at the relatively higher pH of the intestine
(pH 5.5–7.5). However, the precipitation usually occurs as fine particles with a large
surface area, which redissolve rapidly as the dissolution continues in the GI tract
(Serajuddin and Jarowski 1993).

Despite the potential advantage of salt formation, many compounds do not form
salts. Even when salts are formed, they may have limited aqueous solubility. For
example, aqueous solubilities of hydrochloride and mesylate salt forms of the weakly
basic drug ziprasidone were 80 and 890 μg/mL, respectively, and, because of such
low solubility, the dissolution of salts was incomplete, and the human bioavailability
was variable (Thombre et al. 2011). There is also the potential that the salts may
convert to the less soluble free base or acid form in the diffusion layer, thus coating
the surface of the dissolving solid, and preventing further dissolution of the salt
(Serajuddin 2007).

20.2.3 Modulation of Microenvironmental pH by Using pH
Modifiers

Another approach to increase dissolution rates of poorly water-soluble acidic and
basic drugs is to use microenvironmental pH modifiers (Badawy and Hussain 2007;
Phuong et al. 2011; Tran et al. 2009). Generally, weak organic acids, such as ascorbic,
adipic, citric, fumaric, glutaric, succinic, malic, tartaric acids, are used to decrease
microenvironmental pH of weakly basic drugs. Various weak bases, such as sodium
carbonate, sodium bicarbonate, magnesium oxide, calcium carbonate, potassium
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phosphate, sodium phosphate, and so forth, are used to increase the microenviron-
mental pH and thereby enhance the dissolution rate of poorly water-soluble weakly
acidic drugs (Bi et al. 2011b; Tran et al. 2009, 2011). The pH modifiers may also
prevent or retard conversion of salts into their unionized forms and, therefore, the
dissolution rates remain high (Badawy et al. 2006). In addition to acids and bases,
many researchers used polymeric carriers to modulate the local pH of dissolving
solid and maintain supersaturation (Rao et al. 2003; Tatavarti et al. 2004; Tatavarti
and Hoag 2006). The extent of pH modulation may be estimated by measuring mi-
croenvironmental pH using different methods described by Pudipeddi et al. (2008).
Various physicochemical properties of pH modifiers, such as solubility, dissolution
rate, and pKa, would influence pH modulation and thereby dissolution rates of drugs.
To obtain the complete dissolution of the drug from dosage form, the pH modifier
may need to coexist with the drug in the formulation until the drug is completely
dissolved. Accordingly, the excipients used and the manufacturing methods applied
would influence the dissolution of drugs from the pH-modified solid dosage forms.

20.2.4 Use of pH Modifiers in Solid Dispersion

Many of the published reports in the literature on the use of pH modifiers in solid
dosage forms are for controlling the drug release from modified-release dosage forms,
such as matrix tablets and coated tablets and beads (Gohel et al. 2003; Kranz et al.
1969; Naonori et al. 1991; Siepe et al. 2006; Streubel et al. 2000; Tatavarti and Hoag
2006; Thoma and Zimmer 1990). The pH modifiers have also been used to prevent
disproportion of salts in tablets (Zannou et al. 2007). The use of pH modifiers in
solid dispersion to enhance dissolution rate of drugs is, however, rather limited.

As early as in 1969, Chiou and Riegelman (1969) reported the use citric acid
in forming solid dispersion of griseofulvin, a poorly soluble drug, by mixing the
components together in their molten state at high temperature. Later, Timko and
Lordi (1979) also used citric acid to prepare solid dispersions of benzoic acid and
phenobarbital by applying a similar method. However, in these studies, citric acid
was used only as the water-soluble carrier, and not for their ability to modulate
microenvironmental pH.

More recently, Tran et al. (2010b) evaluated the effect of four acidifiers, namely,
citric acid, fumaric acid, glycolic acid, and malic acid, on the dissolution rate of
a poorly soluble weakly basic drug, isradipine, from the solid dispersion system
containing polyvinylpyrrolidone (PVP) as the polymeric carrier. The solubility of
the drug at pH 1.2 and pH 7 (deionized water) were 114 and 7 μg/mL, respectively.
By considering the higher drug solubility at a lower pH, it was expected that the
incorporation of an acidifier in the solid dispersion would increase the dissolution rate
of the drug. Each 100-mg tablet contained 5 mg of drug and10 mg of an acidifier. The
pH of an aqueous suspension of the tablet components was 2.2–2.3, representing the
microenvironmental pH of the tablets. Two sets of tablet formulations were prepared,
where, in one case, the components were physically mixed before compressing them



600 A. Shah and A. T. M. Serajuddin

into tablets; and in the second case, solid dispersions of the drug, acidifiers, and
PVP were prepared by the solvent evaporation method prior to compressing them
into tablets. Overall, the use of acidifiers increased the dissolution rate of the drug as
compared to the systems without acidifiers. The solid dispersion containing fumaric
acid showed more than 90 % drug release in 60 min while the physical mixtures had
only 50 % drug release at the same period of time.

Tran et al. (2009) also explored the importance of microenvironmental pH-
modulating alkalizers in the preparation of self-emulsifying solid dispersions.
Aceclofenac, a weakly acidic drug (pKa 4–5), having extremely low solubility in
acidic media and good solubility at higher pH, was used as the model drug. Ternary
solid dispersions were prepared using the drug, Gelucire® 44/14 (the matrix) and
an alkalizer at the weight ratio 70:70:28. The incorporation of an alkalizer increased
the dissolution rate of the drug as compared to the dissolution when no alkalizer was
present. Among various alkalizers used, Na2CO3 showed the highest drug release.
The authors concluded that the three main parameters for enhancement of dissolution
rate of aceclofenac from the solid dispersion were modulation of microenvironmen-
tal pH, change of drug substance from the crystalline to the amorphous form, and
the self-emulsifying property of the matrix.

Schilling et al. (2008) reported that citric acid monohydrate can be used as the
modifying agent for drug release from tablets prepared by melt extrusion of diltiazem
HCl in Eudragit® RS PO. Being highly water-soluble, citric acid increased pore
formation in the tablet matrix during dissolution, and thus enhanced the drug release.
The drug converted to the amorphous form when a large amount of citric acid was
used. The acid also served as the plasticizing agent during melt extrusion. In another
study, the solid dispersion containing sibutramine, HPMC, gelatin, and citric acid
showed the highest drug solubility of 5 mg/mL in water as compared to neat base
which had the solubility of 0.01 mg/mL (Lim et al. 2010).

As mentioned earlier, the dissolution rate of basic drugs may also be increased
by pH modulation. Telmisartan is a practically insoluble weakly acidic drug and
shows pH-dependent solubility. Marasini et al. (2013) reported that its solubility,
dissolution rate, and bioavailability in a rat model can be increased substantially by
forming solid dispersion using PVP K30 as a carrier and Na2CO3 as an alkalizer.

For a weakly acidic drug, AMG009 with poor intrinsic solubility (0.6 μg/mL),
Bi et al. (2011a, 2011b) prepared solid dispersions by using various nucleation
inhibitors, such as HPMCE5 LV, HPMC K100 LV, plasdone K-17 (PVP K17); pH-
modifiers, such as sodium carbonate, sodium bicarbonate, tromethamine, sodium
acetate, sodium phosphate; and sodium citrate dihydrate. Both the nucleation in-
hibitor and the pH modifier were necessary to increase the dissolution rate and
maintain supersaturation of the drug in the dissolution media.

As the above examples demonstrate, there have been several attempts to increase
the dissolution rates of basic and acidic drugs by solid dispersion in the presence
of pH modifiers. Any increase in solubility and dissolution rate of formulations
due to pH modulation has, however, been rather modest. It was dependant on how
much change in pH in the microenviroment could be achieved by pH modulation
and what would be the increase in drug solubility due to such a change in pH. In
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Fig. 20.2 pH-solubility
profile of haloperidol at 37 ◦C
determined by using
methanesulfonic �,
hydrochloric ©, and
phosphoric � acids to adjust
pH. (Adapted from Li et al.
2005b)

most of such solid dispersions, the increase in dissolution rates of drugs was due to
the conversion of drugs to their amorphous forms. Unless the drug substances were
converted to their amorphous forms by melting, melt extrusion, solvent evaporation,
lyophilization, etc., the effect of the pH modifier would be limited.

20.3 Supersolubilization and Amorphization by Acid–Base
Interaction

In 2013, Singh et al. (2013) reported a novel approach of increasing the solubility of
basic drugs by acid–base interaction, which was different from the salt formation.
They used a model drug, haloperidol, which had the intrinsic free-base solubility of
2.5 μg/mL and, as shown in Fig. 20.2, the maximum solubility of 1, 4, and 30 mg/mL,
for, respectively, phosphate, hydrochloride, and mesylate salt forms (Li et al. 2005a,
2005b). No other salts for haloperidol could be prepared. By adding malic, tartaric,
and citric acids to aqueous solutions, Singh et al. (2013) could increase the aqueous
solubility of haloperidol to > 300 mg/g of solution. In terms of amounts of water
present in saturated solutions, the high solubility of 1.1, 1.3, and 0.8 g/mL of water
could be obtained in the presence of malic, tartaric, and citric acids, respectively. The
increase was 300,000–500,000 times larger than the solubility of the haloperidol free
base, which the authors called supersolubilization. When such highly concentrated
solutions were dried, the drug and most of the added acids converted to amorphous
forms.

20.3.1 Theory of Supersolubilization

Singh et al. (2013) developed the theory of supersolubilization based on pH–
solubility interrelationships for basic and acidic drugs, which were originally
developed to explain their salt formation. The interrelationship of the solubility of a
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Fig. 20.3 Schematic representation of the interrelationship between the solubility of the base and
its salt form as a function of pH. a Line AB represents free base as the equilibrium species above
the pHmax and line BC represents salt as equilibrium species below the pHmax. b Different species
formed at pH above and below the pHmax, when the pH of the suspension of a basic drug, B, is
lowered by the addition of an acid, HX. The subscript “s” in [BH+]s and [B]s indicates saturation.
(Reprinted with the permission from Serajuddin and Pudipeddi 2002)

base, B, and its salt form, BH+, as a function of pH was described by Kramer and
Flynn (1972) by two independent curves, one where the free base is the equilibrium
species and the other where the salt is the equilibrium species. This relationship is
given in Fig. 20.3a, where the line A to B indicates that when an acid is added grad-
ually to the aqueous suspension of a basic drug, the pH decreases and the solubility
of the drug increases. However, when the pH decreases below a certain pH, which is
called pHmax or the pH of maximum solubility, a phase transition occurs and the basic
drug crystallizes into its salt form. This phenomenon is depicted by the line B→C in
Fig. 20.3a. Thus, the free base and the salt are, respectively, the equilibrium species
at pH above and below the pHmax, and only at the point of pHmax, both of them may
coexist. Various acid-based equilibriums involved with the salt formation may be
illustrated schematically in by Fig. 20.3b. Additionally, the solubility expressed by
the line A→B above the pHmax and the line B→C below the pHmax may be depicted,
respectively, by the following equations:

ST base(pH>pHmax) = [B]S + [BH+] = [B]

(
1 + H3O+

Ka

)
,

= [B]S
(
1 + 10pKa−pH

) (20.3)

ST salt (pH<pHmax) = [BH+]S + [B] = [BH+]

(
1 + Ka

H3O+

)
= [BH+]S

(
1 + 10pH−pKa

) (20.4)

Singh et al. (2013) explored whether any deviation from or nonconformity with the
classical pH–solubility interrelationships described by Fig. 20.3 and Eqs. 20.3 and
20.4 may be beneficially applied to the development of drug products. As shown in
Fig. 20.3a, the acid added must remain fully ionized (X−) below the pHmax to form
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a salt with the protonated base (BH+). Singh et al. (2013) questioned what would
happen if, say, the acid added to form the counterion is not fully ionized and remains
only partially ionized at pH < pHmax. In such a situation, the acid–base equilibrium
described in Fig. 20.3b will no longer exist as it will lead to three species in solution
([BH+], [X−], and [HX]) rather than two ([BH+] and [X−]) necessary to form a
salt (Serajuddin and Pudipeddi 2002). Consequently, no salt will be formed. Since
Eq. 20.3 is essentially a modified version of the classical Henderson–Hasselbach
equation, the solubility of a basic compound should increase indefinitely according
to this equation if the pH is gradually lowered and no salt is crystallized out. In
other words, the line A→B in Fig. 20.3a would extend indefinitely in the direction
of B as the pH is decreased. Indeed, Singh et al. (2013) observed such an increase
in solubility when weak nonsalt-forming acids were used to decrease pH and took
advantage of this phenomenon in the supersolubilization of haloperidol.

20.4 Development of Solid Dispersion by Supersolubilization

Based on the solubility versus pH principles described, Singh et al. (2013) inves-
tigated the effect of adding weak organic acids on the solubility of a basic drug
haloperidol (pKa: 8). Malic acid (pKa: 3.40, 5.13), tartaric acid (pKa: 3.11, 4.80),
and citric acid (pKa: 3.12, 4.76, 6.39) were used as the acids, and, in all cases, the pH
decreased by the addition of acids, and the aqueous solubility of haloperidol increased
greatly. The results are shown in Fig. 20.4. Since, as mentioned earlier, the acids
added did not form salts with haloperidol, the solubility of haloperidol continued to
increase according to Eq. 20.3. It should be noted that the pH remained practically
constant when it dropped to around 1.0–1.5; however, more drug dissolved as more
acid was added to the solution and, ultimately, the aqueous solubility of the acid
was the limiting factor in how much drug could be dissolved in a solution. In case
of malic acid, > 0.30 g of haloperidol dissolved per gram of solution. Similar high
solubility of haloperidol in presence of tartaric acid and citric acid were also observed
(∼ 0.30 and 0.25 g, respectively, per gram of solution). Each gram of such a solution
contained drug, acid and water. Therefore, in terms of water, these were extremely
high solubility as compared to the solubility of haloperidol salts shown in Fig. 20.4.
For example, the maximum haloperidol solubility of 0.33 g per gram of solution
was observed in presence of malic acid, where the amounts of malic acid and water
present were, 0.37 and 0.30 g, respectively. Thus, when the solubility was calculated
in terms of the water present, the solubility was 1.1 g/g of water. Considering that
the highest solubility for any haloperidol salt observed was 30 mg or 0.03 g/mL of
solution, this was a very high increase in drug solubility. The drug dissolved simply
in the aqueous medium of water when the weak organic acids were added, without
necessitating the addition of any organic solvents, complexing agents, etc. When the
concentrated solutions were dried, they neither formed crystalline salts nor did they
convert into crystalline free-base forms of the drug. Rather, the drug converted into
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Fig. 20.4 pH-solubility
profiles of haloperidol using
weak organic acids.
(Reprinted with the
permission from Singh et al.
2013)

the amorphous form, which did not crystallize upon exposure to different acceler-
ated stability conditions. These findings were exploited by Singh et al. (2013) in the
development of novel solid dispersion systems for the model basic drug haloperidol.
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Fig. 20.5 Powder XRD
patterns of a haloperidol, b
malic acid, and
haloperidol–malic acid
combination with molar ratios
of c 0.05:1, d 0.1:1, e 0.14:1,
f 0.16:1, g 0.18:1, and h
0.29:1 showing conversion of
crystalline haloperidol and
malic acid into amorphous
form with the increase in
molar ratio. (Reprinted with
the permission from Singh
et al. 2013)

To prepare solid dispersions, Singh et al. (2013) dissolved haloperidol and weak
organic acids (malic, tartaric, and citric acids) in water, where the molar ratios
between the drug and the acid were increased gradually. The highest molar ratios of
the drug to weak acids in solutions were 0.29:1, 0.24:1, 0.12:1, respectively, for malic
acid, tartaric acid, and citric acid. All aqueous solutions were dried under vacuum
for 7 days at 40 ◦C. Physical states of the dried solid dispersions of haloperidol
in the acids were characterized by powder X-ray diffraction analysis (PXRD) and
differential scanning calorimetry (DSC). PXRD and DSC analyses of haloperidol
solid dispersions and malic acid are given in Figs. 20.5 and 20.6, respectively, as
representative examples. At all drug to acid ratios, no crystallinity of the drug was
observed by PXRD and DSC analyses. There was a gradual decrease in crystallinity
of weak organic acids with the increase in drug concentration in dry solids with
complete amorphization of both drug and acid at high drug to acid molar ratios.
Thus, amorphous solid dispersions of the basic drug haloperidol in weak organic
acids could be obtained by the supersolubilization of the drug in water followed
by drying.

Figure 20.7 shows the results of the multi-step dissolution testing of the solid
dispersions of haloperidol prepared using malic acid, tartaric acid, and citric acid.
In the first step, the dissolution was carried out in 250 mL of a pH 2 dissolution
medium (0.01N HCl) for 120 min, which was then followed for another 30 min by
changing the pH to 4.5, and finally the pH was changed to 6.8 for another 90 min of
dissolution testing. In all cases, dissolution rates of dry solids were much faster than
that of the control haloperidol HCl powder. The solid dispersions showed> 85 % drug
dissolution in 15 min at low molar ratios between haloperidol and an acid, indicating
rapid drug dissolution. However, incomplete drug release was observed for all three
acids when the ratios between haloperidol to weak acid were high. The authors
reported that the physical nature of solid dispersions was responsible for incomplete
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Fig. 20.6 DSC scans of a haloperidol, b malic acid, and haloperidol–malic acid combinations of
c 0.05:1, d 0.1:1, e 0.14:1, f 0.16: 1, g 0.18:1, and h 0.29:1 molar ratios between haloperidol and
malic acid. (Reprinted with the permission from Singh et al. 2013)

release. The dry solids with high amount of haloperidol were semisolid and viscous
in nature, and thus difficult to disperse in the dissolution medium. Although the drug
release was incomplete, the solid dispersions exhibited higher dissolution rates than
that of its hydrochloride salt form and maintained high supersaturation even after
the change in pH from 2 to 6.8. This can be observed by comparing Fig. 20.7 with
20.2, where the later figure shows that the solubility of haloperidol at pH 6.8 is
extremely low.

Shah and Serajuddin (2014) conducted further studies to address the issue of in-
complete drug release from solid dispersions of haloperidol in weak organic acids
reported by Singh et al. (2013) and demonstrated in Fig. 20.7. They adsorbed the
solid dispersions at 1.5:1 w/w ratios onto Neusilin® US2, which is chemically a mag-
nesium aluminometasilicate, to convert the semisolid and viscous solid dispersions
into free-flowing powders (Fig. 20.8). Earlier, Gumaste et al. (2013a, b) successfully
loaded liquid microemulsion preconcentrates onto Neusilin® US2 to convert them
into free-flowing and tabletable powders. Shah and Serajuddin (2014) determined
that the solid dispersion could be adsorbed on to Neusilin® US2 at the ratio of as
high as 1.5:1 solid to the silicate ratio and the powders were still free flowing and
tabletable. The granules were vacuum dried, milled, and sieved before the compres-
sion into tablets. The multi-step dissolution of these tablets showed complete release
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Fig. 20.7 Comparative step
dissolution profiles of
amorphous haloperidol from
combinations with a malic
acid, b tartaric acid, and c
citric acid. Results for
different haloperidol to acid
ratios are given, and the
dissolution profile of
haloperidol HCl is shown for
comparison. The asterisk
represents the molar ratios
that existed as sticky viscous
mass during dissolution
testing. (Reprinted with the
permission from Singh et al.
2013)

of the drug as compared to only 40–50 % release with dry solids prepared by Singh
et al. (2013) (Fig. 20.9). Thus, the supersolubilization of the basic drug did not only
lead to the development of amorphous and stable solid dispersions, the materials
could also be converted successfully into tablets by adsorbing them onto solid car-
riers. Shah and Serajuddin (2014) further demonstrated that a similar approach can
also be applied to the formulation of solid dispersions for acidic drugs by using weak
bases as the supersolubilizing agents (data not shown).

20.5 Concluding Remarks

As reported in various chapters of this book, there are many different strategies to
prepare solid dispersions of poorly water-soluble drugs. In most cases, the drugs are
converted into amorphous forms to increase solubility, and, thereby, their dissolution
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Fig. 20.8 Haloperidol–malic acid (molar ratio 0.29:1) dry solid: a without Neusilin® US2, b with
Neusilin® US2

Fig. 20.9 Comparative multi-step dissolution profiles of haloperidol–weak acid dry solids with and
without Neusilin® US2. Drug amount was kept 150 mg in each profile

rates from dosage forms. This chapter reviews how the microenvironmental pH
modulation may be applied to the development of solid dispersions. In most cases
reported in the literature, drugs were converted into amorphous forms by conventional
means and pH modifiers were used to modulate microenvironmental pH such that the
weakly acidic and basic drugs continued to dissolve even when the bulk pH conditions
were unfavorable for dissolution. The overall impact of such microenvironmental pH
modulation in increasing the dissolution rates of drugs has, however, been limited.
For example, if the intrinsic solubility of a basic or acidic drug is increased tenfold
from 5 to 50 μg/mL by microenvironmental pH modulation, the increase may not
be able to ensure complete drug release. In some cases, the pH modifiers were used
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in combination with the conversion of drugs to amorphous forms. Physical stability
issues of the amorphous forms, however, still remain.

In the present report, a novel supersolubilization technique to greatly increase
solubility and dissolution rates of basic drugs by adding nonsalt-forming weak acids
has been described. For a basic drug, haloperidol, the increase in its aqueous solu-
bility in presence of malic, tartaric, and citric acids was as high as 300,000–500,000
times greater compared to the free-base solubility of 2.5 μg/mL. The important con-
sideration was that the acids used to solubilize basic drugs had to have high aqueous
solubility. When the concentrated solutions of haloperidol were dried, they formed
physically stable solid dispersions, where the drug loads could be as high as 40–
50 % w/w. Different types of chemical interactions could be involved in stabilizing
the systems, such as electrostatic interactions, ion-pair interaction, H-bonding for-
mation between the drug and the multifunctional acidic or basic excipients (Kadoya
et al. 2008). The increased dissolution rates of such solid dispersion is due to a very
high drug solubility when they come in contact with the aqueous media.

