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ABSTRACT: Detection and quantification of the amorphous phase of etoricoxib bulk drug sub-
stances, a selective cycloogenase-2 inhibitor used for the treatment of osteoarthritis, rheumatoid
arthritis, and dental pain, was carried out using modulated differential scanning calorimetry
(MDSC), dynamic mechanical analysis (DMA), and Raman spectroscopy. Detection of amor-
phous content in pharmaceutical powders by DMA is a special application of dynamic mechan-
ical spectroscopy. DMA was found to be a sensitive technique, able to detect the presence of an
amorphous phase in a crystalline phase at concentrations as low as 0.5%. The limit of detection
(LOD) determined for DMA was 2.5%. In comparison, Raman spectroscopy and MDSC had LOD
values of 2% and 5% amorphous, respectively. © 2011 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci 101:558–565, 2012
Keywords: dynamic mechanical analysis; DMA; stainless steel powder pockets; modulated
differential scanning calorimetry; MDSC; Raman spectroscopy; amorphous; crystalline; etori-
coxib; limit of detection; thermal analysis; glass transition

INTRODUCTION

Amorphous drug formulations are often used by the
pharmaceutical industry to enhance the bioavailabil-
ity of drugs.1,2 However, improvement in bioavail-
ability can come at a cost of physical and chemical
instability, as the amorphous phase is thermodynam-
ically less stable than the crystalline phase.3–6 Thus,
if there is a potential for phase conversion to the amor-
phous state, it is important to be able to quantitate
the amorphous and crystalline phases in both drug
substance and drug product.5 Active pharmaceutical
ingredients can be rendered amorphous inadvertently
during normal pharmaceutical processing conditions
such as comminution, roller compaction, tableting,
micronization, and compression,7 which can influence
the biopharmaceutical and physicochemical proper-
ties of the drug.8 For example, the presence of a gener-
ally more hygroscopic amorphous phase may cause an
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unusually high weight gain upon vapor sorption.9 The
amount of amorphous material generated may con-
stitute only a small percentage of the powder mass,
causing it to be undetectable by conventional meth-
ods. It can be challenging to identify the root cause of
instability in different batches when seemingly iden-
tical batches behave quite differently, suggesting un-
detected physicochemical differences that must be ad-
dressed.

There exists a number of sensitive techniques that
provide low limits of detection (LOD) and quantita-
tion (LOQ) of the amorphous phase in bulk drug sub-
stance and drug product.10–16 The most common in-
clude various calorimetric techniques such as hyper
differential scanning calorimetry (hyper-DSC),17–19

modulated differential scanning calorimetry (MDSC),
isothermal micro-DSC, and solution calorimetry,20–24

as well as Raman spectroscopy25 and gravimetric
vapor sorption.26–28 Dynamic mechanical analysis
(DMA) is a relatively new technique used for the de-
tection and quantitation of a small quantity of amor-
phous phase in crystalline drug substance. Until re-
cently, a major limitation of DMA was its inability
to evaluate powders. Recent publications on the de-
velopment of stainless steel pockets has allowed for
the detection of phase, glass transition temperatures
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(Tgs), and mechanical properties such as storage and
loss moduli, and tan(δ) properties of pharmaceutical
powders.29–35

The DMA technique using an optimized powder
DMA holder has been shown to be more sensitive than
DSC for the evaluation of Tgs of common pharmaceu-
tical excipient powders such as hydroxypropylmethyl-
cellulose, as well as felodipine, a model drug.30 Gear-
ing et al.35 used DMA and the stainless steel pocket
to determine Tgs in frozen biomaterials such as hep-
arin, albumin, influenza antigen, and human plasma,
as well as in the generally used lyophilization excipi-
ents such as trehalose, lactose, and dextran. Surface-
modified grafted polyurethane samples in their origi-
nal geometry were evaluated using the stainless steel
pocket without loss of shape, and the Tg shift at-
tributed to surface modification was determined.36

Similarly, Tgs of ulvan, a polysaccharide biomate-
rial, which could not be observed by DSC, were de-
termined by DMA.34 In another example, Tgs of poly
(D,L-lactic acid) and inclusion complexes with alpha-
cyclodextrin, in powder form, were determined using
the stainless steel pockets.32 The novel DMA method
was more sensitive than DSC to detect the amorphous
regions and Tgs in lyophilized powders of lysozyme.32

