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a b s t r a c t

For an amorphous drug–polymer solid dispersion, a distinctive single Tg intermediate of the two Tg values
of the two components has been widely considered as an indication of the mixing uniformity, which is
critical for the stability of the amorphous drug against crystallization. In this study, two batches of amor-
phous solid dispersions consisting of BMS-A, a poorly water-soluble drug, and PVP-VA, were made by a
twin-screw hot-melt extruder using different processing conditions. Both batches displayed an identical
distinctive single Tg that is consistent with the prediction of Fox equation assuming homogeneous mixing
morphous solid dispersion
omogeneity

g

onfocal Raman microscopy
ot-melt extrusion

of the two components. Neither DSC nor PXRD detected any drug crystallinity in either batch. However,
the two batches exhibited different physical stability against crystallization over time. The application of
a Raman mapping method showed that the drug distributed over a much wider concentration range in
the less stable solid dispersion. It is therefore experimentally demonstrated that, in the characterization
of amorphous solid dispersions, a distinctive single Tg may not always be a reliable indicator of homo-
geneity and optimal stability, and more examinations and new techniques may be required other than
conventional studies.
. Introduction

Over the past decade, amorphous drug–polymer solid disper-
ions have evolved into one of the major drug delivery platform
echnologies for the increasing amount of poorly water-soluble
rugs entering into development (Serajuddin, 1999; Leuner and
ressman, 2000; Janssens and Van den, 2009). The drug is stabilized

n the amorphous form when dispersed into a polymer matrix. The
igher solubility of the amorphous drug compared with the crys-
alline counterpart, the improved material wetability, and possibly
he prolonged in vivo super-saturation after dosing, could syner-
istically enhance the in vivo drug absorption (Hancock and Parks,
000; Hancock, 2002).

In the development of solid dispersions, physical stability of
he amorphous drug against crystallization is one of the key con-
erns. Depending on the drug loading, drug-polymer solubility
nd miscibility, and its glass transition temperature (Tg), a solid

ispersion could have different thermodynamic nature and crystal-

ization/destabilization driving forces (Qian et al., 2010). Although
t is still not completely clear as how the polymer stabilizes the
morphous drug in the mixture, drug-polymer mixing homogene-
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ity is generally accepted as one of the critical attributes that
affect the stability of the solid dispersion. An inhomogeneous
solid dispersion with unintended drug rich regions could lead to
unexpected destabilization and bring much uncertainty for risk
management.

A distinctive single Tg of the solid dispersion, which is interme-
diate of the Tg of the pure drug and that of the polymer, has been
widely considered as a reliable proof of the homogeneity of the
amorphous mixture at the molecular level (Kennedy et al., 2008;
Rumondor and Taylor, 2009; Rumondor et al., 2009; Andrews et
al., 2009; Tobyn et al., 2009). One recognized limitation of this
approach is, the phase separation region has to be larger than
∼30 nm, when DSC is used to measure the Tg (Krause and Iskander,
1977). In practice, however, little detailed experimental data is
available to evaluate the limit of using the DSC method for the
assessment of mixing homogeneity and physical stability of an
amorphous solid dispersion.

In this communication, we demonstrate that the poor homo-
geneity of an amorphous mixture, even with phase separation at the
scale of tens of microns, may still be undetectable by DSC. Therefore,

a distinctive single Tg under this circumstance may be mislead-
ing in the assessment of physical stability of solid dispersions. The
results also suggest that conventional characterizing techniques
like DSC and powder X-ray diffraction (PXRD) may have their limi-
tations in capturing the localized compositional distribution of the

dx.doi.org/10.1016/j.ijpharm.2010.05.033
http://www.sciencedirect.com/science/journal/03785173
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olid dispersion, and supplemental tools such as confocal Raman
icroscopy (CRM) may be promising for this purpose.

. Materials and methods

.1. Materials

BMS-A (molecular weight: 520; Tm: 160 ◦C; Tg: 45 ◦C) is a poorly
ater-soluble drug synthesized in Bristol-Myers Squibb Company.

oly(vinylpyrrolidone-co-vinylacetate) (PVP-VA) random copoly-
er was obtained from BASF (Ludwigshafen, Germany). HPLC grade

cetone was obtained from EMD Chemicals (Bibbsons Town, NJ).