When the drug load was very high, the solid dispersion could, however, exist as
a viscous semisolid mass and may not be processable into tablets. Such materials
may not also disperse in aqueous media and, therefore, may exhibit incomplete drug
release. The issues were resolved by adsorbing the solid dispersion on a metasilicate
(Neusilin® US2). Further studies showed that the supersolubilization technology
has general application in the development of solid dispersion systems for both basic
and acidic drugs.
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Chapter 21
Stabilized Amorphous Solid Dispersions
with Small Molecule Excipients

Korbinian Löbmann, Katrine Tarp Jensen, Riikka Laitinen, Thomas Rades,
Clare J. Strachan and Holger Grohganz

21.1 Introduction to Small Molecules as Carriers
in Solid Dispersions

Amorphous polymeric glass solutions are the most often investigated system for sta-
bilizing amorphous drugs and improving their solubility and dissolution properties.
However, this approach has drawbacks which have limited the number of pharma-
ceutical products on the market based on amorphous solid dispersions. Amorphous
drug–polymer mixtures are often hygroscopic and hence absorb moisture, which
reduces the glass transition temperature (Tg) and promotes phase separation and
recrystallization (Lu and Zografi 1998; Rumondor and Taylor 2009; Vasconcelos
et al. 2007). In addition, manufacturing solid dispersions into dosage forms can be
challenging (Srinarong et al. 2011). Due to the oftentimes limited solubility of some
drugs in the polymers, large quantities of polymer are often essential for stabilizing
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the drug load required, leading to large bulk volumes of the final dosage forms (New-
man et al. 2012; Serajuddin 1999). However, the number of poorly water-soluble
new chemical entities (NCEs) in the drug discovery process is growing constantly
(Williams et al. 2013). Thus, the relatively slow entry of products based on solid
dispersion technology to the market means that polymeric glass solutions alone are
unlikely to cope with the growing need to produce stable amorphous formulations
for commercial use. Thus, interest towards developing alternatives to polymeric
amorphous dispersions has increased.

One such alternative is the use of binary amorphous systems with low molecular
weight molecules as excipients instead of polymers. It has been reported that small
molecules, such as citric acid, sugars, phospholipids, urea, and nicotinamide, can be
used as carriers in solid dispersions (Ahuja et al. 2007; Hussain et al. 2012; Kumar
and Gupta 2013; Lu and Zografi 1998; Masuda et al. 2012). The stabilizing effect of
these binary amorphous systems has been attributed to an increase in the Tg of the
mixture compared to those of the individual components as well as (amorphous) salt
formation. However, not all of the excipients listed above are always able to create
fully amorphous solid dispersions, e.g., solid dispersions with urea and nicotinamide
often show at least partial crystallinity remaining for the drug (Aggarwal and Jain
2011; Arora et al. 2010a, 2010b; Chen et al. 2012; Samy et al. 2010).

Chieng et al. (2009) introduced the term “co-amorphous” in order to differentiate
amorphous mixtures containing two low molecular weight components from the
term “glass solutions” that nowadays is mainly linked to drug–polymer mixtures.
Contrary to the above mentioned low molecular weight systems, the increase of
the Tg is not seen as the main stabilizing mechanism. The co-amorphous systems
are based on mixing at the molecular level and defined molecular interaction of
the components, such as hydrogen bonding or π–π interactions. Ionic interaction,
thereby salt formation, is a possibility but not a prerequisite, which would lead
to the formation of a co-amorphous salt. Initially, this approach was applied for
a combination of two pharmacologically relevant drugs. Promising candidates for
combination therapy formulations could be produced (Allesø et al. 2009; Chieng
et al. 2009; Löbmann et al. 2011, 2012b). These co-amorphous systems have the
potential to avoid many of the disadvantages of polymeric glass solutions (such as the
large bulk volumes and hygroscopicity). Co-amorphous systems have been found to
provide high stability through stabilizing intermolecular interactions between the two
drugs and enhanced dissolution rates due to synchronized release (Allesø et al. 2009;
Löbmann et al. 2011). However, it is clear that the amount of applicable drug pairs
is limited due to the limited amount of pharmacologically relevant drug pairs that
could be used in combination therapy. Thus, novel co-amorphous drug–amino acid
combinations have been recently introduced as more universally applicable systems.
These combinations can potentially offer high amorphous stability and enhanced
dissolution for poorly soluble drugs (Löbmann et al. 2013a, b).

In this chapter, the potential of small molecular weight carriers to stabilize amor-
phous drugs is discussed through several case studies. First, examples of citric
acid and sugar molecules are described. These are followed by case studies of co-
amorphous drug–drug combinations and the most recent findings on co-amorphous
drug–amino acid combinations.
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21.2 Case Studies

21.2.1 Combinations with Citric Acid

Citric acid can be used as an acidifying component in traditional polymeric disper-
sions for modulating the pH in dosage forms, and thus modifying the release rate
of pH-dependent and ionizable drugs (Tran et al. 2010). However, citric acid alone
has also been used as a carrier in solid dispersions. Lu and Zografi (1998) prepared
amorphous binary mixtures of citric acid and indomethacin by cooling melts. They
observed that citric acid and indomethacin were miscible up to a 0.25 weight fraction
of citric acid as indicated by a single Tg. Miscibility was explained by the presence
of hydrogen bonds between the carboxylic acid and hydroxyl groups of the indi-
vidual components. Phase separation occurred in the systems above the miscibility
limit, i.e., more than 25 % (w/w) of citric acid in the blend, as indicated by two Tg

values. These phase-separated systems were described as a mixture of a saturated
citric acid–indomethacin amorphous phase and another phase containing only citric
acid. However, adding polyvinylpyrrolidone (PVP; 0.3 weight fraction in the system),
which forms nonideally miscible systems with either citric acid or indomethacin at all
compositions, produced a completely miscible system at all citric acid–indomethacin
compositions. This was explained by the disruption of the intermolecular hydrogen
bonding between indomethacin and citric acid when formulated together with PVP.
The resulting self-association of citric acid and indomethacin enhanced their mutual
miscibility.

In a further study, citric acid has been found to form an amorphous mixture with
the antiviral drug acyclovir upon co-precipitation from N, N-dimethylformamide
(Masuda et al. 2012). The molar ratio of acyclovir and citric acid was determined
to be 1:2 in the co-precipitates. The miscibility of the components in the amorphous
mixture was indicated by a singleTg value (68 ◦C) and the presence of hydrogen bond-
ing interactions between acyclovir and citric acid. The formation of the amorphous
mixture offered a significant improvement of skin permeation flux of the amorphous
form from a polyethylene glycol (PEG) ointment in vitro compared to crystalline
acyclovir.

Physically stable amorphous blends of paracetamol and citric acid anhydrate were
prepared by melt quenching the binary mixtures. A long melting time and a high tem-
perature in the melting process slightly lowered the Tg values due to higher amounts
of degradation products being formed. Although the mixtures showed low Tg values,
which decreased even further on addition of citric acid anhydrate, stable mixtures
were formed. The 1:1 (w/w) mixture was the most stable mixture, remaining amor-
phous for 2 years when stored at dry ambient conditions (Hoppu et al. 2007, 2009a).
The increased stability of the mixtures was attributed to hydrogen bond interac-
tions between the phenol group of paracetamol and the carboxylic acid group of
citric acid anhydrate and the alcohol group of citric acid anhydrate with paraceta-
mol, as suggested by 13C NMR measurements (Schantz et al.2009). Extrusion and
ultrasound-mediated cutting of the sticky and amorphous mixtures had no effect on
either the physical or chemical stability of the systems (Hoppu et al. 2009b).
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The studies above revealed that a low molecular excipient such as citric acid can
be used for the stabilization of an amorphous drug, even though its own Tg (11 ◦C)
is rather low (Hoppu et al. 2007). Specific molecular interactions seemed to be the
main stabilization mechanism. However, it was also shown that limited solid-state
miscibility between drug and citric acid can lead to phase separation, which can be
the starting point of crystallization.

21.2.2 Combinations with Sugar Molecules

Descamps et al. (2007) co-milled mixtures of lactose with mannitol and lactose with
budesonide, respectively, with a ball mill. The differences in the Tg values of the
raw materials in the two mixtures were large, i.e., mannitol 13 ◦C/lactose 111 ◦C
and lactose 111 ◦C/budesonide 90 ◦C. Molecular-level mixing was achieved in both
cases, as indicated by a single Tg observed for the mixtures. Lactose and budesonide
were miscible at all budesonide molar fractions studied (the highest experimentally
applied molar fraction of budesonide in the mixture was 0.65). This behavior was
consistent with the fact that the two compounds could be made fully amorphous
when separately milled. The experimental Tg of the mixture as a function of the
molar fraction of budesonide was found to obey the Gordon–Taylor relationship,
indicating the presence of ideal miscible systems with the absence of specific inter-
molecular interactions between the components in the mixture. Similarly, miscibility
for lactose–mannitol mixtures was only obtained with mannitol fractions lower than
0.44. Interestingly, for larger mannitol fractions, the state obtained after milling was
a mixture of lactose–mannitol glass solutions and crystalline α-mannitol. Extrapo-
lation of Tg versus mannitol fraction revealed that for mannitol fractions > 0.50 the
Tg of the lactose–mannitol glass solution became close to the milling temperature. It
was suggested that in these conditions, the molecular mobility of the glass solution
was high enough to induce the crystallization of mannitol, which acts as a plasticizer
in the mixture during the milling process. When the Tg of the mixture reached the
milling temperature, further amorphization of mannitol was not possible since it was
counterbalanced by a rapid recrystallization to the α-form, leading to a steady-state
concentration of mannitol in the glass solution. Thus, the process conditions and ratio
of the components in the mixtures seemed to have a crucial impact on the successful
formation of amorphous composites.

Recently, saccharin was used as a co-amorphous former for the model drug
repaglinide (Gao et al. 2013). The initial aim of the authors was to prepare a co-crystal
of these components since saccharin is a commonly used co-crystal former (Blagden
et al. 2007), having one secondary amine (NH) group as the effective hydrogen donor,
which may form a co-crystal through intermolecular hydrogen bonding to the drug.
However, upon dissolving different drug–saccharin molar ratios (3:1, 2:1, 1:1, 1:2,
and 1:3) in methanol and subsequent slow solvent evaporation at room temperature,
a homogeneous co-amorphous precipitate was obtained at the molar ratio of 1:1 with
a single Tg (51.9 ◦C). Fourier transform infrared spectroscopy (FTIR) measurements
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revealed intermolecular interactions between the NH group of repaglinide and the
C = O group of saccharin in the co-amorphous mixture. This mixture was found to
be stable for 3 months when stored at 40 ◦C/75 % RH. The co-amorphous mixture
showed great improvement in solubility, e.g., a nearly 20-fold increase in distilled
water for the drug. In addition, the dissolution rate of the drug was enhanced under
sink conditions in various media. Furthermore, it was found that the co-amorphous
blend supersaturated under nonsink conditions and saccharin was able to maintain
this supersaturated state of the drug for more than 30 h (a maximum supersatura-
tion level of 4.51 times the equilibrium solubility was reached). This finding may
be explained by the presence of a repaglinide and saccharin complex with a higher
apparent solubility in solution, i.e., interaction between both components in the su-
persaturated solution, rather than dissociation into individually dissolved molecules
with lower solubility. Thus, supersaturation might have been achieved with respect to
repaglinide but not with respect to the repaglinide–saccharin complex. The formation
of such a complex might also explain the co-precipitation process in contrast to an
individual recrystallization process. Although the authors did not investigate inter-
actions between the components in solution, the investigated co-amorphous system
again suggests the importance of molecular interactions between the components
with respect to the formation of an amorphous composite, its stabilization, solubil-
ity, dissolution rate, and potential for supersaturation in comparison to the individual
drug.

21.2.3 Co-Amorphous Drug–Drug Combinations

The trend of combining drugs from different classes for more efficient drug treatment
and the increasing interest towards formulating poorly water soluble drugs with
better dissolution properties lead to the development of co-amorphous drug–drug
formulations. This formulation approach offers the opportunity not only to enhance
bioavailability but also to reduce the size of the dosage form, since one drug is
the dissolution-enhancing and amorphous-stabilizing excipient for the other drug
molecule in the co-amorphous mixture and vice versa. This strategy can be seen as a
potential way of preparing candidates for new formulations intended for combination
therapy.

21.2.3.1 Co-Amorphous Drug Composites for Pulmonary Delivery

Amorphous particles in pulmonary delivery can be seen as advantageous as they are
believed to have a higher adsorption to the lung tissue, and thus lower exhalation
and better drug delivery. Amorphous composites of salbutamol sulfate together with
ipratropium bromide, intended for asthma combination therapy, were produced in the
weight ratios 10:1, 5:1, and 2:1 (w/w) by co-spray drying from aqueous and ethanol
solution, in order to optimize powder morphology and shape for lung delivery to
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the respiratory region (Corrigan et al. 2006). It was possible to obtain amorphous
ipratropium bromide when formulated together with salbutamol sulfate. This was
not possible when spray drying ipratropium bromide alone.

Similar results were also obtained when co-spray drying budesonide together with
formoterol at their therapeutic ratios of 100:6, 200:6, and 400:12 (w/w; Tajber et al.
2009a). The mixtures had a single Tg at approximately 90 ◦C and even though the
amount of formoterol is limited, a small increase (approximately 1 ◦C) in the Tg could
be obtained in the co-amorphous blends. This was in agreement with findings from
FTIR studies, which indicated the presence of intermolecular interactions between
both drugs. A follow-up study found a 2.6-fold increase for the respirable powder
fraction of the spray-dried formulation at the ratio 100:6, when compared to a physical
mixture of micronized powders (Tajber et al. 2009b). In addition, the amorphous
composite between budesonide and formoterol had the advantage that drugs are
delivered at a constant drug ratio, whereas a physical mixture has the risk of uneven
dose uniformity due to demixing and particle separation.

Overall, these studies showed that formulating two drugs intended for pulmonary
delivery into amorphous composites can result in better particle characteristics, a
higher respirable fraction, reduced demixing, and thus better drug performance.

21.2.3.2 Co-Amorphous Indomethacin–Ranitidine HCl Systems

When Chieng et al. (2009) introduced the term “co-amorphous” in order to differ-
entiate amorphous mixtures containing two low molecular weight components from
drug–polymer mixtures, they deliberately combined the two drugs indomethacin and
ranitidine hydrochloride, with the aim to obtain amorphous blends with improved
amorphous properties. The choice of these two drugs was explained by their compli-
mentary pharmacological profile, i.e., the histamine H2-receptor antagonist ranitidine
HCl is given together with nonsteroidal anti-inflammatory drugs (NSAIDs), such as
indomethacin, in order to reduce gastrointestinal side effects induced by the NSAIDs.
In addition, an amorphous formulation approach seemed reasonable in order to im-
prove the performance of the biopharmaceutics classification system (BCS) class 2
drug indomethacin.

Using vibrational ball milling, it was possible to prepare co-amorphous blends of
indomethacin and ranitidine HCl at weight ratios of 2:1, 1:1, and 1:2. A combination
of the drugs resulted in a much faster crystalline to amorphous transformation as
compared to individual milling of the drugs. Additionally, the co-amorphous blends
were single-phase systems, indicated by a single Tg, and molecular interactions be-
tween indomethacin and ranitidine HCl could be identified. Both findings were used
to explain the improved physical stability of the co-amorphous blends when com-
pared to the individual amorphous drugs. Interestingly, increasing physical stability
was not observed with increasing Tg, as is usually expected from amorphous sys-
tems. The co-amorphous blend at the 1:1 (w/w) ratio exhibited the highest physical
stability but had an intermediate Tg between the 2:1 and 1:2 blends. In the latter
two mixtures, the excess component recrystallized first (Fig. 21.1). This finding was
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Fig. 21.1 X-ray diffractograms of the co-amorphous indomethacin–ranitidine HCl mixtures at the
ratios 2:1, 1:1, and 1:2, after a storage period of 30 days, at 4, 25, and 40 ◦C under dry conditions. The
arrows in the 2:1 mixtures indicate the initial recrystallization of indomethacin. The diffraction peaks
in the 1:2 mixture belong to ranitidine HCl. (Reprinted from Chieng et al. 2009, with permission
from Elsevier)

explained by the presence of molecular interactions on the bulk level that could be
most pronounced at a similar weight ratio, i.e., the 1:1 blend. However, a connection
to specific molecular interactions between both drugs at a 1:1 molar level was not
made in this study.

21.2.3.3 Co-Amorphous Naproxen–Cimetidine Systems

A similar combination between a poorly soluble NSAID and an antihistaminic drug
was investigated by Allesø et al. (2009). Their aim was to prepare co-amorphous
blends of naproxen and cimetidine, with molar ratios (and not weight ratios) of 2:1,
1:1, and 1:2 to study potential intermolecular interactions and stability advantages at
a molar level. The co-amorphous blends were then compared to the individual drugs
with respect to intrinsic dissolution, physical stability, and ease of amorphization.

It was found that milling the two drugs together can significantly enhance the
amorphization of naproxen, which could not be prepared as an individual amorphous
component. This could be explained by the formation of homogeneous single-phase
co-amorphous mixtures that had a significantly higher Tg, as compared to the theo-
retical ones for amorphous blends obtained by the Gordon–Taylor equation, and in
particular to that of amorphous naproxen. A positive deviation to the Gordon–Taylor
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equation, in general, suggests the presence of intermolecular interactions between
components in an amorphous mixture. This finding was confirmed using Raman
spectroscopy, which indicated solid-state interactions between the carboxylic acid
group of naproxen and the imidazole moiety of cimetidine.

The physical stability study revealed again that the excess component in the 1:2 and
2:1 co-amorphous mixtures primarily recrystallized, whereas the 1:1 co-amorphous
mixture remained physically stable over a period of at least 6 months, regardless of
its intermediate Tg between that of the 1:2 and 2:1 mixture. This finding was assigned
to the molecular interactions found in the Raman spectroscopic study.

Based on the above findings, the authors investigated the dissolution behavior
of the co-amorphous naproxen–cimetidine mixture at the 1:1 molar ratio. The in-
trinsic dissolution of both drugs was increased fourfold and twofold for naproxen
and cimetidine, respectively, when compared to the individual crystalline and amor-
phous (only cimetidine) drugs (Fig. 21.2). Furthermore, a pair-wise (synchronized)
release was observed for both drugs in the 1:1 co-amorphous formulation. It was sug-
gested that the interactions between naproxen and cimetidine are strong enough to
result in a pair-wise solvation, i.e., with every molecule of cimetidine, one molecule
of naproxen is dissolved simultaneously into the dissolution medium. Overall, the
co-amorphous formulation approach could be depicted as a promising approach to
enhance the dissolution of poorly soluble drugs and at the same time increase the
physical stability of the amorphous form of that drug.

21.2.3.4 Co-amorphous Indomethacin–Naproxen Systems

Löbmann et al. (2011) prepared co-amorphous binary blends of the two BCS class 2
drugs indomethacin and naproxen with the main aim to further investigate the type
of molecular interactions in co-amorphous blends and their influence on recrystal-
lization, dissolution and physicochemical properties. They were able to successfully
produce co-amorphous blends at the molar ratios 2:1, 1:1, and 1:2 using quench
cooling. Similar to the results obtained by Allesø et al. (2009), naproxen showed
poor physical stability in its pure amorphous form. However, in combination with
indomethacin, stable co-amorphous single-phase systems could be obtained.

Comparable results were also obtained in the physical stability study and for the
intrinsic dissolution rates of co-amorphous indomethacin and naproxen at the 1:1
molar ratio. In spite of an intermediate Tg, this blend remained stable whereas the
two other blends (1:2 and 2:1) showed recrystallization events of the excess compo-
nent. The dissolution study revealed an increased dissolution rate, compared to the
individual crystalline and amorphous (only indomethacin) drugs, and a synchronized
release of both drugs in the co-amorphous 1:1 blend (Fig. 21.3).

The synchronized release of the co-amorphous 1:1 mixture suggested again a
pair-wise release of both drugs at the same rate. In this context, the presence of
molecular interactions was investigated and identified as peak shifts in the FTIR
spectra. The presence of two carboxylic acid groups in both drugs and their possibility
to form a carboxylic acid heterodimer was taken as starting point for the calculation
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Fig. 21.2 Intrinsic dissolution
profiles of naproxen (a) and
cimetidine (b) showing the
dissolution enhancement
from the co-amorphous
(co-milled) mixture compared
to the crystalline and
amorphous (only cimetidine)
references. (Reprinted from
Allesø et al. 2009, with
permission from Elsevier)

of theoretical FTIR spectra using quantum mechanical tools, i.e., density functional
theory (Löbmann et al. 2012a). The theoretical spectrum of the co-amorphous 1:1
indomethacin–naproxen heterodimer was compared to the theoretical spectra of the
drug homodimers and the experimentally obtained FTIR spectra. It was found that the
peak shifts from the experimental spectra were in line with those from the calculated
spectra, which strongly suggested that the hypothesized heterodimer is formed in the
co-amorphous 1:1 blend. In addition, the presence of indomethacin and naproxen
homodimers in the individual amorphous drug form could be identified.

