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ABSTRACT: Single crystal structure experiments revealed that the orthorhombic nee-
dles of Ciclesonide crystallized in P212121 space group with four independent molecules
in the unit cell. Amorphous Ciclesonide was prepared by lyophilization and character-
ized in comparison with crystalline material by differential scanning calorimetry (DSC),
Fourier transformed (FT)-Raman spectroscopy, powder X-ray diffraction, dissolution,
and saturation solubility experiments. Significant differences in the dissolution, ther-
mal, and spectrometric behavior were observed for both solid-state phases. DSC- and FT-
Raman methods for the determination of amorphous content in crystalline Ciclesonide
samples were established. Isothermal and dynamical recrystallization studies on amor-
phous Ciclesonide were conducted using dispersive hot-stage Raman microscopy. The
recrystallization was observed to be a two-step process with an induction period (most
likely nuclei formation) followed by the actual recrystallization (crystal growth). The
recrystallization rate constants and Avrami exponents (n¼ 2) were determined from the
isothermal experiments at various temperatures using Johnson–Mehl–Avrami theory.
Isothermal activation energies were obtained from Arrhenius plots using the tempera-
ture dependence of (a) the rate constants (160.4 kJ/mol) and (b) the induction time
(140.9 kJ/mol) of the isothermal hot-stage experiments. � 2007 Wiley-Liss, Inc. and the
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A major issue in pharmaceutical sciences today is
to increase the dissolution rate and bioavailability
of poorly soluble drugs. A possible approach is the
use of dosage forms containing amorphous mate-
rial of the active ingredient,1–4 which possesses a
higher dissolution rate and apparent solubility
than its crystalline counterpart.5 The amorphous
state, however, is thermodynamically metastable,
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thus amorphous systems tend to spontaneous
transformations into the crystalline state.6–8 This
can be very critical for the pharmaceutical product,
as the bioavailability and therefore also the
product efficacy may be affected in case that the
recrystallization process occurs during the shelf-
life of the product. It also has to be taken into
consideration that the use of amorphous material
might have a crucial impact on other physico-
chemical parameters of the compound such as the
hygroscopicity, mechanical, and flow parameters
as well as chemical stability in the solid state.9 For
these reasons it is necessary to establish suitable
analytical and spectroscopic methods for the
detection, characterization, and quantification of
amorphous materials. Up to now many techniques
have been described in the literature for the
detection and quantification of amorphous content
as well as for the characterization of the isothermal
and non-isothermal recrystallization behavior of
compounds in the amorphous state. Powder X-ray
diffraction,10 near IR-11 or Fourier transformed
(FT)-Raman spectroscopy,9 microcalorimetry,12,13

solution calorimetry,14 differential scanning calori-
metry (DSC),15–17 and gravimetry18 were success-
fully applied to study such systems.

In this study, we investigated crystalline and
amorphous Ciclesonide (refer to Fig. 1) by means
of single crystal and powder X-ray diffraction,
DSC, FT-Raman spectroscopy, and dispersive hot-
stage Raman microscopy. The dissolution beha-
vior in water at 378C of both crystalline and X-ray
amorphous Ciclesonide was studied in order to
demonstrate the impact of amorphicity on physi-
cochemical properties.
Figure 1. Chemical structure of 16,17-[(cyclohexyl-
methylene)bis(oxy)]-11-hydroxy-21-(2-methyl-1-oxopro-
poxy)-pregna-1,4-diene-3,20-dione[11b,16a(R)] (Cicleso-
nide).
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FT-Raman and DSC methods for the quantifi-
cation of amorphous content in ‘‘crystalline’’
Ciclesonide batches were established and tested
in a comparative manner.

Finally the isothermal recrystallization kinetics
of amorphous Ciclesonide was studied in detail
using dispersive hot-stage Raman microscopy, a
method rarely used for the investigation of such
phenomena. Johnson–Avrami–Mehl theory has
been applied to determine the crystallization rate
constants. Activation energies were obtained from
Arrhenius analysis of the data.
EXPERIMENTAL PART

Single Crystal X-ray Diffraction

A crystal (0.8� 0.015� 0.01 mm3) was measured
at T¼ 298(2) K on a Stoe IPDS diffractometer
using the Mo-Ka radiation (l¼ 0.71073 Å). The
measured theta range was 1.908–24.398. All
crystallographic calculations were carried out
using the SHELXLT program package, refine-
ment was carried out using the full-matrix least
squares method.19 The positions of the hydrogen
atoms were refined isotropically. This gave a
goodness-of-fit of 0.764 and the following R-values
(I> 2s(I)): R1¼ 0.0494, wR2: 0.0896.

Crystallographic data for the structure analysis
have been deposited with the Cambridge Crystal-
lographic Data Centre, CCDC No. 656903. Copies
of this information may be obtained free of charge
from: The Director, CCDC, 12 Union Road, Cam-
bridge, CB21EZ UK (fax: þ44-1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk www://www.ccdc.
cam.ac.uk).

FT-Raman Spectroscopy

FT-Raman spectra were recorded on a Bruker
Optics RAM II module, which was coupled to a
Bruker Optics Vertex 70 FT-IR spectrometer. The
RAM II module was equipped with a liquid
nitrogen cooled high sensitivity germanium
detector (D-418 TF) and a diode pumped
500 mW Nd:YAG laser (wavelength: 1064 nm).
Data acquisition and analysis were performed
using the software package OPUS 5.4 from
Bruker Optics. For each spectrum 512 scans were
collected in 1808 reflection mode using a spectral
resolution of 2 cm�1 in order to provide Raman
spectra with a low S/N ratio in combination with
well-resolved Raman signals. To avoid heating of
the colorless samples the laser power was set to a
DOI 10.1002/jps



BEHAVIORS OF CRYSTALLINE AND X-RAY AMORPHOUS CICLESONIDE 3767
value of 100 mW. The sample preparation
consisted of gently compacting the powders into
a cylindrical aluminum sample pan (height: 4 mm,
diameter: 10 mm) with a pinhole (diameter: 2 mm,
depth: 1 mm). The calculations of the different
Raman intensity ratios, e.g., I1604 cm�1=I804 cm�1 ,
were performed directly from the FT-Raman
spectra without carrying out an background
correction.