.2. Preparation and characterization of BMS-A/PVP-VA solid
ispersions

Mixture of crystalline BMS-A (40%, w/w) and PVP-VA (60%, w/w)
as charged into an 8 Qt V-Blender and blended for 15 min at

2 rpm. The blend was fed at a speed of 1.5 kg/h into an 18 mm
win-screw extruder (Leistritz Corporation, Nuernberg, Germany),
nd the processing temperature across all heating zones was 150 ◦C.
wo hot-melt extrudate batches, HME 1 and HME 2, were made
ith screw speed of 50 and 225 rpm, respectively. The resulted hot-
elt extrudates were cut into cylindrical rods (∼2 mm in diameter,

nd 10–20 cm in length). Some rods were further milled by mortar
nd pestle into powder, and characterized by powder X-ray diffrac-
ion (PXRD, Bruker D8 Advance Diffractometer, Bruker AXS, Inc.
adison, WI) and Differential Scanning Calorimetry (DSC, TA DSC
1000, New Castle, DE), both at time zero and 2 months after being
xposed to ambient conditions (20–25 ◦C, 40–60% RH). For the DSC
tudy, ∼5 mg sample was loaded into crimped aluminum pan, and
eated to 180 ◦C at 10 ◦C/min.

ig. 1. DSC and PXRD results of hot-melt extruded BMS-A/PVP-VA solid dispersions, HM
xtrusion and milling; (C and D) DSC and PXRD of HME 1 and HME 2 after 2 months stora
armaceutics 395 (2010) 232–235 233

2.3. Confocal Raman microscopy

Standard amorphous solid dispersion samples were prepared
by spray drying drug–polymer acetone solutions using a Buchi B-
290 mini spray dryer (Brinkmann Instruments, Westbury, NY). The
spray dried standard samples were then melted on glass slides,
and Raman spectra of these standard samples were collected by
a Thermo Scientific (Waltham, MA, USA) confocal DXR Raman
microscopy (CRM) equipped with a 532 nm laser. Background and
fluorescence corrections were applied. The standard curve corre-
lates the drug concentration to the peak height ratio of the API
characteristic band (∼1630 cm−1) and the PVP-VA characteristic
band (∼1735 cm−1). It was observed that these bands do not shift
significantly across different drug/polymer ratios (refer to Fig. 2A).

Raman maps were acquired with the hot-melt extrudate rods
without milling. For each sample, Raman spectra were collected
within 4 randomly selected 800 �m × 800 �m horizontal planes
that were 100–200 �m underneath the surface of the rods. The
step size of Raman mapping was 20 �m on both axis (i.e., 40 sam-
pling × 40 sampling in one plane). Raman signal was collected using
a 50× dry objective and a 25 �m pinhole aperture to achieve the
∼2 �m spatial resolution. The estimated size of the laser spot under
this condition was 0.7 �m and the estimated spectral resolution
was 9 cm−1. The laser power was set to 8 mW. The compositional
maps were then generated from the standard curve.
3. Results and discussion

As shown in Fig. 1A, DSC detected a single Tg at approximately
88 ◦C in both HME 1 and HME 2, which is intermediate of the

E 1 and HME 2. (A and B) DSC and PXRD of HME 1 and HME 2 immediately after
ge under ambient conditions (approximately 20–25 ◦C, 40–60% RH).
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Fig. 2. (A) Raman spectra of BMS-A, PVP-VA and BMS-A/PVP-VA dispersions in the
range of interest (from top to bottom: PVP-VA; 30/70 and 50/50 (w/w) BMS-A/PVP-
VA dispersions; and amorphous BMS-A). A BMS-A characteristic band and a PVP-VA
characteristic band were selected for quantitative calculation of BMS-A/PVP-VA
mass ratio. The intensity of BMS-A characteristic bands of all materials was normal-
ized for easy comparison. (B) The calibration curve correlating the BMS-A/PVP-VA
mass ratio and the intensity ratio of BMS-A vs. PVP-VA characteristic bands. Stan-
dard samples of different BMS-A/PVP-VA ratio were prepared by spray drying, and
average values from 3 measurements were used to construct the standard curve.
34 F. Qian et al. / International Journa

g of the pure amorphous API (45 ◦C) and that of the polymer
110 ◦C). This Tg value is reasonably close to the prediction of ∼81 ◦C
y the Fox equation (Fox, 1956), assuming homogenous mixing
nd no specific interactions between the two amorphous com-
onents. Melting of crystalline API (∼160 ◦C) was not detected in
ither of HME 1 or HME 2. PXRD spectra (Fig. 1B) of HME 1 and
ME 2 appear to be identical too, with no crystalline API detected.
ased on these data, a quick conclusion one might have drawn

s, HME 1 and HME 2 are homogenously mixed and practically
dentical.