These results were used to explain the behavior of the co-amorphous blends in
the physical stability study. The individual amorphous drugs comprise a near range
molecular order in form of the homodimer which shows fast recrystallization ki-
netics. In the 1:1 co-amorphous blends, this microstructure will change towards
the formation of a heterodimer between naproxen and indomethacin. In order for
the heterodimer to recrystallize, the hydrogen bonds between the unlike molecules
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Fig. 21.3 Intrinsic dissolution profile (nmol/mL/min) of the co-amorphous 1:1 mixture showing
the pair-wise (synchronized) release of the heterodimer of indomethacin and naproxen (depicted in
the lower right corner), at the same rate. (Reprinted with permission from Löbmann et al. 2011,
American Chemical Society)

have to break initially, followed by a reorientation towards like molecules, which
in turn can then form a homodimer, leading to crystallization. In the 2:1 and 1:2
co-amorphous blends, both species, i.e., the heterodimer and excess drug homod-
imers, will be present. In this regard, the excess homodimers will be readily able to
recrystallize, whereas the heterodimers will follow the recrystallization path of the
1:1 co-amorphous mixture.

On the basis of the results above, a new approach of using the Gordon–Taylor equa-
tion, to predict the Tg values of amorphous blends that show some degree of molecular
interaction, was proposed. The experimentally observed Tg of the co-amorphous
indomethacin and naproxen mixtures showed generally a negative deviation from
those predicted by the Gordon–Taylor equation. It could be shown that this was re-
lated to an increased free volume found in the co-amorphous mixtures compared to
the individual amorphous drugs, and was most pronounced in the co-amorphous 1:1
blend. Thus, the largest deviation from the theoretical glass transition values was also
found for the co-amorphous 1:1 blend. It was thus suggested that the ratio between
the heterodimer and homodimer microstructures, rather than the ratio between in-
domethacin and naproxen molecules, should be taken into account when calculating
the Tg via the Gordon–Taylor equation. Therefore, the heterodimer was inserted as
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Fig. 21.4 Experimental (dots) and theoretical Tg values for various co-amorphous indomethacin–
naproxen mixtures. The dashed line represents the Tg values using the Gordon–Taylor equation
in its conventional way, i.e., each individual drug represents one part of the mixture. The solid
line shows the Tg values using the Gordon–Taylor equation in its modified way as suggested by
Löbmann et al. (2011), i.e., the indomethacin–naproxen heterodimer at the 1:1 molar ratio is one
component in the equation and the excess drug the second. The modified Gordon–Taylor approach
is in excellent agreement with the experimentally observed Tg values. (Reprinted with permission
from Löbmann et al. 2011, American Chemical Society)

individual component into the Gordon–Taylor equation, with the homodimer being
the additional excess component. Using this approach, the experimentally obtained
Tg values were in excellent agreement with those theoretically calculated (Fig. 21.4).
This behavior strongly supported the presence of a heterodimer as suggested above.

In an additional study, the individual drugs and the co-amorphous 1:1 mixture
were characterized with respect to their glass-forming ability according to the amor-
phous classification system (Baird et al. 2010). Briefly, this system is based on the
recrystallization of an organic component during a differential scanning calorimeter
(DSC) measurement upon cooling from the melt and reheating above its melting
point. In such a setup, components can be classified into three classes, where class 1
drugs show recrystallization already in the cooling phase, class 2 drugs show recrys-
tallization upon reheating, and class 3 drugs do not show any recrystallization event
during the DSC measurement. In this regard, class 1 drugs are the least favorable
compounds to form an amorphous form as they possess the highest driving force to-
wards crystallization, class 2 drugs possess intermediate properties, and class 3 drugs
are the most likely components to result in a stable amorphous system. According to
this system, indomethacin and naproxen can be classified as class 3 (Baird et al. 2010)
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and class 1 (Shimada et al. 2013) drugs, respectively. However, when formulating a
co-amorphous blend between indomethacin and naproxen, the latter changes from
an unfavorable class 1 drug to a favorable class 3 drug in the co-amorphous mixture
(Shimada et al. 2013). Thus, the amorphization properties of organic components
can be positively changed upon formulating an interacting co-amorphous blend such
as the indomethacin–naproxen mixture.

Overall, it was concluded that the micro-structure found in co-amorphous drug–
drug formulations, e.g., formation of a heterodimer, can significantly influence the
behavior of these systems with respect to dissolution (improved and synchronized),
amorphous stabilization, and physicochemical properties (e.g., free volume, glass-
forming ability).

21.2.3.5 Co-amorphous Glipizide–Simvastatin Systems

A study of co-amorphous mixtures of the two BCS class 2 drugs glipizide and simvas-
tatin gave the opportunity to study further factors that influence the physicochemical
properties within these systems. Both drugs are commonly used for the treatment
of metabolic diseases and because of their poor aqueous solubility, formulating a
combination of both drugs into a co-amorphous drug delivery system seemed mean-
ingful. Similar to the studies above, co-amorphous mixtures at the molar ratios
2:1, 1:1, and 1:2 were prepared using vibrational ball milling (conventional and
cryo-milling). However, the individual drugs could only be transferred into their
amorphous counterpart using cryo-milling. It is well known that mechanical activa-
tion at lower temperatures has a higher tendency to result in successful amorphization
of a compound due to the more brittle nature of the material at these temperatures
(Descamps et al. 2007). Thus, preparing a co-amorphous blend can significantly
enhance the tendency of the two components to transform into their amorphous form
as it was possible to prepare the co-amorphous glipizide–simvastatin mixtures at
conventional milling conditions.

The resulting blends were homogeneous and single phased, with Tg values in
agreement with those estimated by the Gordon–Taylor equation. This behavior sug-
gested ideal miscibility without the presence of specific intermolecular interactions
between the components in the mixture, which was further confirmed by FTIR. In
agreement with these findings, the powder dissolution experiments showed no im-
provement in dissolution for the co-amorphous mixtures compared to the individual
amorphous drugs. This in turn suggested that some form of specific intermolecular
interactions is beneficial for dissolution improvement as seen from the studies de-
scribed above. Interestingly, even though molecular interactions were lacking, the
physical stability of the co-amorphous glipizide–simvastatin mixtures was higher
than that of the individual amorphous drugs or a physical mixture of those. It was
suggested that the intimate mixing of both drugs at a molecular level improved the
physical stability of these co-amorphous systems even in the absence of directional
molecular interactions.
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Overall, this study revealed two interesting findings in co-amorphous systems.
First, the amorphization tendency can be enhanced even though an interacting na-
ture between the components could not be identified. And second, the homogeneous
molecular-level mixing achieved through the milling process resulted in a positive
effect on the physical stability of these systems. However, the presence of molecular
interactions was still thought to be of higher importance to successfully prepare highly
stable co-amorphous blends, mainly because of the recrystallization mechanism
described for the indomethacin–naproxen heterodimer.

21.2.4 Co-Amorphous Drug-Amino Acid Formulations

The concept of a co-amorphous drug formulation approach comprising a combina-
tion of two pharmacologically relevant drugs intended for combination therapy was
discussed in the previous sections. Many factors influencing the behavior of these
systems have been identified and discussed. Generally, these combinations revealed
that preparing co-amorphous drug–drug mixtures can facilitate drug amorphization,
enhanced drug dissolution, and increased physical stability. However, it is not always
necessary to administer more than one drug at the same time or simply not possible
to find a suitable partner molecule for a co-amorphous drug–drug formulation. In
these cases, it can be relevant to create co-amorphous mixtures of the poorly water-
soluble drug with a low molecular weight excipient without biological activity. As
outlined in the Sects. 21.2.1 and 21.2.2, a few of these carriers have already been
investigated. However, excipients intended solely for a universal application in co-
amorphous mixtures with poorly water soluble drugs have not been presented. In
this context, the excipients should ideally be generally safe for the use in humans.
For the performance of the co-amorphous formulations the excipient needs to form
strong molecular interactions with the drug in the mixture.

Amino acids are small molecules that play an essential role in organisms as they
are the building blocks for proteins, enzymes, and cell receptors, precursors for
neurotransmitters and generally important as part of biosynthesis. Because of this,
amino acids (in the form of proteins) are one of the main parts of human daily
nutrition and therefore, generally well tolerated. Furthermore, they play a crucial
role in the interaction with drugs at the active site of the receptor, and thus possess
the possibility of molecular interactions with the drug in vivo. In addition, amino
acids can improve the solubility of drugs due to their ability to act as salt-forming
agents (Berge et al. 1977).

Amino acids were investigated for their potential to decrease the amount of cy-
clodextrin necessary to dissolve the drug naproxen (Mura et al. 2003). For this
purpose the authors investigated the amino acids valine, leucine, arginine, or lysine
in solution with hydroxypropyl-β-cyclodextrin and naproxen. They found that lysine
and especially arginine further improved the solubility of the poorly water-soluble
drug naproxen when dissolved together with hydroxypropyl-β-cyclodextrin. It was
suggested that arginine established electrostatic interactions with the carboxyl group
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in naproxen as well as hydrogen bonds to the cyclodextrin. These interactions re-
sulted in a ternary complex that is crucial for the solubility improvement. FTIR
measurement indicated a salt formation between the acidic naproxen and the basic
amino acid arginine upon co-milling and co-precipitation at an equimolar binary
ratio, both with and without the presence of cyclodextrin (Mura et al. 2005). The co-
precipitated ternary mixture naproxen–arginine–cyclodextrin furthermore showed a
15-fold increased dissolution rate for naproxen compared to the physical mixture
and the pure drug. The improved performance of the ternary co-precipitate was at-
tributed to a synergistic effect between the salt formation with arginine, cyclodextrin
inclusion, and the specific role of arginine connecting both, drug and cyclodextrin,
through interactions.

The interest in improving the solubility of drugs with amino acids without
cyclodextrins was introduced along with the concept of the arginine-assisted sol-
ubilization system (AASS), which showed arginine hydrochloride to improve the
solubility of alkyl gallates containing an aromatic ring when prepared together in
a solution (Hirano et al. 2010). In comparison, lysine hydrochloride only had a
marginal effect on the solubility of the alkyl gallates. The authors found that the
guanidinium group in the side chain of arginine resulted in more favorable inter-
actions with the alkyl gallates when compared to the amino group of lysine. These
specific interactions were able to disrupt the alkyl gallate molecules leading to a better
solubilization. However, for universal application of amino acids as co-amorphous
excipient, further investigations were necessary, especially with respect to exploring
further amino acids and non-salt-forming mixtures with respect to their applicability
to form co-amorphous mixtures with neutral drug molecules.

21.2.4.1 Receptor Amino Acids as Stabilizers of Co-amorphous Mixtures

As outlined above, amino acids are an integral part of biological receptors. In the
active site, they interact with the drug in vivo and thus are able to interact with a drug
on a molecular level. Therefore, it was suggested that the amino acids from the ac-
tive site of a given biological receptor should be a good starting point when selecting
amino acids as excipients in co-amorphous formulations (Löbmann et al. 2013a).
Similar to the studies above, the given potential of forming strong molecular interac-
tions between the drug and the receptor amino acids that can prevent recrystallization
in the co-amorphous blend were the main motivation for these investigations.

Indomethacin, for example, is a cyclooxygenase (COX) inhibitor and binds molec-
ularly to the amino acids arginine and tyrosine in the active site of the receptor. In
particular, the carboxylic acid group of indomethacin interacts with the phenol group
of tyrosine and the guanidine group of arginine in the binding site of the COX-2
receptor (Rowlinson et al. 2003).

With this background, the feasibility of arginine and tyrosine to form co-
amorphous binary and ternary mixtures with indomethacin by ball milling the molar
ratios 1:1 and 1:1:1 was investigated (Löbmann et al. 2013a). X-ray powder diffrac-
tion (XRPD) and DSC measurements revealed that only the mixture of indomethacin
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in combination with arginine can be successfully prepared into a co-amorphous
formulation under the applied ball-milling conditions. The obtained co-amorphous
mixture between indomethacin–arginine had a markedly improved dissolution rate,
resulting in an increase of approximately 200-fold when compared to the dissolu-
tion rate of both crystalline and amorphous indomethacin. Furthermore, this blend
was physically stable for more than at least 6 months at 40 ◦C and dry storage con-
ditions. In a follow-up study, it could be shown that the carboxylic acid group of
indomethacin and the guanidine moiety of arginine form a salt during the milling
process, as indicated by specific peak shifts of these groups in the FTIR spectrum
of the co-amorphous mixture compared to spectra of amorphous indomethacin and
crystalline arginine (Löbmann et al. 2013b). As mentioned previously, arginine is a
well-known salt-forming agent for acidic drugs, and the presence of a salt was used
to explain the much higher dissolution rate. In the presence of tyrosine, the XRPD
diffractograms in the binary and ternary mixtures showed remaining crystalline re-
flections of tyrosine and it was argued that tyrosine in general had poor amorphization
properties.

A similar approach was applied to carbamazepine that binds to the amino acids
phenylalanine and tryptophan in neuronal Na+ channels (Yang et al. 2010). Co-
amorphous mixtures were obtained for the binary mixture carbamazepine and
tryptophan and in the ternary mixture including both receptor amino acids. The
chemical structures of carbamazepine, phenylalanine, and tryptophan are given in
Fig. 21.5. In the co-amorphous blends, a modest increase in the dissolution rate of
carbamazepine was observed, with the ternary mixture showing the highest increase
is dissolution rate. However, these effects were not significantly different from the
dissolution of crystalline carbamazepine. The minor improvement in dissolution rate
was explained by the ability of the amorphous carbamazepine to re-crystallize on
the surface of the disc during the intrinsic dissolution experiment, which in turn
reduces the dissolution rate (Löbmann et al. 2013a). However, the incorporation
of amino acids into a co-amorphous system with carbamazepine resulted in highly
stable amorphous formulations, remaining stable for more than 6 months at 40 ◦C
under dry conditions whereas pure amorphous carbamazepine recrystallized within
a week.

In the molecular interaction study of these co-amorphous blends, interactions be-
tween the tryptophan carboxylic acid and amide moieties of carbamazepine as well
as additional H-bonding and π–π interactions were suggested, as the aromatic and
amide vibrations were shifted in the respective FTIR spectra (Löbmann et al. 2013b).
Comparing the co-amorphous spectrum of carbamazepine and tryptophan to amor-
phous carbamazepine prepared by quench cooling indicated that the interactions
between carbamazepine and tryptophan are stronger than those found between the
carbamazepine dimers in pure amorphous carbamazepine. Thus, the carbamazepine
dimer present in the pure amorphous drug is disrupted by the presence of tryptophan,
suggesting a similar stabilization mechanism as found in the co-amorphous exam-
ple with indomethacin and naproxen (Sect. 21.2.3.4). When adding phenylalanine
to the carbamazepine and tryptophan mixture, additional alterations in the spectra



628 K. Löbmann et al.

Fig. 21.5 The chemical structures of the drug carbamazepine and the receptor amino acids
phenylalanine and tryptophan

were observed indicating further interactions between phenylalanine and either car-
bamazepine or tryptophan or both. It was not possible to prepare an amorphous
mixture of carbamazepine and phenylalanine.

Overall, the receptor amino acids could be used to some degree to prepare co-
amorphous blends with the drugs carbamazepine and indomethacin. The successfully
prepared co-amorphous mixtures were physically stable and showed an increased
dissolution rate of the drugs. In both cases, molecular interactions between the drugs
and amino acids were observed as initially proposed for amino acids taken from
the receptor binding site. However, differences in the type of interaction in the co-
amorphous formulation and the receptor were observed. At the active site in vivo,
only the amino acid side chains are able to interact with the drug whereas the amine
and carboxylic acid head group are involved in the peptide backbone of the receptor.
In comparison, it was found that the whole amino acid molecule, i.e., side chain and
head group, interacted with the drug in the co-amorphous blends.

21.2.4.2 Combinations of Various Amino Acids to Improve
the Dissolution Rate

To further explore amino acids as co-amorphous excipients, binary and ternary com-
binations of carbamazepine or indomethacin were investigated choosing amino acids
beyond those present at the active site. For this purpose, both drugs were ball milled
in varying combinations with the amino acids arginine, tryptophan, phenylalanine,
and tyrosine (Löbmann et al. 2013a, b). From the 16 investigated blends, it was
possible to produce 8 co-amorphous mixtures (Table 21.1). When analyzing the
XRPD diffractograms of all these mixtures, a general trend for tyrosine being an
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unsuitable excipient in co-amorphous formulations was found, as none of the mix-
tures including tyrosine resulted in an amorphous product. In contrast, tryptophan
revealed particularly good amorphization properties as all the mixtures including
tryptophan were amorphous, except those also including tyrosine. In total, three
co-amorphous mixtures containing carbamazepine and five co-amorphous mixture
containing indomethacin could be prepared (Table 21.1). In the carbamazepine
mixtures, the presence of tryptophan seemed to be essential for a successful co-
amorphization. Furthermore, only the ternary blend with arginine and tryptophan
had a nonreceptor amino acid included. Interestingly, this mixture also showed the
highest dissolution rate of carbamazepine. From FTIR measurements, H-bonds and
π–π interactions were identified in all the investigated co-amorphous carbamazepine
blends. In contrast, no specific interactions were observed between indomethacin
and the nonreceptor amino acids tryptophan and phenylalanine in any of the co-
amorphous mixtures thereof. Even though no specific interactions were identified
between the amino acids and indomethacin, the nonsalt co-amorphous mixtures had
a significantly improved dissolution rate compared to amorphous and crystalline
indomethacin.

All the co-amorphous mixtures had a significantly higher Tg compared to the
individual drugs when examined with DSC (Table 21.1). Furthermore, all the co-
amorphous mixtures were physically stable for at least 6 months. The stability was
correlated to the presence of a mixture on molecular level, elevated Tg, and molecular
interactions. The best stability, however, was achieved for the mixtures in which spe-
cific molecular interactions occurred between the drug and the amino acids. Overall,
it was concluded that amino acids are promising excipients for the stabilization of
a poorly water-soluble drug in an amorphous form. A strong increase in dissolution
rate can be achieved, when choosing the most advantageous amino acids with respect
to the given drug. As molecular interactions were only observed, when at least one
amino acid of the active site was included, those amino acids give a good starting
point for the formulation of a co-amorphous blend. However, as seen from the ex-
ample with tyrosine, this is not a general guarantee for successful co-amorphization,
as the physicochemical properties of the amino acids towards amorphization also
have to be taken into account. The low amount of excipient required in these formu-
lations can be seen as an additional significant advantage when compared to solid
dispersions prepared with polymers.

21.3 The Possibility of Co-crystal Formation with Low
Molecular Weight Excipients

When preparing co-amorphous binary mixtures, the possibility of a co-crystal for-
mation should be kept to mind. The saccharin example in Sect. 21.2.2 highlights
the possibility of formation of an amorphous solid dispersion while attempting the
preparation of a co-crystal using a small molecular weight excipient. One could easily
think that the opposite, i.e., formation of a co-crystal upon attempting to prepare an
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amorphous solid dispersion or when storing the amorphous drug–excipient mixture
under certain conditions, could also be likely to happen. For example, nicotinamide
is a known co-crystal former (Blagden et al. 2007) and in addition to co-crystals
with different drugs (Maheshwari et al. 2009; Seefeldt et al. 2007) it has been
also observed to form at least partly crystalline solid dispersions depending on the
preparation conditions (Aggarwal and Jain 2011).

Co-crystals are multicomponent crystals based on hydrogen bonding interactions
without the transfer of hydrogen ions to form salts (Blagden et al. 2007; Lu and
Rohani 2009). Furthermore, pharmaceutical co-crystals can be defined as crystalline
materials composed of an active pharmaceutical ingredient (API) and one or more
unique co-crystal formers which are solid at room temperature, in a stoichiometric
ratio (Vishweshwar et al. 2006). Currently, little is known about the relation between
co-amorphous systems and co-crystals (Laitinen et al. 2012). Both result from for-
mation of interactions, such as hydrogen bonds, between the components. If these
interactions are energetically more favorable than those between the molecules of one
component, then either a co-amorphous system or a co-crystal can be formed. Pre-
diction of the outcome is currently not possible and this question must be answered
experimentally instead. The probability for co-crystal formation may be rational-
ized to some extent, for example by understanding the degree of conformational
flexibility, as well as the supramolecular chemistry of the functional groups present
in the given molecules and selection of appropriate co-crystal formers (Etter 1990;
Vishweshwar et al. 2006). For example, acyclovir has been reported to form an amor-
phous mixture with anhydrous citric acid by co-precipitation through hydrogen bond
interactions (as discussed in Chap. 2.1), but in the same study it formed a co-crystal
with L-tartaric acid when processed with the same method (Masuda et al. 2012). The
molar ratio of acyclovir and citric acid in the amorphous mixture was determined to
be 1:2 while for the co-crystal the ratio was found to be 1:1.

In addition, the fate of the amorphous binary mixtures when stored in conditions
that could induce phase separation is currently not known. After phase separation
has occurred, the system might proceed to nucleation and crystal growth. These
transformational stages are governed by both thermodynamic and kinetic factors that
must be taken into account for the successful development of a stable amorphous
binary system. However, it is possible that crystallization initiates the formation
of co-crystals, which might be desirable if the physicochemical properties of the
co-crystals are advantageous compared to those of the pure components (Pajula
et al. 2010). Spontaneous co-crystal formation has been reported to occur when
storing physical mixtures under extreme conditions, e.g., at high relative humidity
(Arora et al. 2011; Jayasankar et al. 2007; Maheshwari et al. 2009). One example
is the formation of a carbamazepine–nicotinamide co-crystal as a consequence of
storage (Maheshwari et al. 2009). To our knowledge co-crystal formation has never
been reported as a consequence of the storage of co-amorphous systems, but this
possibility should be kept in mind and investigated, especially knowing that drug–
drug co-crystals have been reported to exist (Aitipamula et al. 2009; Cheney et al.
2011; Lee et al. 2011; Nugrahani et al. 2007). Usually, co-amorphous systems
have been observed to recrystallize to pure components, with the excess component
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crystallizing out first (Allesø et al. 2009; Chieng et al. 2009; Löbmann et al. 2011).
However, the amorphous form can act as an intermediate state before formation of co-
crystals (Seefeldt et al. 2007). Depending on the conditions (heating rate in DSC),
amorphous mixtures of carbamazepine and nicotinamide were found to generate
either co-crystals through a metastable co-crystalline phase (low heating rate) or
co-crystals after initial recrystallization as individual components (high heating rate).