Dispersive (Hot-Stage) Raman Microscopy

Dispersive Raman microscopy has been per-
formed on a Bruker Senterra confocal system
based on an Olympus BX51 optical microscope
equipped with a 785 nm laser diode (laser power:
100 mW) as source, an Andor iDUS DV420A CCD
camera (peltier-cooled, working temperature:
�508C) as detector and a motorized XYZ stage
for mapping and confocal experiments. The
frequency calibration of the system was performed
automatically using neon emission lines
(Sure_Cal technology). The microscopic Raman
measurements were performed with a 20-fold
magnification long-distance objective from Olym-
pus. Data acquisition and analysis were per-
formed using the software package OPUS 5.5 from
Bruker Optics. For each spectrum two spectral
regions 2600–1480 and 1500–90 cm�1 were
measured (Raman acquisition time per spectral
region: 20 s, repeats per spectral region: 3, total
acquisition time: 314 s) with a spectral resolution
of 3–5 cm�1. Afterwards the overlapping spectral
regions were mathematically merged by an
automated program routine. For the hot-stage
Raman experiments a Linkam Thermostage
THMS 600 was used. The temperature at
the sample was checked using a Fluke Thermo-
couple Thermometer 51 II equipped with a Fluke
beaded K-type thermocouple. The accuracy of the
attuned temperature was found to be within
�0.58C. Temperature stability during the iso-
thermal experiments was �0.18C. For the mea-
surements about 1.0–1.5 mg of the amorphous
powders were gently compacted into an aluminum
sample pan (height: 2 mm, diameter: 10 mm,
weight: 395.8 mg) with a pinhole (diameter: 2 mm,
depth: 1 mm) and placed in the sample holder of
the thermostage and measured through the
quartz glass window of the thermostage. Two
different types of experiments were carried out:
(1) temperature ramps between 50 and 1408C in
18C temperature steps (equilibration time before
the Raman measurement: 20 s, measurement
DOI 10.1002/jps JOURN
time at a certain temperature: 334 s) and
(2) isothermal Raman experiments at 65, 90,
100, 104, 106, 108, 110, 112, 114, and 1158C
(heating rate to the starting temperature 10 K/
min) in dependence of time (time delay between
the end of each measurement: 324 s¼ 5.4 min).
The calculation of the Raman intensity ratio
I1603 cm�1=I802 cm�1 was performed directly from
the Raman spectra without carrying out an back-
ground correction, assuming a spectral-indepen-
dent background. The relative crystallinity X,
which is necessary for the Avrami plots and the
Avrami coefficient determination, was calculated
from the intensity ratio I1603 cm�1=I802 cm�1 , as with
this ratio a linear behavior between the relative
crystallinity X and the intensity ratio (X-range: 0–
100%) was observed by FT-Raman investigations
on spiked Ciclesonide samples.
PXRD, DSC, TG, and 1H-NMR Spectroscopy

The XRD experiments in reflection mode were
performed on a STOE STADI P diffractometer
equipped with a Ge(111) monochromator and a
linear PSD detector over an angular range
of 2u¼ 38–408 (angular step size: 0.28, measure-
ment time per step: 15 s). For the measurements
Cu Ka1 radiation (lKa1¼ 1.54056 Å, EKa1¼
8047.78 eV, U¼ 40 kV, I¼ 30 mA) of an X-ray
tube was used. The Ciclesonide powders were
filled between mylar foil and adjusted in the path
of rays for the transmission mode experiments.

The DSC scans of the investigated batches were
carried out in a temperature range between
40 and 3008C on a dynamical differential scanning
calorimeter of TA instruments (DSC Q1000) with
dry nitrogen as purge gas (50 mL/min). A heating
rate of 20 K/min were used for the determination
of the calibration curves (amorphous content vs.
recrystallization enthalpy), heating rate of 10, 20,
30, 50, and 100 K/min were used for the screening
of the detection limit (1% amorphous content).
Before performing the DSC sample scans, a T4P
calibration (baseline, cell constant, onset slope, cp
constant, indium melting point temperature
calibration) was carried out for the heating rates
10, 20, and 100 K/min.

Thermogravimetric measurements were per-
formed on a Hi-Res TGA 2950 thermogravimetric
Analyzer from TA instruments. For each mea-
surement about 5 mg of the substance were
accurately weighed into a platinum TG pan. The
weighed change of the sample was recorded in a
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
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temperature range between 30 and 2508C apply-
ing a heating rate of 10 K/min. 1H-NMR spectra of
amorphous Ciclesonide were recorded in CDCl3 on
a Bruker 200 MHz-NMR spectrometer (DPX 200).

Dissolution Experiments

For each point in time (5, 10, 20, 35, 60, and
1440 min) of the dissolution experiment two
samples were prepared by weighing about
15 mg of amorphous or crystalline Ciclesonide
accurately into a conical Erlenmeyer flask and
stirring (850 rpm) them at 378C in 100 mL water
(Millipore quality, ELIX 3, Gradient A 10). The
moment of the addition of water was defined as t0.
The tempering of the samples was performed
using an air bath. After the desired stirring time
the complete samples were filtered over a 0.2 mm
membrane filter (Schleicher & Schuell, Dassel,
Germany, RC 0.2 mm Spartan 30/A) and concen-
trated on a Sep-Pak cartridge (Waters Sep-Pak
cartridge C18, WAT051910). Afterwards the
cartridge was eluted with ethanol (gradient grade,
Merck, Darmstadt, Germany). The Ciclesonide in
the ethanol solution was then quantified with
HPLC (LaChrom1-HPLC System Series 7000,
column: Zorbax SB phenyl, eluent: water/ethanol
38:62% (v/v) isocratic, column temperature: 608C,
injection volume: 50 mL, UV-detection at 243 nm)
against an external standard.

