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Introduction

The formation of amorphous solid dispersions (ASDs) of a
poorlysolubledrug insuitablepolymercarriers isan innovative
and enabling technique for enhancing the dissolution and oral
delivery of many poorly water-soluble active pharmaceutical
ingredients (APIs).1 The approach has become increasingly
important due to the growing number of poorly water-soluble
APIs identified in the drug discovery process.2,3 These ASD
systems can achieve a transiently higher solubility and a faster
dissolution rate due to the inherently more energetic amor-
phous formofapoorly solubleAPI as comparedwith that of the
purecrystallinedrug, thereby increasing thediffusionaldriving
force to enable enhanced drug absorption with improved

bioavailability.4–7 The dissolution of ASDs and the evolution
of the resulting supersaturation profiles and their in vivo
implications have been the subject of many recent investiga-
tions.8–12 Instead, this review will focus on the application of
dynamicmechanical analysis (DMA) toelucidate thesolid-state
stability and hot-melt processing properties of ASDs.

Solvent evaporation and thermal processing are two pri-
marymethods employed tomanufacture ASDs at a large scale
in the pharmaceutical industry. The application of the solvent
method, principally through spray drying, has been limited
due to thehigh costs associatedwithhandlingorganic solvents
and their recovery to mitigate the potential toxicity from
solvent exposure.13 On the other hand, thermal preparation
of ASDs can be achieved by the hot melt extrusion (HME)
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Abstract Dynamicmechanical analysis (DMA) offers several advantages over prevailingmethods
in the characterization of amorphous solid dispersions (ASDs) typically used for
improving the delivery of poorly water-soluble drugs. This method of analysis, though
underutilized in the study of pharmaceutical systems, is particularly attuned to
rheological investigations of thermal and mechanical properties of solids such as
ASDs. Its ability to determine the viscoelastic properties of systems across a wide range
of temperatures and shear conditions provides useful insight for the development and
processing of ASDs. The response of materials to an imposed stress, captured by DMA,
can help identify proper conditions for preparing homogenous extrudates of the
polymer and active pharmaceutical ingredient through hot melt extrusion (HME). As
HME continues to gain utility within the pharmaceutical industry, the ability to tailor
process conditions will become increasingly important for the efficient design and
production of ASD products for poorly water-soluble drugs. Furthermore, DMA can be
used to probe molecular mobility and its link to physical stability of ASDs. Establishing
the link between molecular mobility and crystallization kinetics is central to predicting
the physical stability of ASDs. Therefore, increasing the understanding of material
properties through DMA will enable the successful development of more stable
amorphous drug products. This review summarizes current characterization tools
for ASDs and discusses the potential of utilizing DMA as a robust alternative to
traditional methods.
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process, which involvesmelt-blending and extrusion of an API
mixedwith a suitable polymer excipient. TheHMEprocess has
quickly become a prevailing method for the preparation of
ASDs due to interests in more efficient continuous
manufacturingand itseaseof scalingup.14DMAcanbeapplied
to the characterizationofASDsproducedbyeither process, but
is also particularly useful for the proper selection of HME-
processing conditions.

DMA is an important testing technique that characterizes
the thermal and mechanical properties of solid materials and
polymer melts as a function of time, temperature, frequency,
strain, and stress.6 During testing, stress or strain can be
applied to a sample to probe its response to deformation
and determine relevant material properties, such as viscosity,
whichare critical to thedevelopmentofASDs. Typically, aDMA
instrument applies an oscillating force (stress) and records an
oscillating sample response. Here, modulus is calculated from
the elastic response, and damping is calculated from the
viscous response. DMAmeasurements can be acquired across
a wide range of conditions including those extremes inacces-
sible to traditional rheology due to instrument torque limi-
tations. A detailed comparison with other characterization
techniques will be presented later in this article.

