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a  b  s  t  r  a  c  t

The  objective  of  this  study  was to  investigate  the  influence  of  the starting  solid  state  form  of piroxicam
(anhydrate  form  I:  PRXAH  I  vs  form  II: PRXAH  II) on the  properties  of  the  resulting  amorphous  material.
The  second  objective  was to obtain  further  insight  into  the  impact  of  critical  factors  like  thermal  stress,
dissolution  medium  and  storage  conditions  on  the  thermal  behavior,  solid  state  transformations  and
physical  stability  of amorphous  materials.  For  analysis  differential  scanning  calorimetry  (DSC),  Raman
spectroscopy  and X-ray  powder  diffractometry  (XRPD)  were  used.  Pair-wise  distribution  function  (PDF)
analysis  of  the  XRPD  data  was  performed.  PDF  analysis  indicated  that  the  recrystallization  behavior  of
amorphous  samples  was  influenced  by the  amount  of  residual  order  in  the  samples.  The  recrystalliza-
tion  behavior  of  amorphous  samples  prepared  from  PRXAH  I showed  similarity  to  the  starting  material,
hysical stability
ariable temperature X-ray powder
iffractometry (VT-XRPD)
aman spectroscopy
rincipal component analysis (PCA)
iroxicam polymorphs

whereas  the  recrystallization  behavior  of  amorphous  samples  prepared  from  PRXAH  II resembled  to  that
of the  PRX  form  III (PRXAH  III). Multivariate  data  analysis  (MVDA)  helped  to  identify  that  the  influence  of
storage  time  and  temperature  was  more  pronounced  in  the  case  of  amorphous  PRX  prepared  from  PRXAH
I. Furthermore,  the  wet  slurry  experiments  with  amorphous  materials  revealed  the recrystallization  of
amorphous  material  as PRXMH  in the  biorelevant  medium.

© 2012 Elsevier B.V. All rights reserved.

air-wise distribution function (PDF)

. Introduction

In recent years the magnitude of the research emphasizing
he importance of different polymorphic forms in pharmaceutical
evelopment and manufacturing has increased significantly. One
f the main objectives of the Quality by Design (QbD) approach is
o emphasize the need for science-based understanding of factors
ffecting the functionality of a given dosage form. The International
onference on Harmonization (ICH) Q8(R2) guideline on Pharma-
eutical Development refers to the importance of ensuring and
aintaining the specifically designed physicochemical properties

f a drug substance (e.g., its solid state properties) through-
ut the product shelf life as well as after administration (ICH,
009). Especially in case of an amorphous drug substance which
nduces a supersaturated solution in the gastrointestinal lumen
nd can be considered as supersaturated drug delivery system
SDDS) (Brouwers et al., 2009). The comprehensive understanding

∗ Corresponding author at: Universitetsparken 2, DK-2100 Copenhagen,
enmark. Tel.: +45 30 35 61 55; fax: +45 30 36 63 00.

E-mail address: kn@farma.ku.dk (K. Naelapää).

378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2012.03.008
of attributes affecting the drug substance properties is pivotal, as
critical material properties can be linked to the drug product pro-
cessability, pharmaceutical quality (including stability) and biolog-
ical performance. To fully understand the developed formulations
(e.g., SDDS) and its properties, it is highly recommended to plan the
investigations carefully as this will help to foresee in vivo perfor-
mance (Augustijns and Brewster, 2012; Brouwers et al., 2009).

The amorphous form is a high energy form of the solid state,
which may  include different degrees of kinetic and structural dis-
order. The physical stability of amorphous materials upon storage
is determined by several factors such as its energetic state, fragility,
local mobility and the presence of reaction (i.e., crystallization)
accelerators (e.g., impurities and moisture) (Morris et al., 2001).
Understanding the impact of directly controllable factors (e.g., tem-
perature, time) during the preparation of amorphous drug will
provide information on the recrystallization behavior and can be
used as a rational basis to increase the physical stability of amor-
phous materials (Boetker et al., 2011; Karmwar et al., 2011a,b).
Crystallization is a two-step process including nucleation and
crystal growth. Nucleation, among other factors, is affected by
the presence of a residual crystalline phase and seeding. Several
methods, allowing prediction of the crystallization of amorphous

dx.doi.org/10.1016/j.ijpharm.2012.03.008
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kn@farma.ku.dk
dx.doi.org/10.1016/j.ijpharm.2012.03.008
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ctive pharmaceutical ingredients (APIs) based on their relaxation
ehavior, have been proposed (Craig et al., 2000; Graeser et al.,
009; Hilden and Morris, 2003). In addition, changes in the phys-

cal properties of amorphous material upon preparation, such as
ts density, viscosity, heat capacity, and diffusion behavior (Boetker
t al., 2011), enable the investigation of the recrystallization behav-
or of amorphous systems and to draw conclusions relating to
heir stability (Surana et al., 2004a,b). The physical stability of
morphous APIs has previously been studied using various stor-
ge conditions, mainly at different temperatures, with an emphasis
n relaxation of the amorphous form (Karmwar et al., 2011a),  at
ifferent relative humidities (Graeser et al., 2009), and in the pres-
nce of various excipients (e.g., polymers) (Aso et al., 2003; Hilden
nd Morris, 2003; Ingkatawornwong et al., 2001; Shibata et al.,
006).