Saturation Solubility Experiments

Amorphous or crystalline Ciclesonide (14–25 mg)
were accurately weighed into a conical Erlen-
meyer flask with rubber stopper (n¼ 3). Hundred
milliliters of water (Millipore quality, ELIX 3,
Gradient A 10) were added and 30 min ultrasonic
treatment was applied to the samples (pH 5.9–
6.0). Afterwards the samples were stirred in the
dark for 24 h at 378C in a water bath. After the
desired stirring time each sample was completely
filtered over a 0.2 mm membrane filter (Schleicher
& Schuell, RC 0.2 mm Spartan 30/A) and
concentrated on a Sep-Pak cartridge (Waters
Sep-Pak cartridge C18, WAT051910). Then the
cartridge was eluted with ethanol (gradient grade,
Merck). The Ciclesonide in the ethanol solution
was then quantified with HPLC (LaChrom1-
HPLC System Series 7000, column: Zorbax SB
phenyl, eluent: water/ethanol 38:62% (v/v) iso-
cratic, column temperature: 608C, injection
volume: 50 mL, UV-detection at 243 nm) against
an external standard.
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Materials and Procedures

X-ray Amorphous Ciclesonide

For the preparation of amorphous Ciclesonide
about 0.5 g crystalline Ciclesonide were dissolved
in 70 mL 2-methyl-propan-2ol (tert-butanol),
quench cooled in liquid nitrogen under stirring
and lyophilized over 2 days, yielding the amor-
phous material. Amorphous Ciclesonide is a very
light, voluminous powder. As tert-butanol was
used as solvent for the lyophilization process it
was of interest to quantify the amount of
remaining tert-butanol in the lyophilized batches.
Two quantification methods were established:
(1) a thermogravimetrical method, which quanti-
fies the tert-butanol content via a weight loss
determination in the temperature range of 76–
1348C and (2) a 1H-NMR-spectrometrical method,
which quantifies the tert-butanol content via the
ratio of the integrals of the singulett proton signal
of the three methyl-groups of tert-butanol (che-
mical shift: 1.27 ppm) and the signal of the olefinic
H2 proton (chemical shift: 6.29 ppm) of Cicleso-
nide in the 1H NMR-spectra. The results of both
methods were in good agreement and showed that
less than 0.6 w/w-% of tert-butanol was present in
the samples used for the investigations.

Ciclesonide Samples with an Amorphous
Content in the Range of 1–80 w/w-%

For the preparation of samples with a known
amorphous content the appropriate amounts of
crystalline and amorphous Ciclesoinde were
accurately weighed and afterwards milled for
1 min at an amplitude of 30 with a Retsch Mixer
mill MM 2000 (Retsch GmbH & Co. KG, Haan,
Germany) using a 3 mL agate grinding jar
equipped with an agate ball ( f¼ 0.70 cm) and
closed with a push-fit lid. The homogenized
materials were stored in brown glass vessels in
the dark at room temperature.
RESULTS AND DISCUSSION

Single-Crystal X-ray Diffraction, Dynamic
Scanning Calorimetry (DSC), and FT-Raman
Spectroscopy on Crystalline Ciclesonide

From polymorphism screening,20 monitored by
powder X-ray diffraction and FT-Raman spectro-
scopy, it is known that Ciclesonide exhibits only
one polymorphic form. However, several solvates
DOI 10.1002/jps



Figure 2. Molecular structure of Ciclesonide accord-
ing single crystal X-ray diffraction.

BEHAVIORS OF CRYSTALLINE AND X-RAY AMORPHOUS CICLESONIDE 3769
(e.g., from tetrahydrofurane), so called pseudopo-
lymorphic forms, are known.20

The colorless single crystals of Ciclesonide were
obtained from a solution of Ciclesonide in a water–
ethanol mixture (10 g Ciclesonide per 58 mL
ethanol/water (1.7:1 v/v)). The crystal and mole-
cular structure (Fig. 2) was assigned (Tab. 1). The
orthorhombic needles belong to the space group
P212121 with lattice constants of a¼ 6.638(1) Å,
b¼ 14.079(3) Å, c¼ 32.870(7) Å, a¼ b¼ g¼ 908,
and four independent molecules in the unit cell.
The crystal structure obtained establishes the
configuration of all chiral centers. As expected, the
underlying steroid structure is approximately
planar, with axial orientation of the substituents
on C(10), C(11), and C(13). The side-chain on ring
D is cis to the neighboring methyl group on C(13).
Accordingly, the acetal moiety is trans to C(13).
The cyclohexyl substituent on acetal carbon C(22)
is cis (syn) to the steroid skeleton, giving the
molecule a curved structure. Assuming that
inversion of the configuration of all five carbon
atoms of 16-a-hydroxyprednisolone, which is the
starting material of the Ciclesonide synthesis, can
Table 1. Crystal Data and Structure Refin

Identification Code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Completeness to theta¼ 24.398
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [I> 2sigma(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

DOI 10.1002/jps JOURN
be ruled out, the structure is that of 22R-
Ciclesonide.