Dynamic mechanical analysis and MDSC are ther-
mal methods based on changes in the mechanical
properties and heat capacity of the material, as the
temperature is ramped past the Tg.37,38 The glass
transition is a thermal event that is specific to amor-
phous solids, marking a discontinuity in the mate-
rial’s thermal properties as the hard glassy material
turns into its liquid molten phase. In contrast to the
thermal methods, Raman spectroscopy is a spectro-
scopic method based on the change in perturbation of
the electron cloud with respect to the rotational and
vibrational states of a solid or liquid. Amorphous and
crystalline phases can exhibit significant differences
in their Raman spectra.39,40

Etoricoxib is a cycloogenase-2 inhibitor, used in the
treatment of osteoarthritis, rheumatoid arthritis, and
dental pain.41 It was selected as a model pharma-
ceutical compound to assess the use of DMA in the
quantitation of amorphous content in physical blends
of amorphous and crystalline bulk drug substance.
Sensitivity of the DMA method was then compared
with established methods such as MDSC and Raman
spectroscopy.42

MATERIALS

Etoricoxib is a nonhygroscopic, low molecular weight,
proprietary drug used for the treatment of arthritis
and pain. Unmilled etoricoxib (Merck Research Labo-
ratories, Rahway, New Jersey) having a purity of more
than 99% was used in these studies.41,42

The amorphous form was prepared by heating
etoricoxib at 185◦C under nitrogen at a temperature
well below the onset of degradation (>225◦C) for 1 h
and rapidly quench–cooling the melt to room tem-
perature followed by grinding of the glassy material
to a fine powder using a mortar and pestle.43 An
amorphous halo, absence of crystalline reflections by
X-ray powder diffraction, and the absence of melt-
ing endotherm and presence of a glass transition at
55◦C by DSC were used to confirm the absence of
crystallinity.43 Blends of amorphous etoricoxib and
crystalline etoricoxib were gently blended using a
mortar and pestle.

METHODS

MDSC Method

Samples in crimped aluminum pans were measured
under nitrogen on a calibrated Q1000 differential
scanning calorimeter (TA Instruments, Grimsby, ON,
Canada) at 10◦C/min.Prior to the analysis of the phys-
ical blends, a 20 mg sapphire standard was used for
calibration of the heat capacity. The calibration con-
stants [K(Cp)] reversible and total were determined
at 55◦C. The experiments were carried out at mini-
mum in triplicate. The step in the heat capacity was
recorded for each physical blend of amorphous and
crystalline etoricoxib.

Dynamic Mechanical Analysis

Stainless steel pockets were provided by Triton Tech-
nology Ltd. (Nottinghamshire, UK). As described by
Royall et al.,29 the pockets were initially bent along
the pocket’s fold line, forming an angle of roughly 60◦C
between the pocket’s inner faces. Powder (30–40 mg)
was distributed evenly along one inner face and the
pocket was crimped shut between two smooth pieces
of solid metal, resulting in a powder film (0.2–0.3 mm)
sandwiched in the folded stainless steel sheet. Careful
deposition of the powders onto the pockets is required
for reproducibility of results. It is important that the
powder is also evenly distributed along the entire
pocket, including in the areas under both clamps.

The stainless steel pocket was loaded in the DMA
Q800 (TA Instruments) using a single cantilever con-
figuration. DMA scans were carried out at a maxi-
mum dynamic displacement of 50 :m at a frequency
of 1 Hz and a heating rate of 5◦C/min from 30◦C to
120◦C. A minimum of three replicates were made for
each blend. The baseline signal was taken to be the
tan(δ) signal between 30◦C and 40◦C, the temperature
region of lowest tan(δ) signal.
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Figure 1. DMA thermogram of amorphous etoricoxib (1 Hz, 5◦C/min).

