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Amorphous drugs have a higher kinetic solubility and dissolution rate than their crystalline counterparts.
However, this advantage is lost if the amorphous form converts to the stable crystalline form during the
dissolution as the dissolution rate will gradually change to that of the crystalline form. The purpose of
this study was to use in situ Raman spectroscopy in combination with either partial least squares discrim-
inant analysis (PLS-DA) or partial least squares (PLS) regression analysis to monitor as well as quantify
the solid-phase transitions that take place during the dissolution of two amorphous drugs, indomethacin
(IMC) and carbamazepine (CBZ). The dissolution rate was higher from amorphous IMC compared to the
crystalline o- and y-forms. However, the dissolution rate started to slow down during the experiment. In
situ Raman analysis verified that at that time point the sample started to crystallize to the o-form. Amor-
phous CBZ instantly started to crystallize upon contact with the dissolution medium. The transition from
the amorphous form to CBZ dihydrate appears to go through the anhydrate form I. Based on the PLS anal-
ysis the amount of form I formed in the sample during the dissolution affected the dissolution rate.
Raman spectroscopy combined with PLS-DA was also more sensitive to the solid-state changes than X-
ray powder diffraction (XRPD) and was able to detect changes in the solid-state that could not be

detected with XRPD.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Different solid-state forms of a drug, such as crystalline, amor-
phous, or hydrate forms, have different physical, chemical and
mechanical properties [1-3]. These properties not only affect the
processability and stability of the drug product but can also lead
to differences in bioavailability. Thus, the choice of the solid-state
form offers a way to alter, for example, dissolution properties dur-
ing formulation development. An increasing number of the new
drug candidate molecules are poorly water soluble. Thus, there is
a growing interest in formulation approaches to improve the disso-
lution rate of these drugs. The use of drugs in an amorphous form is
often mentioned as a possibility to improve the solubility and dis-
solution rate of poorly water soluble drugs, since a several fold in-
crease in solubility can be obtained when using amorphous forms
instead of their crystalline counterparts [4].

The amorphous state is a high-energy state compared to the
crystalline state and, thus, the solubility and dissolution rate are
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higher for the amorphous form [2,5]. However, due to the metasta-
ble nature of amorphous drugs, they tend to crystallize. The under-
lying mechanism behind the crystallization can be either a
solid-state or solution-mediated transformation and both these
transformation mechanisms involve first a nucleation phase before
crystal growth can occur [2,6]. Molecular mobility can increase in
the solid phase due to either an increase in temperature or by
the sorption of water into the sample. Sorption of water into the
sample will decrease the glass transition temperature (Tg) and
plasticize the sample. The molecular mobility is higher on the sur-
face than in the bulk and, therefore, the surface crystallization rate
of an amorphous solid is faster than the bulk crystallization rate
[7,8]. A solution-mediated transformation, on the other hand, re-
quires a supersaturated solution. The dissolved drug would, thus,
recrystallize on the surface as a more stable crystalline form. These
phase transformations have a significant impact on the dissolution
rate, since even a thin layer of crystalline material on the surface
would change the dissolution rate of the drug to that of the crystal-
line form.

Crystallization of the amorphous form can occur either during
manufacturing, storage or in the body upon contact with the
gastrointestinal fluids. In order for the amorphous formulation
approach to succeed, it is not enough that the drug remains in
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Fig. 1. Structural formula of (a) IMC and (b) CBZ.

the amorphous form for the entire storage time but it must re-
main amorphous also during dissolution. Several factors affect
the degree of solubility and dissolution enhancement obtained
from the amorphous form compared to the crystalline counter-
parts, such as the amorphous to crystalline transformation
mechanism (solid-state mediated, solution-mediated or combina-
tion of both) [9]. Overall, the observed experimental dissolution
behaviour of the metastable form is related to the solubility and
dissolution rate of the metastable form, the conversion rate to
the stable form and the solubility and dissolution rate of the sta-
ble form [10]. Thus, the conversion rate of the metastable amor-
phous form to the stable crystalline form has to be lower than
the dissolution rate of the metastable form, otherwise the disso-
lution rate will gradually change towards that of the stable crys-
talline form.

Previous studies have looked at the dissolution behaviour of
amorphous drugs and accompanying solid-state transitions
[11,12]. However, in these studies information about the phase
transformations is obtained by analyzing the sample off line after
the experiment. Therefore, no information about the transition
pathway is obtained. To our knowledge, there are no studies that
have looked at the solid-state transitions in situ during dissolution
testing of amorphous materials. Our aim was to use in situ Raman
spectroscopy to gain understanding of the solid-state changes that
might occur during the dissolution testing of two amorphous mod-
el substances: indomethacin (IMC) and carbamazepine (CBZ) (Fig.
1). Furthermore, the aim was to combine Raman spectroscopy with
multivariate analysis (partial least squares discriminant analysis
(PLS-DA) and partial least squares regression (PLS) analysis) to im-
prove the interpretation of the spectroscopic data. PLS analysis was
used to quantify the amount of different solid-state forms present
during the dissolution experiments.