Crystalline Ciclesonide exhibits a powder X-ray
diffraction pattern with sharp Bragg reflexes up to
an angular 2u-range of 408 (in Fig. 3: data only
depicted up to 308). A simulated powder pattern of
Ciclesonide according to the single crystal data,
ement for Ciclesonide

Ciclesonide
C32H44O7

540.67
293(2) K

0.71073 Å
Orthorhombic
P2(1)2(1)2(1)

a¼ 6.6380(10) Å, a¼ 908
b¼ 14.079(3) Å, b¼ 908
c¼ 32.870(7) Å, g¼ 908

3071.9(10) Å3

4
1.169 g/cm3

0.081 mm�1

1168
0.8� 0.015� 0.01 mm3

1.90–24.398
�7�h� 7, �16� k� 16, �38� l� 37

19500
4730 [R(int)¼ 0.1350]

93.6%
None

Full-matrix least-squares on F2

4730/0/353
0.764

R1¼ 0.0494, wR2¼ 0.0896
R1¼ 0.1553, wR2¼ 0.1187

�3(2)
0.149 and �0.114 e.Å�3

AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008



Figure 3. Powder X-ray diffraction patterns (trans-
mission mode) of X-ray amorphous Ciclesonide, isother-
mally recrystallized (3.5 h at 1108C) Ciclesonide and
solid residue from saturation solubility determination
(24 h stirring in H2O at 378C) in comparison with the
simulated powder diffraction pattern according single
crystal data of Ciclesonide.
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shown in Figure 3, is in excellent agreement with
experimentally obtained patterns of crystalline
Ciclesonide. DSC curves of crystalline Ciclesonide
(heating rate: 10 K/min, refer to Fig. 4) show only
one sharp endothermic signal caused by melting
in a temperature range between 209 and 2118C
(DHf¼ 55� 2 J/g). The FT-Raman spectrum of
crystalline Ciclesonide is shown in Figure 5
(spectrum on top). Possible assignments of some
of the Raman signals to the vibrations are given in
Table 2.
Figure 4. Differential scanning calorimetry (DSC)
scan of (a) crystalline and (b) X-ray amorphous Cicle-
soinde at a heating rate of 10 K/min.
PXRD, DSC, and FT-Raman-Spectroscopy on X-ray

Amorphous Ciclesonide

From a solution of Ciclesonide in 2-methyl-propan-
2-ol (tert-butanol), which is quench cooled in liquid
nitrogen under stirring and lyophilized over 2 days,
amorphous Ciclesonide can be obtained. In con-
trast to the powder X-ray diffraction pattern of the
crystalline Ciclesonide the lyophilized material
shows only two broad maxima in its PXRD-
patterns, while the sharp Bragg reflexes are
completely missing (refer to Fig. 3). This observa-
tion indicates that the lyophilization process has
produced a completely amorphous Ciclesonide.
Due to particle size-dependent texture effects
observed for crystalline Ciclesonide in reflection
mode the PXRD experiments were performed in
transmission mode. In the DSC curves of amor-
phous Ciclesonide two very strong signals can be
detected: the exothermal recrystallization peak
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
and the endothermal melting signal (Fig. 4b). The
broad exothermal signal in the temperature range
between 60 and 1008C might be due to the liquid–
gas phase transition process of the residual solvent
tert-butanol. The determined heat of fusion of the
amorphous material was found to be lower than the
value for crystalline Ciclesonide. This finding
corresponds with the observation, that the recrys-
tallization enthalpy is also lower than the heat of
fusion of pure crystalline material and might be
explained by an incomplete recrystallization of
amorphous Ciclesonide during the DSC experi-
ments. The FT-Raman spectrum of amorphous
Ciclesonide (Fig. 5) is significantly different from
that of the crystalline material, as peak shifts,
signal broadening, and changes in the intensity
DOI 10.1002/jps



Figure 5. Comparison of the Fourier transformed
(FT)-Raman spectra of crystalline (top) and amorphous
(bottom) Ciclesonide, spectral resolution: 2 cm�1 (laser
power: 100 mW, 512 scans), wavenumber range: 1800–
120 cm�1.

BEHAVIORS OF CRYSTALLINE AND X-RAY AMORPHOUS CICLESONIDE 3771
ratios were observed. Overall the yield of Raman-
scattered photons at a certain laser power
(100 mW) was found to be significantly lower in
the amorphous Ciclesonide than in pure crystalline
samples. The differences in the Raman spectra of
both forms can be used for the detection and
Table 2. Assignments of the Signals in the Fourier Transf

Wavenumber/cm�1 Peak Type

2968–2849 Strong, sharp –CH2– and –CH
1747, 1733 Weak, sharp C––O stretching
1655 Strong, sharp C––O stretching
1612, 1604 Medium, sharp –C––C– stretchi
1468–1346 Weak–medium,

sharp
–CH2– and –CH

of methyl–, is
1239 Weak, sharp C–O stretching
1199–1032 Weak–medium,

sharp
C–O stretching

C–O–C–O–C
823 Weak, sharp C––C–C––O out
784, 698 Weak, sharp –CH2– rocking

DOI 10.1002/jps JOURN
quantification of amorphous content in Ciclesonide
batches. In Figure 6, comparison plots of the FT-
Raman of Ciclesonide samples with amorphous
contents between 0 and 100 w/w-% in different
spectral regions are shown. These samples were
prepared by spiking crystalline Ciclesonide with
definite amounts of amorphous material. The
homogenization of the samples was achieved by
a ball-milling procedure. The milling conditions
were kept as gentle as possible to avoid the
formation of additional amorphous substance from
crystalline material through the homogenization
process. Two data analysis methods of the FT-
Raman spectra were found to be suitable for
quantification: (a) the plot amorphous content
versus the intensity ratio I(1604 cm�1)/I(804 cm�1)
(method 1, Fig. 7a)) and (b) the plot amorphous
content versus the shift of the Raman signal (refer
to Fig. 6a) at half peak height (method 2, Fig. 7b).
The calculation of the intensity ratio was per-
formed from the ‘‘original’’ Raman spectra (without
background correction). The data points of both
plots can be fitted using a linear model
(Y¼AþBX). The rather big error bars of the data
points in both plots can be explained by inhomo-
geneities within the samples. This is a general
problem of quantification methods using calibra-
tion mixtures, which are obtained by mixing solid
components with different morphological and
physical characteristics. The investigation of such
mixtures with spectroscopic method at high spatial
resolution requires very high homogeneity. To
obtain reliable results the repetition rate of the FT-
Raman experiments was set to n¼ 6. The plot
amorphous content versus the intensity ratio
I(1604 cm�1)/I(804 cm�1) showed a better linearity
than the Raman signal shift plot. The limit of
detection (LOD) and limit of quantitation (LOQ) for
ormed (FT)-Raman Spectrum of Crystalline Ciclesonide

Assignment

3– asymmetric and symmetric stretching vibrations
vibration of ketones and esters
vibration of a, b-unsaturated carbonyl functions

ng vibration of a, b-unsaturated carbonyl functions

3– asymmetric and symmetric deformation vibrations
opropyl, and cyclohexyl groups
vibration in esters
vibrations in secondary alcohols and asymmetric
stretching vibrations in acetals
of plane deformation vibration
vibrations

AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008



Figure 6. Comparison of the FT-Raman spectra of
Ciclesonide batches with different amorphous content
(crystalline Ciclesonide spiked with certain portions of
X-ray amorphous material), spectral resolution: 2 cm�1

(laser power: 100 mW, 512 scans), wavenumber range:
(a) 1700–1550 cm�1 and (b) 900–500 cm�1.

