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ABSTRACT
Purpose To develop novel analytical approaches for identifying
both miscibility and phase separation in hot-melt extruded
formulations.
Methods Felodipine-Eudragit® E PO solid dispersions were
prepared using hot-melt extrusion. The fresh and aged
formulations were characterised using scanning electron
microscopy, differential scanning calorimetry, heat capacity
(Cp) measurements using modulated temperature DSC and
nuclear magnetic resonance relaxometry.
Results The solubility of the drug in polymer was predicted as
being ≤10% w/w using a novel model proposed in this study.
Freshly prepared HME formulations were found to show no
evidence for phase separation despite drug loadings greatly in
excess of this figure. Conventional DSC showed limitations in
directly detecting phase separation. However, a novel use of
Cp measurements indicated that extensive phase separation
into crystalline domains was present in all aged samples, a
conclusion supported by SEM studies. The NMR relaxometry
study confirmed the existence of phase separation in all aged
formulations and also allowed the estimation of separated
domains sizes in different formulations.
Conclusions This study has presented a series of novel
approaches for the identification, quantification and prediction

of phase separation in HME formulations. Supersaturation of
drug in the polymer caused the phase separation of the aged
felodipine-Eudragit® E PO formulations.
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phase separation . supersaturation

INTRODUCTION

Hot-melt extrusion (HME) has attracted increasing atten-
tion as a novel method for preparing solid dispersion
formulations for poorly water-soluble drugs (1–6). More
specifically, a significant improvement in the dissolution
rate of drugs may be elicited by the formation of a solid
dispersion via the hot-melt extrusion process, thereby
potentially eliciting an improvement in bioavailability for
BCS class II and IV drugs (2,7,8). While the solid
dispersions may manifest as a range of binary systems, the
formation of a solid solution of the drug within the polymer
is generally regarded as being desirable mainly for reason of
in vitro drug release performance (6,9–13). In the case of
HME, the processing involves dispersion and fusion under
mechanical stress. As it is well recognized that for many
materials the solubility of a solute increases with tempera-
ture, it follows that for systems in which drug and the
matrix material have a certain degree of miscibility, the
melt extrusion process may promote the formation of
supersaturated solid solution of the API. This could
potentially lead to drug recrystallisation or separation from
the HME formulation during storage. In the case of an
immiscible drug and matrix polymer, if the processing
temperature is above the melting temperature of the active
ingredient, then solid dispersions of amorphous drug
domains embedded in the polymer may be formed after
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extrusion. Additionally, HME is a high stress process for the
carrier material and the drug; as most of the matrix
materials used are polymers and lipids, degradation of the
polymer/lipid during the hot-melt extrusion process may
occur (14,15). Therefore, accurate assessment of the
physical and chemical stability of the hot-melt extruded
formulations is essential.

As a consequence of the above, the development of re-
liable characterisation methods to provide accurate under-
standing of the physical state of the drug within the polymer
is now a universally accepted need, particularly as this
information can potentially be used to predict the physical
stability of the HME formulations. The current routine
solid-state characterisation methods of HME formulations
include powder X-ray diffraction (PXRD), differential
scanning calorimetry (DSC), and IR spectroscopy (1,3–
5,16). These conventional analytical techniques can provide
information on the overall average characteristics of the
formulation but provide little or no spatially resolved
information. A further disadvantage of some conventional
methods, such as PXRD, is that the technique requires the
original physical form of the hot-melt extruded product to
be altered from, typically, cylinder-shaped extrudates to
powders; the additional pulverisation process may alter the
physical form of the drug or polymer. Conventional DSC
also exhibits limitations in the characterisation of solid
dispersion systems due to the dissolution of the drug in the
molten matrix material below its melting point, causing
diminution or disappearance of the melting peak which may
be mistakenly considered to indicate solid solubility (17).

Typically, phase separation can manifest as the drug
existing as crystalline or amorphous domains within the
polymer. On a macroscopic scale, the distribution of the
drug in the solid dispersion may be uniform but may also
be uneven. For example, in systems containing amorphous
drugs, the dispersions could contain spatially separated
drug-rich and polymer-rich domains, indicating the pres-
ence of gradient of drug concentration in different regions
of the dispersion (18). If the matrix material and the model
drug have different melting points and are essentially
immiscible, then solid dispersions containing crystalline
drug domains are relatively easy to identify using standard
DSC analysis, as the dissolution effect mentioned above will
not be apparent. In cases where the crystalline drug
dissolves in the molten matrix material during heating, we
suggest that fast DSC (referring to systems whereby a rapid
heating rate is used) may be more beneficial, since the high
heating rate can reduce the time available for the kinetically
hindered dissolution process.

Solid dispersions containing separated amorphous drug
domains can potentially be characterised using DSC or,
perhaps more usefully, MTDSC measurements if the
polymer and the amorphous drug have different Tg values.

However, if the Tg of the polymer and the amorphous drug
are relatively similar, as may well be the case in practice, it
is challenging to identify the two transitions belonging to
the different components in the formulations. It may there-
fore be reasonably argued that the most problematic solid
dispersions to characterise are those with similar Tg values
and/or a significant degree of miscibility between the drug
and matrix material. Unfortunately, our experience thus far
indicates that the majority of HME systems have one or
both of these characteristics, particularly given that solid
solubility is often desirable from a performance viewpoint.