The physical stability of amorphous materials can be influ-
nced by the preparation method (Savolainen et al., 2007; Surana
t al., 2004b), thermal history (Surana et al., 2004a),  and starting
rystalline form when milling is used as the preparation method
Crowley and Zografi, 2002). However, it is not yet clear if the dif-
erences in the physical stability are derived from the existence of
everal “amorphous states” (Winkel et al., 2007) or if the starting
rystalline form of an API produces amorphous forms that differ
n stability as a consequence of different degrees of molecule dis-
rder, but do not constitute different states in a thermodynamic
ense (Graeser et al., 2009). The local order of an amorphous form
an be studied, for example by applying atomic pair-wise distribu-
ion function (PDF) analysis directly to X-ray diffraction patterns.
he PDF trace displays the probability of finding atoms separated
y a distance (r). The PDF hence assesses the inter-atomic distances
f the material (Bates et al., 2006; Dinnebier and Billinge, 2008).

Piroxicam (PRX) is a non-steroidal anti-inflammatory drug that
as been extensively used as a model compound in studies where
he aims have been to enhance solubility, characterize the solid
tate and investigate process induced changes, due to its poor aque-
us solubility (Jinno et al., 2000), polymorphic behavior (Bordner et
l, 1984; Kojic-Prodic and Ruzic-Toros, 1982; Sheth et al., 2004b;
rečer et al., 2003), and solid state transformations (Kogermann
t al., 2007a,b, 2008, 2011; Shakhtshneider et al., 2007). PRX can
xist in three crystalline anhydrous forms (PRXAH), however the
rystalline structure of PRXAH III is not referenced in the Cambridge
tructural Database (CSD). As reported previously (Kogermann
t al., 2011; Sheth et al., 2004a),  PRXAH I and II crystalline forms can
e transformed to amorphous PRX during ball-milling for 180 min
t low temperature (as determined by the presence of only a halo
n the X-ray powder diffractograms). Investigation of the three
imensional structures of PRXAH I and II show that they have rela-
ively similar packing motifs and only small differences in hydrogen
onding separate these two solid forms (Kojic-Prodic and Ruzic-
oros, 1982; Reck et al., 1988; Vrečer et al., 2003). It has been
eported that amorphous PRX forms, prepared by cryomilling of
RXAH I or II have a similar short range order determined by PDF
alculations, but different crystallization behavior during heating
Sheth et al., 2004b).

This study aims to provide a practical insight into the influence
f polymorphic form of PRX on the performance of amorphous
aterial prepared by ball-milling. The impact of several critical

actors on the stability of amorphous PRX prepared by ball-milling
f anhydrous PRX I and II at low temperature for 180 min  were
nvestigated. First, PDF analysis was employed to identify dif-
erences in the amorphous samples prepared from the different
tarting polymorphs. Secondly, the effect of temperature, during

on-isothermal heating as well as during storage of amorphous
aterial, on recrystallization was investigated by using X-ray

owder diffractometry (XRPD), Raman spectroscopy, and differ-
ntial scanning calorimetry (DSC). Furthermore, the stability of
f Pharmaceutics 429 (2012) 69– 77

amorphous PRX was studied in the presence of biorelevant dis-
solution medium during dissolution testing and subsequent solid
state changes were monitored with in-line Raman spectroscopy.
MVDA tools were applied for data analysis.

2. Materials and methods

2.1. Materials

The model compound, PRX (USP grade, 99.44%), was obtained
from Letco Medical Inc. (AL, USA) as anhydrous PRX form I (PRXAH
I). Anhydrous PRX form II (PRXAH II) was  crystallized from a hot
methanol solution and dried at room temperature (Vrečer et al.,
2003). Anhydrous PRX form III (PRXAH III) was prepared accord-
ing to Vrečer et al. (2003) by spray-drying PRXAH I from absolute
ethanol. Identification and characterization of all forms of PRX was
based on XRPD, Raman spectroscopy, DSC, and high performance
liquid chromatography (HPLC).

PRX monohydrate (PRXMH) was  prepared by crystallization
from hot aqueous solution (Kogermann et al., 2007a).  Chemi-
cally pure amorphous PRX, confirmed by HPLC, was obtained by
ball-milling of PRXAH I and II at low temperature for 180 min
(Kogermann et al., 2011).