Raman Spectroscopy

Physical blends of amorphous and crystalline etori-
coxib were analyzed using a Bruker RFS 100/S
FT-Raman spectrometer (Bruker, Billerica, Mas-
sachusetts) employing an Nd:YAG laser at an exci-
tation wavelength of 1064 nm with an InGaAs liquid
nitrogen-cooled detector, and controlled by the OPUS
NT software (V3.1). Sixty-four scans were acquired
using a laser power of 250 mW. The aperture setting
and scan resolution were set to 3.5 mm and 4 cm−1, re-
spectively. A calibration curve was obtained from the
analysis of amorphous/crystalline drug blends rang-
ing from 0% to 10%(w/w) amorphous. The spectral
range from 1520 to 1650 cm−1 was used to quantitate
the extent of crystallinity. Each blend was measured a
total of 10 times to ensure that the averaged spectrum
was representative of the sample. A multivariate par-
tial least squared approach consisting of vector nor-
malization by first derivative processing was used to
generate the calibration curve. The instrument was
verified for peak position and intensity using a sulfur
standard (Bruker) and CCl4 (Aldrich, Oakville, ON,
Canada).

RESULTS AND DISCUSSION

DMA in the Detection and Quantitation of Amorphous
Content in Etoricoxib Crystalline/Amorphous Blends

Figure 1 shows the typical DMA plot [storage modu-
lus, loss modulus and tan(δ)] of the glass transition
of amorphous etoricoxib. The peak in the loss modu-
lus in the glass transition region is associated with
a stress-relaxation mechanism resulting in the dis-
sipation of energy as heat. A corresponding decrease
in the storage modulus is associated with a decrease
in viscosity and a reduction in the resistance of the
material toward deformation.29

Dynamic mechanical analysis signals are indica-
tors for molecular motions and relaxation events tak-
ing place within the sample. The molecular motions

Figure 2. (a) Overlay of DMA thermogram of amorphous/
crystalline etoricoxib blends; amorphous content 20% (w/
w, black), 10% (w/w, purple), 5% (w/w, blue), 2.5% (w/w,
green), 0.5% (w/w, red). (b) Amorphous etoricoxib (0.5%)
in 99.5% crystalline etoricoxib as compared with a batch of
crystalline etoricoxib.
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Figure 3. Calibration curve relating the DMA strength [baseline corrected tan(δ) peak height]
to the percentage of amorphous etoricoxib (w/w). Validation data shown as square points at 5%
(0.0074 DMA strength) and 10% (0.0127 DMA strength).

(whether rotational or translational) detected by the
instrument are equal in frequency to the motion of the
oscillating sample pocket imposed by the instrument;
a glass transition tan(δ) peak measured at an oper-
ational frequency of 10 Hz is indicative of a molec-
ular event having a relaxation period of 0.1 s.29 In
contrast, it is estimated that a glass transition de-
tected by DSC upon temperature ramping at 10 ◦C/
min corresponds to molecular motions that persist
for approximately 100 s (0.01 Hz). Typically, the fre-

quency of operation for the DMA is set to 1 Hz (1 s),
allowing for reasonably high ramping rates (∼5◦C/
min) and adequate measurement time (∼20 min). For
this reason, DMA transitions usually occur at higher
temperatures than in the DSC because more thermal
energy is required for transitions to occur in a shorter
time, that is, in 1 s.29,35 In order for DMA and DSC
signals to match in temperature, a DMA operational
frequency of 0.01 Hz will be required (100 s), demand-
ing unreasonably low ramping rates and excessively

Figure 4. Heat capacity change as a function of percent amorphous content (w/w) for etoricoxib
physical blends.

DOI 10.1002/jps JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 2, FEBRUARY 2012



562 CLAS ET AL.

Figure 5. Raman spectra of amorphous and crystalline etoricoxib.

lengthy measurement times, increasing the probabil-
ity of provoking unwanted physical transformation or
chemical degradation.35

Formerly, DMA was restricted to self-supporting
samples such as polymers, and had a limited use in
the pharmaceutical industry. A novel sample prepa-
ration method was recently outlined by Royall and
coworkers,29,31 describing the use of stainless steel
pockets to enclose and support pharmaceutical pow-
ders for DMA analysis, allowing the detection and
quantitation of amorphous phase in powders. Since
that publication, several authors have evaluated pow-
ders using a similar holder or modified holders for
DMA.30–34,36 Using Royall’s method, the quantitation
of amorphous material in physical blends of amor-
phous/crystalline etoricoxib was determined by DMA.
There is a linear relationship between the baseline-
corrected DMA tan(δ) peak height (DMA strength)
and the amorphous content. Figure 2a displays an
overlay of the tan(δ) peaks obtained for mixed amor-
phous and crystalline samples. The linear relation-
ship between the corrected tan(δ) peak height and
amorphous content is shown in Figure 3.