21.4 Conclusion and Future Perspectives

Interest towards the potential of binary amorphous systems, having small molecules
as excipients instead of polymers, has increased. By combining a drug molecule
with a low molecular weight excipient in a co-amorphous drug formulation, some
drawbacks connected with polymeric dispersions, such as large bulk volumes, may
be overcome. Amorphous composites were prepared using citric acid and sugar
molecules, such as mannitol and saccharin, as carriers, and the combination of citric
acid and paracetamol was found to be physically stable for 2 years when stored at dry
ambient conditions. It is to be expected that the recently introduced co-amorphous
drug–drug and drug–amino acid combinations could hold an even greater potential
in stabilizing the amorphous form and in improving the dissolution rate of poorly
soluble drugs.

The studies on co-amorphous drug–drug combinations have given an insight into
the basic understanding of the physicochemical properties of these mixtures, their
mechanism of amorphous stabilization and drug dissolution. Regardless of the prepa-
ration method and the initial glass-forming ability of a drug, the amorphization
tendency of those drugs increased when they were formulated together with a sec-
ond drug into a co-amorphous system rather than preparing an individual amorphous
drug. It could be shown, that the physical stability of co-amorphous systems is de-
pendent on several factors, presumably the degree of conformational flexibility of
the components, molecular-level mixing and intermolecular interactions between the
drug molecules, with the latter having a greater impact. Molecular interactions on a
bulk and molecular level and the resulting microstructures, e.g., formation of a het-
erodimer, in these systems seemed to be crucial with respect to their (synchronized)
dissolution behavior, recrystallization mechanism, and physicochemical properties,
such as the free volume. Furthermore, these molecular interactions played a greater
role in the physical stabilization of co-amorphous formulations than solely the pres-
ence of a high Tg, as shown in the studies on co-amorphous indomethacin-ranitidine
HCl, naproxen–cimetidine, and indomethacin–naproxen.

Amino acids have proven to be useful excipients in co-amorphous drug delivery
systems and may form the basis of a new potential platform technique to overcome
challenges in the stabilization of the amorphous form of poorly soluble drugs. Though
tryptophan has a potential as an overall good stabilizer of co-amorphous systems, it
did not show specific molecular interactions with the model drug indomethacin in
the co-amorphous blends. Receptor amino acids may be a useful starting point when
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exploring new co-amorphous stabilizers for a given drug in order to achieve strong
interactions. Combining amino acids with other drug excipients such as polymers,
cyclodextrins, or salt-forming agents can result in new formulations with improved
capabilities. So far, the co-amorphous drug delivery approach concentrated only
on the preparation and characterization of the pure co-amorphous mixture. Further
studies, investigating the preparation of final dosage forms such as tablets, can give
insight into the suitability of co-amorphous blends towards processability. Further-
more, the bioavailability of co-amorphous systems has not yet been explored and
it will be interesting to see if further investigations including animal studies will
confirm the use of amino acids as a useful approach in improving dissolution rate
and bioavailability. Many new ideas may rise soon within the field of co-amorphous
formulations as it is very likely that only a small fraction of its potential has been
revealed thus far.
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Chapter 22
Mesoporous ASD: Fundamentals

Alfonso Garcia-Bennett and Adam Feiler

22.1 Introduction

Silica is one of the most abundant chemicals at the earth’s surface and mainly exists
as one of its most stable polymorphs in the form of crystalline quartz, which is
used extensively to manufacture optically pure window glazing and is an important
part of today’s lifestyle (Sosman 1965). Nature has perfected the synthesis of many
other forms of crystalline architectures, for example, those of the zeolite family.
Zeolites, natural and synthetic, are microporous silicates of crystalline framework
consisting of tetrahedral SiO4 units, possessing pore openings and cavities in the
region of ∼ 10 Å with high specific surface areas. These are widely used in the
catalysis industry and as water softeners in very large quantities, due to their ability
to selectively direct many industrial reactions (such as petrochemical cracking) and
to perform cation exchange (Rhodes 2010). Zeolites have found great utility in their
ability to select between small molecules and different cations, hence their generic
name of molecular sieves, but are limited by the small cavity size. To some, silica
is only associated with its crystalline forms, but it exists both as crystalline and
amorphous phases, and almost always as tetrahedral SiO4 units.

Extending the use of zeolites into larger dimensions, say to catalyse enzymatic
reactions and for the purification of colloidal precious metals, was the aim of re-
searchers at Mobil Corporation (USA), who in 1992 discovered a viable and versatile
synthetic procedure to prepare mesoporous materials, i.e. materials with ordered
porosity in the range between 20 and 500 Å (2–50 nm; Kresge et al. 1992). Their
first material was termed MCM-41 (Mobil Composition of Matter) and the mecha-
nisms involved templating of a silica sol-gel synthesis by an amphiphilic surfactant,
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namely cetyltrimethylammonium bromide surfactant using tetraethyl orthosilicate
as the silica source, in aqueous alkaline medium. This new family of materials was
not crystalline but amorphous in composition, a fact that was later found to seriously
impede their progress in petrochemical catalysis due to their poor hydrothermal
stability. However, order was observed in the structure of the pores which were
characterised as having a hexagonal arrangement, with very-well-defined pore-size
distributions; even higher surface areas than the zeolites (above 1000 m2/g) and very
large pore volumes.

The discovery of mesoporous materials led to a research explosion in many aca-
demic and industrial areas (IMMS 2006). Surfactant science and inorganic chemistry
merged in many PhD theses during the early 1990s, as researchers tried to control and
develop these new types of materials. The increasing curve in publications mirrors
similar trends in the patent literature. At the turn of the century, new and exciting ap-
plications in far-reaching areas such as sensors and biomedical devices were realised
using mesoporous materials as the primary functional material (Raman et al. 1996).
It is in the latter area and the pharmaceutical sector that the authors would like to
concentrate in this chapter. We aim to review some of the seminal works that have led
to the consideration of mesoporous materials as a functional excipient. We aim also
to highlight some of the fundamental characterisation tools that have been used (and
still are) in the development of mesoporous materials in the pharmaceutical sector, as
well as to highlight the challenges ahead in order to see the implementation of these
still exciting materials that keep surprising us and give us hope for more efficient
drug delivery.

22.2 Ordered Mesoporous Materials: From MCM-41 to NFM-1

As mentioned, the discovery of ordered mesoporous materials is widely assigned to
the work at Mobil laboratories (now Exxon Mobil) in the USA. However, it must be
noted that researchers at Waseda University (Japan) led by Yanagisawa et al. 1990
also synthesised regularly ordered pore silicates composed of amorphous walls us-
ing surfactants as the pore-forming template. The Japanese work, whose publication
predates the first Mobil patent filing date (Beck and Princeton 1991), is based on
the use of the microporous mineral Kanemite and the combination of a hydrother-
mal treatment in the presence of surfactants to generate the mesoporosity through
the intercalation of silicate sheets by the micellar surfactant. Mesoporous materials
formatted through this mechanism are termed folded sheet materials (FSM-n). In
the early years, controversy regarding to whom the first report of the materials was
accredited ensued, and in time both mechanisms have been widely researched and
developed, albeit with the Mobil-templating method becoming the most versatile
and controllable approach to achieve different mesostructured products. Ironically,
there is prior art in the patent literature for the formation of mesoporous materials.
A method disclosing the synthesis of a material comparable to MCM-41 was re-
ported, (Chiola et al. 1971) but those researchers did not foresee the full context and
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Fig. 22.1 Phase diagram for the micellar packing of the surfactant cetyltrimethylammonium bro-
mide changing with respect to temperature and surfactant concentration. (Reprinted with permission
from ACS journals!)

potential of the material produced. The synthesis mechanism developed by Kresge
et al. at Mobil Corporation is based on the self-assembly of surfactant molecules.
The first molecules to be developed in this format were with cationic and polymeric
surfactants. These molecules self-assemble in solution to form micellar structures
which can undertake a larger variety of mesophases based on rod-like micelles to
spherical micelles depending on factors such as the concentration of the surfactant
in solution, the temperature of the system, its pH and the presence of additives (sol-
vents, ions, etc.; Israelachvili 1991). Figure 22.1 shows the common shapes that
micelles may take in solution above their critical micellar concentration (cmc), and
a phase diagram for cationic surfactant cetyltrimethylammonium bromide, CTAB,
[CH3(CH2)15N+(CH3)3Br−] which is employed for the synthesis of MCM-41.

Increases in the surfactant concentration lead to changes in the geometric confor-
mation and packing of the micelles in solution. A direct relation between micellar
shape and mesophase (surfactant phase in terms of structural properties) has been
correlated, and it is known as the packing parameter, g, which describes the geo-
metric parameters of the hydrophobic and hydrophilic sections of the amphiphilic
surfactant molecule, and is described as follows:

g = v

a0l
, (22.1)

where v is the total volume of the hydrocarbon chain and a0 is the head group area
at the micelle surface and l the length of the hydrocarbon chain. Some predictive
values of g are tabulated in Fig. 22.1. As g increases, the surface curvature of the
micellar unit decreases from spherical to lamellar packing. While the effect of adding
a silica source (such as tetraethyl orthosilicate, TEOS) to a surfactant solution adds a
new complexity to the understanding of the packing parameter, this is a good initial
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design tool to design mesoporous structures of different parameters. For example, a
high a0 value will tend to form spherical micelles, leading to cubic and hexagonal
(or indeed tetragonal; Garcia-Bennett et al. 2005a) close packing of the spherical
units. Interaction of the surfactant head-group with the silicate species will lead to
the eventual formation of mesocaged porous materials (Huo et al. 1994), instead of
straight channels which are typically formed with smaller a0 surfactant values which
are arranged into rod-like or cylindrical mesophases.

Thus, early synthetic development during the 1990s, focused on the versatility
of the synthesis method and establishing the fundamental mechanism for the co-
assembly of silica sources with surfactant-derived mesophases. Early on, it was
noted that ordered mesoporous structures were formed when TEOS was added to
surfactant solutions below their cmc, suggesting that mesophase order arises due
to the interactions of the silica source with the surfactant prior to the interaction
between the surfactant molecules (Chen et al. 1993). This leads to the proposition
of a co-operative formation mechanism whereby multicharged inorganic species in
an aqueous medium interact with the surfactant species and co-operatively form a
liquid-crystalline arrangement through charge matching before silica condensation
occurs (Huo et al. 1994). A number of other mechanisms have been proposed to
justify the formation of mesoporous materials in acidic media and with a variety of
surfactant types, and the reader is directed to the many excellent reviews describ-
ing this work (Wan and Zhao 2007; Berggren et al. 2005). With the knowledge
of sol–gel and silica chemistry well established through decades of research into
zeolite and ceramic materials (Brinker and Scherer 1990), the number of reports de-
scribing new mesoporous structures flourished to include lamellar; 2D–hexagonal,
2D–trigonal, 2D–orthorhombic (two dimensional) porous structures; and 3D–cubic,
3D–hexagonal and 3D–tretagonal, amongst others (Atluri et al. 2008; Hodgkins et al.
2005; Huo et al. 1994; Vartuli et al. 1994).

From the authors’ perspective, there are several milestone synthetic papers that
are worth noting. In 1998, Zhao et al. synthesised ordered mesoporous silica parti-
cles through the use of polymer surfactants enabling the extension of pore sizes by a
significant amount (up to 35 nm; Zhao et al. 1998; Kim et al. 1995), in comparison to
the smaller molecular surfactants. Using triblock copolymer such as poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol; known as P123)
as template, some of the largest pore sizes were attained in a variety of ordered
structures. These syntheses are performed in acidic conditions. The mechanism of
silica formation is based on the interaction between the hydrophilic head group (S0),
acidic protons (H+), anions (Cl− in this case) and silica species (I+) by electro-
static charge matching: denoted as (S0H+)(Cl−I+). The development of in situ and
post-calcination procedures for functionalisation of mesoporous surfaces addition-
ally allowed not only the large silanol surfaces produced after calcination but also to
derive different functionalisations through the covalent bonding of other organosi-
lane groups including hydrophobic silylating agents (see Fig. 22.2 below; Davidsson
2002).

In early synthetic development, anionic surfactants had been explored to di-
rect the formation of mesoporous materials early in the synthetic development, but
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Fig. 22.2 Functionalisation strategies for mesoporous silanol surfaces based on post-calcination
reaction with organosilanes

these preparations resulted only in lamellar and disordered structures (Wong and
Ying 1998). Anionic surfactants are considered advantageous due to their non-toxic
and non-irritant properties, which are widely exploited in the cosmetic industry
(Seddon and Templer 1995). Additionally, families such as those of the amino
acid-derived anionic surfactants (e.g. N-lauroyl-L-glysine; Sakamoto 2001), offer
rich and biologically relevant liquid crystal behaviour, and could potentially in-
crease the number and structure of unique mesoporous materials. The problem in
replicating these mesophases into inorganic structures was to establish compati-
ble charge-matching interactions between the surfactant head group (negatively
charged) and the silica species. The latter are also negatively charged at alka-
line pHs and hence an inadequate interaction was achieved in the synthesis gel.
Che et al. were capable of solving this conundrum by introducing organoalkoxysi-
lane co-structure directing agents (CSDAs) into the synthesis (Che et al. 2003).
The negatively charged carboxylic headgroup of the anionic surfactant and the
ammonium site of the organoalkoxysilane CSDA N-trimethoxysilylpropyl-N, N,N-
trimethylammonium chloride (TMAPS) and 3-aminopropyl trimethoxysilane (APS).
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Fig. 22.3 a Structure formula of folic acid. b Schematic representation of self-assembled columnar
stacking of pterin (or pteridine)-rings in folic acid

This family of materials has been namedAMS-n (anionic surfactant-templated meso-
porous silicas) and indeed allowed for the synthesis of various unique symmetries
(Garcia-Bennett et al. 2004, 2005b; Che et al. 2004). The mechanism has been
generalised as S−N+∼I−, where S− is the surfactant, N+ represents the positively
charged amine moiety and I− the inorganic silica species, both from the CSDA.
An unexpected advantage of the AMS-n route is that removal of the surfactant via
solvent extraction procedure results in an optimal coverage of the high surface area
of the mesoporous material with amine groups (from the covalently grafted CSDA)
reaching as high as several mmols/g (or a propylamine group for every two or three
silicon atoms; Han et al. 2007).

A recent exciting development that extends the CSDA approach is the formation of
ordered mesoporous materials through the use of non-surfactant-based mesophases,
relying on biologically relevant supramolecular assemblies such as folates or nu-
cleotide derivatives (Fig. 22.3). These form Hoogsteen-bonded tetrads and pentamers
through H-donor and H-acceptor groups, capable of inducing self-organization to
form columnar and hexagonal mesophases (Davis and Spada 2007). The biological
importance of such macromolecular structures is exemplified by the assembly of
guanosine-rich groups of telomere units with implications in chromosomal repli-
cation (Cong et al. 2002), or by folate derivatives: studied for the development
of anticancer agents as increased folate receptors in tumour cells have led to sev-
eral strategies for targeted drug delivery and treatment (Bacchi et al. 1980). Folic
acid is composed of a pterin group, chemically and structurally similar to guanine,
conjugated to the L-glutamate moiety via a p-amino benzoic acid.

Addition of CSDAs and silica sources to a solution of folic acid or guano-
sine monophosphate allows replicating their chiral mesophases to form ordered
mesoporous materials with hexagonal phases. These materials have been denoted
nanoporous folic acid material (NFM-1; Atluri et al. 2009). The chiral arrangement
of the template within the pores was recently verified through circular dichroism and
electron diffraction (Atluri et al. 2013).

Early applications of mesoporous materials, due to the origin of the initial discov-
eries, focused in and around their uses as catalysts. Both silica and silica–alumina
(which offer acidic catalytic sites) compositions in particular were extensively ex-
plored in propene oligomerisation (gasoline and middle distillate production) due to
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their potential to have C9–C12 hydrocarbon selectivity (Bellussi et al. 1994). Other
compositions or heterogeneously substituted compositions such as titania containing
silica were explored for selective oxidation reactions and bimetallic hydrogenation
(Thomas 1994; Thomas et al. 2003). For a full review of the uses of mesoporous
materials in catalytic applications, see Schueth et al. (Taguchi and Scheuth 2004).
Applications of these materials as adsorbents were realised soon, taking advantage of
the precise control in pore size in combination with surface chemistry, exemplified by
the remediation of heavy metal ions by propylthiol-functionalised mesoporous struc-
tures (Feng et al. 1997). Applications as adsorbents were supported by developments
in the formation of ordered mesoporous carbon materials (Ryoo et al. 1999). Soon
after these areas were covered from both intellectual property and proof-of-concept
studies in the academic literature, more technologically advanced application was
investigated in fibre optics and as electronic insulators taking advantage of their low-k
dielectric properties of silica (Marlow et al. 1999; Doshi et al. 2003).

It is surprising that the link between pharmaceutical excipients and mesoporous
silica was not made until 10 years after their discovery, an indication of the slow
transfer of knowledge between research fields. Furthermore, drug delivery and
formulation problems are very much the order of the day in the pharmaceutical
industry, as it struggles to meet formulation challenges associated with drug dis-
covery and repositioning of pharmaceutical actives (Cuatrecasas 2006; Wood 2006).
Poor bioavailability from poorly soluble compounds, which make up a large propor-
tion of lead compounds in pharmaceutical companies. Even their poor dissolution in
suitable media for simple toxicology studies are major reasons for the rejection of
lead compounds even before clinical trials (Takagi et al. 2006). The improvement of
bioavailability and subsequent increases in potency or selectivity, the mitigation of
toxicity, improving patient compliance through more patient-friendly administration
routes or reduced number of doses and improving drug stability or reducing first pass
effects are some of the important reasons that drive research within new drug delivery
vehicles. Vallet-Regi et al. made this connection in 2001, and pioneered the field of
pharmaceutical drug release using mesoporous materials (Yongde and Mokaya 2003;
Vallet-Regi et al. 2001; Horcajada et al. 2004). As functional excipients for the phar-
maceutical industry, ordered mesoporous silica particles have been shown in vitro
and in vivo to: load large pay loads of single or multiple active molecules (Mellaerts
et al. 2008); tailor the pharmacokinetic release profiles through diffusion or other
mechanisms (Brohede et al. 2008); target the release of pharmaceutical products to
specific cell types (Lu et al. 2010); increase the bioavailability of pH-sensitive drug
candidates (Xia et al. 2012a); enhance the solubility of hydrophobic pharmaceutical
actives with high partition constants (van Speybroeck et al. 2010); act as adjuvants in
immunotherapies; act as a diagnostic and theranostic particles (Vallhov et al. 2007);
and enhance the growth of apatite layers in tissue generation and bone implants (Wu
and Chang 2012).
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22.3 Characterisation of Mesoporous Materials

The characterisation of mesoporous solids play an important role in determining
not only the type of materials produced (structurally and texturally) but also the
purity. It is important to note that since the materials are amorphous, where the sil-
ica wall does not possess atomically ordered atoms, there is an added complication
to their characterisation. Hence, the fundamental characterisation of mesoporous
silicas must be conducted through a variety of techniques, and is mainly con-
ducted through diffraction methods using electron microscopy and X-ray diffraction
(XRD) which give details of the mesophase structure, type and quality, including
the formation of any defects. Nitrogen adsorption measurements give indications of
how well defined the porous system is including details of surface areas, pore vol-
umes and pore size distributions. Functionalised silicas including tethered organic
groups have been characterised by elemental analysis and spectroscopic methods
(Ultraviolet-visible (UV), infrared (IR), nuclear magnetic resonance (NMR)) and
the incorporation of precious metals and transition metal complexes are typically
monitored by high resolution transmission electron microscope/energy-dispersive
X-ray analyzer (HRTEM/EDX) and electron spin resonance (ESR) respectively.

X-ray diffractograms can reveal the crystalline (here referred to the long-range
order of the mesopores) properties of the materials. Mesoporous materials have
diffractograms with few peaks present at low 2θ angles—typically below 8◦2θ—
reflecting their large unit cells in comparison to microporous solids due to their
amorphous silica composition (Thomas and Thomas 1997). Long-range order (with
respect to the pores) of mesoporous silica is observed in the form of a broad peak
(at around 20◦2θ), hence the determination of atomic coordinates is not possible. In
theory, there are not sufficient peaks in the diffractograms to resolve structures using
XRD of mesoporous solids and it may also be difficult to determine the phase purity
because of peak broadening and a lack of definition in higher angle peaks. Other
additional practical problems arise due to the peak positions at very low angles (below
1◦2θ) for very high unit cell materials such as SBA-15 (prepared with polymeric
surfactants). In these cases, positioning of the detector is critical to reduce exposure
of the material to the direct beam which may damage the detector and hide the desired
peaks (see Fig. 22.4). In practice, some information can be derived if sufficient
peaks can be recognised and indexed, such as the crystal class (hexagonal, cubic,
etc.). However, for a full structural characterisation, modelling or further work using
electron microscopy-based methods is required.