2.2. Methods

2.2.1. X-ray powder diffractometry (XRPD)
XRPD analysis was performed using an X’Pert PRO MPD  X-ray

diffractometer (PANalytical B.V., Almelo, The Netherlands) and Ni
filtered Cu K�1 radiation (� = 1.541 Å). Samples were measured in
Bragg Brentano reflection mode in the range of 2–40◦ 2� using a
PIXel detector (PANalytical B.V., Almelo, The Netherlands) and a
step size of 0.0334◦ 2�. The operating current and voltage were
40 mA and 45 kV, respectively. Data were collected using X’Pert
Data Collector (PANalytical B.V., Almelo, The Netherlands). Exper-
imental results were compared to the theoretical patterns in the
Cambridge Structural Database (CSD, Cambridge, UK) (Allen, 2002).
Refcodes BIYSEH (Kojic-Prodic and Ruzic-Toros, 1982) and BIY-
SEH02 (Reck et al., 1988) were used as reference crystal structures,
for PRXAH I and II, respectively. For identification of PRXAH III the
X-ray powder diffractogram published by Vrečer et al. (2003) was
used, with the unique peak allocations appearing at 9.1◦, 13.1◦,
18.2◦, 28.4◦ and 29.5◦ 2�.

For non-isothermal (variable temperature) XRPD (VT-XRPD)
measurements an Anton Paar CHC chamber (Anton Paar GmbH,
Graz, Austria) was  mounted on the goniometer of the diffractome-
ter. A 0.2 mm deep sample holder was  used. VT-XRPD scans were
obtained from 30 to 160 ◦C at 10 ◦C intervals. The heating rate of
10 K/min was  controlled by TCU 110 temperature controller (Anton
Paar GmbH) and the samples were equilibrated for 60 s before ini-
tiating the scan.

2.2.2. Raman spectroscopy
Raman spectra were collected using a Raman spectrometer

(Control Development Inc., South Bend, IN, USA) equipped with
a T.E. cooled FFT-CCD detector (1024 × 64) and a two  fiber coax-
ial optic probe. The laser source was a 300 mW diode laser system
operating at 785 nm (Control Development, Inc., South Bend, IN,
USA). The detection range was from 500 to 2200 cm−1. A total of
8 scans per spectrum with a 1.0 s integration time were acquired
for each sample. CDI Spec32 software (Control Development, Inc.,

South Bend, IN, USA) was used for the collection of Raman spectra.

The same equipment was  used for in-line Raman spectroscopy
measurements. The spectra were collected every 4 s for 1 h using 4
scans per spectra with a 1.0 s integration time.
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ig. 1. SEM micrographs (5000×)  of PRXAH I (a) after 180 min  of milling at low te
ow  temperature and (d) after 48 h storage at 4 ◦C.

.2.3. Scanning electron microscopy (SEM)
Particle size and morphology of the samples were investigated

sing a JSM 5200 scanning electron microscope (JEOL, Japan). Sam-
les were mounted on aluminum stubs with double adhesive
arbon tape and sputter coated with gold at 20 mA  for 120 s in
rgon atmosphere prior to microscopy (E5200 Auto Sputter Coater,
iorad, UK).

.2.4. Differential scanning calorimetry (DSC)
DSC was performed using a differential scanning calorimeter

ith refrigerated cooling system (Diamond DSC, Perkin Elmer,
altham, MA,  USA). The DSC system was calibrated for temper-

ture and enthalpy using indium as a standard. Samples were
nalyzed using crimped aluminum pans and a heating rate of
0 K/min from 20 to 210 ◦C. Measurements were performed under
itrogen flow. Thermal events are given as onset temperatures of
he events, unless mentioned otherwise.

.2.5. Storage studies

In order to investigate the effect of temperature and time on

he recrystallization behavior of amorphous PRX, the samples
ere stored in desiccators at ambient temperature (approx. 22 ◦C,
T) and at 4 ◦C for up to 90 h in closed glass vials over sodium

able 1
haracteristic properties of PRX forms.

Parameter PRXAH I PRXAH II 

Solid state Crystalline Amorphous Crystallin

Specific peak allocations (2�) 8.7; 11.7; 14.6; 17.8;
21.8; 27.5

9.2; 10.3;
20.6; 25.8

Melting point (◦C) (onset) 201.3 193.0
203.1

197.6 

Recrystallization temperatures
(◦C) (onset)

50.6
87.1

Recrystallization enthalpy (J/g) 25.2
12.6

Solubility in SGF (mg/l)a 184.9 186.3 

a Data from Vrečer et al. (2003).
ture, and (b) after 48 h storage at 4 ◦C and PRXAH II (c) after 180 min  of milling at

silicate (silica gel). All samples were analyzed immediately after
the preparation and stored under the specified storage conditions
prior to further analysis.