In this study, we examine one such system in order to
develop novel characterisation methods for a suitably
‘difficult’ HME dispersion. More specifically, we describe
the combined use of conventional and fast DSC, heat
capacity measurements by modulated temperature DSC
(MTDSC), scanning electron microscopy (SEM) and solid
state proton nuclear magnetic resonance (NMR) relaxom-
etry to identify the physical state of the drug in the HME
formulations while also minimising sample preparation,
thereby negating artefact generation via further processing.
The polymer matrix used was Eudragit® E PO, which is a
methacrylate copolymer, and the poorly water-soluble
model drug was felodipine, a calcium channel blocker.
Felodipine and Eudragit® E PO have almost identical glass
transition temperatures of approximately 45°C. Formula-
tions with different polymer:drug ratios were investigated
using SEM and a range of thermal methods to identify and
quantify phase separation, while we report the use of NMR
relaxometry as a means of not only identifying phase
separation but also assessing domain size by measuring the
spin-lattice relaxation in the laboratory (T1) and rotating
(T1r) frames (19–21). In this way we intend to not only
identify phase separation but also to provide novel means of
quantifying and characterising the distribution of the
separated domains.

MATERIALS AND METHODS

Materials and Hot Melt Extrusion

Crystalline felodipine (mp: 145°C) and the amorphous
polymer Eudragit® E PO were supplied from Zhejiang
Yiyuan, China and Evonik Röhm GmbH&Co.KG, Darm-
stadt, Germany, respectively. The amorphous felodipine
was prepared by melt-cooling crystalline felodipine in a
DSC pan. Hot-melt extrusion was carried out using a co-
rotating twin screw Haake Minilab extruder (Thermo
Fisher, Karlsruhe, Germany) with a 2 mm orifice die. For
the samples containing Eudragit® E PO and felodipine the
temperature was set at 160°C and the screw speed at
100 rpm, and the mixture was manually fed into the extruder.

1870 Qi et al.



The samples were pressed through a single orifice die,
collected on a cooled conveyer belt as strands. The torque
was as follows: for 10% (w/w) felodipine 23 Ncm, for 20%
(w/w) felodipine 26 Ncm, for 30% (w/w) felodipine 24 Ncm,
for 50% (w/w) 22 Ncm and for 70% (w/w) felodipine
20 Ncm. The fresh samples were tested using MTDSC within
10 min after the extrusion process to check for the presence of
any crystalline drug. SEM andNMR relaxometry have longer
sample preparation time compared to DSC; hence, there was
a risk of crystallisation occurring during sample preparation.
The fresh samples were therefore not tested using SEM and
NMR relaxometry. The aged samples were characterised
after 2 months storage at 20°C/40%RH.

Thermogravimetric Analysis (TGA)

TGA analysis was used in this study to estimate the
moisture content in the hot-melt extruded formulations.
TGA 2900 (TA instrument, Newcastle, USA) was used to
perform all measurements. The samples were tested at
10°C/min from 25 to 280°C. The moisture contents of the
HME formulations varied between 0.12% and 0.3% w/w.

Standard and Fast Differential Scanning
Calorimetry (DSC)

The standard and fast DSC experiments were carried out
using Q-1000 MDSC (TA Instrument, Newcastle, USA) at
a heating rate of 10 and 100°C/min from −20 to 160°C,
respectively. Indium and n-octadecane were used as the
calibration standards for the cell constant and temperature
calibrations. The onset temperatures of the melting of the
calibrants were within 0.5°C of the expected values. A
nitrogen purge at a flow rate of 50 ml/min was used. TA
standard crimped pans were used for all measurements.

Modulated Temperature Differential Scanning
Calorimetry (MTDSC)

MTDSC measurements were performed using a Q-1000
MDSC (TA Instruments, Newcastle, USA). The instrument
was calibrated using a series of standards prior to measure-
ments. Pre-dried aluminium oxide was used for heat
capacity calibration. The modulation parameters used were
±0.318°C/60 sec at 2°C/min underlying heating rate. TA
standard crimped pans were used for all measurements.
Due to the cylindrical shape of the hot-melt extruded
samples, it’s often difficult to achieve good thermal contact
between the sample and pan. In order to establish the
degree of the effect that sample shape had on the accuracy
of the measurements, the hot-melt extruded samples were
tested within the glass transition region (−10°C and 90°C)
repeatedly (heating-cooling-reheating).

All the hot-melt extruded samples were then heated,
cooled and reheated between −10 and 160°C. The changes
in the reversing heat capacity values in the Tg region during
the heating and cooling cycles were analysed and used as an
indicator of potential phase separation, as discussed in the
subsequent section.

Scanning Electron Microscopy (SEM)

The surface and cross-section morphological features of the
aged extrudates with different drug loadings were observed
using SEM. Samples were sputter-coated with Au/Pd and
examined using a Phillips XL20 SEM (Phillips Electron
Optics, Netherlands).

Solid-State NMR Relaxometry

All NMR data were collected on a Bruker NMR spec-
trometer operating at 300MHz for 1H using a 4 mm double-
resonance MAS probe. T1 measurements were made by
using the saturation recovery pulse sequence. A series of 256
exponentially spaced recovery times, after the initial saturat-
ing train of pulses, were used to optimise the data acqui-
sition. Saturation recovery curves for each free induction
decay (FID) were extracted from the 1H NMR FID by taking
the intensity of the first data point in the FID. Data analysis
was carried out by non-linear least-squares fitting using the
Levenburg-Marquardt algorithm and by grid-search meth-
ods. Typical 90° pulse lengths were 4 microseconds, and for
T1r measurements the spin locking field was 78 kHz

RESULTS

The experimental work described below falls into three
groupings. First, we characterise the raw materials, physical
mixes and heat-cooled solid dispersions in terms of
miscibility. Second, we characterise fresh and aged HME
formulations using microscopic and thermal methods.
Finally, we study the aged HME systems using NMR
relaxometry. In the subsequent discussion section, we de-
scribe how the information from miscibility studies may be
related to the structure and stability of the HME systems.