2. Materials and methods
2.1. Materials

v-Indomethacin (USP grade) was used as obtained from the
manufacturer (Hawkins, Inc., Minneapolis, MN, USA). a-Indometh-
acin was prepared by dissolving y-IMC in hot ethanol and subse-
quently adding distilled water causing o-IMC to precipitate [13].

Carbamazepine (form III, USP grade) was purchased from Haw-
kins, Inc. (Minneapolis, MN, USA). Form I was prepared by heating
the raw CBZ form III at 170 °C at atmospheric pressure for 2 h [14].
The dihydrate was recrystallized by slow cooling of hot (80 °C) sat-
urated aqueous solution to room temperature. The solution was
slowly cooled to room temperature. After vacuum filtration the
crystals were dried at ambient conditions and stored at room tem-
perature at 54% RH.

2.2. Preparation of samples for PLS calibration

PLS calibration samples were prepared by gently mixing the
four forms of CBZ (dihydrate, form I, form IIl and amorphous) in
different weight ratios [15]. To reduce sample inhomogeneity
caused by particle size differences, all forms were gently ground

using a mortar and pestle and then sieved to obtain a particle size
of less than 0.8 mm. The solid-state of the samples after grinding
and sieving was verified by XRPD. The mixture ratios were selected
based on a quaternary mixture design constructed in Modde (Ver-
sion 7.0.0.1, Umetrics AB, Umed, Sweden). An axial extended linear
model was developed. The model consisted of 12 mixtures in trip-
licate with concentrations of 100%, 62.5%, 33.3%, 12.5%, and 0% for
each component and nine samples consisting of 25% of each form
as centre point mixtures. All mixtures were stored in closed glass
vials and the measurements were performed on the day of
preparation.

2.3. Preparation of samples for dissolution experiments

Powder compacts of crystalline a- and y-IMC, as well as, CBZ
dihydrate were compressed with a single punch tablet machine
(Korsch EKO, Erweka Apparatebau, Germany) using flat-faced
punches with a diameter of 9 mm. The mass of the compacts was
150 mg and they were compressed to a crushing strength of 50 N
for IMC and 40 N for CBZ dihydrate. The amorphous samples were
prepared by melting y-IMC and CBZ (form III) and pouring the melt
into a circular mold with a diameter of 9 mm. The samples were
then cooled to room temperature over phosphorus pentoxide
(P20s).

2.4. Dissolution testing

Dissolution tests were carried out in a channel flow intrinsic
dissolution test apparatus with a quartz sight window for the Ra-
man probe, where only one surface of the sample is in contact
with the dissolution medium [16]. Phosphate buffer solution of
pH 7.2 at room temperature was used as the dissolution medium
for both IMC and CBZ. For IMC, a water-ethanol (50% (w/w)) solu-
tion in which IMC exhibits a higher solubility was also used as the
dissolution medium as proof-of-principle, since both the dissolu-
tion rate and the amount of crystalline IMC appearing on the sur-
face were low in the phosphate buffer solution. The flow rate of
the solution was 8 ml/min. The amount of dissolved drug in the
dissolution medium was determined using a UV-vis spectropho-
tometer (Ultrospec III, Pharmacia LKB Biotechnology, Sweden)
with a flow-through cuvette at wavelengths of 288 nm (CBZ)
and 318 nm (IMC). The absorbance values were collected at inter-
vals of 10 s. The IMC dissolution experiments lasted for five hours
in the buffer solution and for one hour in the 50% water-ethanol
solution. The CBZ tests were carried out in phosphate buffer (pH
7.2) for two hours. All the dissolution tests were done at least
in triplicate.

2.5. In situ solid-state analysis using Raman spectroscopy

The solid-state of the sample surface was analyzed in situ
through a quartz sight window using a Raman spectrometer (Con-
trol Development Inc., South Bend, IN, USA) equipped with a ther-
moelectrically cooled CCD detector and a fibre optic probe (spot
size 200 um, focal length 10 mm; InPhotonics, Norwood, MA,
USA). The measurements were carried out at room temperature
using a 500 mW laser source with a wavelength of 785 nm (Star-
bright 785 S, Torsana Laser Technologies, Skodsborg, Denmark).
The integration time for IMC and CBZ samples was 2s and 15,
respectively. Each spectrum was the average of five scans. During
the dissolution experiments, IMC spectra were collected with an
interval of 60 s in phosphate buffer and 30 s in water—ethanol solu-
tion. CBZ spectra were recorded every 15 s. To decrease the effect
of fluorescence on the Raman spectra the amorphous IMC samples
were photochemically bleached for 15 min immediately before the
dissolution experiment.
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2.6. X-ray powder diffraction (XRPD)

