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Abstract
Amorphous solid dispersions are being used more frequently in the pharmaceutical industry to address bioavailability
problems with poorly soluble drugs. Since amorphous dispersions are inherently metastable, there is always a
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possibility that the drug will convert to the more stable crystalline form, resulting in decreased bioavailability. One way
to increase confidence that the material will not recrystallize is to ensure that the drug and polymer are miscible. In
this article some important methods used to characterize drug-polymer miscibility are described and evaluated.

Introduction
Amorphous solid dispersions are being used with increasing frequency for poorly soluble pharmaceutical compounds
in development. These systems consist of an amorphous active pharmaceutical ingredient (API) stabilized by a
polymer [1]. Other dispersing agents, such as phospholipids and cyclodextrins, have also been used under the
amorphous dispersion nomenclature, but these systems rely on different solubilizing mechanisms (micelle formation
and complexation, respectively) and should be differentiated from the polymer-based systems. The most common
types of systems are binary combinations, but more complex ternary and quaternary systems have also been
produced. Surfactants are sometimes added to amorphous dispersion systems in an effort to increase apparent
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solubility or to aid in the melt extrusion process but can add complexity when manufacturing the dispersions process.
Amorphous solid dispersions can be produced on a small scale using common laboratory techniques such as fast
evaporation from solvent (rotary evaporator, freeze-drying, spray drying) and melt techniques. The most common
large- scale production methods are spray-drying and melt extrusion.
Amorphous dispersions are commonly considered as a means of improving the apparent solubility of API. The
amorphous form of the drug present in the dispersion will result in higher apparent solubility compared to that of the
crystalline material [2]. This can result in improved dissolution and bioavailability for these materials. However,
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amorphous materials are also known to exhibit poor physical stability leading to crystallization, which negates any
improvement in the other properties. The polymer in an amorphous solid dispersion is used to stabilize the
amorphous drug so as to prevent crystallization and to provide physical stability over time and under a variety of stress
conditions, such as elevated temperature and relative humidity (RH). In most cases, the API in solid amorphous
dispersions is supersaturated with respect to the crystalline API leading to a potentially unstable system [3]. The goal,
therefore, is to find an amorphous solid dispersion that can maintain kinetic stability over required timescales.
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One important factor to consider when producing and choosing amorphous solid dispersions is miscibility, which is
the ability to produce a homogeneous single phase where the components are intimately mixed at a molecular level.
Physically separated mixtures of amorphous API and polymer are also commonly observed resulting in immiscible
systems. Miscible amorphous solid dispersions will typically have a higher glass transition temperature (Tg) compared
to the amorphous API due to the antiplasticizing effect of the polymer, resulting in lower molecular mobility and
decreased crystallization [4]. The local environment of the API can also be altered in the dispersion by reducing the
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decreased crystallization

. The local environment of the API can also be altered in the dispersion by reducing the

chemical potential of the API which will change the thermodynamic driving force for crystallization [5]. Favorable
exothermic mixing will occur when interactions between the amorphous API and polymer are stronger and more
abundant than interactions between the individual components [6]. These interactions include hydrogen bonding and
dipole-dipole interactions, which can be investigated by a number of methods. Studies have shown that miscible
amorphous solid dispersions show improved stability over immiscible systems for a number of compounds [7]. A
variety of factors can affect miscibility such as concentration of API and polymer [8], stress conditions (temperature,
relative humidity) [9], sample preparation [10], solvent composition [11], and analysis conditions [8]. Varying levels of
miscibility may also be present in amorphous solid dispersion systems and this is a growing area of research as
analytical techniques become more sophisticated.
A variety of techniques have been used to determine miscibility including differential scanning calorimetry (DSC)
[12], x-ray powder diffraction (XRPD) with computational methods such as pair distribution functions (PDF) [13] or pure

curve resolution method (PCRM) [8,14], solid-state NMR spectroscopy[15], infrared (IR) spectroscopy [8], thermally
stimulated current (TSC) [16], atomic force microscopy (AFM) [17], and confocal Raman microscopy [18]. As with all
characterization, it is important to use a multidisciplinary approach to understand miscibility in amorphous solid
dispersion systems. This article will highlight three techniques (DSC, XRPD with computational methods, and solidstate NMR) to illustrate how different data can be used to determine the miscibility of amorphous solid dispersions.