Thermal Characterisation of Raw Materials, Physical
Mixtures and Heat-Cooled Solid Dispersions
of Felodipine and Eudragit® E PO

Modulated Temperature and Conventional DSC of Raw
Materials and Physical Mixes

Fig. 1 shows the reversing heat capacity (Cp) signals of the
Tg region of amorphous felodipine and Eudragit® E PO
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alone obtained using MTDSC. It is can be seen that both
materials have extremely similar Tg values (midpoint values
are 43.8°C and 46.3°C for the drug and polymer,
respectively). The corresponding heat capacity changes
through the transition were measured as 0.479 J/g°C and
0.455 J/g°C (drug and polymer).

Physical mixtures of felodipine and Eudragit® E PO
were then studied for two principal reasons. First, the
melting enthalpy values of the crystalline felodipine in the
physical mixtures were measured and used to produce a
calibration curve to calculate the percentage drug crystal-
linity in the hot-melt extruded formulations. Second, we use
this data to suggest a novel mathematical model whereby
we are able to interpret the concentration dependence of
the response in terms of the drug-polymer miscibility.

As shown in Fig. 2a, no significant depression of the
melting temperature of felodipine can be seen on heating
the physical mixes. Melting point depression has been used
as an indication of miscibility of polymer-polymer and
polymer-drug systems and to calculate the interaction
parameter of the mixed systems (22–24). Although it is
known that the melting point depression is heating-rate
dependent (22,24), the absence of depression of the melting
point of felodipine at 10°C/min may indicate low mis-
cibility of the drug and the polymer. It also can be seen
that, as expected, the ΔCp at the polymer Tg decreases on
lowering the percentage of polymer in the mix as the
crystalline drug does not contribute to the Cp change prior
to its melting transition.

The enthalpy values of the endothermic peaks of the
physical mixes were then calculated and plotted against the
weight fraction of felodipine in each mixture (Fig. 2b) in
order to gain insight into the solubility of felodipine in

Eudragit® E PO during melting. The x-intercept of the
curve has been previously interpreted as representing the
solubility of the API in the polymer at a specific heating
rate (25,26). However, we wish to reconsider the signifi-
cance of the curve intercept as follows. The enthalpy value
of the endothermic peak may be considered to represent
the energy involved in the drug dissolution in the softened
(>Tg) polymer in combination with the melting of the
crystalline drug; one may consider both processes to occur
to some extent simultaneously, or, alternatively, depending
on loading, one or the other may predominate. For high
drug concentration systems (50%, 70% and 90% w/w), the
polymer is no longer in great excess, and some polymer
may start to dissolve in the molten drug instead of vice versa,
hence adding a third possible process that may occur
during the endothermic event.

It is convenient to assume that on melting initially a two
phase system is formed with a polymer-rich phase (Phase 1:
drug dissolved in polymer) and a drug-rich phase (Phase 2:
polymer dissolved in molten drug). In practice, the amounts
of one substance dissolved in another may be very small but
will be finite and will, for the time being, be considered as
significant to the model.

The solubility (expressed as mass ratio) of the drug in the
polymer (KD) is defined by

KD ¼ MD1=MP1 ð1Þ
where MD1 is the mass of the drug dissolved in Phase 1 and
MP1 is the mass of the polymer in Phase 1. Similarly, the
solubility of the polymer in the molten drug (KP) can be
expressed by

KP ¼ MP2=MD2 ð2Þ

Fig. 1 MTDSC reversing Cp

signals of pure Eudragit® E PO
and amorphous felodipine.
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Fig. 2 a Conventional DSC
(heating at 10°C/min) responses
of physical mixtures of Eudragit®
E PO and felodipine with insert
view of Tg region. b Calibration
plot of the percentage (w/w %) of
crystalline felodipine against the
enthalpy values of the endother-
mic transitions of the physical
mixtures of Eudragit® E PO and
felodipine (error bars represent
the range for n=3 measure-
ments). c Illustration of enthalpy-
drug concetration plot for the
physical mixes with full range of
drug/polymer ratios.
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where MD2 is the mass of the drug dissolved in Phase 2 and
MP2 is the mass of the polymer dissolved in Phase 2. The
mass balance is given by MD = MD1+ MD2 and MP = MP1+

MP2, where the total mass is MD + MP. If in Phase 1 the
enthalpy of dissolution of the drug in the polymer is HD,
and in Phase 2 the enthalpy of dissolution of the polymer in
the molten drug is HP, using Eqs. 1 and 2 we can write:

Ht ¼ Hf MD þ KDMP1HD þ KPMD2HP ð3Þ
where Ht is the total amount of heat change of the
endothermic peak and Hf is the heat of fusion of the drug.
Since no melting point depression was observed, it is
reasonable to predict that the drug and polymer have low
miscibility. If the solubility of the drug in the polymer (KD)
and the solubility of the polymer in the molten drug (KP) are
small, then we may approximate MP1 = MP and MD2 =

MD. If the weight fraction of drug and polymer in the whole
mixture are given by XD and XP, and the approximation
above stands, then

Ht= MD þMPð Þ ¼ Hf XD þ KDHD 1� XDð Þ þ KPHPXD

¼ XD Hf � KDHD þ KPHP

� �þ KDHD

ð4Þ
This gives a linear expression of heat of fusion against

composition, with the y-intercept predicted as KDHD. It
should be noted that the heat of dissolution of the drug in
the polymer HD may be reasonably expected to be
exothermic due to bond formation between the polymer
and drug (27). This in turn will lead to the observed finite
value of concentration at zero enthalpy (the x-axis
intercept); our argument is that rather than indicating the
value of drug solubility in the polymer, this is in fact a
composite value that represents both the solubility and the
heat of dissolution. It is not possible at this stage to
deconvolute these two parameters, but it is nevertheless
helpful to have a theoretical basis for interpreting the x-axis
intercept.