Due to the analogous relationship between shear and
oscillatory deformation,DMAcanbeauseful tool to determine
HME-processing conditions. The shear thinning behavior of
ASDs and the increase in flowability with temperature can be
captured with DMA and used to delineate the processing
window for HME. This is particularly important when APIs
are thermally3,15 unstable or prone to shear degradation.15

The physical stability of ASDs, with respect to API recrys-
tallization, has restricted their widespread use and adoption.
In ASD systems with drug loading levels in excess of their
thermodynamic solubility, physical stability defines their
shelf-life and potential to be introduced as a drug product.
Molecular mobility contributes significantly to the physical

stability of ASDs16,17 and is therefore important to character-
ize to gain insight as to whether an amorphous API has been
effectively stabilized in the polymer carrier. DMA can be
applied to evaluate the molecular dynamics in ASDs through
measurements of properties such as viscosity (related to
diffusivity) and glass transition temperature (Tg), furthering
our understanding on the ASD physical stability. Additionally,
understanding physical properties that affect drug release
from ASDs is also important when examining the dissolution
behavior of drug–polymer composites.

Understandably, optimizing processing conditions, per-
formance evaluations, and the assessment of stability are
essential endeavors that support the successful development
of ASDs. The objective of this review is to provide an
overview of the DMA as a robust tool in the characterization
and production of ASDs. DMA will also be compared with
prevailing analytical methods.

Materials and Methods

Materials
Naproxen(C14H14O3)waspurchasedfromAPIVanguard (United
States) and used as received. Indomethacin (C19H16ClNO4) and
ketoconazole (C15H12N2O) were purchased from Shanghai Yuxi
Biotech Co., Ltd. (Shanghai, China) and used without further
purification. Polyvinyl acetate (500,000 g/mol) was purchased
from Sigma-Aldrich Canada. HPMC HME 4M (AFFINISOL) was
generously provided by Dow Chemical. All other chemicals and
solvents were reagent grade and obtained commercially. The
chemical structures of the APIs and the polymers are shown
in ►Fig. 1.

Experimental Methods
DMAwas conducted on a TAQ800 instrument. Samples were
prepared by melt compression to form rectangular-shaped
specimens. Oscillatory rheologywas performed to obtain the

Fig. 1 Chemical structures of indomethacin (a), naproxen (b), PVAc (c), ketoconazole (d), and HPMC 4M (e).
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viscosity ofmodel ASDs based on PVAc andHPMC. Strainwas
set to 0.02% for oscillations between 100 and 0.05 Hz, with
five points collected per decade. The Crossmodelwas used to
fit the frequency sweep data at multiple temperatures to
determine zero-frequency viscosity. The Cross model, com-
monly applied in rheology, describes the shear-thinning
behavior of polymer systems.18 Low-frequency data were
used as an analog for the lowshear data according to the Cox–
Merz rule to obtain the unperturbed zero-shear viscosity.19

Methods of ASD Characterization (MolecularMobility)
Several methods and experimental techniques are typically
employed for the characterization of ASDs. Each provides
critical information regarding the physical and chemical
nature of such systems. Combining insights from multiple
methods can contribute to a holistic understanding of ASD
systems. The utility of methods aimed at probing the molec-
ular mobility in ASDs will be discussed here.

Fourier-transform infrared spectroscopy (FTIR) and Raman
spectroscopy: Microscopy is commonly employed to investi-
gate polymorphism and identify crystallization. However, its
application can also be extended to diffusive measurements.
Raman has been used to probe diffusivity in ASDs by looking
at the migration of molecules across an interface into a blank
film.20 ATR-FTIR has also been used to probe the diffusion of
molecular species in polymer systems.21 These methods rely
on the characteristic signals or absorbance of molecules in
response to excitation. The intensity of identifying peaks or
absorption spectra can be used to determine relative con-
centration ratios of components and spatial concentration
distributions for diffusion modeling purposes. However, the
sensitivity and accuracy of these spectroscopic approaches
can be impacted by chemical interactions leading to peak
shifts. Additionally, the methods are limited to elevated
temperature ranges required to achieve significant andmea-
surable diffusion in a reasonable time frame.