2.2.6. Dissolution testing
The dissolution behavior of amorphous samples was investi-

gated in simulated gastric fluid (without pepsin) (SGF) according
to the USP 33 NF 28 monograph for PRX capsules. Hard gelatin
capsules filled with 20 mg of the respective solid state form of
PRX (mesh size 140 �m,  n = 3) were used for dissolution testing
(Erweka DT 70, Erweka GmbH, Heusenstamm, Germany). Amor-
phous PRX was  tested immediately after preparation. A sample of
5 ml  was  withdrawn at 3 min  interval, and replaced with an equiv-
alent amount of dissolution medium. Detection of dissolved PRX
was performed by UV spectroscopy (Evolution 300, Thermo Fisher
Scientific, Waltham, MA,  USA) at a wavelength of 353 nm.

Additional dissolution experiments with amorphous PRX sam-

ples as well as with crystalline PRX forms were performed with the
aim to monitor the recrystallization of amorphous PRX (approx. 2 g)
in a minimal amount of SGF, approx. 5 ml,  by using in-line Raman
spectroscopy.

PRXAH III PRXMH

e Amorphous Crystalline Crystalline

 15.9; 19.9; 9.1; 13.1; 18.2; 25.1;
28.4; 29.5

9.6; 10.3; 12.1; 14.2;
14.7

193.0
202.3

189 202.7

66.0
100.6
31.1
13.3

147.7 84.5
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Fig. 2. (a) SNV corrected and mean centered PDF traces of untreated crystalline
PRXAH I (red), PRXAH II (blue) and PRXAH III (green) (zoomed in on the interval
15–30 Å),  together with X-ray amorphous PRX obtained from PRXAH I and PRXAH
2 K. Naelapää et al. / International Jou

.3. Data analysis

.3.1. Pair-wise distribution function (PDF)
Atomic pair-wise distribution function (PDF) analysis was  per-

ormed by Fourier transforming the 5◦ to 40◦ 2� region of the
RPD diffractograms using the freeware program RAD described
lsewhere (Petkov, 1989). The Fourier transformation of the XRPD
iffractograms is calculated according to the following equations:

(r) = 2
�

∫ Qmax

0

Q [S(Q ) − 1]sin(Qr)dQ (1)

here G(r) is a probability function and r is the distance between
he atoms. The structure function S(Q), defined in Eq. (2),  is obtained
rom the powder diffraction pattern which has been corrected for
xperimental errors and normalized and Q is the scattering vector
hich is defined in Eq. (3).

(Q ) =
Icoh(Q ) −

∑
ci

∣∣fi(Q )
∣∣2

∑
ci

∣∣fi(Q )
∣∣2

+ 1 (2)

here Icoh(Q) is the measured scattering intensity that has been
orrected for background and other experimental effects and ci
nd fi are the atomic concentration and X-ray atomic form factor
espectively.

 = 4� sin �

�
(3)

here � is the angle between the incident and the diffracted beam
nd � is the wavelength of the beam (Egami and Billinge, 2003).

.3.2. Multivariate data analysis (MVDA)
MVDA on PDF data was performed using principal component

nalysis (PCA). The PDF data were preprocessed using standard
ormal variate (SNV) correction and mean centering. The pre-
rocessing, scaling and PCA on PDF data were performed using
imca-P+ software (v.12.0, Umetrics AB, Umeå, Sweden).

PCA was also used to extract and visualize the systematic vari-
tions in the XRPD and Raman spectroscopy data. The data matrix
as divided into two low-dimensional matrices, scores and load-

ngs. The diffraction range from 5◦ to 30◦ 2� and Raman spectral
egion of 1000–1700 cm−1 was chosen for the analysis. The data
ere preprocessed and scaled similarly to the PDF data using SNV

orrection together with mean centering. All XRPD and Raman
pectral data were normalized and scaled so that their relative
ntensity matched that of the intensity ratio in the raw diffraction
atterns and spectra.

. Results and discussion

.1. Characterization of amorphous PRX

Chemically pure amorphous PRX (identified by the presence of
nly a halo in the X-ray powder diffractogram and by Raman spec-
roscopy) was obtained by ball-milling of PRXAH I and II at low
emperature as described previously elsewhere (Kogermann et al.,
011). A different particle morphology between the amorphous
amples prepared from PRXAH I and II analyzed immediately after
reparation and compared to samples stored for 48 h at 4 ◦C was
etected in the SEM images (Fig. 1a and b vs c and d). The “spider-

et” like network visible between the particles (Fig. 1d) was due
o crystallizing PRXAH III, as verified by XRPD and Raman spec-
roscopy. Characteristic properties of PRX forms are collected in
able 1.