Two further, more extreme situations may be consid-
ered. If the drug loading is considerably lower than the
solubility of the drug in the polymer, i.e. only Phase 1 is
present, then the Eq. 4 can be modified by incorporating
Eqs. 1 and 3 as

Ht= MD þMPð Þ ¼ XD Hf þ HD

� � ð5Þ
In Eq. 5, it is clear that the linear relation crosses the

origin with a zero value of the x-intercept. At the other
extreme of high drug loading systems, if the amount of
polymer is lower than the solubility of the polymer in the
molten drug, i.e. only Phase 2 present, then Eq. 4 can be
modified by incorporating Eqs. 2 and 3 such that

Ht= MD þMPð Þ ¼ XD Hf � HP

� �þ HP ð6Þ

Ideally, if the physical mixture with all drug concen-
trations is examined and the enthalpy values are plotted,
one should expect to see three regions of behaviour as
demonstrated in Fig. 2c. These include a low drug
concentration region where the drug loading is lower than
the drug solubility in the polymer presented by Eq. 5, an
intermediate drug concentration region which obeys Eq. 4,
and a high drug concentration region where the drug
loading is higher than the polymer solubility in the molten
drug expressed by Eq. 6. At low drug concentration a linear
region exists where the slope is (Hf + HD) with a zero
intercept. Thus theoretically we could extract HD using the
slope of the low concentration linear relation since Hf is
experimentally measurable. Then the HD value is substitut-
ed into Eq. 4 (modified form for the presence of Phase 1
only) to calculate KD. Similarly at very high concentrations
of drug we could find HP using the slope or x-intercept and
in principle extract KP. However, the heat change at each
extreme can be very low so the accurate measurement
experimentally can be very difficult to achieve. The drug
solubility in the polymer is at the concentration where the
straight lines of the low and intermediate drug concentra-
tion regions join (point PA). In the case reported here, no
indication of a break in the line is observed suggesting that
the concentration range studied is within the intermediate
region presented in Fig. 2c. The lowest felodipine concen-
tration used in the linear correlation is 10%, therefore it is
reasonable to predict that the solubility of felodipine in
Eudragit® E PO is around 10% when tested using 10°C/min
heating rate. Since this method estimates the drug solubility in
polymer at the melting temperature of the drug, the true drug
solubility in polymer at storage temperature (higly associated
with the physical stability of the formulation) is likely to be lower
than the estimated value. The significance of this prediction will
be discussed later.

Modulated Temperature DSC (MTDSC)
of Heat-Cooled Systems

MTDSC was used to study the thermal events associated
with the cooling and re-melting processes of the physical
mixtures. The principle of MTDSC is that a perturbation
(typically, but by no means exclusively, a sine wave) is
superimposed on the underlying heating signal such that
the response may be considered in terms of both the re-
sponse to the sine wave and the underlying signal, thereby
adding a further source of data compared to conventional
DSC. The total heat flow may be described by

dQ =dt ¼ Cp:dT =dt þ f t;Tð Þ ð7Þ

where Q is the heat evolved, Cp is the heat capacity (the
energy stored in molecular motions available to the sample)
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and f(t,T) is a function of time and temperature that
governs the kinetically hindered response associated with
physical or chemical changes (28). Deconvolution of the
response is usually performed by a simple analysis whereby
the heat capacity is calculated via

Cp ¼ KCP AMHF=AMHR
� � ð8Þ

where Kcp is a heat capacity calibration constant, AMHF is
the amplitude of the modulated heat flow and AMHR is the
amplitude of the modulated heating rate; this then gives
the first term on the right side of Eq. 7, which is known as
the reversing heat flow signal as it refers to energy that is
entirely dependent on the sample temperature. By sub-
tracting the calculated heat capacity from the underlying
heat flow, it is possible to obtain f(t,T), which yields the
non-reversing heat flow, reflecting kinetically hindered
events such as crystallisation. It is also possible to perform
a more sophisticated deconvolution whereby the phase
angle (θ) between the heat flow response and the modulated
heating rate is taken into account (hence bearing a greater
resemblance to the deconvolution of dielectric or oscillatory
data); in this case the heat capacity is considered to be a
complex number whereby

C
0
p ¼ C

»

p cos q ð9Þ
and

C
0 0
p ¼ C

»

p sin q ð10Þ

The real component (C
0
p) arises from reversing processes

and is in phase with the modulation, while the imaginary
component (C

0 0
p ) reflects kinetic processes and is out of phase

with the modulation. In a practical sense, the values of the
phase lag tend to be small except through melting
processes, and hence C

0
p and C

»
p tend to be very similar;

hence, in most applications the simple deconvolution
process is satisfactory (28).

Solid dispersions of felodipine and Eudragit® E PO
were prepared by a fusion method whereby physical
mixtures of felodipine and Eudragit® E PO were heated
to 160°C, then cooled at 10°C/min. Fig. 3 shows the
reversing Cp signals of cooling (160–0°C) and reheating (0–
160°C) of the physical mixtures after the first melting seen
in Fig. 2a. There are no exothermic/endothermic tran-
sitions observed during cooling-reheating in all samples,
indicating the absence of crystalline drug within the
systems. It is interesting to note that the freshly prepared
hot-melt extruded samples with drug loading from 10% to
50% showed the same thermal behaviour except 70% drug
loading, which showed a melting transition at 129°C.

The measured Tg values (taken at the midpoint of the
transition) were also very similar for all solid dispersions
formed from the physical mixes. Given the similarity of the
Tg values of the raw materials, it is difficult to ascertain for
certain whether the system is phase separated or otherwise,
although the symmetry of the transition and the absence of
any indication of two glass transitions would suggest
miscibility. Similarly, since the Cp values of the amorphous
drug and polymer are very close, it is difficult to assess
miscibility by looking at the relationship between Cp and
composition. Since the solid solubility of felodipine in
Eudragit® E PO has been predicted as being around or
below 10% w/w, it is reasonable to suggest that the
physical mixture with 10% felodipine may form a one-

Fig. 3 MTDSC reversing Cp

signals of the solid dispersions of
Eudragit® E PO and felodipine
prepared by fusion of the polymer
and the crystalline drug during
cooling and reheating.