Figure 7. Calibration plots for spiked Ciclesonide
samples: (a) FT-Raman intensity ratio I1604 cm�1=
I804 cm�1 versus amorphous content and (b) FT-Raman
wavenumber at half peak height versus amorphous
content (refer to Fig. 6).
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method 1 (quantification range: 0–100 w/w-%)
is 22 and 33 w/w-%, respectively. Method 1 was
applied for the calculation of relative crystallinities
of amorphous Ciclesonide samples during hot-
stage Raman experiments. A more accurate
method to detect and quantify even small amounts
of amorphous material was established by the use
of DSC. In this case the calibration was performed
with samples, which were produced by weighing
the desired amounts of amorphous and crystalline
Ciclesonide directly in an aluminum DSC pan
without mixing them. These samples were mea-
sured using a heating rate of 20 K/min. The data in
the plot of amorphous content (theoretical) versus
recrystallization enthalpy DHRecrystallization, corrected

in the range between 0 and 10 w/w-% (18 data
points) showed a very good linear behavior
(R2¼ 0.9948, Fig. 8). Linear least squares fitting
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
of the data resulted in an LOD of 0.7 w/w-% and an
LOQ of 2.3 w/w-% amorphous content.
Comparison of the Thermodynamic Solubility and
the Dissolution Behavior of Amorphous and
Crystalline Ciclesonide

Ciclesonide is a highly lipophilic substance with a
partition coefficient log P of 5.1 (¼distribution
coefficient at pH 7.4; log D (pH 7.4)) obtained by
shake flask technique. Ciclesonide exhibits strong
glass adsorption and a low solubility, thus special
experimental care was taken, concerning recovery
during the solubility and dissolution experiments.
As Ciclesonide is neither protonated nor deproto-
nated (no pKa values) within the physiologically
and pharmaceutically relevant pH-range between
DOI 10.1002/jps



Figure 8. Calibration plot corrected recrystallization
enthalpy measured by DSC (heating rate: 20 K/min, 18
data points between 0 and 11 w/w-% amorphous con-
tent) versus amorphous content (theoretical, according
weighted sample).

BEHAVIORS OF CRYSTALLINE AND X-RAY AMORPHOUS CICLESONIDE 3773
1 and 12, the saturation solubility (thermodyna-
mical solubility) of amorphous and crystalline
Ciclesonide was determined in pure water (pH
5.9–6.0) after 30 min of ultrasonic treatment and
additional 24 h of stirring at 378C. The saturation
concentration (cs) of crystalline (cs¼ (1.67�
0.05)� 10�7 mol/L,) and amorphous (cs¼ 1.69�
0.10)� 10�7 mol/L) Ciclesonide are within the
experimental error. For the reason of comparison
the dissolution experiments were also carried out
in pure water at 378C under non-sink conditions
(suspension; 15 mg substance in 100 mL water).
The dissolution profiles of crystalline and amor-
Figure 9. Dissolution behavior of crystalline (&) and
amorphous ( ) Ciclesonide in water at 378C monitored
over 60 min and 24 h. The saturation solubilities of
amorphous (91.6� 5.2 mg/L) and crystalline (90.1�
2.2 mg/L) Ciclesonide, measured in water at 378C after
24 h of stirring, are marked as dashed line in the graph.
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phous Ciclesonide, monitored over 60 min with an
additional data point at 24 h, are shown in
Figure 9.

Within the first 60 min small amounts of
crystalline Ciclesonide dissolve. The measured
concentration after 60 min was 50 mg/L, signifi-
cantly lower than the saturation solubility of
crystalline Ciclesonide of (90.1� 2.2) mg/L. In the
case of amorphous Ciclesonide a completely
different situation was found. The concentration
increased almost instantaneously to values, which
were up to four times higher than the saturation
solubility determined for amorphous Ciclesonide
(91.6� 5.2 mg/L). After 24 h, however, the
concentration in the dissolution experiments
was found to be in agreement with the saturation
concentration. Obviously amorphous Ciclesonide
is, in comparison with the crystalline phase, able
to form oversaturated solutions in water, which
are stable for at least 60 min. The initial stability
of the oversaturated solutions can be explained by
the absence of inoculation crystals in the amor-
phous phase, which act as crystallization seeds in
the slurry. This observation demonstrates that
the dissolution rate of poorly soluble compounds
can be increased by the preparation of an
amorphous phase. In both dissolution experi-
ments a white solid residue was obtained. The
residue of the saturation solubility experiment of
amorphous Ciclesonide in water was isolated by
centrifugation. Dispersive Raman microscopy on
the wet residue revealed that the spectrum of the
material was in excellent agreement with crystal-
line and isothermally recrystallized Ciclesonide.
The same finding was obtained applying powder
X-ray diffractometry on this sample. The diffrac-
tion pattern of the residue from the solubility
determination is shown in Figure 3 and is in
perfect agreement with the simulated pattern,
calculated from single crystal data. Thus it was
demonstrated that amorphous Ciclesonide has
precipitated in the known crystallographic form of
Ciclesonide. This is the reason why crystalline
and amorphous Ciclesonide exhibits the same
saturation solubilities.
Kinetic Studies of the Recrystallization Process of
Amorphous Ciclesonide Monitored by Dispersive
Hot-Stage Raman Microscopy