II  by ball-milling at low temperature for 180 min, (b) PCA scores plot of PC 1 and PC
2,  PRXAH I (red square), PRXAH II (blue circle), PRXAH III (green triangle) (c) PCA
scores plot of PC 2 and PC 3, (d) corresponding loadings for the PC 1, PC 2 and PC 3
using PDF transformed XRPD data. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. VT-XRPD diffraction patterns (all patterns are normalized) of: (a) amorphous PRX prepared from PRXAH I and (b) amorphous PRX prepared from PRXAH II in comparison
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o  XRPD patterns of untreated crystalline PRXAH forms. Heating from ambient tem

.2. PDF analysis of XRPD data

To investigate the differences between crystalline PRXAH I, II
nd III samples and amorphous samples prepared from crystalline
RXAH I and II, pair-wise distribution function (PDF) analysis was
sed to evaluate the X-ray diffraction data in real-space (Billinge,
010). The three crystalline materials exhibited substantial differ-
nces in their peak positions. Furthermore, it was observed that
he crystalline samples had higher peak intensities throughout the
–30 Å interval than their amorphous counterparts. All samples,
rystalline as well as amorphous, experienced a PDF trace attenu-
tion (Fig. 2a) and this attenuation was highest for the amorphous
amples. The attenuation of all the samples is in accordance with
he finite Q resolution of the experiments (Eq. (3))  and amorphous
amples will, due to their increased structural disorder, always
xhibit a more pronounced attenuation than their crystalline coun-
erparts (Dinnebier and Billinge, 2008). Finally, the amorphous
amples prepared from PRXAH I had different peak allocations com-
ared to the amorphous samples prepared from PRXAH II.

In order to visualize these differences between crystalline PRX
amples and amorphous samples PCA was utilized. A model with
hree principal components (PCs) explaining 99.7% of the variation
as obtained. It was observed that the first principal component

PC 1) and the second PC (PC 2) were capable of separating the three
rystalline samples, i.e., PRXAH I, II and III (Fig. 2b). It was also found
hat PC 2 was capable of separating the amorphous samples pre-
ared from PRXAH I from the amorphous samples prepared from
RXAH II. Furthermore, the third PC (PC 3) was capable of separat-
ng amorphous samples and PRXAH III from the crystalline samples
f PRXAH I and II (Fig. 2c). In order to explain these observations it is
ecessary to look at the loadings of the respective PCs. The loading
f PC 1 reflected the peak intensities of the preprocessed PRXAH III
DF trace (Fig. 2d). Additionally, the loading of PC 2 reflected the
eak positions of the preprocessed PRXAH I PDF trace and was  in
ntiphase to the peak positions of the preprocessed PRXAH II PDF
race (Fig. 2d). This explained the fact that the PC 2 was  capable
f separating the crystalline PRXAH I and II samples. Based on this
rgument, it is also prudent to suggest that the amorphous sam-
les prepared from PRXAH I are closer to PRXAH I and that the

morphous samples prepared from PRXAH II are closer to PRXAH
II. Finally, the loading of PC 3 was found to reflect the PDF peak
ntensities of the amorphous samples prepared from PRXAH I and
I (Fig. 2d).
re (25 ◦C) up to 160 ◦C. The (*) marks denote the reflections unique to PRXAH III.

Since PC 2 did not only separate the crystalline samples but also
the amorphous samples prepared from PRXAH I and II, this sug-
gests that the starting material influenced the commonly occurring
inter-atomic distances within the amorphous samples. PC 3 shows
that the amorphous samples prepared from PRXAH I and II were
more related to the PRXAH III samples and combining PC 2 and
PC 3 indicates that the amorphous samples prepared from PRXAH
II shared more common inter-atomic distances with the PRXAH
III crystalline form than the amorphous samples prepared form
PRXAH I did (Fig. 2c). Finally, it also prudent to mention that these
tendencies found within the data set could benefit from being reex-
amined using a high energy radiation source e.g., a Ag anode. This
would hopefully enable an even better separation of the amorphous
groups.

In order to determine whether the amorphous samples prepared
from PRXAH I or II have higher degree of disorder, the raw PDF
traces of amorphous samples prepared from PRXAH I replicate runs
were averaged and compared to the averaged amorphous samples
prepared from PRXAH II replicate runs. It was observed that the
averaged amorphous samples prepared from PRXAH II samples had
the lowest peak intensities in 11 out of 14 peaks (79%), indicating
that the amorphous samples prepared from PRXAH II possessed the
highest degree of disorder.