Characterisation and Prediction of Phase Separation in Hot-Melt Extruded Solid Dispersions 1875



phase system. For the systems with drug loading above
10%, the cooling-reheating reversing signals of each
individual system are effectively superimposible with the
absence of exothermic/endothermic transitions, indicating
two possibilities: either the formations of a two-phase system
with separate amorphous domains or else a supersaturated
one-phase system. In either case, the systems are expected
to show physical instability over storage.

It is noted that despite a theoretical solubility of ≤10%
w/w felodipine within the polymer, no crystalline drug is
found in the solid dispersions with drug loading up to 90%
w/w prepared by fusion, while drug crystallisation is
evidenced in the fresh HME systems with drug loading
above 50% w/w. This deviation between the solid
dispersions prepared by fusion and HME is possibly a
result of the different physical stresses of the samples
experienced during preparation. In the hot-melt extruder,
the samples went through multiple physical stresses, such as
high sheer, high pressure and high temperature; whereas
the samples prepared by fusion only experienced the
temperature stress. Although the mechanism of how the
physical stresses during hot-melt extrusion can influence
the solidification behaviour of the post-extrusion sample is
not entirely clear, similar phenomena have been observed
in other solid dispersion systems prepared by other
manufacturing processes, such as spray drying and film
casting. This will be further explored in a future study.

Thermal and Microscopic Analysis of Aged
HME Systems

SEM Analysis of Aged HME Formulations

In this section, the structure and miscibility of the drug
within the HME systems stored for 2 months were
examined. In the first instance, SEM was used to ascertain
whether there was any evidence for phase separation in the
extrudates. A recent study has shown the uneven spatial
distribution of crystalline drugs in HME cylinder-shaped
extrudates (18). The cause of the uneven distribution of
drug crystals is likely to be associated with the expansion
process of the sample immediately after extrusion. The
expansion process may further generate a drug concentra-
tion gradient across the extrudate which may have impact
on the crystallisation behaviour of the drug during aging.
Both the surfaces and cross-sections of the HME systems
were analysed. As seen in Fig. 4, the surface and cross-
section of the aged HME extrudate with 10% drug loading
were smooth with no visible drug crystals. In the case of the
aged extrudates with 20% drug loading, the surface of the
cylinder was uniform with no drug crystals observed;
however, a few small granules scattered on the cross-section
of the 20% system were visible. The SEM images of the
surface of the aged HME extrudates with 30% drug
loading showed the presence of a significant amount of

Fig. 4 SEM images of the cross-sections and surfaces of the aged HME formulations with different drug loadings.
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granules with dimensions of approximately 1 micron; more
granules were seen on the cross-section than on the surface
of these extrudates (Fig. 4). The surface and the cross-
section images of the aged HME extrudates with 50% and
70% drug loading all similarly showed the appearance of
the granules, with the density of the white granules
increasing with increased drug loading. As seen in the
SEM image of the surface of the 70% system (Fig. 4), the
granules were between 1–3 micron in diameter with
defined edges.

There is therefore compelling evidence for the presence
of phase separation within the aged HME formulations. We
note that while there has been considerable attention
extended to the detection of small amounts of amorphous
material in otherwise crystalline materials, the same is not
true in reverse. On that basis, we explore the quantification
of small quantities of crystalline material using a novel
thermal approach in the subsequent sections.

Conventional and Fast DSC Studies of Aged HME Formulations

Fig. 5 shows the conventional DSC results of the aged
HME formulations studied at a heating rate of 10°C/min.
It can be seen that all five formulations have a clear single
glass transition. The aged HME formulation with 10%
drug loading shows a marked relaxation endotherm at the
glass transition which is a result of the presence of a large
proportion of the polymer since the polymer alone showed
a strong relaxation peak at Tg (data not shown). The aged
formulation with 70% drug loading showed a melting
transition at a temperature of 136.7°C, which corresponds
to the melting temperature of felodipine polymorphic form

II reported previously (29–32), whereby it has been
suggested that glassy felodipine is likely to recrystallise into
different pseudo and metastable polymorphic forms includ-
ing form II. However, one could also argue that this lower
melting point could reflect melting point depression of the
drug by the polymer as it is well known that the melting
point of the API can be depressed in solid dispersion
formulations due to the miscibility between polymer and
drug (22,23,33). We believe that this is unlikely to be the
case here as no melting point depression was observed in
the physical mixes of the drug. Fast DSC was also used to
examine all aged samples, since the high scanning rate may
reduce the dissolution effect of crystalline material in the
polymer during heating. However, the fast DSC results for
all aged HME formulations were identical to the conven-
tional DSC results (data not shown). This indicates that
either there is no crystalline in the 10–50% drug-loaded
formulations or the heating rate applied in this study is not
effective enough to overcome the dissolution of the
crystalline drug in the glassy polymer.

Modulated Temperature DSC Studies of Aged
HME Formulations

The above data support the SEM studies in suggesting that
there is crystalline material present in the aged HME
formulations, at least in the 70% w/w systems. The
observation that no clear melting was observed in the lower
drug content systems leads to three possible explanations.
First, the formulations with drug loadings from 10–50%
could be one-phase systems (solid solutions). Second, the
formulations may have phase separated into two amorphous

Fig. 5 Conventional DSC
(heating at 10°C/min) responses
of the aged HME formulations.
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materials, this typically being considered to be the stage
before drug recrystallisation. However, as discussed previ-
ously, in this case it is difficult to confirm the phase
separation using Tg measurements. Finally, the formula-
tions are phase separated with crystalline drug. However,
due to their low quantity and small size, the crystals of the
drug dissolved into the glassy polymer prior to melting and
hence are not detected.