The solid-state of the compacts and the glassy samples was ana-
lyzed with an X-ray powder diffractometer (D8 Advance, Bruker
AXS GmbH, Karlsruhe, Germany). The diffraction patterns were re-
corded using a theta-theta XRPD equipped with Gébel mirror bent
multilayer optics. Measurements were performed in symmetrical
reflection mode with CuKo radiation (1=1.54 A) at 40kV and
40 mA. The samples were scanned in the angular range of 5° to
40° 20 with a step size of 0.1° and a count time of 5s per step
for IMC. For CBZ, an angular range of 5° to 30° 20 with a step size
of 0.1° and a count time of 3 s per step was used. The samples were
analyzed before and after dissolution testing to confirm the solid-
state of the samples.

The experimental diffraction patterns were compared to the
theoretical ones based on the crystal structures obtained from
the Cambridge Structural Database (CSD). INDMET02 and IND-
METO03 were used as reference structures for o- and y-IMC, respec-
tively [17,18]. For the theoretical diffraction patterns of CBZ form I,
form III, and dihydrate the respective refcodes CBMZPN11,
CBMZPNO1 and FEFNOTO02 were used [19-21].

2.7. Data analysis

2.7.1. Partial least squares discriminant analysis (PLS-DA)

PLS-DA is based on partial least squares (PLS) regression analy-
sis, where two data matrices X (variables, e.g. spectra) and Y (re-
sponses, e.g. solid-state forms) are correlated to each other [22].
PLS-DA is, thus, used to semiquantitatively discriminate between
different classes of observations. Principal component analysis
(PCA) is usually performed for qualitative purposes. In PCA, the
scores and the loadings are the projection of the matrix X. The
scores are new variables that summarize the information from
the original variables, and loadings describe how the variable influ-
ences the component. In PLS-DA, PCA is performed on both the
matrices and then the best possible correlation between the matri-
ces is determined using the least squares technique. PLS-DA en-
ables the rotation of the components such that the maximum
separation among classes is obtained and the covariance between
the scores and the weights of the matrices X and Y is maximized.
PLS-DA was carried out using Simca-P software (v. 10.5, Umetrics
ab, Umead, Sweden). Pure samples of the amorphous and crystalline
forms were used for calibration. The samples were measured at
least in triplicate, separate from the dissolution experiments. Be-
fore PLS-DA, both IMC and CBZ spectra were corrected using stan-
dard normal variate transformation (SNV) [23] and mean centring.
The spectral regions chosen for the analysis of IMC samples were
1085 to 1480 cm~! and 1560 to 1690 cm™!. For CBZ, the spectral
region of 1200 to 1680 cm™! was used. A more detailed description
of the CBZ model development can be found in a paper by Koger-
mann et al. [24].

2.7.2. Partial least squares (PLS) regression analysis

In PLS regression analysis the X matrix (variables, e.g. spectra) is
correlated with a Y matrix (responses, e.g. concentrations) [22]. PLS
regression analysis was used to extract quantitative information
from the spectroscopic data measured during the CBZ dissolution
tests. PLS analysis was carried out using Simca-P software
(v.10.5, Umetrics ab, Umed, Sweden). The pure samples of the crys-
talline (form I, form III and dihydrate) and the amorphous forms of
CBZ, as well as the mixtures of these in different weight ratios,
were measured at least in triplicate separate from the dissolution
experiments. A more detailed description of the model develop-
ment can be found in a paper by Kogermann et al. [15]. Two thirds
of the data were randomly selected and used to create the model
and the remaining third to validate the model. The spectral region

of 1208 to 1691 cm~! was chosen for the analysis. Before PLS anal-
ysis, the CBZ spectra were SNV corrected [23] and mean centred.

3. Results and discussion
3.1. Indomethacin

3.1.1. Dissolution experiments

XRPD analysis of the samples showed that all samples were
amorphous after preparation (Fig. 2). In the beginning of the intrin-
sic dissolution experiments, the dissolution rate from the amor-
phous IMC samples was faster than from the crystalline
counterparts (Figs. 3a and 4a) [11,13,25,26]. However, the dissolu-
tion rate started to decrease after less than two minutes in water—
ethanol solution, and at the end of the experiment the dissolution
rate resembled that of the a-IMC. In phosphate buffer, the dissolu-
tion rate gradually decreased after the first 30 min below the dis-
solution rates of the crystalline forms.