3.3. Critical material properties

3.3.1. Impact of heat/thermal stress
In general, transformation from a less stable form to a more

stable form is induced by increasing the temperature as heating
increases the local mobility of the molecules. The effect of tem-
perature on amorphous samples prepared from PRXAH I and II
was investigated with VT-XRPD. Amorphous PRX prepared from
PRXAH I started to crystallize as PRXAH I at 30 ◦C, and at 40 ◦C reflec-
tions with low intensity unique to PRXAH III at 9.1, 18.2 and 28.4◦

2� appeared in the X-ray diffraction pattern (Fig. 3a). Reflections
belonging to PRXAH III were present until 110 ◦C, and at 120 ◦C pure
PRXAH I had crystallized. Upon heating to 160 ◦C no other solid state
changes were detected. The apparent shift in diffraction patterns as
evident at Fig. 3 is due to the expansion of the crystal lattice during

the non-isothermal heating (Kogermann et al., 2007a; Sheth et al.,
2004a).

Amorphous samples prepared from PRXAH II showed a some-
what different thermal behavior. Crystallization started first at
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Fig. 4. (a) Dissolution profiles of amorphous PRXs and crystalline counterparts from
c
p
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apsules. Data expressed as mean values ± S.D. (n = 3); (b) amorphous PRX pre-
ared from PRXAH I and (c) amorphous PRX prepared from PRXAH II wet slurry
xperiments. All experiments performed in simulated gastric fluid (SGF, pH 1.2).

0 ◦C where distinct reflections of PRXAH I and III appeared (Fig. 3b).
dditional reflections unique to PRXAH III were seen at 13.1 and

9.5◦ 2� in comparison to the amorphous samples prepared from
RXAH I, indicating the presence of higher amount of PRXAH III
n samples recrystallized from amorphous samples prepared from
RXAH II. Similarly to the amorphous sample prepared from PRXAH
f Pharmaceutics 429 (2012) 69– 77

I  the PRXAH III reflections disappeared at 120 ◦C and only PRXAH I
reflections were present up to 160 ◦C. The occurrence of PRXAH III
may  be related to the fact that the nucleation and crystal growth
of the less stable form is faster compared to the more stable forms,
being consistent with Ostwald’s Rule of Stages.

The VT-XRPD results were supported by DSC, where two recrys-
tallization exotherms and two melting endotherms were seen,
confirming the crystallization of a mixture of two  PRX forms
upon non-isothermal heating. Nevertheless, the two  amorphous
PRX samples differed in the onset temperatures of recrystalliza-
tion. Amorphous samples prepared from PRXAH I recrystallized
at lower temperatures (onsets at 50.6 and 87.1 ◦C) together and
with lower enthalpies (25.2 and 12.6 J/g) compared to amorphous
samples prepared from PRXAH II (onsets at 66.0 and 100.6 ◦C;
and enthalpies of 31.1 and 13.3 J/g). Also the melting endotherms
appeared at lower temperatures for amorphous samples prepared
from PRXAH I than for amorphous samples prepared from PRXAH
II. None of the amorphous samples showed any evidence of a
glass transition temperature (Tg) due to the temperature overlap
with the recrystallization exotherms of the PRX forms. The Tg of
the quench cooled samples has been reported to be at 63.9 ◦C for
PRXAH I and 67.7 ◦C for PRXAH II (Kogermann et al., 2011) further-
more indicating differences between the two  different amorphous
samples.

The VT-XRPD and DSC results were in good agreement with
the PDF analyses suggesting that amorphous samples prepared
from PRXAH I were less disordered and therefore might consist
some residual crystallinity. In comparison, amorphous samples
prepared from PRXAH II crystallized as the less stable PRXAH III
followed by further transformation to PRXAH I (as less energy
is needed for recrystallization of a less stable form). The exis-
tence of seed crystals and their influence on recrystallization
of amorphous samples has also been discussed by Yonemochi
et al. (2005).  They reported that the amorphous terfenadine pre-
pared from form I by grinding crystallized during heating as
a mixture of forms I and II, whereas ground metastable form
II crystallized as pure metastable form II.

3.3.2. Impact of dissolution medium
Dissolution testing of amorphous materials in biorelevant media

will provide important information related to the retention of the
specific physicochemical properties of a drug in the amorphous
state. Recrystallization of an amorphous API may  occur when it
comes into contact with dissolution media as recently reported by
Savolainen et al. (2009) for carbamazepine. With the aim of inves-
tigating the impact of dissolution medium (SGF), and therefore
obtaining further insight into the possible recrystallization behav-
ior of amorphous PRX, dissolution studies were performed.