Given the SEM and DSC evidence for the presence of
crystallites, along with the paucity of techniques available
for the detection of small quantities of crystalline material,
we explore the third explanation in more detail. We suggest
that, although no clear melting can be seen for the aged
10–50% w/w samples, if crystallites are present, the
reversing Cp signal should still show changes after first
melting, since crystalline material can contribute to a lower
total Cp compared to their pure amorphous phase at
temperatures above Tg. This is because the increase in heat
capacity of an amorphous material going through its Tg is
caused by the changes in molecular vibration and config-
urational entropy. More specifically, at temperatures below
Tg, the Cp is close to that of the crystalline form, but on
heating through Tg, intermolecular potential energy that
depends on the relative orientation of the molecules and the
segments within the molecule contributes to the Cp (34).
Therefore, the Cp value of an amorphous material is
significantly higher than its crystalline form at temperatures
above Tg. It follows that by heating to 160°C the drug
crystals will melt and dissolve in the polymer, thereby
contributing to an increase in Cp which will be seen on
cooling. The difference in Cp between the first heating and
cooling cycles is therefore a direct reflection of the presence
of crystallites within the sample and could, we suggest,
provide a novel means of quantifying such material. We
propose a model below to address this issue. However, in
order to develop this approach it is essential to be able to
make accurate Cp measurements, and this in turn neces-
sitates careful consideration of the sample presentation to
the DSC; this is considered below.

As discussed in the Methods section, due to the unique
cylindrical shape of the HME extrudates, good thermal
contact between the sample and pan may be difficult to
achieve; this may lead to poor data acquisition and
unreliable Cp estimation. Therefore, it is important to first
establish the reliability of the direct measurements on the
HME strands using MTDSC. This can be achieved by
assessing the Tg region (0–90°C) repeatedly using heating-
cooling cycles and measuring the variation of the Tg and
ΔCp value during the cycles. The lack of significant changes
in the values of the two parameters can be a good indicator
of satisfactory thermal contact between the sample and the
DSC pan, as heating beyond Tg is expected to facilitate
sample flow which may potentially alter the measurements

if contact was initially poor. As seen in Fig. 6, the Tg and
ΔCp values of the heating-cooling cycles are superimpose-
able. This indicates that the shape of extrudates does not
significantly affect the accuracy of the measurements.

The aged HME extrudates were then tested using the
same heating-cooling cycles (0–160°C) applied to the solid
dispersions prepared by fusion. All formulations showed
significant increases in the reversing Cp value in the cooling
and the second heating compared to the first heating, while
no clear melting of crystalline form felodipine was observed
during the first heating except the aged 70% drug-loaded
system; the dashed areas are the differences between the
first heating and cooling (Fig. 7). The reversing Cp signal of
the cooling process almost superimpose with the reheating
signal, indicating that the changes are irreversible. As
mentioned previously, since the Cp of the amorphous
felodipine and Eudragit® E PO is very similar, one should
expect no changes during heat-cool if the formulations are
one-phase or phase separated with amorphous drug
domains. In contrast, if the phase-separated system contains
crystalline felodipine, the reversing Cp values of the first
heating of the samples should be lower than the cooling and
reheating since the Cp value of crystalline drug is lower
than the amorphous drug at temperatures above its Tg. It is
known from the study on the freshly prepared solid
dispersions of felodipine and Eudragit® E PO that
supersaturated system can be formed, and no immediate
crystallisation observed; hence, it is reasonable to suggest
that if crystalline material is indeed present, the Cp

values show increase on cooling compared to the initial
heating run. Inspection of Fig. 7 clearly shows this to be
the case.

From the changes observed in Cp during heating and
cooling, it is possible to calculate the amount of crystalline
drug present in the original aged samples using an
adaptation of the method described by Xu et al. for
calculating the quantity of rigid amorphous fraction in
polymers (35). The total heat capacity of the sample can be
expressed as

Ctotal
p ðT Þ ¼ fCdrug

p ðT Þ þ 1� fð ÞCpolymer
p ðT Þ ð11Þ

while the heat capacity contribution of the drug may be
expressed as

C
drug
p ðT Þ ¼ xC

amorphous
p ðT Þ þ 1� xð ÞCcrystalline

p ðT Þ ð12Þ

where Ctotal
p ;Cdrug

p ;Cpolymer
p are the total heat capacity, the

heat capacities of drug and the polymer, respectively, at
temperature T, and Camorphous

p and Ccrystalline
p are the heat

capacities of amorphous and crystalline drug at tempera-
ture T; f is the weight fraction of the drug in the extrudate
and x is the weight fraction of amorphous drug in the total
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amount of drug present in the extrudate. By combining
Eqs. 11 and 12, the total heat capacity of the system can be
expressed using Eq. 13:

Ctotal
p ðT Þ ¼ f xC

amorphous
p ðT Þ þ 1� xð ÞCcrystalline

p ðT Þ
h i

þ 1� fð ÞCpolymer
p ðT Þ ð13Þ

After the first heating to 160°C, any crystalline drug will
be melted. Therefore, it is reasonable to assume that all
felodipine is in amorphous state during cooling. The total
heat capacity of the cooling stage can then be expressed as

Ctotal
p ðT Þ ¼ fCamorphous

p ðT Þ þ 1� fð ÞCpolymer
p ðT Þ ð14Þ

Therefore, the change in total heat capacity, ΔCheat�cool
p

at temperature T, between first heating and cooling can be
expressed using Eq. 14 minus Eq. 13:

ΔCheat�cool
p ðT Þ ¼ f 1� xð Þ C

amorphous
p ðT Þ � C

crystalline
p ðT Þ

� �

ð15Þ

The ΔCheat�cool
p , Camorphous

p and Ccrystalline
p at tempera-

ture T (which is 80°C for this study) can be measured by
MTDSC experiments as seen in Fig. 7, while f is the known
drug loading of the formulation. Therefore, the fraction of
amorphous and crystalline drug in the aged formulations
can be calculated.