Fluorescence spectroscopy: The diffusion of smallmolecules
within polymer systems can be measured precisely with
florescence-based techniques. Forced Rayleigh scattering
and fluorescence recovery after photobleaching are two flo-
rescence-based approaches that are especially useful for the
measurement of slow diffusion22 with diffusion coefficients
on the order of 10�19 m2/s. The decay of the photochemical
responseoffluorescentmolecules allows relaxation times that
are associated with the diffusion coefficients of “dye” mole-
cules to be determined. The sensitivity in measuring photo-
chemical processes involving molecular motion allows
diffusion to be probed at both pharmaceutically relevant
storage temperatures and elevated temperatures. However,
measurements are limited to fluorophores that can be
detected optically.

Mass spectrometry: Mass spectrometry is a highly sensi-
tive analytical technique that can identify and quantify
molecules in complex systems. Coupled with depth profiling
or desorption, molecular distributions can be determined on
a nanometer scale and used to elucidate diffusion coeffi-
cients.23,24 Disadvantages of probing molecular mobility
with mass spectrometry include the difficulty of method

development, high instrument cost, and a limited scope of
experiments requiring multiple experiments to garner in-
formation over a broad range of temperatures or conditions.

Molecular relaxation (nuclear magnetic resonance [NMR]
and dielectric spectroscopy): The roles of polymer concentra-
tion on the molecular mobility and physical stability of
nifedipine solid dispersions were recently investigated by
Suryanarayanan and coworkers25 with the use of dielectric
spectroscopy. The technique applies an alternating electrical
field to investigate the movement of dipoles. A decrease in
molecular mobility was observed with an increase in poly-
mer concentration from 2.5 to 20%. This method as well as
others based on NMR relaxation failed to identify the poly-
mer concentration needed to stabilize drugs in solid dis-
persions at room temperature and over a typical
pharmaceutical shelf-life period.25–27 This can be attributed
to the investigation of molecular mobility through material
relaxation processes. As relaxation processes get slower, and
the time scale of such experiments increases and eventually
becomes impractically long for probing diffusion in ASDs.

Dissolution: Dissolution and sorption experiments can be
conducted to assess API mobility in polymer carriers.28,29

These methods also allow both the diffusion and partition
coefficients of an API in a polymer matrix to be determined.
This is achieved by monitoring time-dependent changes in
drug solution concentrations, determined spectroscopically,
to elucidate diffusivity within a carrier. Approximate analyt-
ical solutions for drug absorption or drug release in a finite
volume allow for the practical implementation of these
methods. However, the hydration of a carrier matrix can
impact the translation of measured drug diffusion coeffi-
cients to the dry and rigid solid state of ASDs. Thehigher drug
diffusivity obtained due to polymer hydration and swelling
will result in a considerable underestimation of the stability
duration of ASDs. Additionally, hydration and swelling of
ASDs can lead to phase separation and drug crystallization
which, in turn, can impact transport processes within ASDs
and shorten the stability duration.

Rheology: Rheology can be used to connect the physical
properties of ASDs to their stability20 and processability.30

Although underutilized, it presents several advantages com-
paredwith themethods described above. By probing diffusion
in the absence of solvents, solid-state characteristics of ASDs
can be probed more accurately than dissolution-based
approaches. Method development and data acquisition are
also more straightforward than mass and florescence spec-
trometry. Additionally, probe molecules do not need to be
fluorophores or radio-labeled. Peak shifts, due to drug–poly-
mer interactions, that can hamper FTIR and Raman spectros-
copy approaches, are also avoided. DMA offers considerable
flexibility in terms of controlling humidity, temperature, and
frequency conditions. Due to the higher measurement range
than tradition rheology, DMA is better suited for the study of
ASDs (►Fig. 2). In this case, low-frequency measurements are
relevant to the stability of ASDs, whereas higher frequency
measurements provide direct insight for the HME processing.
Low-frequency oscillation data are as analogous to the low-
shear data according to the Cox–Merz rule and can be used to
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obtain the unperturbed zero-shear viscosity of ASDs. API
diffusivity can then be determined from zero-shear viscosity
and used in the current stability modeling of ASDs. A major
drawbackof the rheological approaches is that diffusivitymay
decouple from the viscosity and exhibit non-Arrhenius behav-
ior below 1.2� Tg and therefore must be accounted for by a
fractional exponent relationship with viscosity.31 In pharma-
ceutical systems, the crystal growth rate can be determined
from expressions that include this decoupling.32