The theoretical LOD and LOQ of amorphous ma-
terial in the physical blends were calculated using
linear regression equations and applying the United
States Pharmacopoeia recommendations:

LOD = 3SB

m
, LOQ = 10SB

m

where SB is the standard deviation of the y-intercept
and m is the slope of the calibration curve. In ap-
plying these definitions, the LOD and LOQ of amor-

phous etoricoxib was evaluated at 2.5% (w/w) and
8.3% (w/w), respectively. However, as low as 0.5%
amorphous etoricoxib could be detected in blends with
99.5% crystalline phase (Fig. 2b). It can be seen that
in a batch of crystalline etoricoxib, the amorphous
phase, if present, would consist of significantly less
than 0.5% amorphous content. The standard devia-
tions shown in Figure 3 varied between 1% at high
concentrations of the amorphous phase to less than
10% at LOQ and to 30% at amorphous concentrations
below LOQ and LOD (1.05% amorphous content).

Royall and coworkers29,31 demonstrated the utility
of the stainless steel pockets for the detection of amor-
phous phase in crystalline lactose and showed that as
low as 2% amorphous lactose could be detected based
on the height of the tan(δ) peak.

Modulated Differential Scanning Calorimetry

The glass transition is a second-order transition. Un-
like first-order transitions such as vaporization, fu-
sion, and sublimation, easily detected by their asso-
ciated latent heats, the glass transition is discerned
solely by a finite step change in the heat capacity.44,45

Weak or subtle glass transitions are, therefore, barely
discernable by conventional DSC methods. MDSC
is inherently more sensitive, permitting the separa-
tion of thermally reversible transitions such as glass
transitions from nonreversible events. The fraction
of amorphous material within the sample is simply
related linearly to the magnitude of the step change
in reversible heat capacity.45 The calibration curve is
shown in Figure 4 with an LOD of approximately 5%.
Similar LODs for amorphous Carvedilol was obtained
by Venkatesh et al.24 using MDSC (5%).
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Figure 6. Calibration curve for the detection of amorphous etoricoxib using Raman spec-
troscopy.

Raman Spectroscopy

Raman spectroscopy is a method that probes the lo-
cal environment of molecules undergoing vibration.
Molecules confined to different solid structures are
locked in fixed orientations, affecting the electron den-
sity distribution and the intramolecular and inter-
molecular interactions experienced by each molecule.
Structurally distinct solid phases will, therefore, pro-
duce distinct Raman spectra. The disordered nature
of amorphous glasses makes it possible for molecules
to experience a wide variety of local environments,
resulting in broader Raman bands than crystalline
materials, which restrict molecules to a limited num-
ber of molecular orientations. The overall differences
in the position and relative intensities of the Raman
bands of crystalline and amorphous samples make
the quantitation of amorphous content possible.47

A calibration curve was constructed to correlate the
spectra of amorphous/crystalline blends to the per-
centage of amorphous material within each sample.
Notable differences between the phases were detected
in the spectral region of 1650 and 1520 cm−1 (Fig. 5)
and it allowed for accurate prediction of amorphous
content in the measured samples. The calibration
curve generated is shown in Figure 6. The LOD for

amorphous material in a predominantly crystalline
sample was estimated to be as low as 2% (w/w) for
this calibration curve. The peaks used are associated
with breathing and stretching vibrations of aromatic
rings. These types of vibrations are typically charac-
teristic of the drug substance and are absent in nearly
all pharmaceutical excipients often used. Similarly,
Nagapudi and Jona5 showed that MDSC and Raman
spectroscopy could detect levels as low as 1%–2%.

CONCLUSION

The amorphous content of etoricoxib in physical
blends of bulk drug was evaluated using DMA, MDSC,
and Raman spectroscopy. In this work, DMA was
found to be a sensitive technique, able to detect amor-
phous contents as low as 0.5%; however, LOD of the
DMA method was determined to be 2.5% amorphous
content. The Raman spectroscopy method had a sim-
ilar LOD at 2%, but MDSC was not as sensitive,
with an LOD of 5% amorphous content. In this study,
we were able to demonstrate the utility of DMA for
detecting low levels of amorphous phase in a pow-
der sample consisting of a predominantly crystalline
phase of etoricoxib.
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