Dissolution studies from hard gelatin capsules in SGF were per-
formed with both amorphous PRXs and its crystalline counterparts
including PRXMH. It is relevant to state that it took approximately
3 min  for the hard gelatin capsule to disintegrate. The results of
the dissolution studies indicated a lower amount of PRX dissolved
from both amorphous PRXs compared to the crystalline forms dur-
ing 30 min  of testing (Fig. 4a). However, the advantage of a higher
apparent solubility of amorphous material was  still present in the
early phase of dissolution testing (<10 min) for both amorphous
PRXs as the percentage of PRX dissolved was  higher compared
to the percentage of PRX dissolved from crystalline forms. The
percentage of PRX dissolved from both amorphous materials was
similar after the early phase (>10 min) in SGF. The sudden drop
in the dissolution rate of amorphous PRXs indicated a possible

fast recrystallization of amorphous material in the presence of
SGF.

In order to further investigate the recrystallization behavior of
amorphous PRXs in SGF in-line Raman spectroscopy was used to
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Fig. 5. (a) XRPD patterns and (b) Raman spectra of untreated crystalline PRXAH I (red), PRXAH II (blue), PRXAH III (green) and obtained amorphous samples after 180 min
milling of PRXAH II at low temperature, and samples stored at ambient temperature (RT) and at 4 ◦C over silica gel. Time points of measurements during storage: 48, 65 and
9 h of st
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onitor the phase transformations in the presence of a minimal
mount of dissolution medium. Differences in the recrystallization
ehavior of the two amorphous PRXs could be identified. Again,
morphous samples obtained from PRXAH I showed faster recrys-
allization, already during the first minute of dissolution testing in
GF (Fig. 4b), whereas amorphous samples prepared from PRXAH II
howed first signs of PRXMH recrystallization after 5 min (Fig. 4c).
RXMH exhibits the lowest intrinsic dissolution rate compared to
ther crystalline PRX forms (Vrečer et al., 2003) explaining the
ecline in the dissolution rate of amorphous PRXs. The crystalline
RX forms did not show any SGF induced solid state changes in the
ested time interval. The solid state changes of amorphous mate-
ial in SGF were also confirmed by XRPD (data not shown). It was
hown with the dissolution testing that the expected advantage of
aster dissolution and higher bioavailability of amorphous material
as actually lost in the case of amorphous PRX.

.3.3. Impact of storage
The physical stability of amorphous material during storage

s another important factor regarding the final product perfor-
ance. Therefore the influence of storage time and temperature

n the recrystallization behavior of the amorphous forms of PRX
as investigated. Amorphous PRX samples were physically very
nstable and started to crystallize immediately after prepara-
ion. However, the time-scale of solid state changes still differed
etween the two amorphous samples. The XRPD results revealed
hat amorphous PRX, obtained from PRXAH I, crystallized as almost
ure PRXAH I after 48 h of storage over silica gel in closed vials
t RT and at 4 ◦C. The amorphous samples stored at RT exhib-
ted diffractions of PRXAH III, but these were hardly detectable.
fter longer storage times (up to 90 h) crystallization of amor-
hous material continued, as detected by the increased reflection

ntensities, however no additional phase transformations could be
dentified. Raman spectroscopy confirmed the observations made

ith XRPD. Samples measured after 48 h of storage at RT showed
ainly PRXAH I peaks, and only minor peaks indicating the possi-

le presence of PRXAH III were identified. Raman spectra exhibited
 higher amount of amorphous PRX in samples stored at 4 ◦C for

8 h. Upon further storage, only a change in intensity was  detected
ue to increased crystallinity of the samples.

According to the XRPD and Raman data, the amorphous PRX
btained from PRXAH II had recrystallized into a mixture of PRXAH
orage as no further changes in Raman spectra were detected after 65 and 90 h of
ted line (···) and dashed line (- - -), respectively. (For interpretation of the references

I  and III during storage for 48 h at RT (Fig. 5a and b). For the samples
stored at 4 ◦C for 48 h a very weak reflection belonging to PRXAH III
had appeared at 9.1◦ 2� in the XRPD pattern (Fig. 5a). After 65 h of
storage the samples had crystallized as a mixture of PRXAH I and III,
with an even higher crystallinity after 90 h (Fig. 5a). XRPD results
were again confirmed by Raman spectroscopy, with peaks belong-
ing to PRXAH I and III detectable in the samples stored for 48 h at
RT (Fig. 5b). Interpretation of the Raman spectra for samples stored
at 4 ◦C was more difficult as the presence of several solid forms was
identified. In order to deal efficiently with the interpretation of the
results MVDA tools were therefore applied.