The recrystallization of amorphous Ciclesonide
can be either monitored by DSC experiments or
through dispersive hot-stage Raman microscopy.
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008



Figure 10. Recrystallization of amorphous Ciclesonide at constant temperatures of
(a) 1068C (3. measurement) and (b) 1108C monitored over 146 min (time between the
spectra: 5.4 min) by the normalized dispersive Raman spectra in the spectral region
1700–1560 cm�1.
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In Figure 10, the isothermal recrystallization of
amorphous Ciclesonide at 106 and 1108C
monitored by hot-stage Raman microscopy
is shown. Again, like in the FT-Raman spectra
in Figure 6, the typical shifts of the Raman
signals as well as the changes in the intensity
ratios can be observed in dependence of the
crystallinity. The relative crystallinity X of the
investigated sample at time t can be calculated
from the Raman intensity ratio I1604 cm�1=I804 cm�1 .
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This particular intensity ratio showed in the FT-
Raman quantification of the amorphous content
in spiked Ciclesonide samples a linear relation-
ship with the crystallinity of the sample, thus it is
possible to calculate the relative crystallinity by a
careful determination of the intensity ratio for
X¼ 0 and 100% and a linear interpolation
between those points. In Figure 11, a comparison
between a dynamical temperature scan moni-
tored by dispersive hot-stage Raman microscopy
DOI 10.1002/jps



Figure 11. Recrystallization of X-ray amorphous
Ciclesonide monitored by (a) a temperature versus
relative crystallinity (X) plot obtained by an dispersive
hot-stage Raman microscopic measurement (heating
rate: 0.17 K/min; 5.4 min isothermal at each tempera-
ture) and (b) a temperature versus Heat flow plot
obtained by DSC(heating rate: 2 K/min).
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(heating rate: 0.17 K/min; 5.4 min isothermal at
each temperature) and DSC (heating rate:
2 K/min) is shown. In the DSC curves the
beginning of crystallization was found at a
temperature of about 1058C, this is in agreement
with the value obtained by dispersive Raman
Table 3. Avrami Exponents n for Differen
(CG) Mechanisms

nNþnCG¼ntotal

1þ 0¼ 1 Instantaneous nuc
1þ 1¼ 2 Random nucleatio
2þ 0¼ 2 Instantaneous nuc
2þ 1¼ 3 Random nucleatio
3þ 0¼ 3 Instantaneous nuc
3þ 1¼ 4 Random nucleatio
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microscopy (1038C). Also the endpoints are in
agreement in the order of magnitude.

A main characteristic of crystallization pro-
cesses from a solid amorphous phase is the low
mobility of the atoms or molecules. The system
under investigation (amorphous Ciclesonide)
already exhibits the chemical composition of the
crystalline phase and is homogenous thus no long-
range diffusion processes are necessary. There-
fore, the crystallization process is determined by
the formation of crystallization nuclei and inter-
face controlled crystal growth. Several approaches
and methods have been developed to analyze
kinetic data from recrystallization processes,
including fractal21 and autocatalytic22 models.
Johnson, Mehl, and Avrami23 developed model
equations for phase transformations in which the
metastable phase, in our case amorphous Cicle-
sonide, can coexist with a more stable phase
(crystalline Ciclesonide) during the time of
transformation.

The Avrami equation for isothermal crystal-
lization is given by Eq. (1) or its double logarithmic
form Eq. (2),23b,c where Xt is the relative crystal-
linity of the sample at the time t, n the so-called
temperature-independent Avrami exponent and
K a temperature-dependent parameter, compar-
able with a rate-constant. The Avrami exponent n
varies for different nucleation and growth
mechanisms21,22,24 (refer to Tab. 3).

Deviations from the Avrami behavior might
originate from the appearance of different growth
mechanisms, impurities influencing the crystal
growth, molecular mass distributions influencing
the crystallization kinetics or the non-uniformity
of the density of the growing phase.

Xt ¼ 1 � e�Ktn

(1)

ln ln
1

1 � Xt

� �� �
¼ lnðKÞ þ n lnðtÞ (2)
t Nucleation (N) and Crystal Growth

Description

leationþ rodlike crystal growth
nþ rodlike crystal growth
leationþdisclike crystal growth
nþdisclike crystal growth
leationþ spheruliticlike crystal growth
nþ spheruliticlike crystal growth
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Figure 12. Arrhenius-type plots of (a) ln(1/tind) ver-
sus 1/T using the ln(1/tind)-values of and (b) ln(K1/n)
versus 1/T of the isothermal recrystallization of amor-
phous Ciclesonide using the K-values were the Avrami
exponent was fixed at n¼ 2 (refer to Tab. 5). Linear
regression of the data points in (a) marked as black
circles gives an Ea/R-ratio of (16948� 1810) 1/K
(R2¼ 0.9669), which leads to an activation energy
Ea, induction time of 140.9� 15.1 kJ/mol (33.7� 3.6 kcal/
mol). Linear regression of the data points in (b) marked
as black circles gives an Ea/R-ratio of 19289 1/K
(R2¼ 0.9747), which leads to an activation energy
Ea,K of (160.4� 14.9) kJ/mol ((38.4� 3.6) kcal/mol).
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In the case of amorphous Ciclesonide the
isothermal recrystallization behavior at different
temperatures can be followed by the changes in the
Raman spectra (refer to Fig. 11) studied by energy
dispersive hot-stage Raman microscopy. Isother-
mal recrystallization experiments were carried out
at 65, 90, 100, 104, 106, 108, 110, 112, and 1148C. In
Figure 11, it becomes evident that with increasing
temperature the rate of recrystallization also
increases. In the experiments which were carried
out below 1148C a time lag between the beginning
of the experiment and the first observation of
recrystallization was found. The delay time was
termed in this publication as tind (induction time).
Such a time delay was described for several
systems under investigation in the literature,25–27

e.g., the recrystallization process of amorphous
lactose at a relative humidity of 57.5% monitored
by polarized light microscopy and gravimetry,28

and associated with either the actual nucleation
process and/or the slow growth of initial nuclei
(germ nuclei). In Table 4, the experimentally
obtained induction times of the different isother-
mal experiments along with their rather large
standard deviations are given. In general the
induction time increases with decreasing tempera-
ture. As the induction time shows strong tempera-
ture dependence an Arrhenius approach26,28,29 can
be made, which is expressed in Eq. (3) where A is a
temperature-independent preexponential factor
(min�1), DEa, induction time the activation energy
(J/mol), R the gas constant (8.314 J mol�1 K�1), and
T the absolute temperature (K). Note that in this
approach the reciprocal of the induction time is
used for the Arrhenius plot.