Transmission electron microscopy (TEM) is used to understand the local structure
of a sample and in mesoporous solids, high-resolution TEM is used to elucidate the
structure, together with XRD. There has, therefore, been extensive research on meso-
porous solids using high-resolution TEM to help solve their structures, supported by
techniques such as scanning electron microscopy (SEM), XRD and sorption studies
(see later). Many structures can be modelled based on simulated Fourier transform
diffractograms obtained from the high-resolution TEM images that represent specific
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Fig. 22.4 a Simulated XRD pattern of bicontinuous cubic KIT-5 where hkl values may be indexed
accordingly (Kleitz et al. 2003). b High-resolution TEM image of caged-type cubic mesoporous
structure with Pm3n symmetry, viewed along the (Amidon et al. 1995) orientation and its cor-
responding Fourier transform diffractogram. c Unit cell model derived from TEM studies of a
cage-type structure with Fd3m symmetry, viewed along the (Ritger and Peppas 1987) orientation.
(Part a reproduced with permission from ACS journals!)

surface topologies and one can observe the presence or absence of local structural
defects (Sakamoto et al. 2000).

Mesoporosity, in a strict sense, can only be identified by conducting sorption ex-
periments since microscopic images only represent differences in contrast between
the silica wall and assumed pore space (or pore template). Mesoporous materials
adsorb according to type IV isotherm (in the standard Brunauer and IUPAC clas-
sification of isotherm curves; Brunauer et al. 1944), where the initial monolayer
coverage is built upon by multilayer adsorption at higher adsorbate pressures, in an
exactly similar way to that observed in type II. At the monolayer coverage, one can
apply the Brunauer–Emmett–Teller (BET) equation to derive the specific surface
area (Brunauer et al. 1938). At higher relative pressures, a steeper upward slope
forms as a direct result of capillary condensation of nitrogen within the restrictive
mesopores, characteristic of the type IV isotherm. The pressure, at which the capil-
lary condensation increase occurs, is directly related to nitrogen filling of the pores
and hence can be related to the diameter of the mesopores, derived traditionally us-
ing the Barrett–Joyner–Halenda (BJH) model which is based on the Kelvin equation
(Barret et al. 1951), and expressions for the multilayer adsorbate film thickness as
a function of adsorbate pressure. More recently, pore size distributions have more
accurately been calculated using density functional theory (Ravikovitch et al. 1997),
which does not introduce errors stemming from the application of Kelvin equation to
smaller-size mesopores. The internal surface and volume decrease upon multilayer
adsorption as critical pressure is reached at which capillary condensation occurs to
fill the remaining volume preferentially over any larger-diameter pores. Upon pore
filling, the isotherm curve reaches a plateau representing the upper limit of adsorp-
tion governed by the total pore volume (see Fig. 22.5). In large-pore mesoporous
materials where pores or cavities are connected by smaller windows, de-gassing the
nitrogen adsorbate from the material is governed by the size of the smaller connecting
windows resulting in a lower relative pressure needed for the adsorbate to leave the
pore. This effect can be followed in the desorption branch of the isotherm and gives
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Fig. 22.5 Typical type IV nitrogen adsorption–desorption isotherm for mesoporous material SBA-
15, showing a steep (denoting a sharp pore size distribution) capillary condensation rise at relative
pressure of approximately 0.7. Its corresponding pore size distribution is shown. Note the presence
of a hysteresis loop

rise to a hysteresis loop. Such effects are the subject of ongoing research in order to
determine the shape of the pore geometry (Ravikovitch and Neimark 2002).

Thermogravimetric analysis (TGA) is commonly used as part of the characteri-
sation toolbox for mesoporous materials. TGA measures mass change of a sample
as a function of increasing temperature, which can be related to physical and chem-
ical changes. In most cases, the measurements detect mass loss due to vaporisation
or desorption. TGA is routinely used to quantify the mass loss of the templating
agents from mesoporous particles and to measure the mass of material adsorbed in
mesoporous particles after loading. The technique does not give specific chemical
information directly and so, for unknown samples, complementary analysis needs
to be done. TGA is often coupled to mass spectrometry or IR as a means to obtain
chemical fingerprinting of the desorbing material. However, for rapid screening, the
method is useful for measuring total masses and some general characterisations can
be made, for example, mass loss of adsorbed water occurs close to 100 ◦C and volatile
solvents below 100 ◦C.

When it comes to characterising the specific interactions between encapsulated
molecules within the pores of mesoporous silica, common methods include dif-
ferential scanning calorimetry (DSC) and various spectroscopic techniques. DSC
measures changes in heat of a sample relative to a reference as a function of tem-
perature. The technique is very sensitive to physical changes and this may be an
endothermic processes such as melting or an exothermic processes such as crystalli-
sation. DSC is also sensitive to more subtle phase changes like glass transitions.
A DSC measurement comprises a scan of increasing and then decreasing tempera-
ture and can give clear indication of changes in physical properties. The enthalpy
of transition is calculated from the DSC curve as a product of the area under the
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curve and the calorimetric constant. Some processes are reversible such as melting
and glass transition whereas others are irreversible such as crystallisation, evapora-
tion oxidation, degradation or denaturation. DSC is particularly useful for studying
drug compounds to detect polymorphism and melting temperatures. When a drug
molecule is confined in the narrow pores of mesoporous silica particles, the absence
of a clear crystallisation peak is evidence that the drug is maintained in an amor-
phous form which is one of the major interests in using mesoporous material for drug
formulation.

Various spectroscopy techniques are suitable for measuring the physico-chemical
properties of mesoporous materials themselves and also investigating the interactions
of molecules adsorbed onto and into the mesoporous materials. Spectroscopic tech-
niques measure the interaction of matter with radiated energy. The energy may vary
dramatically in magnitude and frequency and take the form of, for example, visible
light, X-rays and microwaves. IR spectroscopy is very commonly used to identify
chemical species of molecules through characteristic vibrations of molecules as they
stretch, rotate and bend in the influence of adsorbing radiation. Every compound has
a unique fingerprint spectra relating to the net interaction of atoms in the structure.
Chemical or physical adsorption of a compound to a surface or trapped within a
narrow pore results in changes to the IR spectra which can be used to identify spe-
cific interactions of the molecules with the surface. The stretching of the –OH bond
gives a characteristic broad band in IR spectroscopy which is often used to detect the
presence of water. For the case of mesoporous silica particles, the prominence of the
OH stretching peak gives a measure of the degree of hydroxylation of the terminal
silanol groups of the surface.

Needless to say, there are a battery of other analytical techniques suitable for
the characterisation of mesoporous materials regarding aspects of composition and
functionalisation.

22.4 Properties of Mesoporous Materials Relevant
to Life Sciences

As mentioned earlier, mesoporous materials possess special physical properties such
as high surface areas above 1000 m2/g, high pore volumes above 1.0 cm3/g and
controlled pore sizes between 2 and 50 nm. Apart from these physical properties,
mesoporous materials offer other unique properties that make them suitable for ap-
plications in pharmaceutical sciences and, in particular, as functional excipients. It is
also clear that the tensile strength of mesoporous materials under different tableting
pressures as well as any thermal stresses will vary considerably depending on particle
size and shape, as has been observed by Vialpando et al. (2011).

Control of morphological properties (particle size and shape) is critical in the
behaviour of mesoporous materials in biological media. The interaction of SBA-15
and MCM-41 mesoporous silica particles with human red blood cells was investi-
gated by Zhao et al. (2011). Larger SBA-15 particles (∼ 531 nm, characterised by
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SEM) were taken up by red blood cells to a greater extent than MCM-41 particles
(∼ 122 nm, by SEM). MCM-41 particles were adsorbed onto the cell surface without
disturbing the cell membrane while the adsorption of SBA-15 particles to the cell
surface led to greater local membrane deformation, internalization and subsequent
rupture of the red blood cells (haemolysis). Hence, it is evident that small particle
sizes require major membrane modifications in order to be taken up; this is due to the
smaller contact area with the cell membrane and hence more energy is required to
bind than for larger particles with larger contact area (Cedervall et al. 2007). Particle
shape can also influence the interaction with cells by affecting the uptake mecha-
nism. They additionally affect how particles circulate in the blood stream and how
they filter through kidneys and spleen. In general, particles with different shapes
experience different hydrodynamic forces in biological media (e.g. blood serum)
where non-spherical particles have a higher tendency to move towards the vessel
walls than spherical particles. (Donaldson et al. 2011). Non-spherical micron-sized
particles can pass through the spleen when having at least one dimension smaller than
200 nm. Biopersistent nanofibres with high aspect ratio and fibre lengths > 15 μm
(e.g. asbestos and carbon nanotubes) cannot be engulfed by macrophages leading to
frustrated phagocytosis and to a non-effective clearance of the particles (Chithrani
et al. 2006). However, the shape effect on cell uptake can be composition dependent.
For example, in other type of nanoparticles (spherical gold nanoparticles), it has
been shown that elongated particles are internalised faster by HeLa cells (Chithrani
et al. 2006), while in a subsequent study, the opposite effect has been observed for
hydrogel nanoparticles (cationic poly(ethylene glycol); Gratton et al. 2008). The
immunological behaviour of mesoporous materials has also been identified to be
particle shape and size dependent. (Vallhov et al. 2007).

The surface chemistry of mesoporous silica particles can influence the reactivity,
solubility, interaction and agglomeration of particles in different environments, as
well as their accumulation in organs and tissues. Surface chemistry will also strongly
influence the nature of adsorbed protein corona and the interaction strength with it
(Lynch et al. 2009).

Functionalisation of the particle surface with different chemical groups can be
engineered to modulate the interaction with biological systems. For example, SBA-
15 particles with or without propylcyanide functionalisation lead to stimulation of
T cell development in different directions (Vallhov et al. 2012). The z-potential
value for SBA-15-PrCN measured in serum supplemented cell culture media was
− 8.43 mV, and the corresponding value for the free SBA-15 was − 10.0 mV. Whilst
this may appear to be a small difference, SBA-15-PrCN had no effect on viability
in comparison to controls and did not activate dendritic cells in contrast to SBA-
15. Slowing et al. studied the uptake of MCM-41 mesoporous silica particles by
HeLa cells expressing folate receptors. The more positive charged particles (with
z-potential between − 3.2 and + 12.8 mV) were located inside endosomes in larger
numbers than more negative charged ones (− 4.7 and − 34.7 mV; Slowing et al.
2006). These examples exemplify the effect of surface chemistry on both uptake,
endosomal entrapment and the processing of particles within the cell (i.e. exposure
or lack of it to lysozymes in the endolysosomes). Furthermore, functionalisation of
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mesoporous particles with polyethylene glycol (PEG) has been shown to decrease
protein absorption leading to longer circulation times and altered biodistribution
(Lin et al. 2011). On a practical note, surface functionalisation and changes to the
surface chemistry of a mesoporous silica particle can improve its compatibility with
different solvents and drug compounds being loaded within its pores, as well having
effects on processing parameters such as tableting and its eventual administration
route (Vallet-Regi et al. 2007).

22.5 Toxicological Implications of Mesoporous Materials

Regulatory approval of new pharmaceutical excipients are by definition complex
and uncharted. It is often deemed necessary for novel excipients to be subjected
to the same rigour as new drug compound or in combination with already existing
drugs in which the excipient will form part of the final formulation (Kolter 2011).
Pre-clinical toxicity studies for drug compounds must include: acute toxicity, sub-
chronic and chronic assays, genotoxicity, reproductive toxicity, pharmacokinetics
and pharmacology for absorption, distribution, metabolism and excretion. As meso-
porous silica are potential excipients with some function (e.g. controlling drug dose
as adjuvants or in diagnostics), their toxicity has been carefully assessed, despite
ample data already existing on the toxicological properties of amorphous colloidal
silica particles (already approved and widely used as food additives; British Phar-
macopoeia 2009). This is a necessary barrier in the development of nanoparticles for
clinical use, irrespective of the advantages that they may bring to the nanomedicine
and pharmaceutical sector. There is a clear need for unification of toxicological as-
sessment techniques and standards, which may facilitate the comparison of studies
and endpoints in order to speed up this process (Fadeel and Garcia-Bennett 2010).
Careful and accurate characterization of material properties, in terms of their in vivo
particle size (i.e. in the relevant media to be used in assays or clinical context),
surface chemistry, composition, textural properties (morphology, surface area, pore
volume and pore size), degree of opsonisation and potential for the formation of
reactive oxygen species (ROS), must be assessed. These are just as important as a
battery of cellular studies. Secondly, analytical methods should be chosen to avoid
their interactions with tested particles. The suitability of using the MTT assay to
evaluate biocompatibility in vitro has been put into question for several nanoparti-
cles including mesoporous silica (Laaksonen et al. 2007). Material–dye interactions
and dye adsorption may interfere with the experimental outcome. When assessing
the effect of mesoporous silica on cell viability, the MTT colorimetric assay over-
estimates cell death compared to other techniques such as flow cytometry due to
an enhanced formazan exocytosis. Moreover, formazan can form crystals within
the pores of carbon nanotubes limiting its solubilisation which result in a decreased
colour and absorbance in the analysed solution and an underestimation of the cell
viability. For this reason, other techniques than MTT, such as Trypan blue exclusion
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assay, propidium iodide (PI) and Annexin-V staining, should be used in conjunc-
tion (Worle-Knirsch et al. 2006). Toxicological and biocompatibility evaluations of
mesoporous particles have been performed in several in vitro and in vivo systems
via several administration routes.

We recently reported an in vivo oral toxicology study with two different types of
mesoporous particles, AMS-6 and NFM-1 (with 300 nm and 1.5 μm particle size,
3 and 5 nm pore size respectively) which were administrated by oral gavage to rats
(Kupferschmidt et al. 2013). The maximum tolerated dose (MTD) in the study could
not be reached, i.e. no signs of toxicity were observed in response to the parti-
cles at any of the doses tested, between 30 and 2000 mg/kg for NFM-1 and 40 and
1200 mg/kg for AMS-6. A study of even higher doses was not possible due to ethi-
cal reasons. The results nonetheless confirm the high tolerance of the particles after
oral administration, and a lack of systemic adsorption of mesoporous silica particles
of sizes above 300 nm. All animals showed normal weight development and there
were no differences in the haematology or the biochemistry parameters from animals
treated with NFM-1 or AMS-6 compared to the control group. In a separate study, we
investigated the effect of mesoporous silica materials in the diet using murine obesity
model (Kupferschmidt et al. 2014a). Mesoporous silica particles with different pore
sizes (20 and 110 Å for NFM-1 and SBA-15, respectively) were mixed in the high-fat
(HF) diet of C57BL/6 J obese mice. No particles were added to the diet of control
animals. The particle content in the HF diet did not result in differences between the
animal groups when this was the only dietary source. However, obese mice receiv-
ing a standard diet with additional HF complement containing SBA-15 twice a week
significantly decreased in weight and body fat composition. The reduction in body
weight and body fat composition exerted by SBA-15 was attributed to the 110-Å pore
size and its ability to encapsulate lipases, suggesting that pore size of mesoporous
silica can be tailored to achieve reduction in body weight and fat composition. As
a toxicological evaluation, this study supports the non-toxic classification of meso-
porous silica for oral administration in time periods up to ∼ 3 months. However, our
results also suggest that the interaction or adsorption of drug and gastrointestinal
substances must be investigated further. Accidental encapsulation of oral drugs into
the particles may lead to difficulties in dose control. Obese patients usually suffer
co-morbidities such as diabetes and cardiovascular diseases. Hence, pharmaceutical
agents used to improve glycaemic control such as metformin (Riomet; Davidson
2012) or to treat high blood pressure such as beta-blockers may be affected by oral
administration of mesoporous silica.

Intravenous administration (i.v.) results in systemic distribution and it offers the
possibility of targeting via passive or active targeting. This is particularly impor-
tant in the treatment of cancer with nanoparticles. Passive targeting occurs as a
result of the tumour’s leaky vasculature and reduced lymphatic drainage system.
Particles of up to ∼ 300 nm in diameter accumulate in the tumour via the enhanced
permeability and retention effect (EPR; Adiseshaiah et al. 2010). Active targeting
uses specific ligands attached on the particle surface to bind to specific or over-
expressed surface molecules on the target tissues. Increased accumulation in the
target can improve the effectiveness of toxic drugs and vaccines. This may result in
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the use of lower quantities of toxic drug compounds and decreased adverse effects.
Mesoporous silica particles have been shown to be well tolerated when delivering
efficient doses of anticancer drugs to tumours in human cancer xenograft mice after
intraperitoneal and intravenous injection. Lu et al. have found that ten daily doses
of > 100 mg/kg of ∼ 100–130 nm particles administered by intraperitoneal injection
(i.p.) or i.v. were well tolerated by mice (Lu et al. 2010). In a recent publication, the
MTD after i.v. administration of mesoporous particles (spheres of 120 nm and rods
of 36 × 1028 nm) and non-porous silica particles (150 nm) were respectively 30–
65 mg/kg and 450 mg/kg (Adiseshaiah et al. 2010). For comparison, the MTD of i.v.
administered amorphous non-porous silica particles (15 and 55 nm) and crystalline
silica particles (400 nm, quartz) has been determined in rats to be respectively; ∼ 50,
∼ 125 and 100 mg/kg (Downs et al. 2012). Hudson et al. reported that i.p. and i.v.
injections of ∼ 1.2 g/kg doses of mesoporous silca materials (MCM-41, SBA-15 and
MCF particles with particles sizes of 29–140, 800 nm and 4 μm and pore sizes of 3,
7, 16 nm respectively) were lethal or lead to euthanasia of mice. Dose reduction to
40 mg/kg was safe (Hudson et al. 2008). The silica content in different organs after
injection has been shown to decrease over time indicating that the particles can be
biodegraded. Low toxicity by other mesoporous silica particles after i.v. injection
has been described in several publications (Huang et al. 2011). Complete particle
clearance from the organism after ∼ 4 weeks with no signs of toxicity after a single
dose (500 mg/kg) and daily doses (14 days, 80 mg/kg) has been reported (Liu et al.
2011).

From a toxicological point of view, it is important to study the immune-modulatory
properties of mesoporous particles, since they may be considered as a potential
pathogen at worse, and may additionally interact with immune-competent cells caus-
ing an immune response. Immunological studies performed on mesoporous silica
with different particle size and pore sizes showed that particle uptake by human den-
dritic and macrophage cells (immune competent cells) did not impair their functions
or affect their cell viability. Smaller (AMS-6, 300 nm particle size, 4.5 nm pore size)
particles were encapsulated into vesicular compartments while the larger (AMS-
8, 3 μm particle size, 3.0 nm pore size) particles were found directly in the cytosol
within human monocyte-derived dendritic cells (MDDC;Vallhov et al. 2007). Witasp
et al. have shown that the uptake of AMS-6 and AMS-8 by MDDCs occurs through
an energy-dependent (active) mechanism since none of the particles were taken up
when cells were incubated at 4 ◦C, which inhibits active internalization (Witasp et al.
2009). Endosomal entrapment has also been shown for MCM-41 (150 nm particle
size) in studies with HeLa cells (Slowing et al. 2006). In a recent study, ovalbumin
(OVA)-sensitized mice were treated with SBA-15-OVA or alum-OVA, before chal-
lenge with OVA. The treatment with the particles was shown to skew the existing
allergic inflammation (Th2-type response) towards a more Th1-like response. This
was indicated by higher IgG2a serum levels and INF-γ production, measured in
splenocytes after ex vivo stimulation with OVA, compared to alum adjuvant. More-
over, the OVA-specific IgE levels were lower than those in the alum-OVA treated
group (Kupferschmidt et al. 2014b). These results make mesoporous silica particles
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suitable adjuvant candidates for vaccine/immunotherapy when a more Th1-like im-
mune response is preferred over Th2. No symptoms of local toxicity or granuloma
formation at the site of administration were observed in accordance with previous
studies using SBA-15 as adjuvant (Mercuri et al. 2006).

22.6 Loading Drugs into Mesoporous Materials

While there have been many written reports on the role that mesoporous materials
could play in sustained drug release, (Rosenholm et al. 2010) triggered (Garcia-
Bennett 2011), or targeted release (Wang et al. 2010a), the first applications for these
materials may be in improving the bioavailability of poorly soluble substances. The
main reason for this is that while there are competing new and established technolo-
gies that tackle issues of targeting or sustained release, there are only a few industrial
methods to improve the solubility of newly discovered drug compounds with poor
solubility profiles, the so called class II (low solubility and high permeability) and
class IV (low solubility and low permeability) APIs according to the Biopharmaceu-
tics Classification System (BCS; Amidon et al. 1995). These established techniques
include: (1) physical procedures including drug-particle size reduction through mi-
cronisation or the formation of nanosuspensions; modification of crystal habits or
polymorph behaviour through re-crystallisation procedures; formation of the amor-
phous form or co-crystallisation; and (2) chemical procedures such as derivatization,
complexation or formation of salts (Kerns and Di 2003). There is a common consen-
sus amongst academics and industrial pharmaceutical experts that there is a need for
new techniques for improving drug solubility. This is driven by the need to increase
efficiency as well as optimise cost.

From the perspective of the patients, oral administration of drugs is undoubtedly
the most patient-compliant and convenient method for ingestion of drug substances.
It is cost-effective and offers flexibility in dosing. This flexibility is at the centre of
the success of generic companies and the ease at which they can conduct bioequiv-
alent studies (Chiou and Riegelman 1971). Ideally, a drug substance should emerge
through lead optimisation stages in drug discovery with predictable and adequate sol-
ubility. Unfortunately, it is often the case that APIs that have good potency present
formulation challenges due to poor solubility (Serajuddin 1999).