The calculated crystalline drug contents are 60.1% w/w,
34.1% w/w, and 14.3% w/w for the aged 10%, 30% and
50% (w/w) drug-loaded formulations, respectively; these
figures reflect the proportion of the total drug present, not
the total sample; hence, the values for the proportion of the
sample as a whole that is crystalline drug may be calculated as
6.01%, 10.23% and 7.15%. These values are all of the same
order of magnitude and indicate that on storing for 2 months
a significant proportion of the drug separates as crystals,
despite there being no evidence for the presence of crystallites
in the freshly prepared heat-cooled samples of the freshly
prepared HME systems. The possible cause of 30% drug-
loaded formulation containing the higher crystalline drug
than the 50% drug-loaded formulation is that the difference
in the degree of supersaturation leads to the different nuclea-
tion and crystallisation pathways of the two formulations. This
hypothesis will be tested experimentally in a separate study.

Fig. 6 MTDSC reversing Cp signals of the aged HME formulations in the course of heating, cooling and reheating between −10 to 90°C at 2°C/min (Tg
region). (Solid line is first heating, long dash is cooling and short dash is the reheating).
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Proton-NMR Relaxometry Studies of the Aged
HME Formulations

Proton-NMR relaxometry is a powerful technique for
detecting phase separation with sub-micron dimensions
(19–21). In this study, proton NMR relaxometry was used
to confirm the presence of phase separation detected using
SEM and heat capacity measurements. The 1H spin lattice
relaxation times of the HME formulations, T1, and the
spin-lattice relaxation times in the rotating frame, T1r are

summarised in Table I. It can be seen that only one T1

relaxation time was detected for the aged HME formula-
tions with 10% and 20% drug loading, whereas two
components are seen for the aged systems with 30%, 50%
and 70% drug loading, one with a long relaxation time
(around 1 s) and the other relaxation time is shorter
(around 0.5 s). It is noted that for all three formulations
(with 30%, 50%, and 70% w/w drug loading), the two
components of the T1 relaxation times are very similar.
Taking into account the amplitude of the two components

Fig. 7 MTDSC reversing Cp signals of the aged HME formulations with drug loadings 10–70% in the course of heating, cooling and reheating between
−10 to 160°C at 2°C/min (Solid line is first heating, short dash line is cooling and dash dot line is the reheating).

Drug/polymer ratio 10:90 20:80 30:70 50:50 70:30

T1 amplitude 1.00 1.00 0.67 0.49 0.43

0.00 0.00 0.33 0.51 0.57

T1 time constant (s) 0.59 0.60 0.55 0.54 0.58

0.00 0.00 0.99 0.95 1.06
T1r amplitude 0.84 0.85 0.67 0.75 0.24

0.16 0.15 0.33 0.25 0.76
T1r time constant (ms) 1.05E-03 1.16E-03 2.62E-03 1.28E-03 2.70E-03

1.34E-02 1.30E-02 1.32E-02 1.19E-02 1.96E-02

Table I 1H T1 Spin-lattice
Relaxation Time and T1r Spin-
lattice Relaxation Time in the
Rotating Frame of the Aged HME
Formulations Measured at
300 MHz
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in the T1 relaxation times of these three formulations, it is
reasonable to suggest that the short relaxation time
components are associated with phase separated felodipine.
However, it is difficult to identify felodipine as being in
crystalline or amorphous form, since it is likely that the two
relaxation times would be similar at room temperature (29).
The percentage of the slow decay component increases with
drug loading. It has been confirmed by DSC that crystalline
felodipine is present in the aged extrudates with 70% drug
loading. Therefore, it is reasonable to conclude that the
shorter relaxation time is related to the presence of
crystalline felodipine, and thus there are crystalline domains
in the aged formulations with 30% and 50% drug loading.
Taking into account the absence of melting transitions in
the DSC results of the aged 30% and 50% formulations, it
is likely the dimensions and the quantity of the felodipine
domains in these two formulations are smaller than the
ones in the aged formulation with 70% drug loading, which
leads to the fast dissolution of sub-micron crystals during
heating. Although the aged formulations with 10% and
20% drug loading appear as a single phase in the T1

measurements, the T1r measurements reveal two compo-
nents in these formulations (Table I). This is likely to be
caused by the difference in the time scales of T1 and T1r. If
the phase-separated domain size is smaller than the
diffusive path length within the T1 time scale, the T1

measurements can not separate different relaxation times
for different phases, but the T1r measurements should be
able to detect the separation (21).