Surprisingly, HME 1 and HME 2 demonstrated different physical
tability. When stored under ambient conditions for 2 months, an
ndothermic event at ∼160 ◦C, presumably due to the melting of
he crystalline API, was detected in HME 1 (Fig. 1C). The existence
f API crystals in HME 1 was also confirmed by PXRD (Fig. 1D). How-
ver, neither DSC nor PXRD detected any API crystals in HME 2. The
ecrease in Tg of both HME 1 and HME 2 from the initial ∼88 ◦C to
70 ◦C could be due to the ∼2% (w/w) moisture sorption under the
mbient environment, while the initial materials were practically
ry immediately after hot melt extrusion (confirmed by thermal
ravity analysis). This is fairly consistent with the Fox equation pre-
iction using a reported water Tg value of −108 ◦C (Velikov et al.,
001). HME 1 and HME 2 also relaxed over the 2-month period
i.e., enthalpy relaxation) (Hancock et al., 1995) giving rise to the
ndothermic peaks at Tg (Fig. 1C).

To further explore the difference of physical stability between
ME 1 and HME 2, we applied CRM to study the localized compo-

itional distribution/fluctuation of the two solid dispersions as DSC
nd PXRD only probe the bulk properties.

For this purpose, a standard curve was constructed to correlate
he composition of the dispersion (i.e., drug/polymer mass ratio)
o the Raman signal (i.e., intensity ratio of the API characteristic
and and the polymer characteristic band) as shown in Fig. 2. A

inearity of R2 = 0.998 was obtained with high reproducibility when
he drug/polymer mass ratio was < 1.5 (i.e., <60% (w/w) API in the
olid dispersion). When the mass ratio was >1.5 (i.e., drug loading
60%, w/w), accurate quantification of drug concentration became
hallenging due to the weak intensity of the PVP-VA characteristic
and. Similarly, when the mass ratio was <0.25 (i.e., drug loading
20%, w/w), difficulty arises due to the decreasing intensity of BMS-
band.
Using the standard curve, Raman images of the compositional

istributions of HME 1 and HME 2 were obtained and the rep-
esentative ones are shown in Fig. 3A and B. Evidently, HME 1
as much poorer homogeneity compared with HME 2. Although
0% (w/w) drug concentration is targeted, the value was much
igher than 50% (w/w) (Fig. 3C) in some regions of HME 1 (i.e.,
he red area in Fig. 3A), while the drug distributed fairly uniformly
n HME 2 (Fig. 3B) with a narrow fluctuation around 40% (w/w)
Fig. 3D). The higher local drug concentration observed in HME

may facilitate the crystallization of the API, presumably due to
he lower Tg resulted from the higher drug/polymer mass ratio;
nd possibly, the reduced drug–polymer interaction, although fur-
her studies are required for the verification. On the other hand,
he broad compositional distribution observed in HME 1 may not
ecessarily lead to a DSC trace with multiple Tgs. The continuous
ompositional spreading of HME 1 may result in the “stacking” of
series of continuously varying Tg values contributed by numer-

us amorphous zones. Collectively, an apparent single Tg, similar
o the theoretical value, could be obtained from a weight frac-
ioned averaging. The “distinctive single Tg” in this situation is just

pparent for the bulk property and could lead to a misleading con-
lusion that the system is homogenously mixed. Instead, CRM was
hown in this case to be a useful supplemental technique that pro-
ides localized compositional information that are distinctive from
he bulk characterization. Other analytical tools such as solid state
NMR (Berendt et al., 2006; Aso et al., 2007) and pair distribution
function analysis (Newman et al., 2008) may also find their applica-
tions in the characterization of amorphous solid dispersions if used
properly.

Different screw speeds used in the hot-melt extrusion process
seemed to be important for the mixing homogeneity of HME 1 and
HME 2. A slow speed of 50 rpm apparently failed to achieve sat-
isfactory mixing in HME 1 while a much faster speed of 225 rpm
produced much better uniformity as in HME 2. A comprehensive
correlation between the processing conditions of hot-melt extru-
sion process (screw configuration, screw speed, temperature at
different zones, material feeding rate, etc.) and the solid disper-

sion homogeneity requires further planning and execution of a
better-controlled study and will be the subject of a future report.
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ig. 3. (A and B) Representative compositional Raman images of HME 1 and HME
aman map is 800 �m × 800 �m and 1600 (40 × 40) Raman spectra were collected
, respectively, constructed by fractionizing the 1600 Raman sampling spots of ea
eferences to color in this figure legend, the reader is referred to the web version of

. Conclusion

We studied the solid dispersions prepared by hot-melt extrusion
nder different processing conditions using DSC, PXRD and CRM.

t was demonstrated experimentally that a distinctive single Tg by
SC may be misleading in the indication of mixing homogeneity
f amorphous solid dispersions and therefore not sufficient to pro-
ide all the necessary information for stability assessment. Other
upplemental tools such as confocal Raman microscopy (CRM) may
e promising in capturing the localized compositional distribution
f solid dispersions and better correlating the physical stability to
rocessing conditions under this circumstance.
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