Differential Scanning Calorimetry
DSC has traditionally been used to
determine if a system is miscible using
the criteria that one Tg indicates
miscibility and two Tgs indicate
immiscibility. As shown in Figure 1a,
indomethacin:PVP represents a
miscible system at all concentrations;
the Tg values for the dispersion are
between the Tg values of the pure
components and are predicted by the
Fox equation [13]. An immiscible system
is represented by PVP:dextran where
two distinct Tgs are observed for
various concentrations (Figure 1b).
Concentration dependent miscibility is
also possible, and an example is
felodipine:PAA, where 10 and 30%
polymer resulted in immiscible systems
showing two Tgs, whereas samples
containing 70 and 90% polymer
showed one Tg indicating a miscible
system [8].
Recently a number of reports have
demonstrated the limitation of this
technique by showing that one Tg can
also be observed for phase-separated
systems [8,10,13,15,18]. Reasons for this
limitation include the inability of DSC to
discriminate separated domain sizes
below about 30 nm [21]and the
dynamic nature of the DSC technique

Figure 1. DSC curves of (a) miscible indomethacin:PVP, (b) immiscible
PVP:dextran, and (c) nanaosuspension trehalose:dextran (adapted from
Reference 13)

which could alter the miscibility during
heating.
In the case of a 1:1 felodipine:PVP
system, a heating regime of 20C/min up
to 180C resulted in two Tgs and a

Table 1. Examples of Immiscible Systems Exhibiting One Glass
Transition Temperature

heating regime of 20C/min up to 146C
with a 30s isothermal hold resulted in
one Tg [8].Examples of these phase
separated systems are given in Table 1
and they have been called solid
nanosuspensions or colloidal
dispersions to represent the small
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dispersions to represent the small
domain sizes of the individual
components. While the DSC method is
a great tool to initially assess miscibility
by looking for one Tg, other methods
should be used to confi rm the
miscibility of the sample.

XRPD with
Computational Methods
The XRPD pattern of an amorphous material shows a lack of crystalline peaks and a broad background described as a
halo. An amorphous material will exhibit up to three broad halos with the positions giving information on the shortrange order in the sample. Changes in the sample, such as adding water to a polymer [22] or adding polymer to an API
to produce a dispersion [13], will cause changes in the overall amorphous pattern. In some cases the changes may be
additive compared to the individual components and in other cases a direct correlation to the individual components
is not present. The powder pattern by itself will give limited information, but when combined with computational
methods such as PDF [13] or PCRM [8,14], it will provide information not easily obtained by other methods.
PDF provides a fingerprint of the interatomic distances in the amorphous material and is presented as probability
versus distance (Figure 2). The maxima represent commonly occurring interatomic distances and the product of the
area under the maxima and the distance provides the number of atomic units with that specific separation. Miscibility
can be determined by comparing PDF curves of the individual amorphous components to the dispersion data. If the
dispersion curve cannot be described by the individual components, it indicates that the material is miscible with
different interactions between the components. This is shown in Figure 2a for indomethacin:PVP where poor
agreement is found between the individual components and the dispersion data indicating significant interactions
between the components in a miscible system. If the dispersion curve can be described by the individual components,
then the material is a physical mixture of the individual components. An example is given in Figure 2b for PVP:dextran
where the concentration of each component calculated from the PDF analysis shows excellent correlation with the
theoretical indicating that the material can be described by the individual components These types of computational
methods are becoming more common in characterizing amorphous dispersion systems and determining miscibility
[8,19,23]. Other analyses such as PCRM and Alternate Least Squares (ALS) have also been used to investigate the

miscibility of this system [14].
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Figure 2. PDF (left) and correlation curve (right) of (a) miscible indomethacin:PVP, (b) immiscible PVP:dextran, and
(c) nanaosuspension trehalose:dextran (adapted from reference 13)

Solid-State NMR
The 13C solid-state NMR spectrum of an amorphous material has broad peaks that are in approximately the same
position compared to the solution spectrum. Amorphous peaks in the glassy state tend to be about 3-10 ppm broad,
which is about an order of magnitude greater than the crystalline peak linewidths (Figure 3a). The peaks become
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which is about an order of magnitude greater than the crystalline peak linewidths (Figure 3a). The peaks become

significantly narrower above the glass transition temperature. The solid-state NMR spectrum of an amorphous material
does not change significantly when the material is placed in a polymeric matrix. Because the amorphous peaks are
much broader than crystalline peaks, however, it may be difficult to identify small amounts of amorphous material in
the presence of crystalline material.