For a heterogeneous system, the relaxation time of
different phases can be further used to estimate the
dimension of the separated phases (20,21). The observation
of two separate relaxation processes for T1r relaxation
indicates the existence of at least two separate domains
which are not in the fast exchange limit. Assuming the
process of exchange is by spin diffusion and not matter
diffusion, the following relationship is valid (21):

2
ffiffiffi
2

p
A2=p2D
� �

Δgj j > 1 ð16Þ
where A is the dimension over which diffusion takes place
and is indicative of the smallest dimension of the separated
domains, D is the spin-diffusion coefficient mediating
exchange between the two phases, and Δγ is the difference
in the relaxation rates of the separated phases (21). The
spin-diffusion coefficient (D) has a typical value in polymeric
systems as 10−16m2s−1 (36). The Δγ value can be calculated
using Eq. 17:

Δg ¼ 1
TA

� 1
TB

ð17Þ

where TA and TB represent the relaxation time of phase A
and phase B. The T1 measurements revealed the phase

separation in the systems with 30, 50, and 70% drug
loading. However, the T1r measurements indicate that all
HME formulations are heterogeneous in nature. Using
Eq. 16, the size of the domains can be estimated. The
average values of the long T1 and short T1 of the HME
formulations were used to estimate the domains, sizes mea-
sured in the T1 experiments. These values indicate that the
diffusional path length of the neighbour domains has to be
greater than 22 nm to be detectable. A similar calculation
was carried out for the T1r experiments. The domain size was
calculated as greater than 5.6 nm. This indicates that in the
aged HME formulations with 10% and 20% drug loading
the intimate mixing of the drug and the polymer is on scale of
less than 22 nm but greater than 5.6 nm. The results can not
be interpreted as the accurate size measurement of the
domains, but an approximate estimation. If the phase-
separated material is at low concentration and has dimen-
sions on the nano-meter scale, MTDSC may not be sensitive
enough to detect it. This is because the domains (separated
phases) may dissolve into each other during heating, and the
endothermic energy could be too weak to be analysed.

DISCUSSION

The main aim of this study was to address three key areas
of understanding with regard to HME solid dispersion
formulations. First, we wished to explore the question of
basic miscibility between the drug and polymer; second, we
wished to develop novel approaches to detecting phase
separation (particularly for systems containing components
with similar Tg values), and third, we wished to explore the
correlation between the two in the sense of developing
predictive models for physical stability. A successful out-
come to the study would therefore lead not only to new
characterisation approaches but also the basis for predicting
long-term stability of HME formulations.

In the first instance, the solid solubility of felodipine and
Eudragit® E PO was assessed. The absence of melting-
point depression in the felodipine-Eudragit® E PO physical
mixtures at 10°C/min scanning rate leads to the assump-
tion of low solid solubility of the drug in the polymer. The
enthalpy of the melting peak of each physical mixture was
calculated and plotted against the percentage of crystalline
drug in the mixes (Fig. 2b). It can be seen that the physical
mixtures have a good linear correlation between the
enthalpy values and the percentages of crystalline drug
(enthalpy-drug concentration plot). A novel interpretation
of the linear relationship observed was presented in terms of
the decrease in enthalpy being a function of both com-
position and enthalpy of interaction between the drug and
polymer, thereby allowing estimation of the solubility of the
drug in the polymer. However, it is worth pointing out that
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the heating rate used for testing the systems can affect the
predictive result of this method. This effect can be significant
for the systems with high solubility of one in the other. It was
estimated that the solubility of felodipine in Eudragit® E PO
is ≤10% w/w at the melting temperature of felodipine (tested
using 10°C/min heating rate). With further study we believe
that the model could be refined to allow more specific
predictions but would require knowledge of the enthalpy of
interaction to achieve this. Nevertheless, the approach has
allowed us an insight into the likely equilibrium solubility
range for this particular system.

Taking this argument to the next logical stage, we can
predict that the HME formulations (and indeed heat-cooled
systems) under study here have drug loadings above the
predicted miscibility; hence, it is logical to suggest that such
systems will not be stable on storage even if the drug appears
to be initially molecularly dispersed in the polymer. However,
before we are able to confirm this, it is essential to develop
methods for assessing phase separation, particularly as the Tg

values for the two components are very similar. We suggest
three methods for assessing this separation. First, we present
SEM data which indicated that there was strong evidence for
the presence of crystallites; second, we present a novel meth-
od whereby heat capacity measurements on cycling may be
used to calculate drug separation; and third, we use solid-
state NMR relaxometry to estimate phase separation and
domain size. In all three cases it was found that there was
compelling evidence for extensive phase separation for the
aged HME systems (circa 5–10% of the total), with the
likelihood being that the drug is present as a mix of crystallites
and nanoscale domains. The latter would easily explain the
absence of direct thermal (melting) evidence for separation
for systems containing up to 50% drug as such domains
would be expected to dissipate into the polymer on melting.

This in turn leads to the third consideration, namely the
potential for using these combined approaches as a means of
predicting stability. Our data indicates that if one formulates
above the miscibility of the drug in the polymer, it is perfectly
possible to generate a single-phase system, but the likelihood
appears to be that this phase will separate on storage.We also
suggest that miscibility may be easily assessed by simply
heating physical mixes of the drug and polymer and ob-
serving the melting behaviour. In this manner, it is intended
that not only may phase separation be studied more reliably
(and the shortcomings of conventional approaches such as
DSC appreciated) but also that it is possible to predict long-
term stability from simple early measurements.

CONCLUSION

This study describes the development of a simple physical
stability prediction method for solid dispersion-based

formulations and novel approaches to investigate phase
separation in systems in which the drug and polymer have
similar Tgs. The prediction of the solid solubility of
felodipine in Eudragit® E PO was ≤10% (w/w) using the
enthalpy-drug concentration plot conducted by the physical
mixture study. This leads to the prediction that formu-
lations with drug loadings at and above 10% (w/w) may
have potential physical instability over aging. The experi-
mental results of the aged HME samples confirmed that
presence of phase separation in all samples, indicating the
formulations with drug loading above the solid solubility of
the drug have physical instability. This study also explored
the use of heat capacity measurements using MTDSC
combined with NMR relaxometry to overcome the diffi-
culties of identifying phase separations in systems in which
the drug and polymer have similar Tgs and dissolution of
crystalline drug particles in the glassy polymer below the
drug melting point. Overall, the study has provided novel
approaches to assessing both miscibility and phase separa-
tion and has suggested an intimate link between the two
parameters that may be used to predict physical stability.
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