1

tind
¼ A exp �DEa; induction time

RT

� �
(3)
Table 4. Observed Induction Time (tind) for
Isothermal Recrystallization Experiments of X-Ray
Amorphous Ciclesonide at 110, 90, 100, 104, 106, 108,
110, 112, and 1148C Monitored by Dispersive Hot-Stage
Raman Microscopy

Temperature (8C) tind (min) ln(1/tind)

90 156.6 (n¼ 1) �5.05
100 32.4� 7.6 �3.48
104 21.6� 5.4 �3.07
106 19.8� 2.0 �2.99
108 12.3� 3.4 �2.51
110 15.8� 5.0 �2.76
112 8.1 (n¼ 1) �2.09
114 0 ––

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
In Figure 12a, the Arrhenius plot of the
experimental data, presented in Table 4, is given.
The data points show a good linearity, therefore
the line of best fit was calculated by least squares
method in the temperature range between
100 and 1128C. From the obtained regression
parameters the activation energy DEa, induction time

was calculated, giving a value of (140.9� 15.1) kJ/
mol. The linear regression curve very well
approximates the experimental data point (one
measurement) at 908C, thus the assumed Arrhe-
nius behavior is very likely.

Coming back to the actual recrystallization
process (crystal growth), which can be followed by
DOI 10.1002/jps



Figure 13. Avrami plot of three independent experi-
ments at 1108C. For the fitting procedure the Avrami
exponent was fixed to n¼ 2, in order to reduce the
number of free parameters.
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the spectral changes in the Raman spectra.
Figure 13 shows the changes in crystallinity of
amorphous Ciclesonide at 1108C in dependence of
the time corrected by the induction time (t–tind).
The data points of three independent isothermal
measurements (1108C) are shown. The solid
line in this figure represents the fitted Avrami
curve (according Eq. (1); n¼ 2). This process can
be done for all isothermal experiments. The
calculated Avrami parameters for the different
temperatures are listed in Table 5. In general an
Avrami exponent of about two was observed,
indicating either a random nucleation with a
followed rodlike crystal growth or an instanta-
neous nucleation with a followed disclike crystal
growth. The obtained K values, however, did not
show the expected steady rise with increasing
temperature. Therefore and in order to reduce the
number of free parameters a second fitting
procedure was performed by fixing the Avrami
exponent to a value of 2. The results are also given
in Table 5. By fixing the n-value to two, the
expected K behavior in dependence of tempera-
ture was gained. A graphical overview over the
fitted Avrami curves with fixed Avrami exponent
(n¼ 2) at different temperatures is shown in
Figure 14. It becomes evident that with increasing
temperatures the recrystallization process
becomes faster.

As mentioned, the rate constant K is a
temperature-dependent parameter. Therefore,
this parameter can be used, likewise already
demonstrated with the induction time, to deter-
mine activation energies of crystallization. The
temperature dependence of K can be described by
DOI 10.1002/jps JOURN
an Arrhenius function,30–32 given by Eq. (4),
where k0 is a temperature-independent preexpo-
nential factor (min�1), DEa,K the activation energy
(J/mol), R the gas constant (8.314 J mol�1 K�1), T
the absolute temperature (K), and n the Avrami
exponent (in our case n¼ 2).

K1=n ¼ k0 exp �DEa;K

RT

� �
(4)

The Arrhenius plot ln(K) versus 1/T (for data
refer to Tab. 5) is shown in Figure 12b). A good
linearity of the data points can be observed. The
line of best fit was calculated by least squares
method in the temperature range between
100 and 1128C. The determined activation energy
DEa,K is (160.4� 14.9) kJ/mol, a value rather
similar to that calculated from the temperature
dependence of the induction time. The experi-
mental data point at 908C (Fig. 12b) is very well
predicted by the regression curve, thus giving
evidence for the Arrhenius behavior.
CONCLUSION

In this work the single crystal structure of
Ciclesonide was solved. The orthorhombic needles
of Ciclesonide crystallize in P212121 space group
with four independent molecules in the unit cell. A
lyophilization process for the preparation of X-ray
amorphous Ciclesonide was established, in order
to obtain a drug material, which differs in its
physicochemical properties from the crystalline
form.

FT-Raman spectroscopic and DSC methods
were developed in order to determine low amor-
phous content in crystalline samples. Both meth-
ods can be used for the determination of
amorphous content in crystalline drug products.
Nevertheless, the DSC method (LOD: 0.7 w/w-%;
LOQ: 2.3 w/w-%) was found to be much more
sensitive and accurate than the determination via
FT-Raman spectroscopy. This is mainly due to the
problem of the preparation of homogenous mix-
tures of crystalline material spiked with increas-
ing portions of amorphous substance, necessary
for the FT-Raman spectroscopic method. There-
fore, within these two methods DSC might be seen
as the method of choice for the accurate quanti-
fication of low amounts of amorphous material.