Loading or encapsulation of APIs into mesoporous silica has traditionally been
conducted via impregnation of the solubilised drug followed by evaporation-induced
capillary action. In essence, if you can dissolve the drug in a suitable solvent, you can
load it into the desired mesoporous silica material by mixing the drug solution with
the solid particles and evaporating the solvent in a rotary evaporator. The commonly
used solvent in laboratory experiments include ethanol, methanol, acetic acid and
acetone. The solid remaining will typically be composed of the mesoporous silica
loaded with drugs, with a small fraction of drug remaining outside the pores and on
the particle surface. Particularly for poorly soluble compounds, this method results
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in the formation of drug crystals outside of the pores (Xia et al. 2012a). Drug re-
maining on the surface will possess different dissolution behaviour than that loaded
within the pores (van Speybroeck et al. 2010). While this may be of no consequence
in some instances because of the small concentration of drug remaining on the ex-
terior, it is still simpler to predict the behaviour of single-phase systems. There are
several techniques that can be used in order to reduce the amount of drug remaining
or crystallizing on the exterior of the particle. One may wash the loaded particles by
choosing a suitable solvent in which theAPI has a lower solubility. One may addition-
ally reduce the amount of loaded drug and repeat the loading procedure several times.
Again, this is preferably avoided due to environmental and economic considerations.
One may choose a large particle size material, in order to reduce the ratio of inter-
nal/external surface so as to minimise the drug remaining on the exterior of the pores.
One may also avoid evaporation all together and filter the drug-loaded particles; in
which case, a low amount of drug will be loaded but ensuring that all of it is contained
within the pores. In practice, adequate loading procedures have to be established on
a drug-by-drug basis taking into account solubility of the API in different solvents,
the formation of solvates and different crystal polymorphs, the desired amount to be
loaded, the pore size and particle size of the mesoporous particle being utilised. The
loading of drug molecules into porous materials under confinement has been recently
reviewed by Jiang and Ward (2014). Classical nucleation theory shows that crystal
growth will occur when a nucleus of a certain size, rcrit , surpasses a maximum free
energy change �Gcryst, or activation energy of crystallisation associated with the on-
set of crystal growth. Nuclei smaller than rcrit will remain in solution and not lead to
crystallisation. This critical size is dependent on many factors such as concentration
of the drug in solution, temperature, aromaticity, symmetry, electronegative atoms,
formation of supramolecular interactions and molecular size. To complicate matters
further, the formation of various polymorphs of API will yield different crystalli-
sation behaviours (different rcrit and �Gcryst values; Roy et al. 2012). In essence,
the mechanism of loading into mesoporous materials relies on preventing the drug
molecules from reaching rcrit , and hence inducing a stable amorphous state of the
drug compound within the pores. This is, of course, only possible if the mesopore size
in question is below rcrit , i.e. below a certain critical pore diameter d*. This model
of suppression of crystallisation can be expressed thermodynamically according to
the following equation:

d∗ = 4σclTm/(Tm∞T )�Hm ρc, (22.2)

where σcl is the surface energy between crystal and melt, �Hm is the heat of melting,
Tm is the bulk melting temperature and ρc the crystal density. Further to thermo-
dynamic concerns, nanoconfinement will decrease the crystallisation kinetics of the
compound through a dispersion of nucleation sites within the porous structure and
slow down the diffusion of growth nutrients to the growing crystal surface. Meso-
porous materials offer exquisite control over pore size and distribution at ranges
(of particular interest is the range between 2 and 8 nm) not attainable through other
synthetic mechanisms, such as those Vycor-type glasses produced through etching
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techniques. In the latter, crystallisation often occurs within the pores of the silica ma-
trix, while in our experience, no crystallisation has been observed within the pores
of mesoporous silica materials < 5 nm, and it is extremely difficult with pores below
< 10 nm. The reason is that organic crystal nuclei are considered to be in the order
of nanometres to tens of nanometres, hence are restricted by the confinement of the
meso-scaled pores. Some typical physical parameters from drugs loaded into meso-
porous materials are shown in Table 22.1. Drug compounds loaded into mesoporous
materials below approximately 100 Å are hence loaded in their amorphous state,
which can be easily inferred through a variety of techniques, such as combination
calorimetric techniques (TGA and DSC), diffraction and sorption-based methods.
The precise nature of the amorphous state remains unknown and the formation of
different degrees of non-crystallinity must be expected. One characteristic of the
amorphous state is a lack of long-range translational and conformational order and
a subsequent low-density non-crystalline packing of the drug compound within the
pores. Short-range interactions, for example hydrogen bonding drug–drug interac-
tions or electrostatic silica wall–drug interactions, must be playing a role within the
pores. In short, more work is required in this area in order to fully elucidate the
full effects of confinement of the pores on the amorphous nature of pharmaceutical
compounds with a variety of physico-chemical parameters.

22.7 Fundamentals of Release

In molecular terms, the release of drug molecules from the internal space of meso-
porous material can be considered as a random walk of molecules inside the pore
system of the carrier. The first 60 % of release from dissolution curves has been shown
to be adequately described by a semi-empirical power-law expression (Higuchi
1963):

Q = a+b × tκ . (22.3)

This is applicable to various carrier symmetries such as planar, cylindrical and
spherical. Here Q is the amount of molecules released per unit exposed area of the
carrier, t denotes time and a, b and k are constants. This power-law function is related
to the Weibull function that has been suggested as a universal tool for describing
release from both Euclidian and fractal systems, and may be considered as a short-
time approximation of the latter (Kosmidis et al. 2003). The constant a takes initial
delay and burst effects into account, and b is a kinetic constant (Jamzad et al. 2005).
The power law exponent, k, also called the transport coefficient, characterises the
diffusion process and equals 0.5 for ordinary case I (or carrier controlled) diffusion in
systems for which no swelling of the carrier material occurs, which can be expected
for mesoporous material (Ritger and Peppas 1987). Diffusion-controlled release
from a planar system, in which the carrier structure is inert, may be described by the
Higuchi square-root-of-time law:
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Q = √
DeffCS(2Cm − εCS) × t . (22.4)

Here Deff is the effective diffusion coefficient of the drug inside the carrier, and Cm is
the total amount of drug present in the carrier per unit volume, ε is the total porosity
of the carrier, defined as the volume fraction of pores when the drug material has been
removed (here referred to as the porosity of the calcined samples) and Cs is solubility
of the drug in the release medium. This theoretical framework has been shown to
predict somewhat the release from mesoporous materials with different structures,
as well as their diffusion coefficients (Brohede et al. 2008; Strømme et al. 2009a, b).
A general theory for predicting the release properties is still difficult to transfer from
drug to drug. This is primarily due to the myriad of drug properties, administration
routes, formulation problems and translational issues that one encounters in the
pharmaceutical sector. This should not deter the user, as the field is advancing rapidly
and much progress has been made to understand where mesoporous materials are
most advantageous. One such area is the observed improvements in bioavailability
that can be attained by creation of an amorphous state of the drug when this is loaded
into mesoporous materials (see examples in Table 22.1).

22.8 Matters of High Activity Antiretroviral Therapy (HAART):
A Case Study

In an effort to discover how improvements in dissolution behaviour translate into
actual oral bioavailability, studies must be performed in animals. This is illustrated
by a study of the compound atazanavir (ATV), an antiretroviral protease inhibitor
used for the treatment of infection by human immunodeficiency virus (HIV). World-
wide, over 40 million people are infected with HIV. The high activity antiretroviral
therapy (HAART) combines at least three antiretroviral drugs and has been used to
extend the lifespan of HIV-infected patients. Chronic use of HAART is needed to
control HIV infections. The frequent administration of several drugs in relatively
high doses is the main cause of patient noncompliance and a hurdle toward the ef-
ficacy of the pharmacotherapy (Sosnik et al. 2009). ATV is a lipophilic drug with
partition constant (logP) value of 5.20. Despite four violations of the Lipinski’s rule
of five, its bioavailability is between 60 and 68 % and it has a half-life of 6.5 h when
administered orally. However, the bioavailability of ATV is severely hampered, by
as much as 78 % reduction in plasma concentration, when it is co-administered with
proton-pump inhibitors, leading to a significant decrease in its effectiveness (Reyataz
2004). Proton-pump inhibitors are administered to HIV patients to treat the symp-
toms of heartburn and stomach pains that are common secondary effects of HIV
medication. This decrease in bioavailability is caused by precipitation of the drug
under the less acidic conditions caused by the proton-pump inhibitors. Hence, de-
velopment of a formulation capable of maintaining high bioavailability when ATV
is co-administered with proton pump inhibitors is likely to lead to a considerable
improvement in patient comfort, as well as effectiveness of the treatment.
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Fig. 22.6 a Dissolution curves of free ATV and loaded ATV into different mesoporous structures
(simulated Intestine fluid, SIF, performed under sink conditions). b Kinetic release curve of differ-
ent particles to SIF ratio. Varied amount of NFM-1-ATV was added into 500 mL SIF, respectively,
corresponding to a series of particles-to-SIF ratio: 20, 40, 80 and 160 mg/L. c ATV plasma con-
centration, Sprague Dawley rats were administered with Omeprazole (100 mg/kg) 8 h prior to the
administration of free atazanavir and NFM-1 Silica loaded with atazanavir (10 mg/Kg)

After loading ATV into mesoporous materials with varying structures ranging
from 3D-cylindrical (4.0 nm pores, AMS-6) to 2D-cylindrical pores (7.0 nm pores,
SBA-15), a significant enhancement in dissolution behaviour is observed for all
mesoporous materials loaded with drugs (see Fig. 22.6a, b, c). In accordance with
nano-confinement effects of drugs within cylindrical channels, the smaller pore size
material (in the case NFM-1) results in the highest enhancement in apparent solubil-
ity (Xia et al. 2012b). To investigate further the extent of the solubility enhancement
using mesoporous silica carriers, dissolution curves were obtained for NFM-1-ATV
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at different particles-to-SIF ratios: 20, 40, 80 and 160 mg L−1 (Fig. 22.6b). With
increased particle concentration, the dissolution rate appears to decrease as a per-
centage of amount loaded. However, the actual solubility suggests that a higher
concentration of NFM-1-ATV particles (160 mg L−1) provides greater solubility,
whereby the maximum solubility reached was 18 mg L−1 after 4 h, in comparison
to 0.254 mg L−1 after a similar time for free ATV. In the case of the highest parti-
cle concentration, a supersaturation state is maintained for 4 h, after which time the
amount of solubilised ATV decreases rapidly. Dissolution parameters can be fitted
for both the power law and Higuchi model, supporting a diffusion-based mecha-
nism of release of ATV from NFM-1 particles (2D-cylindrical with 3.0 nm pores).
A single oral dose of 10 mg/kg ATV or 50 mg/kg NFM-1-ATV (20 wt% loading of
ATV) was given to female Sprague Dawley rats (n = 3), fasted overnight prior to
the experiment, approximately 5 h after administration of a proton-pump inhibitor
(omeprazole, 100 mg/kg). The pharmacokinetic profile of whole-blood plasma ATV
concentration for rats treated with NFM-1-ATV in comparison to those treated with
free ATV is shown in Fig. 22.6c. A very pronounced improvement in ATV absorp-
tion is observed during the first hour of the study. Overall, a statistically significant
improvement in bioavailability was observed for NFM-1-ATV in comparison with
the free drug. The maximum concentration achieved (Cmax) for free ATV in the
present study was 18.35 ng mL−1. In contrast, NFM-1-ATV results in a Cmax value
of 85.25 ng mL−1. The total area under the curve (AUC) for an 8-h period shows a
similar contrast in bioavailability, with values of 271.91 and 65.84 ng h−1mL−1 for
NFM-1-ATV and ATV, respectively.

22.9 Conclusions and Future Perspectives

Some 20 years after the first synthetic mesoporous materials were produced there is
growing acceptance and awareness of the potential use of these materials for pharma-
ceutical formulations. Encapsulation of molecules within the nanometre-sized pores
leads to suppression of crystallisation, and stabilisation of an amorphous form which
has been demonstrated to be effective at increasing the solubility of poorly water-
soluble compounds. An added benefit of encapsulation often leads to protection from
oxidation, hydrolysis and other degradation processes simply by nature of restriction
of the molecules from the degrading environment. Hundreds of research articles on
mesoporous silica particles have hailed these materials as ideal agents for controlled
release delivery. Variation in the internal pore size and structure and interconnectivity
of the mesoporous materials leads to significant and tunable differences in diffusion
kinetics from different types of mesoporous materials. Thus, a platform of various
materials can be envisaged to meet the needs of specific formulations. However, as
more applied research is carried out for specific drug formulations, it is clear that
simple generalisations of release kinetics from different materials are not adequate
to predict a priori one material over another, and drug-specific interactions with the
silica materials need to be investigated on a case-by-case basis.
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Regarding the safety and regulatory issues, the plethora of studies addressing tox-
icity of nano- and microparticles are beginning to converge on a general acceptance
that spherical silica particles larger than several hundred nanometres generally do not
induce negative immune response in cells causing adverse reactions. Although the
internal pore sizes of mesoporous materials are, by definition, in the nanometre-sized
range and therefore fit into the classification scheme as nanomaterials, the particle
size and morphology tends to dominate the biological response to these materials.
Amorphous mesoporous silica particles have the same surface chemistry and physical
and mechanical properties to fumed silica used currently in nearly all pharmaceutical
tablets as well as many food product albeit at low concentrations and are therefore
now accepted as having GRAS (generally regarded as safe) status. Accepting that due
diligence is carried out for all new formulations and the necessary toxicity studies
are conducted, the evidence is mounting that mesoporous silica particles will find a
place in the formulators toolbox.
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Chapter 23
Mesoporous Silica Drug Delivery Systems

Yogesh Choudhari, Hans Hoefer, Cristian Libanati, Fred Monsuur
and William McCarthy

23.1 Introduction

Solid dispersion (SD) is a well-accepted method to increase solubility of poorly sol-
uble molecules and to improve amorphous state stability (Serajuddin 1999; Chiou
1971). The use of mesoporous silicas (MPS) for this technique has gained the atten-
tion of formulators due to its tunable porosity, high surface area, inertness, and good
biocompatibility which makes it a suitable excipient in drug delivery (Mai Khanfar).
The porous structure of silica itself can decrease the melting point and crystallinity of
entrapped drug (Takeuchi et al. 2004). MPS has good flow properties and additional
steps such as milling or sizing prior to tableting, and capsule filling can often be
simplified when using these materials. This results in high recovery with minimum
process loss, and it also minimizes the chances of the processed drug converting to
its crystalline state (Takeuchi et al. 2004). MPS-based SD have become an important
topic for further investigation as a drug delivery technology. Research is ongoing
and many materials and techniques have been developed and studied. This chapter
is meant as a basic overview of the background, theory, materials, and methods used
by a growing number of researchers in the field. For the purposes of this chapter, we
will maintain our focus on macroparticulate MPS -based drug delivery, particularly
MPS-based SDs for oral dosage forms.
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23.2 History

First use of MPS to increase the dissolution profile of a drug was reported in 1972
by Monkhouse and Lach (1972) using non-ordered mesoporous silica gel (MSG)
and was further elaborated by Yang et al. (1979). The mechanism probably is based
on the stabilization of the amorphous state in the pores. Amorphous drugs dissolve
more easily compared to their crystalline form. However, the crystal form is more
stable due to its lower energy and, generally, drugs tend to convert to the crystalline
state. Stability of the amorphous form (physical and chemical stability) has remained
a major concern in developing delivery systems based on drugs in amorphous state
(Datta and Grant 2004; Andronis et al. 1997). A major challenge is to prevent the
amorphous drug in a SD from reverting to its more stable crystalline state in the
final dosage form over the shelf life of the product. Presence of a porous carrier
may prevent this transformation and could ensure stability of the amorphous state.
According to Takeuchi et al. (2005a), tablets of indomethacin-loaded porous silica
were superior when compared to its physical mixture. This provides evidence that
SD of a drug using porous silica has utility in formulating solid dosage forms like
tablets and capsules.

In 1992, a new family of MPS was invented by The Mobil Corporation Laborato-
ries named MCM-X (Mobil Crystalline Material; Kresge et al. 1992). These ordered
mesoporous silicas (OMSs) were initially developed for catalyst applications and
were only later studied as a drug delivery technology. These silicas were synthesized
from surfactant micelles under basic conditions. They have unique properties such
as their pore diameter, high surface area (up to 1500 m2/g), large pore volumes (up to
1.5 cm3/g), and silanol-rich surface which can be functionalized. Recently, the first
pharmacompliant OMS materials have been developed.

Based on the pore structures, various grades are synthesized such as MCM-41,
MCM-48, and MCM-50 having hexagonal, cubic, and lamellar pore shapes. In 1971,
the same method of producing OMS was attempted by Chiola et al. (1971) using
cationic surfactants. In 1995, Tanev and Pinnavaia (1995), Attard et al. (1995), and
Bagshaw et al. (1995) reported the synthesis of MSU silica, and furthermore, in 1996,
Ryoo et al. reported method for synthesis of KIT silica. Yu et al. (2000) and Chen
et al. (2003) presented new OMS named as FDU and AMS, respectively. In 1998,
Zhou et al. synthesized Santa Barbara Amorphous-X (SBA, where X correspond
to specific pore structure and surfactant) using nonionic triblock polymers. SBA-
15 possesses hexagonally ordered cylindrical pores synthesized from Poloxomer
P123 as the surfactant, while pores of SBA-16 are spherical with a centered cubic
structure. SBA-16 was synthesized from Lutrol F127 (Zhao et al. 1998b, 1998).
Initially, application of ordered MPS in drug delivery was not clearly understood,
but significant subsequent research has focused on these materials for drug delivery.
MCM and SBA are the most studied OMS for drug delivery (Beck et al. 1992).
Efforts are ongoing to advance the use of OMS materials in SDs and to characterize
their regulatory compliance attributes for pharmaceutical applications.
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Table 23.1 Classification
of porous media Types of pore Mean pore diameter (nm)

Micropore Less than 2

Mesopore Between 2 and 50

Macropore Greater than 50

Recently, applications of MPS in nanoparticulate drug delivery have been studied
extensively by various researchers. Nanoparticles could provide an advantage in the
improvement of controlled release, targeted delivery, and therapeutic efficiency. MPS
nanoparticles (MSN) can be synthesized by self-assembly of surfactants (micelle)
which acts as structure-directing agents, providing a template for silica species to
congregate and grow to generate controlled-size nanoparticles. Pores in the MSN are
developed after removal of structure-directing agents, and the nanosize of the pores
can be achieved by varying process conditions like reactants, temperature, aging
time, etc. These materials generally have high surface area and pore volume.

23.3 MPS Materials

According to International Union of Pure and Applied Chemistry of Porous Me-
dia, porous materials are classified according to their pore diameter as presented in
Table 23.1 below (Sing et al. 1985).

Macroporous silica possesses wide pores, whereas the pores of microporous silica
are so small that the opposite sidewall of the pore will overlap due to the proximity
of walls. The pores can be of different shapes such as spherical or cylindrical with
varying arrangements. Some structures may have large pores (more than 50 nm) in
one dimension, but the width of the same pore may be in mesorange, and hence
material can be considered as mesoporous. Non-ordered MPS are characterized by
randomly oriented, interconnected pores with a representative pores size distribution,
whereas OMSs are characterized by ordered pore orientation and size.

23.4 Synthesis of MPS

Pharmaceutical grades of MPS can be prepared by various methods. At present, on
industrial scale, non-ordered MPS is made via the solgel process and the precipita-
tion process. Ordered MPS employ templates helping to form oriented structures.
Later, such templates have to be removed from the silica structure. Common to all
MPS types is their three-dimensional structure built by SiO4-tetrahedra linked via
their tips. The inner surfaces of such structures contain silanol groups with varying
concentrations and configurations depending on the synthesis history, temperature,
and water vapor partial pressure. Approximately, five terminal silanols per square
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nanometer is a typical silanol group density on a silica surface. These terminal silanol
groups play a major role in silica–drug interaction during amorphization (Qian and
Bogner 2012).

23.4.1 Synthesis of Non-Ordered MPS (MSG)

The most common production processes for non-ordered MPS, MSG, employ the
solgel reaction and a precipitation reaction. In both cases, aqueous solutions of
alkaline silicates are used as silica sources. When mixed with a strong acid, a reaction
takes place, forming a mixture of silica, alkaline salt, and water according to the
exemplary formula:

A2O × 3.3 SiO2 + H2B → 3.3 SiO2 + A2B − H2O

with A = alkaline ion and B = acid residue. Typical starting materials are Na2O
× 3.3SiO2 and H2SO4.

The product mixture of silica, salt, and water is further processed by liquid–solid
separation, followed by washing and drying using various techniques. In some cases,
the silica can be structurally modified by washing with caustic. Metal silicates such
as calcium silicates, magnesium silicates, and aluminum silicates can be produced
by adding metal salts to the reaction mixture. Various sol–gel and precipitation
techniques with modified key parameters such as reaction temperature, pH value,
electrolyte concentration, and duration of reaction lead to silica with different pore
structures and surface properties. In the case of precipitated silica, fine silica particles
are generated which require sophisticated agglomeration and sizing steps. In contrast,
the much coarser silica from the solgel process, as shown in Fig. 23.1, has to be
carefully milled and classified prior to its further use.

Non-ordered MPS have randomly oriented pores with characteristic pore size
distributions, which, in most cases, are accessible for molecules having sizes similar
to the pore dimensions as shown in Fig. 23.2.