DMA as a Tool for Process Development
HME has developed into a pivotal technology for the prepa-
ration of ASDs. As such, advances in process development
have a direct impact on the creation of new ASD drug
delivery systems. Melt rheology is an efficient tool30 which
provides insight into material properties that are important
for the HME-manufacturing process and can provide guid-
ance for the process design.33 Temperature and screw speed
are among the most important factors affecting both the
HME processing and final ASD products through the distrib-
utive mixing and solubilization of APIs.34

Screening of various compositions can be performed effec-
tively with the rheological study of drug: polymer physical
mixtures (PMs).30 The softening temperatures of the PMs and
viscosity at various shear rates can help guide the initial
selection of composition, temperature, and shear conditions
to carry out HME.30 The smaller rheological sample size,
comparedwithextrusion, cangreatly reduce cost andexpedite
process development. Themiscibility of components and their
suitability for further product development as ASDs can be
established by the appearance of a single glass transition
temperature upon thermal analysis, whereas a multiphase
mixture will result in multiple glass transition temperatures.
DMA is typically 10 to 100 times more sensitive to changes
occurring at Tg than DSC,35 allowing a better discrimination
between amorphous solid solutions with molecular level
dispersion and multiphase systems.30

During HME, increasing temperature reduces the melt
viscosity of polymers, thereby increasing the processability.

Typically, extrusion temperatures must be at least 10 to 20°C
higher than the glass transition temperature of the polymer
being used.36 Otherwise, the torque or load on an extruder’s
motor would be too high to rotate.37 The relationship between
temperature and melt viscosity is Arrhenius in nature.37

where, K′ is a constant, η is the viscosity, Ea is the activation
energy of the polymer flowprocess, R is the gas constant, and
T is the temperature in kelvin.

Similarly, increasing shear reduces the melt viscosity of
polymers due to their pseudoplastic shear-thinning behav-
ior. The relationship between the shear rate and melt viscos-
ity follows a power-law equation37:

where γ is the shear rate, K is an exponential function of the
temperature and polymer properties, and n is the power-law
constant.

Thus, temperature37 and shear37,38 together define the
processing window for HME. These parameters define regions
of processing conditions capable of generating the optimal
melt viscosity for HME, as shown in ►Fig. 3. It is critical to
ensure that the extrusion equipment selected to prepare the
desired ASD system can meet these requirements. Thermal
and sheardegradation further narrows the range of acceptable
extrusion conditions. The drug loading level is also an impor-
tant consideration when selecting processing conditions.
Varying the composition of anASD can cause a shift in optimal
processing conditions that have been previously identified.
APIs can act as plasticizers in polymer systems, thus greatly
reducing the input of mechanical energy needed to melt and
process ASDs by HME. The influence of temperature and drug
loading level on the zero-shear viscosity of ASDs is illustrated
in►Fig. 4. Therefore, by developing a completemappingof the
effects of temperature, shear, and drug loading level on melt
viscosity, the optimal conditions for HME can be identified.

Fig. 2 Measurement range for DMA and conventional rheometers. DMA, dynamic mechanical analysis.
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Material Characterization for ASD stability
(Diffusivity/Stability, Tg)
Although the use of ASDs has been shown to enhance the
bioavailability of poorly water-soluble compounds, their
development remains challenging. One major challenge
arises from the difficulty in predicting ASD stability in the
solid state. Earlier, we have shown the utility of DMA in
determining the appropriate HME processing conditions for
ASD preparation. Here, we will demonstrate how DMA can
further our understanding of ASD properties and address
stability questions that have remained unanswered.