From dissolution experiments, carried out
in water at 378C on crystalline and amor-
phous Ciclesonide, it became evident that
AL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008



Table 5. Determination of Avrami Exponents (n) from Non-Linear Regression of the Avrami Plots
X(t)¼ 1�exp(�K 	 tn) of the Isothermal Recrystallization of X-Ray Amorphous Ciclesonide at 90, 100, 104, 106, 108,
110, 112, and 1148C Monitored by Dispersive Hot-Stage Raman Microscopy

Measurement No./tind n K (min�n) R2

T¼ 908C (heating rate: 108C/min to 908C)
1/156.6 min 1.96 0.0000064 0.9957
All data points fit (n fixed) 2 0.0000050 0.9958

T¼ 1008C (heating rate: 108C/min to 1008C)
1/37.8 min 1.26 0.0038 0.9921
2/27.0 min 1.94 0.0002 0.9948
Average� standard deviation 1.6� 0.5 0.0020� 0.0025
All data points fit 1.6 0.00100 0.9867
All data points fit (n fixed) 2 0.00014 0.9785

T¼ 1048C (heating rate: 108C/min to 1048C)
1/21.6 min 2.00 0.0002 0.9975
2/16.2 min 1.64 0.0018 0.9928
3/27.0 min 1.50 0.0025 0.9969
Average� standard deviation 1.7� 0.3 0.0015� 0.0012
All data points fit 1.7 0.00120 0.9759
All data points fit (n fixed) 2 0.00032 0.9714

T¼ 1068C (heating rate: 108C/min to 1068C)
1/22.1 min 1.50 0.0011 0.9911
2/18.7 min 1.81 0.0008 0.9952
3/18.7 min 1.61 0.0011 0.9957
Average� standard deviation 1.6� 0.2 0.0010� 0.0002
All data points fit 1.6 0.00110 0.9453
All data points fit (n fixed) 2 0.00024 0.9387

T¼ 1088C (heating rate: 108C/min to 1088C)
1/16.2 min 2.34 0.0004 0.9807
2/10.8 min 2.61 0.0001 0.9961
3/10.0 min 2.60 0.0001 0.9791
Average� standard deviation 2.5� 0.2 0.0002� 0.0002
All data points fit 2.5 0.00020 0.9795
All data points fit (n fixed) 2 0.00096 0.9760

T¼ 1108C (heating rate: 108C/min to 1108C)
1/13.5 min 2.26 0.0006 0.9432
2/12.4 min 1.99 0.0017 0.9581
3/21.6 min 1.78 0.0030 0.9876
Average� standard deviation 2.0� 0.2 0.0018� 0.0012
All data points fit 2.0 0.0015 0.9795
All data points fit (n fixed) 2 0.0015 0.9795

T¼ 1128C (heating rate: 108C/min to 1128C)
1/8.1 min 1.39 0.0211 0.9935
All data points fit (n fixed) 2 0.0040 0.9742

T¼ 1148C (heating rate: 108C/min to 1148C)
1/0 min —a —a —a

R2, squared multiple correlation coefficient of linear regression; t, time in s.
aAfter third datapoint crystallinity was found to be 100% (no Avrami evaluation possible).
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amorphous Ciclesonide tends to form oversatu-
rated solutions and exhibits initially faster dis-
solution behavior than the crystalline form,
even if the saturation concentrations in
water (after 24 h of stirring) of both forms
(cs, crystalline Ciclesonide¼ 1.67� 10�7 mol/L) were
found to be the same. The oversaturation effect of
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 9, SEPTEMBER 2008
amorphous Ciclesonide might be used to achieve a
a higher bioavailability of the drug.

It was demonstrated that the recrystallization
process of amorphous Ciclesonide can be detected
and quantified by either DSC or hot-stage Raman
microscopy. Dispersive hot-stage Raman micro-
scopy was successfully applied to study the
DOI 10.1002/jps



Figure 14. Comparison plot crystallinity of the fitted
Avrami functions of the isothermal recrystallization of
amorphous Ciclesonide at 90, 100, 104, 106, 108, 110,
and 1128C versus time.
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recrystallization kinetics of amorphous Cicleso-
nide. Thus hot-stage Raman microscopy can be
seen as a new and good alternative to the well-
established PXRD and DSC methods for the
quantitative analysis of phase transition processes.
We have also successfully applied hot-stage Raman
microscopy on the crystalline hydrate form of
another drug substance, to get an inside on the
kinetics of the ‘‘drying’’ process (solid–solid form
transition) to the crystalline anhydrate form.

The recrystallization of amorphous Ciclesonide
was found to be a two-step process, most likely a
nucleation process, detected by the presence of an
induction time, followed by the actual crystal
growth process, which was monitored by the
spectral changes in the Raman spectra. The data
of isothermal Raman experiments carried out at
various temperatures were fitted to an Avrami
model. The observed Avrami exponent of two
can be interpreted in two different ways, either
as a random nucleation with rodlike crystal
growth or as an instantaneous nucleation with
disclike crystal growth (2-dimensional process).
The detection of an induction time as well as the
crystal shape of crystalline Ciclesonide (needles)
might be hints for the first of the two possible
interpretations. As the induction times as well as
the rate constants K followed an Arrhenius
behavior both processes must be assumed to be
thermally activated. From the Arrhenius plots it
was possible to determine activation energies for
both processes. The activation energies Ea, induction

time¼ 140.9 kJ/mol and Ea,K¼ 160.4 kJ/mol,
respectively, lie in a rather similar energy range
and are comparable with activation energies
DOI 10.1002/jps JOURN
found for other organic systems, e.g., recrystalli-
zation of amorphous lactose (Ea,K¼ 186.5 kJ/mol,
Ea, nucleation¼ 317 kJ/mol), in the literature.28

From the data obtained from the Arrhenius plots
it becomes evident that below 608C the recrys-
tallization process of amorphous Ciclesonide is so
slow (ln(K1/2)<�10) that the amorphous form can
be considered as stable. This result is important to
know for the manufacturing process (possible
drying temperature range) as well as for con-
siderations of the optimal storage temperature of
the amorphous drug substance.

Overall it can be concluded that hot-stage
Raman microscopy is a powerful tool for the
identification and quantification of phase transi-
tion processes of solid drug substances.
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