23.4.2 Synthesis of OMS

The OMSs are differentiated by their ordered porosity, which can be achieved by
the self-assembly of amphiphilic molecules. The latter molecules act as organic tem-
plates during the hydrolysis of SiO4 building blocks, which condense around such
template and form amorphous silica walls. After completion of the formation of the
three-dimensional silica framework, the organic template has to be removed by either
calcination or solvent extraction, creating the ordered open mesoporous structure.
The silica species may originate from different sources such as sodium silicate, or the
alkoxydes, tetraethylorthosilicate (TEOS) and tetramethylorthosilicate (TMOS). Sil-
ica source, nature of template, ionic strength, pH value, composition of the reaction
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Fig. 23.1 SEM picture of MPS (silica gel) particles. (Courtesy by W. R. Grace & Co)

Fig. 23.2 Non-ordered MPS particles and surface under increasing magnification (left lower mag-
nification, right higher magnification) showing the random orientation of intereconnected pores.
(Courtesy by W. R. Grace & Co)

mixture, and temperature development during synthesis are essential to the control
of pore size, pore diameter, pore volume, and wall thickness of the synthesized OMS
(Giraldo et al. 2007).

MCM is synthesized by the liquid crystalline templating method (Kresge et al.
1992; Beck et al. 1992; Beck and Vartuli 1996). Initially, surfactants like
alkyltrimethylammonium are dissolved in water to generate cylindrical micelles,
in which hydrophobic carbon chains make up the central part, while polar groups
direct themselves toward the surrounding water. The generated micelles interact with
the SiO4 building blocks, forming the OMS; after completion of the reaction, the
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mixture is filtered, and OMS is washed and calcined. The resulting MCM-41 has
a hexagonally ordered channel-like pore structure. The corresponding pore size de-
pends on the dimensions of the structure-providing micelle and can be controlled by
the nature of the surfactant and its concentration in the reaction mixture. The pore
diameter ranges from 3 to 10 nm when using surfactants of low molecular weight.

Zhao et al. (1998a, b) reported the use of amphiphilic triblock polymers such as
polyethylene oxide–polypropylene oxide–polyethylene oxide in combination with
tetraethoxysilane as the silica source. The OMS structure obtained by this method
is known as SBA-15 with a pore size of around 30 nm and a wall thickness similar
to MCM-41. SBA-15 is proven to be comparatively better for tablet dosage forms
because it is better at withstanding compression forces encountered in tableting (Qian
and Bogner 2012).

23.5 Applications of MPS in Drug Delivery

MPS have been widely used as excipients in pharmaceutical applications. Non-
ordered MPS have also been utilized as functional excipients. As these application
expanded, it was recognized that these materials could have interactions with the
active drug substance. This property led to a new era of MPS uses in drug delivery
applications. MPS drug delivery systems provide several functional applications
when used in these systems. Figure 23.3 below describes this application space.

23.5.1 Delivery of Poorly Soluble Drugs

MPS proved to be promising substrates for enhancing dissolution and bioavailability
of poorly soluble drugs. The formation of crystalline material is prevented by the
confined space of the pores, which are slightly larger than the drug molecule and
entraps the drug in its amorphous/noncrystalline, disordered form. High surface area
and hydrophilicity of MPS enhances wettability which results in faster dissolution.
It is also reported that MPS can help improve permeability of large hydrophilic
molecules in presence of permeation enhancers (Foraker et al. 2003). Table 23.2
summarizes a wide body of research conducted by various investigators on several
active drug substances using different types of MPS.

23.5.2 Amorphous Stability Improvement

In order to get the benefit from high solubility and dissolution, the challenge of poor
stability of amorphous compounds has to be addressed seriously. MPS with high
surface area and pore volume can improve the stability of amorphous compounds.
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Fig. 23.3 Silica functionalities as they relate to excipient applications and interactions with active
pharmaceutical ingredients

Upon adsorption, the high surface energy of MPS reduces the Gibbs free energy and
improves the stability of amorphous drugs. In addition, molecules are incorporated
in the small pores of MPS and chances of nucleation and crystal growth are reduced
from the constrained space. Various researchers have claimed stability improvement
of drugs by incorporation into MPS. Limnell et al. (2011a) found that stability of
indomethacin improved significantly in MCM-41 and SBA-15 systems. The stability
as well as dissolution of indomethacin was found to be satisfactory after prolonged
storage at stressed conditions. Furthermore, a study conducted by Kinnari et al.
(2011) observed that the amorphous state of itraconazole was maintained for 3 months
at 40 ◦C, 75 % relative humidity (RH) in MPS (MSG) such as Syloid® 244FP silica.
In contrast, complete degradation of itraconazole was found when stored on silica
(Kinnari et al. 2011). Furthermore, the stability of poorly soluble drug K-832 was
found to be satisfactory when K-832-loaded MPS (MSG; Sylysia® 740 and Sylysia®

350) was stored in open and closed condition at 60 ◦C, 80 % RH (Miura et al. 2011).
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Table 23.2 Overview of APIs studied on ordered mesoporous silicas (OMS) and non-ordered
mesoporous silica gel (MSG)

Drug studied Silica used Reference

Ibuprofen OMS Wang et al. (2009); Mortera
et al. (2010); Aiello et al.
(2002); Vallet-Regi et al.
(2001); Ramila et al. (2003);
Horcajada et al. (2004)

Naproxen OMS Halamova et al. (2010);
Cavallero et al. (2004)

Vancomycin OMS Doadrio et al. (2010)

Amoxicillin OMS Vallet-Regi et al. (2004)

Gentamycin OMS Doadrio et al. (2004)

Ibuprofen OMS Izquierdo-Barba et al. (2009);
Song et al. (2005)

Nimodipine OMS Yu and Zhai (2009)

Sertraline OMS Nunes et al. (2007)

Itraconazole OMS Vialpando et al. (2011)

Itraconazole, fenofibrate,
naproxen, ibuprofen

OMS Vialpando et al. (2012)

Aspirin, ibuprofen OMS + MSG Delle Piane et al. (2013)

Polythiazide MSG Sheth and Jarowski (1990)

Prednisolone, digoxin,
griseofulvin

MSG Yang et al. (1979)

Corticosteroids MSG Liao and Jarowski (1984)

Ezetmide OMS Kiekens et al.

Sulfthiazole MSG Patel

Indomethacine MSG Improving solubilty of
poorly water soluble drug
indomethacin by incorporat-
ing porous material in solid
mDISPERSION

Ibuprofen, itraconazole OMS Kiekens et al. (2012)

Indomethacine OMS + MSG Limnell et al. (2011b)

Itraconazole MSG + Silicon Kinnaria et al. (2011)

Fenofibrate OMS Van Speybroeck et al. (2010)

Itraconazole, ibuprofen OMS Kiekens et al. (2012)

Tadalafil MSG Mehanna et al. (2011)

Itraconazole OMS Mellaerts et al. (2008)

Ibuprofen MSG Aerts et al. (2010); Verraedt
et al. (2011); Aerts et al. (2007)
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Table 23.2 (continued)

Drug studied Silica used Reference

Glebenchamide, indomethacin OMS + MSG Garcia-Bennet et al. (2013)

Atazanavir OMS + MSG Xia et al. (2012)

Carvedilol OMS + MSG Hu et al. (2012)

Telmisartan MSG Zhang et al. (2010)

Carbamazapine, cinnarazine,
danazol, griseofulvin,
ketoconazole, phenylbutazone,
nifedipine

OMS Van Speybroeck et al. (2009)

API active pharmaceutical ingredient, MSG mesoporous silica gel, OMS ordered mesoporous silicas

23.5.3 Controlled/Modified Release and Targeted Drug Delivery

Drug release from MPS is dependent on various factors like surface area, pore di-
ameter, pore volume, surface silanol groups, etc. All of these parameters can easily
be controlled during the synthesis of MPS, and the release of drug can be controlled
by tailoring physicochemical properties of MPS. If the pores are cylindrical and
pore opening is narrow, the time required for drug diffusion is long and release
will be prolonged. Furthermore, the release profile can also be controlled via dif-
ferent surface treatments of the materials, leading to desired interactions between
the porous substrate and the loaded substance. Here, the role of silanol groups is
crucial. Calcined MPS with reduced number of silanol groups are ideal systems
for controlled drug release (Andersson et al. 2004). pH-sensitive drug release from
the MPS can be achieved by modification with functional groups. Doxorubicin hy-
drochloride loaded on poly(glutamic acid)-grafted MPS shows higher drug release
at pH 5.5 than 7.4 (Zheng et al. 2013). Furthermore, surface-coated polyelectrolytes
also aid pH-sensitive drug release for cancer therapy (Sun et al. 2014). Drug release
from tablets of drug-loaded MPS can be controlled by use of excipients like stearic
acid and cellulose polymers (hydroxyl propyl cellulose). Moritz and Laniecki (2012)
suggest the principle involved in prolonged drug release is blockage of pores and
hydrophobic characteristic of stearic acid. Controlled release of natural antibacte-
rial, allyl isothiocyanate (AITC), was achieved by modulating the pore width and
pore volume of SBA-15 (Park and Pendleton 2012). The release of ibuprofen from
dimethylsilyl-modified MCM-41 is retarded due to presence of hydrophobic groups
on the surface and further drug release can be controlled by the extent of surface
modification (Tang et al. 2010). The use of MPS for targeted drug delivery for can-
cer therapy has been reported by researchers. The surface of silica can be modified
with carboxyl groups and further functionalized with folate moiety. Since the surface
of cancer tumor is enriched with folate receptor, the folate-modified silica can be
captured by the receptors present on the tumor. As a result, anticancer drugs like
doxorubicin can be targeted efficiently with reduced toxicity (Xie et al. 2013). Most
recently, Porta et al. (2011) demonstrated the use of peptide valves on MPS to obtain
controlled release functionalities.
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23.5.4 Protein Drug Delivery

The stability of protein and peptides is a key consideration in developing drug de-
livery systems. The desired concentration of the protein/peptide molecules has to
reach the site of action within a desired time frame. Various techniques have been
reported, and some are even commercialized for the successful delivery of proteins
and peptides. Recently, the use of MPS in protein and peptide delivery has attracted
the attention of researchers due to their unique drug release properties. The strong
interest is based on inertness of these materials, their biocompatibility, low toxi-
city, high surface area, adsorption capacity, controlled pore size, and possibilities
of surface modification. Oral delivery of protein and peptides is challenging due to
chances of protein degradation by pepsin and low gastric pH in the gastrointestinal
(GI) tract. It is suggested that encapsulating proteins in a protective material can help
maintain their activity in the harsh conditions of the GIT. MPS are good candidates
for this purpose since the protein activity can be maintained inside its pores together
with a high loading efficiency. However, there is a limitation that small pore diam-
eters can’t accommodate large molecules. As a result, proteins are adsorbed on the
surface instead of deep in the pores. Pore diameter has therefore to be considered
while selecting MPS for proteins and peptides. Loading of cytochrome C could be
increased in the MPS as a function of pore size (Gu et al. 2013). Similarly, surface
chemistry also influences loading of proteins on MPS. It was found that vancomycin
has an overall negative charge with the exception of a positive charge head, and
native SBA-15 also has negative charge; consequently, vancomycin is not adsorbed
in the pore channel except the positively charged head (Doadrio et al. 2010). Several
organizations are working on silica-based technologies to design systems for oral
delivery of proteins. Recently, Slowing et al. used MPS for the intracellular deliv-
ery of cellular membrane-impermeable proteins. Furthermore, feasibility of MPS
surface functionalization can also be used to generate stimuli-sensitive intracellu-
lar protein delivery. Such a system includes inorganic valves with CdS (Lai et al.
2003), Au (Vivero-Escoto et al. 2009; Aznar et al. 2009), or Fe3O4 (Giri et al. 2005)
which can be dissolved under redox conditions and the nanovalves can be activated
with light, redox reactions, temperature (Nguyen et al. 2005), or as a function of
pH. However, since these valves are hydrophobic, they fail to achieve desired in
vivo efficacy. Hence, hydrophilic valves like polymers, peptides, DNA/dendrimer
complexes, and lipid bilayers are preferred. MPS surface modified with peptide
functions as stimuli responsive and also ensures the cellular uptake of particles. Sim-
ilarly, Porta et al. (2011) developed MPS modified with oligopeptide for the targeted
and controlled delivery of drugs. The protein is released from pH-hydrolyzable cit-
raconic acid-functionalized MPS when it reaches the endosomal pH environment
(Park et al. 2010). MPS can also be used to form composites with other functional-
ized polymers. The composite of MPS with poly(d, l-lactide-co-glycolide) enables
controlled delivery of a prime-boost vaccine via the encapsulation of plasmid DNA
(pDNA) and protein in different compartments (Ho et al. 2010). Formulations using
MPS are also designed for the delivery of small interfering (siRNA). However, the
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major hurdle for such systems is electrostatic repulsion between MPS and siRNA
due to similar charges (negative). Hence, it is preferred to functionalize surface of
MPS with amino groups to get maximum siRNA loading. It is important to note that
loading of siRNA will be only on the surface of MPS and not in the pores. Xia and
coworkers attached siRNA onto polyethyleneimine-capped MPS and achieved safe
siRNA delivery (Xia et al. 2009). Recently, magnetic MPS have been successfully
developed which accommodate siRNA in the pores, thus providing protection from
degradation by enzymes (Li et al. 2011). Furthermore, controlled release of proteins
can also be achieved by loading the proteins during the synthesis of MPS itself.

23.6 Theory of Drug Release from MPS

The improved bioavailability of poorly soluble drugs observed when an API is for-
mulated in MPS is due to supersaturation conditions created when the amorphous
form of the drug is released in the GI fluids. Typically, amorphous forms of materi-
als, in particular organic materials such as drugs, have a higher solubility than their
crystalline counterparts, often several folds higher in concentration. In vitro, when
the drug is released from the carrier into a fixed volume of dissolution medium, the
drug’s concentration in the dissolution media increases and will exceed the saturation
concentration of the more stable crystalline forms of the drug.

Applying the formalism of nucleation and growth that describes crystallization,
or preparation of colloidal dispersion by condensation, to oral drug delivery sys-
tems (Brouwers et al. 2009; Sarode et al. 2014), the concentration of the drug in a
fixed volume of dissolution medium over time will follow a profile characterized by
LaMer’s diagram (LaMer and Dinegar 1950; Fig. 23.4). As thermodynamics dictates,
the ultimate concentration of the drug in the medium will converge toward the drug
concentration, Ceq, which is in equilibrium with the more stable crystalline form of
the drug. However, the rate of release of the drug from the MPS is controlled mostly
by diffusion of the active molecules through the pore network and across the particle
boundary layer at the surface of the MPS particle into the bulk dissolution fluid. The
shape of the curve, and the generation of supersaturation of the drug, results from
the fact that, initially, the kinetics of drug release from the MPS is faster than the
nucleation and growth of crystalline forms of the drug from solution. Eventually, the
nucleation and growth become dominant and the concentration will drop toward the
saturation concentration for the crystalline forms that were condensed. This general
principle applies to the in vivo drug profile as well, with the added sink for dissolved
drug, that is, the absorption through the membranes of the GI tract. The extent of
supersaturation is therefore determined by the interplay between the kinetics of drug
release from the MPS and the kinetics and thermodynamics of formation of stable
crystal isomorphs of the drug from solution. The latter is predicated mostly by the
nature of the drug itself and its interaction with the dissolution medium. The phys-
ical and chemical properties of the delivery system will have little to no influence
in the recrystallization of the drug. On the other hand, the properties of the delivery



676 Y. Choudhari et al.

Time    

D
ru

g 
 C

on
ce

nt
ra

tio
n 

in
 B

ul
k 

D
is

so
lu

tio
n 

M
ed

iu
m

Ceq = Equilibrium Concentra on of dissolved drug 
with crystalline  isomorph

Nuclea on 
and Growth

Fig. 23.4 LaMer diagram depicting the characteristic concentration profile versus time for the
release of an amorphous form of a poorly soluble drug from an MPS system into a fixed volume
of an aqueous dissolution medium. Three stages are evident: (1) at short times, release of the drug
from the delivery system is the dominant factor and dissolved drug concentration increases past the
saturation concentration (Ceq); (2) nucleation of the crystalline form of the drug and growth of the
incipient crystals take place while dissolved drug concentration is sufficiently high and the drug
falls out of solution; and (3) growth of crystals continues once nucleation stops and consumes the
dissolved drug in excess of the saturation concentration

system, and in particular the physical and chemical structures of the MPS material,
are fundamental determinants of the kinetics of release of the drug and therefore are
key to the shape of the curve in Fig. 23.4 and the magnitude and duration of supersat-
uration of the drug in the GI tract. With regard to the MPS materials, it is important
to understand the effect of particle size, pore structure, and surface chemistry on the
kinetics of drug release in order to optimize drug delivery systems.

A mathematical model for the dissolution of solids was first proposed by Noyes
and Whitney (1897) at the turn of the twentieth century. In the intervening century,
and since the influential work of Higuchi (Siepmann and Siepmann 2013) on drug
release from films, the models have been refined and adapted to the specifics of drug
delivery. A recent review article provides a good survey of the models for diffusion
controlled drug delivery systems (Siepmann and Siepmann 2013). The earliest and
best-known descriptor of the rate of dissolution of a substance from a solid form, the
Noyes–Whitney model, considers a simple process of diffusion from solid particles
to bulk solution with empirical parameters to quantify the diffusion rate. The Nernst–
Brunner formalism6 introduces the concept of diffusion through a boundary layer
around the solid particle, thus connecting the empirical parameters in the original
equation of Noyes and Whitney (1897) to physical parameters of the solid. The
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equation that describes the rate of dissolution, dM/ dt, is:

dM

dt
= SD

δ
(Cs − Ct),

where Cs is the solubility of the substance, Ct is the concentration of the substance
in solution at time t, S is the surface area available for diffusion, δ is the thickness
of the boundary layer, and D is the diffusion coefficient of the substance through
boundary layer. The surface area and diffusion parameters were all considered to be
independent of time and dependent only on the properties of the diffusing molecule
and the dissolution medium by the original investigators.

In most system used for drug delivery, S and D will depend on the properties
of the system being considered and can vary as dissolution progresses. Hixson and
Crowell (1931) extended the model to account for the change in surface area as drug
dissolves from a solid particle with changing radius.

For delivery systems formulated using MPS, the pore size and pore structure
as well as the particle diameter will affect the diffusion coefficient and the surface
area (Van Speybroeck et al. 2010; Horcajada et al. 2004; Shen et al. 2011). The
surface area can be calculated from geometric considerations, and the diffusion
coefficient can be estimated by using traditional approaches for mass transfer in
porous particles. Mortera et al. (2010) detail a good illustration of this approach
where D was determined using the Stokes–Einstein equation to derive the drug
diffusivity in the dissolution media (Ddm) and the Renkin equation to correct the
value for the steric hindrance (δ) and the constrictivity (ωr) in the pores:

D = Ddmδωr

τ
,

D = Ddm(1 − a/r)2(1 − 2.1(a/r) + 2.09(a/r)3 − 0.95(a/r)5)

τ
,

where δ and ωr are both functions of the ratio between the drug and the pore radii
(a/r) and τ is the tortuosity, which is assumed equal to one if pores are cylindrical,
as is the case of ordered MPS. This modified equation shows much better agreement
with experimental data than the original Noyes–Whitney equation.

The theoretical construct as well as the mathematical models provide a means to
understand the effect of the properties of MPS on the performance of the delivery
systems, in particular pore structure and particle size. More importantly, they can
efficiently direct the design of new and improved materials and technologies to
increase the bioavailability of poorly soluble drugs.

23.7 Methods of Drug Loading

MPS possesses high drug loading capacity which varies from 10 to 34 %, and it may
go up to 60 % in some cases (Qu et al. 2006; Heikkilä et al. 2007). The type of method
used for drug loading is important in understanding the efficacy and future problems
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Table 23.3 Examples of drug and their loading efficiency using different solvents

Drug used Solvent Drug:silica ratio % drug content,
loading efficiency

Reference

Tadalafil Methanol Multistep 42 Mehanna et al.
(2011)

Indomethacin Ethanol 8:1 28.9 Limnell et al.
(2011b)

Itraconazole Methylene
chloride

1:3 20 Mellaerts et al.
(2008)

associated with the process. Various forces like hydrogen bonding, dispersive, and
hydrophobic interactions are involved in the adsorption of drug molecule in the MPS
pores. Hydrogen bonding is the vital force which ensures the drug is entrapped in the
pores of MPS. The extent of hydrogen bonding is proportional to the amount of silanol
groups present on the surface of the MPS and their interaction with functional groups
of the drug molecules. In case there are fewer silanol groups on the MPS and the drug
is hydrophobic, then the London type of interaction (dispersive) plays an important
role (Delle Piane et al. 2013). Most studied methods of drug loading on MPS use
organic solvents to solubilize drug and then load on the MPS. Solvents can often
require processing steps to remove it prior to use in pharmaceutical products, and as
a result, alternate methods involving solvent-free technology are under investigation.
Therefore, we have broadly categorized the methods of drug loading on MPS as
solvent-based and solvent-free technology.

23.7.1 Solvent-Based Methods

23.7.1.1 Solvent Immersion Method

Drug loading onto porous silica can be accomplished by adsorption from a drug
solution in an appropriate solvent. A defined quantity of porous silica is suspended
in a solution of the drug dissolved in a volatile solvent. The suspension is stirred
for 1–2 h followed by filtration through micron filters to obtain drug-loaded silica.
The wet mass is dried in an oven to get drug-loaded silica powder. A mixture of
two or more solvents can also be used to ensure maximum drug loading. Once the
solvent is evaporated, the same process can be repeated to increase percentage drug
loading. Kovačič et al. (2011) prepared a porous silica-based SD of carvedilol using
a solution of the drug in the solvent tetrahydrofuran (THF). The author observed that
the crystallinity, amorphicity, and dissolution behavior of carvedilol can be controlled
using various levels of drug content and methods of SD preparation. The dissolution
behavior of the SD improved for the SD with lower level of drug content (Kovačič
et al. 2011).Examples of drug and their loading efficiency using different solvents
are shown in Table 23.3.
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23.7.1.2 Solvent Drying Method

Drug solution is poured on the silica and the prepared suspension is stirred for a
defined time. The solvent is evaporated using a rotary evaporator and all the dried
material is recovered at the end of process. As the solvent starts evaporating, the
drug concentration in the loading solution increases slowly which creates a concen-
tration gradient and drug loading in the silica pores is initiated (HeikkiÏ et al. 2007).
This method is preferred because of higher drug loading when compared to solvent
immersion method. In the study by Limnell et al. (2011b), 27.0 % of indomethacin
was loaded on non-ordered MPS using rotavapor method, while only 11.6 % was
obtained by immersion method. Similarly, attempts have been made to evaporate
the solvent using fluidized bed processors by spraying the suspension of the drug
and silica dispersed in an organic solvent in the dryer. In the fluidized bed method,
the author observed slightly increased indomethacin loading of 28.6 %; this may
be due to the additional force of compressed air assisting drug penetration. Crys-
talline fraction of 5.6 % was observed during the calorimetry study of indomethacin
drug-loaded OMS (Limnell et al. 2011b).