The link between ASD stability and molecular mobility is
well recognized.17,25,27 However, establishing a predictive

mathematical relationship between mobility and stability
has been challenging due to the complexity of their coupling
and the lack of a fundamental understanding of key param-
eters controlling ASD crystallization in the solid state,38

particularly the failure to consider supersaturation as the
driving force for crystallization in the solid solutionmatrix of
an ASD. Existing approaches are mostly empirical39–41 or
correlative,42,43 considering parameters such as miscibility
of drug in the polymer matrix or structure relaxation within
the ASD, without much success in predicting the ASD stabil-
ity . Recently, we have shown that a comprehensive model
considering nucleation and growth processes can be used to
describe the physical stability of ASDs in the solid state
(see ►Fig. 5).44 Central to our model was the determination

Fig. 4 Effect of temperature and drug loading level on the zero-shear
viscosity of ASDs, determined by DMA (NAP:PVAc). ASDs were
prepared with various compositions and subjected to temperature
sweeps to generate the fitted surface plot of the data. The average of
duplicate data was fitted. The Cross model was used for the zero-shear
viscosity approximation from frequency data. ASD, amorphous solid
dispersion; DMA, dynamic mechanical analysis.

Fig. 5 Effect of temperature on the physical stability of KET:PVAc ASD
systems with 30 wt% drug loading. Experimental data points are
shown with lines representing trends predicted from model simula-
tions. ASD, amorphous solid dispersion.

Fig. 3 Processing window to achieve the optimal melt viscosity for hot melt extrusion process as defined by temperature and shear [Adapted
with permission from TA Instruments38].
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of API diffusivity. Thiswas donebyexploring the relationship
between viscosity and drug diffusivity. The activation energy
for the diffusion process can then be determined from the
temperature dependence of APImobility.►Fig. 6 and►Fig. 7

show the activation energies of diffusion measured for some
of the model ASD systems.

At small undercoolings, the temperature dependence of
molecular transport has been effectively correlated with the
inverse of shear viscosity η�1. However, the proportionality
breaks down at a temperature near Tg and as undercooling
increases (►Fig. 8).32 This phenomenon is of critical impor-
tance in glassy ASDs which are typically stored well below
their Tg. A mass spec methodology was developed by Ediger
and coworkers to probe diffusion in these supercooled liquids
and glasses.24 With this method, they quantified the weaker
temperature dependence for self-diffusion than that of viscos-
ity, asη�0.8, at lower temperatures in supercooledo-terphenyl.
Subsequent work showed that the weaker temperature de-
pendence could be predicted precisely by a fragility-depen-
dent decoupling coefficient (Eq. 3), and the process of crystal
growth tobesimilar to thatgoverning self-diffusion.32Fragility
is a key measure of glass-forming ability, which has been
characterized for most APIs.45 It describes the tendency for
APIs to undergo devitrification and correlates with physical
stability of its amorphous form. The decoupling coefficient

reflects a change in the underlying mechanism of motion in
supercooled liquids and glasses. Spatial heterogeneity allows
some molecules to find unhindered paths through materials
allowing them to translate faster than normal.31 This leads to a
microviscosity effect where the diffusion decouples from the
viscosity (ξ< 1) and reflects thefact that theviscosityarounda
small molecule is rather different from that of the bulk due to
the size effects.46 Viscosity decoupling and effective radius
corrections (R< Rg)47 are methods that each addresses this
discrepancy. In our work, we have used the more widely
applied decoupling approach. Fractional equations can there-
fore be used to describe crystal growth and diffusion in
supercooled liquids andglasses. Expressions for crystalgrowth
(Eq. 4)32 and self-diffusion (Eq. 5)48–50 have been validated
with various experimental measurements at both elevated
temperatures and near Tg. In ►Fig. 9, crystal growth rates,
calculated from Eq. 4 over a range of temperatures, are
compared for KET and IND ASDs in PVAc. It is therefore clear
that DMAcanbeused to relate thebulk viscosityofASDs to the
stability-determining mobility of APIs within them.

Fragility-dependent decoupling:

where m is fragility and e the decoupling coefficient.

Fig. 6 Activation energy for API diffusion in HPMC at a 10 wt% drug
loading level, above and below Tg. Error bars indicate standard
deviations resulting from duplicate DMA measurements of viscosity.
DMA, dynamic mechanical analysis.

Fig. 7 Activation energy for IND diffusion in PVAc and HPMC, below
Tg. Error bars indicate standard deviations resulting from duplicate
DMA measurements of viscosity. DMA, dynamic mechanical analysis.