3.3.4. MVDA for identification of complex recrystallization
pathways

MVDA has become a well recognized approach for interpreta-
tion and identification of complex phenomena. PCA is one possible
MVDA tool that has been used to investigate and visualize the solid
state changes (Jørgensen et al., 2006). In this study PCA was carried
out for several datasets with the aim to investigate the effect of
storage time and temperature on the two amorphous PRX samples
(Fig. 6). Three PCs were used to describe the variation in XRPD and
Raman spectral data, respectively. PCA scores and loading vector of
the PC 1 explained 41.4% of the variation in the XRPD data, sepa-
rating crystalline, amorphous and recrystallized samples (Fig. 6a).
The PC 2 and PC 3 explained 26.3% and 19.3% of the variation,
respectively. Interestingly, the loading vector of PC 2 represented
reflections of PRXAH III and amorphous halo, and therefore sep-
arated PRXAH III from all other samples (Fig. 6c and e). The PC
3 separated PRXAH II from other samples. PCA also confirmed
that independent of the storage conditions, samples prepared from
PRXAH I were more crystalline after the same storage time than
samples prepared from PRXAH II (Fig. 6a). It is also evident from
the scores plot (Fig. 6a) that amorphous samples prepared from
PRXAH I stored at RT had crystallized as almost pure PRXAH I, and
amorphous samples prepared from PRXAH II as a mixture of PRXAH
I and III.

The largest variation in Raman spectral data was  explained
by the scores and loading vector for PC 1 (53.4%), separating

amorphous PRX forms from crystalline ones (Fig. 6b and d). In
addition, the PC 2 (19.3%) differentiated PRXAH I and II amorphous
samples from crystalline ones. The PC 3 (14.6%) separated PRX
crystalline forms from each other. In general, the PCA models of
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Fig. 6. Principal component analysis (PCA) plots of piroxicam (PRX) forms during storage at room temperature (RT) and at 4 ◦C together with untreated crystalline PRXAH I
(red  squares), PRXAH II (blue circles), PRXAH III (green triangle). (a) XRPD PCA 3D scores plot for the PC 1, PC 2 and PC 3; (c) loadings for the PCs; (e) XRPD patterns of untreated
PRXAH  forms; (b) Raman spectroscopy PCA 3D scores plot for the PC 1, PC 2 and PC 3; (d) loadings for the PCs; (f) Raman spectra of untreated PRXAH forms and amorphous
material. Arrows point out the movement; numbers represent the sampling time points (min). Dotted (···), solid (—), and dashed (- - -) lines represent the reflections unique
t interp
w

R
a
w
X
s
t
o

o  PRXAH I, PRXAH II, and PRXAH III, respectively. All patterns are normalized. (For 

eb  version of the article.)

aman spectral data showed similar results and the same trends
s the XRPD data (Fig. 6a and b). However, additional information
as obtained emphasizing the complementary characteristics of

RPD and Raman spectroscopy. For example, PRXAH I amorphous
ample stored for 48 h at RT was detected as almost pure crys-
alline PRXAH I in the XRPD PCA model. Albeit, the PCA model
f Raman data indicated movement closer to starting crystalline
retation of the references to color in this figure legend, the reader is referred to the

PRXAH I but it still differed from the untreated crystalline material.
The small differences between the different crystalline forms are
less significant in the XRPD PCs than in the Raman PCs, as the

amorphous form has a characteristic halo in XRPD pattern which
differs greatly from the diffraction pattern of crystalline samples,
getting higher values in PC scores and loadings compared to a peak
shift or intensity change in Raman spectra.
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Winkel, K., Hage, W.,  Loerting, T., Price, S.L., Mayer, E., 2007. Carbonic acid: from
K. Naelapää et al. / International Jou

. Conclusions

The critical material characteristics (e.g., amorphous state) need
o be thoroughly investigated especially with regard to stability
nd product performance. The recrystallization of amorphous PRX
amples depended on the starting solid state form, PRXAH I vs
I. The lower physical stability of amorphous PRX prepared from
RXAH I compared to amorphous PRX prepared from PRXAH II is
inked to the higher residual order in amorphous samples obtained
rom PRXAH I as was also identified by PDF analysis. According to
he recrystallization behavior of the amorphous samples prepared
rom PRXAH I they were closely related to the starting material,
hereas the recrystallization behavior of amorphous samples pre-
ared from PRXAH II resembled to that of the PRXAH III. MVDA
pproach had to be used in order to fully understand the impact
f storage time and temperature on amorphous state. According to
he MVDA the influence of storage time and temperature was more
ronounced in case of amorphous PRX prepared from PRXAH I than
rom PRXAH II, indicating the possible presence of higher residual
rder in X-ray amorphous PRXAH I samples.

The performed dissolution experiments confirmed that the
morphous PRX obtained from PRXAH II recrystallized slower as
RXMH in biorelevant dissolution medium compared to amor-
hous PRX obtained from PRXAH I. However, this study also

ndicates that the advantage of faster dissolution of amorphous
aterial was actually lost and a lower dissolution of amor-

hous material compared to the initial crystalline materials was
btained.
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