23.7.1.3 Incipient Impregnation Method

In this method, a concentrated drug solution near its saturation point is prepared.
MPS is mixed with a volume of the concentrated drug solution which is equivalent
to its pore volume. The solution is loaded on the MPS by capillary action. This
method of drug loading is preferred when only a small quantity of drug is avail-
able. The amount of drug loaded can be determined easily; however, there may be
issues regarding drug uniformity and crystallization of drug on the surface of silica
(Xu et al. 2012). Liao and Jarowski (1984) loaded corticosteroids like prednisone,
prednisolone, and hydrocortisone on Syloid® 244FP silica using a solvent mixture
of N-dimethyl acetamide–polyethylene glycol 400 (7:3). The method resulted in
significant improvement of corticosteroid dissolution (Liao and Jarowski 1984).

23.7.1.4 Spray Drying Method (Takeuchi et al. 2004, 2005b)

Spray drying has a close resemblance to the solvent immersion method. The main
difference is the method of solvent removal; in this case, solvent is removed by a spray
drying process.Additionally, extra spherical particle shape is achieved which is useful
to aid flow and compression of the powder (Takeuchi et al. 2004). Among the different
methods used for drug loading, spray drying with MPS yields high drug loading of
the amorphous form along with enhanced dissolution properties (Vogt et al. 2008).
According to Shen et al. (2011), dissolution of ibuprofen increased significantly after
spray drying with MPS. Untreated crystalline ibuprofen showed 20 % drug release
in the first 20 min, while it was 90 % for ibuprofen-loaded MPS.Superiority of spray
drying method over solvent evaporation was proved by Takeuchi et al. (2004) while



680 Y. Choudhari et al.

working on SD of tolbutamide with MPS. Crystals of tolbutamide were observed
in the scanning electron microscopy (SEM) of SD prepared using the evaporation
method. However, the particle size of the SD (4.29 ± 0.16 μm) remained same for
both methods. The author also concluded that the heating rate in spray drying affects
the properties and characteristics of a final SD. In case of tolbutamide, the rapid
rate of drying facilitates the formation of the metastable form which may impact the
solubility of the drug (Takeuchi et al. 2004).

23.7.1.5 Supercritical Fluid Method (Smirnova et al. 2003; Miura et al. 2010)

In this method, the drug is loaded on the MPS with the help of supercritical car-
bon dioxide as the solvent. A defined ratio of drug and MPS is placed in a closed
pressurized chamber. The calculated quantity of supercritical CO2 is purged through
an orifice in a chamber at the desired pressure and temperature to initiate the drug
loading in the pores of MPS. Although this method seems to be simple, it has not
achieved the popularity of other methods. Reports suggest that only microparticles
are generated through this method, and even these particles are dispersed all over
the chamber due to the pressurized gas which results in low yield. In addition, the
efficiency of solubility enhancement is also lower than the solvent immersion method
(Miura et al. 2010). The mechanism involved in drug loading is by hydrogen bond-
ing between drug and MPS. The experiments of Smirnova et al. (2003) found that
solubility of both ketoprofen and miconazole increased significantly by adsorbing
them on aerogel using supercritical carbon dioxide.

23.7.2 Solvent-Free Methods

23.7.2.1 Melt Mixing Method (Takeuchi et al. 2005b)

This method involves physical mixing of crystalline drug and MPS in a defined ratio,
followed by heating to amorphize the drug. Capillary forces then trap the amorphous
form in the pores of MPS. It was first reported by Chio and Riegelman in 1971
and further studied by various researchers. Watanabe et al. (2001) concluded that
the extent of indomethacin amorphization is less in melted crystalline indomethacin
without MPS as compared to its melted mixture with MPS. Also, it was observed
that if the drug is melted without MPS, it starts converting to its original crystalline
state on storage (Watanabe et al. 2001). The rate of recrystallization is dependent
on the mixing time and varies inversely with it. This method is advantageous due to
being a solvent-free technology; however, the heating step involved in this method
makes it inappropriate for thermolabile drugs.
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23.7.2.2 Co-grinding/Co-milling Method

Among various methods of amorphization, co-milling is easy and cheap in terms
of large-scale manufacturing (Stein et al. 2010). The dry crystalline drug and MPS
can be mixed with defined intensity and ratio to ensure amorphization of drug. The
mechanism of amorphization is by interaction between drug and MPS to generate
hydrogen bonds. Various technologies like planetary, oscillatory ball mill, turbulla
mill, roller compaction, etc. were used to load drugs into pores of MPS. The extent
of drug loading and degree of amorphization is influenced by various factors like
time and intensity of mixing, reduced pressure, humidity, and silanol content. In
most of the earlier studies, the extent of amorphization is found to be proportional
to time and intensity of mixing (Konno and Kinuno 1989; Konno et al. 1986). How-
ever, contradictory observations were made with a study conducted by Pan et al.
(2008) where the amorphization of indomethacin was found to be independent of
both parameters, which is explained by the low glass transition temperature (Tg) of
the drug. It was observed that dry blending increases the surface temperature of the
drug due to particle–particle interaction, and if temperature increases above Tg, the
drug starts to recrystallize. This could be the reason why the extent of amorphiza-
tion is independent of the time and intensity of mixing. In addition, the drug loses
its crystallinity via sublimation of the drug. Accordingly, drugs with higher vapor
pressure have a more rapid rate of amorphization (Konno et al. 1986). The chance of
drug entrapment in the pores is increased if the quantity of MPS is high. Also, if the
surface area for particle–particle interaction is high, the extent of amorphization is
increased. If the particle size of drug and MPS is decreased, surface area is increased,
and this increases amorphization.

23.7.2.3 Microwave-Assisted Drug Loading (Waters et al. 2013)

Simple physical mixing of drug and silica often will not achieve the desired drug
loading in the pores of silica and dissolution enhancement cannot be achieved. Mi-
crowave irradiation can be used to increase the drug loading in the silica pores. Waters
et al. (2013) found that the extent of amorphization in the microwave-irradiated sam-
ple was significantly higher compared to simple physical mixture (from grinding).
As a result, an improvement in the dissolution properties is observed.

23.7.2.4 Drug Loading During Synthesis (Solgel Process)

In this process, drug is dispersed in the colloidal silicate dispersion (sol) and gellation
is induced by chemical means to convert into a porous network (gel; Ahola et al.
2000). The efficiency of encapsulation for hydrophilic drugs is > 85 % (Finnie et al.).
Release can also be controlled by modulating internal pore structure which restricts
diffusion of encapsulated drug. Further, release can also be controlled by using an
alkoxide mixture consisting of varying ratios of methyltrimethoxysilane (MTMS)
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and tetramethoxysilane (TMOS) which modify the internal pore structure of the
particles. Use of increased MTMS content adds methyl groups in the structure which
provides flexibility to the Si–O–Si network, leading to gels with smaller pores than
gels synthesized from pure TMOS (Scherer and Brinker 1990).

Similarly, Finnie et al. (2006) have claimed a method for the encapsulation of
proteins and other biomolecules in the porous silica particles. Encapsulation effi-
ciency ranged from 75 to 97 % while protein loading was between 5.7 and 6.6 %.
The release of protein could be observed for 20 h which indicates a controlled release
character of the MPS (Finnie et al. 2006).

23.8 Factors Affecting Drug Loading and Dissolution

23.8.1 Effect of Solvent

Solvent polarity (or dielectric constant) affects drug loading in silica-based carriers.
In adsorption methods, drug loading is increased with hydrogen bonding between the
drug and the surface of the adsorbent (MPS). Highly polar solvents will compete with
drug for hydrogen bonding sites and will result in poor drug loading. Charnay et al.
(2004) have studied the effect of solvent on ibuprofen loading by evaluating various
solvents like dimethylsulfoxide (DMSO), dimethyl formamide (DMF), dimethyle-
cetamide (DMA), ethanol, and hexane. In highly polar DMA, no drug loading was
observed; conversely, 37 % of ibuprofen could be loaded using low-polarity hexane
(Charnay et al. 2004). Furthermore, Fernandez-Nunez elaborated the concept using
the polarizable continuum model (PCM) proposed by Tomasi (2004), and a similar
relationship between drug loading on MPS and polarity of the solvent was observed.
Free energy of solvation and radius of solvent (Rsov) also influences the drug loading.
Rsov is directly proportional to the drug loading observed on SBA-15 and MCM-48
(Fernández-Núñez et al. 2009).

23.8.2 Effect of Pore Dimensions, Particle Size, and Surface Area

Pore size determines how large a molecule can be loaded into the silica and is
generally dependent on the surface area and pore volume of the particle. As a rule
of thumb, molecular size should be less than pore size to ensure easy and maximum
drug loading. According to Horcajada et al. (2004), ibuprofen with less than 1 nm size
can be loaded up to 19 % on 3.6-nm silica while loading decreases to 11 % if silica
of 2.5 nm is used. Similarly, Zhang et al. (2010) observed loading of telmisartan was
increased from 48.9 to 59.7 % when pore size increased from 3.6 to 12.9 nm. Pore
size also influences the drug release significantly. Jin and Liang (2010) reported that
MPS with pore size of 7.3 nm showed higher release of adsorbed ibuprofen than silica
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with 4.6 nm pore size. In addition, release of itraconazole from SBA-15 increased as
pore diameter increased from 4.5, 6.4, 7.9 to 9.0 nm (Mellaerts et al. 2007).

Kinnari et al. (2011) compared two different pore sizes of MPS, Syloid® AL1FP
silica (3.5 nm) and Syloid® 244FP silica (20 nm). Faster release was observed from
Syloid® AL1FP silica despite its lower pore size. Kinnari et al. (1989) suggest the
reason for this observation may be the higher surface area of the Syloid® AL1FP
silica which could have improved dissolution of entrapped drug. It can be concluded
that different surface areas of MPS also influence dissolution significantly.

While literature examples suggesting faster release for materials with wider pores
are abundant, the benefits of modifying the pore size should be balanced against the
risk of drug recrystallization in the mesopores. A number of studies have shown that
drug recrystallize in wider pores, while confinement in comparatively smaller pores
resulted in effective suppression of recrystallization.

Shorter pore channel lengths can speed dissolution. Chen et al. (2003) compared
various silicas such as MCM-41, SBA-15, and SBA-15 LP and found that SBA-
15 LP (with longer pores) showed comparatively lower release than MCM-41 and
SBA-15. This suggests that the longer pore length reduces rate of drug release.119

Smaller particles can reduce the pore length of MPS and subsequently increase drug
release rates. Limnell et al. did comparative dissolution study of tablets prepared
from indomethacin-loaded OMS, ordered (MCM-41) MSG, and non-ordered MPS
(Syloid® 244FP silica). The faster drug release was observed from Syloid® 244FP
silica tablets compared to MCM-41 which may be because of the larger pores and
shorter distance for the diffusion in the small-sized Syloid® 244FP silica (Qu et al.
2006).

The different pore structure of OMS compared to MSG has also to be considered
(previously shown in Fig. 23.2). One can conclude that a smaller pore size distribution
of MSG is beneficial and should be controlled. Pore volume also affects release of
entrapped drug, and it is observed that drug release is directly proportion to the pore
volume (Izquierdo-Barba et al. 2005). Drug adsorbed on silica may be in a monolayer
or multilayer format depending on the concentration of the drug solution and its
interaction with silica surface. If concentration is high, the drug will be adsorbed
as a multilayer and loading will be directly proportional to both pore volume and
surface area. Alternatively, if adsorption is in a monolayer form, then the amount of
drug loading is directly proportional to its surface area, and pore volume has a very
negligible effect (Xu et al. 2012).

23.8.3 Effect of Humidity or Water Content

Water in trace amounts modifies the surface chemistry of MPS and can affect drug
loading and release. The content of adsorbed water should be considered while
loading drug in the pores of MPS. Moisture in the drug and MPS can reduce drug
loading in the MPS pores. Water molecules interact with silanol groups and can
reduce the groups available for hydrogen bonding with the drug. Pan et al. (2008)
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found decreased amorphization when water content was less than 7 %; however,
this reversed when water increased above 7 %. The reason may be that there is
higher diffusion of drug into pores through absorbed water and, correspondingly,
increased hydrogen bonding (Pan et al. 2008). Furthermore, the presence of free
water in the dosage form enhances the chemical reactivity, and drugs are more prone
to degradation. However, if the surface area of adsorbents like MPS is high, water
tends to form a monolayer on the surface and water is not available for interaction
with the drug (Waterman and Macdonald 2010).

It is important to consider the effect of humidity if the drug-loaded MPS is stored
at higher humidity conditions. At high humidity, the surface of silica undergoes hy-
droxylation and surface hydrophilicity is increased. When drug-loaded MPS comes
in contact with aqueous dissolution media, drug release is facilitated.

This concept is supported by the observations of the Mellaerts et al. (2010) who
studied the effect of itraconazole release from SBA-15 OMS stored at 0, 52, and
97 % humidity. The highest release was observed in the sample stored at 97 % hu-
midity (Mellaerts et al. 2010). Similar observations were reported by Gupta et al.
(2002) who observed increased drug release, on storage at 75 % RH for weeks, from
SD composed of Gelucire® 50/13 and Neusilin® (magnesium aluminum silicate).
The reason cited was migration of the drug from Gelucire® 50/13 to the surface of
Neusilin® at high humidity (Gupta et al. 2002). These results are contradictory to
SD of hydrophilic polymer where drug release decreases with storage (Kalaiselvan
et al. 2006).

23.8.4 Surface Chemistry

The surface of MPS is enriched with silanol (Si–OH) and siloxane (Si–O–Si) groups
(Zhuravlev 2000). Inside the silica molecule, there are structurally bound (chemically
adsorbed) water molecules denoted as internal silanol groups. The silanol and silox-
ane groups interact with the loaded drug to generate hydrogen bonding. Both physical
and chemical interactions influence drug loading on MPS particles. Physical inter-
actions are reversible and preferred if immediate release is desired. For hydrophobic
drugs, physical interaction occurs with silica by hydrogen bonding and electrostatic
and hydrophobic interaction. Hydrogen bonding is predominant if the number of sur-
face silanol groups is high; otherwise, dispersive forces are predominant (Salonen
et al. 2008). Ugliengo et al. did computational study with hydrophobic drugs aspirin
and ibuprofen, using two different MCM-41 silica with 4.5 and 1.5 OH/nm2. It was
found that dispersive forces are strong in MCM-41 with less silanol groups (Delle
Piane et al. 2013).

The number of OH groups per unit surface area of the silica materials varies
between different silica materials and is affected by post-synthetic treatments like
calcinations, time, and temperature. The value for MSG amorphous silica gel is 4.2–
5.7, with decreasing values for OMS from SBA-15 (2.8–5.3) to MCM-41 (1.4–3)
materials (Bahl and Bogner 2006; Kozlova and Kirik 2010). Silanol groups can exist
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in three different forms: isolated, vicinal, and geminal. Isolated and geminal silanol
groups can be used as grafting templates, for example, for amino- or dendrimer-
functionalized silica (Zhao and Lu 1998a; Muoz et al. 2003). Such functionalization
also affects drug loading based on the properties of the drug. Pan et al. (2008) ob-
served that drug loading in functionalized MPS was reduced significantly while it
was increased when MPS was treated with dichlorosiloxane. The reason may be
reduced silanol content due to functionalization and less hydrogen bonding with
drug. Alternatively, treatment with dichlosiloxane increases the silanol content and
increases drug loading (Pan et al. 2008). Similarly, drug release is affected by sur-
face modifications. When the surface of silica is hydrophilic, there are more hydroxyl
groups and a correspondingly stronger interaction between drug and MPS. Accord-
ingly, drug release is slowed down. Alternatively, if surface groups are modified with
hydrophobic groups like octadecyl silane (C18), drug interaction is poor and drug
release is rapid. Therefore, it can be concluded that surface polarity of silica influ-
ences drug release proportionally. These assumptions are supported by observations
by Izquierdo-Barba et al. (2009).

Mehanna et al. (2011) showed 93.45 % of tadalafil could be released from Syloid®

244FP silica-based SD in 10 min, while its physical mixture with silica could re-
lease only 21.78 %, and no release was observed from pure native drug. From the
observations of dissolution studies, one can predict the efficiency of silica to improve
dissolution of poorly soluble drugs. Takeuchi et al. (2004) used dissolution studies to
compare SD of tolbutamide prepared with hydrophilic silica and hydrophobic silica.
Hydrophobic silica showed much slower dissolution of tolbutamide, confirming the
role of hydrophilic silica in increasing the rate of drug dissolution (Takeuchi et al.
2004).

23.9 Techniques of SD Evaluation (Kovačič et al. 2011)

23.9.1 Particle Size and Morphology

Size of the drug and SD particles can be determined by differential laser scatter-
ing methods. Measurement of particle size may provide insights for understanding
amorphization and could be used as a tool for estimating the degree of amorphization
in SD. Kovacic et al. (2011) showed that particle size of crystalline carvedilol was
reduced from 41.5 to 10 μm after preparation of the SD. Also, SEM images of the
carvedilol SD reveal no traces of free carvedilol, indicating complete encapsulation
of the drug in the pores of the silica.107 Similar observations were reported by Waters
et al. (2013) while preparing fenofibrate SD using amorphous silica.
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23.9.2 Differential Scanning Calorimetry and Thermogravimetric
Analysis

A primary objective of using MPS is to convert crystalline drug into amorphous
form and maintain its stability for a long period of time. It is necessary to ensure
drug remains in amorphous form for as long as possible. Thermal studies are com-
plementary techniques frequently used for determination of polymorphs. Various
polymorphs can be differentiated by different melting temperatures and heats of fu-
sion. In the case of amorphous compounds, there is no lattice energy and there will
be no distinct melting point. However, glass transition temperature can be its identi-
fying characteristic. The differential scanning calorimetry (DSC) curve of crystalline
carvedilol showed an endothermic peak at 115 ◦C, dH 128 J/g, indicating characteris-
tic melting point while SD of carvedilol with MPS showed no distinct melting point;
however, a glass transition temperature can be observed at 38 ◦C. This confirms that
crystalline carvedilol has been converted to the amorphous form in the silica-based
SD (Brinker 2005).

23.9.3 X-ray Diffractometry

Mehanna et al. (2011) used X-ray diffractometry (XRD) technique to confirm the
loading of tadalafil in the silica pores170. Similar results were reported by Wang et al.
(2006) while preparing SD of nifedipine using porous silica.

23.9.4 Determination of Drug Content and Dissolution

The SD of a drug can be dispersed in a suitable solvent in which the drug is freely
soluble. The drug is allowed to diffuse with the aid of sonication and filtered to
determine the loaded drug.

% Drug loading = Amount of drug loaded

Amount of SD recovered
× 100

This test is useful to judge efficiency of the drug loading method and calculation of
the final dosage.

23.10 Final Dosage Form

Oral solid dosage forms are most preferred for MPS-based drug delivery. Tablets
and capsules are recommended dosage forms for the delivery of poorly soluble
drugs using MPS. Wet granulation of drug-loaded MPS improves the flow behavior
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and compact ability by increasing the particle size and bulk density, and by making
the MPS surface smoother. It should be noted that drug may leach out onto the
silica surface if over-wetting happens during granulation resulting in premature drug
release. However, controlled amount of moisture is needed and should be used to
create agglomerates for granulation. Vialpando et al. (2012) did a study to understand
premature drug release from the wet granules of drug-loaded MPS. Poorly water-
soluble model compounds, itraconazole, fenofibrate, naproxen, and ibuprofen, were
loaded into OMS COK-12, and wet granulated using a polyvinylpyrrolidone (PVP)
binder solution. It was observed that premature drug release is compound dependent
and can be reduced by decreasing the initial drug load of the material and the binder
solution addition rate or by increasing the granulation temperature and binder solution
concentration. Premature release has been reported if compaction force is more than
120 MPa which breaks the structure of OMS. The use of a compression aid like
microcrystalline cellulose may help to prevent such problems (Vialpando et al. 2012).
Similarly, various researchers have studied the tableting parameters of drug-loaded
silica. Takeuchi et al. (2005a) studied the compression or die wall pressures with
simple formulations composed of diluents and disintegrant together with 9 % of drug-
loaded silica particles. Xu et al. (2009) developed controlled release formulations
by compressing drug-loaded silica into tablets without excipients followed by a
pH-sensitive polymer coating.

23.11 Biocompatibility, Toxicity, and Regulatory Status of MPS

In general, the use of silica-based materials is not considered harmful to humans.
Because of its unique properties, MPS has been studied widely for applications in the
pharmaceutical industry. Colloidal silicon dioxide and silica gels (MPS) are listed in
the Inactive Ingredients Database of US Food and Drug Administration and included
in various pharmacopoeias. MPS have been in commercial use for pharmaceutical
and food products for many years and there is no reported evidence of adverse
reactions.
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