Fig. 8 Schematic representation of the decoupling between diffusion
and viscosity near Tg. Below 1.2� Tg, spatial heterogeneous dynamics
enhance diffusion relative to the expected observations based on
viscosity.

Fig. 9 Initial 2D surface-nucleated crystal growth rates (rt
0) for KET

and IND in PVAc ASDs at a drug loading level of 40 wt% at various
temperatures determined with Eq. 4. ASD, amorphous solid
dispersion.
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2D surface-nucleated crystal growth rate:

where C is a constant,w reflects the growthmode, and ΔGv is
the free energy change for crystallization, T is temperature,
and kb is Boltzmann constant.

Fractional Stokes–Einstein diffusion equation:

where D is diffusivity and R is particle radius.

As established above, viscosity is central to developing the
link between crystallization tendencies andmolecular mobili-
ty. DMA allows the complex viscosity of ASDs to be measured
across awiderangeof temperatures to furtherour understand-
ing on the effect of crystal growth rate on ASD stability. The
response of polymer systems in such ASDs is viscoelastic,
partially storing and dissipating energy upon shear. Complex
viscosityaccounts for theseviscous and elastic contributions to
the viscosity of the ASDs allowing a comprehensive relation-
ship to be drawn between the microscopic motion of particles
and themacroscopic viscoelastic response of a system.51 In the
case of self-diffusion, this takes the form of the generalized
Stokes–Einstein equation. In the case of a purely viscous fluid,
the classical Stokes–Einstein equation would be recovered.

Generalized Stokes–Einstein diffusion equation:

where G�(w) is the complex shear modulus and D� is the
diffusion coefficient.

Additionally, DMA is a useful tool for probing Tg. Utilizing
Tg, on its own, is not a comprehensive approach for describ-
ing the physical stability of ASDs. However, identifying the

temperature associated with transition from fluid to glassy
dynamics is useful for identifying the temperatures at which
the mobility in pharmaceutical glasses is strongly hindered
thereby allowing the screening of drug–polymer combina-
tions for their development potential. DMA is capable of
characterizing this transition with exceptional precision.30

Cox–Merz Rule and Cross Model
Low-frequency data can be used as an analog for the low shear
data according to the Cox–Merz rule for obtaining the unper-
turbed zero-shear viscosity for stability modelling. The Cox–
Merz rule is an empirical observation specifying that the
steady-state zero-shear viscosity can be approximated from
the analogous relationship between shear viscosity and oscil-
latory complex viscosity.19 These aspects of the Cox–Merz rule
are illustrated in ►Fig. 3, allowing DMA response curves to
bound the processing conditions for ASDs and define their
molecular mobility limiting zero-shear viscosity in the solid
state. The Cross model can be used to fit the frequency sweep
data (►Fig. 10) to determine zero-shear viscosity. The model
of Eq. 7, commonly employed in rheology, describes the shear-
thinning behavior of polymer systems enabling the determi-
nation of characteristic material properties.18

Cross model:

where η0 is the zero-shear viscosity, η1 is the infinite shear
viscosity, m is the Cross rate constant, and C is the Cross time
constant.

Conclusion

DMA is an established characterization tool that can be
applied more broadly in the development of ASD systems.

Fig. 10 Characteristic shear-thinning behavior of ASDs for oscillations between 100 and 0.05 Hz, demonstrated with NAP:HPMC ASDs (30 wt% drug
loading) fitted with the Cross model. Viscosity is seen to decrease significantly with increasing temperature. ASD, amorphous solid dispersion.
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Characterization with DMA offers insights that are essential
for both process development and stability modelling. As
HME continues to emerge as a preeminent method of
producing ASDs for the solubility enhancement of poorly
soluble drugs, DMA can support the optimization of
processing conditions. Stability modelling is also greatly
facilitated by the broad range of thermomechanical insights
provided by the DMA data that are relevant to phase changes
occurring in ASD systems over time. Therefore, by relating
critical properties of ASDs tomanufacturing and formulation
stability outcomes, the adoption and utilization of ASDs can
be facilitated to enhance the delivery of poorly soluble drugs
to better meet the needs of patients.
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