Figure 3. 13C SSNMR spectra of (a) 30:70 indomethacin:PVP dispersion (top) and crystalline γ-indomethacin
(bottom), (b) 30:70 (red) and 50:50 (black) trehalose:dextran dispersion; characteristic peaks for dextran and
trehalose are marked with arrows. (adapted from reference 15)

While the solid-state NMR spectrum is informative, the true power of solid-state NMR spectroscopy is the ability to
study mobility, the application of multidimensional techniques (such as 2D NMR), and the ability to study multiple
nuclei. NMR relaxation rates are governed by the mobility of the sample. T1 relaxation times reflect mobility at high
frequencies, i.e. tens to hundreds of MHz, depending upon the magnetic field strength. T1ρ relaxation times correlate
to mobility in the tens of KHz. For 13C NMR, the relaxation times reflect the local mobility at that particular carbon. For
1H NMR, the relaxation times in the solid state reflect the average mobility of the sample. T1 relaxation times are
typically a few seconds for most amorphous materials. T1ρ relaxation times are typically tens of milliseconds in the
glassy state, and start decreasing about 20° below the glass transition temperature. In amorphous dispersions, a single
relaxation time for both the drug and polymer indicates that they are intimately mixed. A single 1H T1 relaxation time
indicates that the drug and polymer are intimately mixed at domain sizes around 100 nm and greater. For example,
studies with a 3:7 indomethacin:PVP dispersion resulted in average 1H T1 relaxation times of 5.9 + 0.3 s for
indomethacin and 6.0 + 0.2 s for PVP, indicating a miscible dispersion [15]. A single 1H T1ρ time indicates intimate
mixing at domain sizes of around 5 nm or greater. Multidimensional techniques, such as 1H – 13C heteronuclear
correlation spectroscopy (HETCOR), can be used as well to determine if the drug and polymer are intimately mixed
[15]. Finally, if the drug contains other nuclei such as 19F or 31P, the ability to detect small amounts of crystalline
and/or amorphous forms can dramatically increase.
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Table 2. 13C Chemical Shifts (δ) and 13C-Detected 1H T1 values for Trehalose and Dextran
Dispersions at two diff erent spin rates (νr) of 14 and 5 kHz (adapted from ref 15)

The ability of each of the techniques to study amorphous dispersions can be shown by considering the results of a
study of an amorphous dispersion of trehalose and dextran [13,15]. Trehalose is a disaccharide that can interact
through hydrogen bonding with dextran, a polysaccharide composed of many glucose units. Lyophilized formulations
of various ratios of trehalose:dextran samples showed a common glass transition, suggesting that they are intimately
mixed at the 10-30 nm range (Figure 1c). The corresponding XRPD PDF study indicated that the trehalose and dextran
were phase separated (Figure 2c), suggesting that they form nanosuspensions that are not detected by DSC. Vogt and
coworkers investigated 30% and 50% w/w trehalose-dextran mixtures using 13C solid-state NMR spectroscopy (Figure
3b). They also measured 1H T1 relaxation times as a function of spinning speed. Because magic-angle spinning
averages dipolar couplings, it decreases the spin diffusion rate, allowing smaller domain sizes to be measured at
higher spinning speeds. They found that for 50% trehalose-dextran formulations spinning at a rate of 5 kHz there was
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higher spinning speeds. They found that for 50% trehalose-dextran formulations spinning at a rate of 5 kHz there was
a common 1H.
T1 relaxation rate for both the trehalose and dextran (Table 2). At higher spinning speeds of 14 kHz, there were two
distinct relaxation rates. They were able to estimate an upper limit to the domain size for the trehalose of < 82 nm, but
were not able to establish a lower limit to the domain size because of difficulties in measuring the spin diffusion rate
via the 1H T2 line width. Even though the DSC showed only one glass transition temperature, the trehalose:dextran
dispersions were found to be phase separated by NMR and XRPD computational methods and were labeled as a
nanosuspension based on the small domain sizes present in the dispersions.

Conclusions
The combination of DSC, XRPD, and solid-state NMR spectroscopy can provide a unique insight into the nature of pure
amorphous material and amorphous dispersions. While DSC is an established technique for determining miscibility of
amorphous dispersions, new developments in computational analysis for XRPD and the use of relaxation time
measurements and 2D NMR approaches are providing even deeper insight into how miscibility can be characterized
using these advanced analytical techniques.
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