Amorphous IMC is yellow, whereas both the crystalline forms
are white. Visual inspection of the sample surface before and after
dissolution testing showed that the clear yellow surface of the
amorphous sample had turned opaque and the surface was partly
covered with white crystalline IMC. More white crystals could be
noted on the samples that had been in the water-ethanol solution
compared to the sample in phosphate buffer. The XRPD analysis of
the sample surface after the dissolution experiment showed that
the crystals formed on the surface of the sample in water-ethanol
solution were of the a-polymorph (Fig. 2). In phosphate buffer
solution, the amount of crystalline IMC on the surface was so small
that it could not be detected with XRPD.

3.1.2. Monitoring the solid-state transformations

Small changes could be noted in the Raman spectra that had
been measured in situ in both dissolution media. However, in the
case of IMC the differences between the Raman spectra of the
amorphous and the crystalline forms are small; only some merging
of the peaks, decrease in peak intensities and broadening of bands
can be noted [27,28]. This makes the interpretation of the spectra
difficult. The advantage of multivariate analysis, such as PLS-DA, is
that all the spectral information and not just a couple of peaks can
be used for the analysis. Therefore, to obtain further understanding
of the phenomena that occur during dissolution, PLS-DA analysis of
the Raman spectra was carried out.

Amorphous IMC
after preparation
I e A AR A e e e e ]

Remaining IMC
after dissolution
(phosphate buffer)
e i A e e T P B |
Remaining IMC
after dissolution

(water-ethanol)

a-IMC
(INDMET(2)

Intensity

+IMC
(INDMEJ03)

12 14 16 18 20 22 24 26 28
20 (%)
Fig. 2. XRPD patterns of the originally amorphous IMC samples before and after the

dissolution experiments and the theoretical diffraction patterns of the crystalline
forms.
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Fig. 3. (a) Dissolution of IMC in the water-ethanol (50% (w/w)) solution and (b) the
respective scores of the amorphous sample following the PLS-DA. The grey areas
represent the score regions (the area between smallest and largest score value) of
amorphous IMC and the crystalline o-IMC. The maximum standard deviation in
concentrations is 0.5 pg/ml. The equation refers to the line of fit for the initial
dissolution profile.

The yellow colour of the amorphous IMC causes fluorescence in
the samples, which makes the analysis of the spectral data more
difficult. Fluorescence causes an increase in the baseline, which
masks the peaks in the spectra. To reduce the effects of fluores-
cence the samples were bleached before the experiment. The re-
gions used to build the model were chosen so that the baseline
effects caused by fluorescence, sample density differences and par-
ticle size could be mainly explained by a single factor. Thus, only
the regions of 1085 to 1480 cm~! and 1590 to 1690 cm~! were
chosen for the analysis. By choosing these regions for the PLS-DA,
a model with two factors could be built. The R?X, R?Y and Q?Y val-
ues were 98.5%, 99.4%, and 99.3%, respectively. R?X explains the
spectral variation included in the model, R?Y explains how well
the used data predict the different classes (solid-state forms) and
Q%Y is the test-set validation coefficient. In this model, the first fac-
tor was able to separate the amorphous samples from the crystal-
line ones (Fig. 5a). Also most of the baseline effects due to, for
example, fluorescence and sample density or particle size differ-
ences were explained with the first factor. For example looking
at the measured spectra and the score values for the first factor,
the decrease in fluorescence in the amorphous samples caused
the score values to increase towards zero. A second factor was
needed to separate the crystalline o- (positive relationship) and
v-forms (negative relationship) from each other and the
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Fig. 4. (a) Dissolution of IMC in the phosphate buffer (pH 7.2) solution and (b) the
respective scores of the amorphous sample following the PLS-DA. The grey areas
represent the score regions (the area between smallest and largest score value) of
amorphous IMC and crystalline o-IMC. The maximum standard deviation in
concentrations is 2 pg/ml. The equation refers to the line of fit for the initial
dissolution profile.

amorphous form. Thus, the second factor that explained 35.9% of
the spectral variation could be used alone to describe the phase
transition that occurred during the dissolution testing. Based on
the weights plot, both the spectral regions used to build the PLS-
DA model were equally important for the differentiation of the
three solid-state forms (Fig. 5b). In these spectral regions, charac-
teristic peaks largely due to delocalized ring deformations at
1085 to 1200 cm ™! as well as C=0 stretching and indole ring defor-
mations at 1590 to 1690 cm~! are seen (Figs. 1a and 5b) [28,29].
PLS-DA does not enable the quantification of the crystallinity
but the scores can be used to monitor the solid-state changes.
PLS-DA of the Raman spectra was in agreement with the conclu-
sions made based on the dissolution profiles and XRPD data. In
both dissolution media the sample crystallized to the a-form, since
in both the cases the scores of the second factor moved towards the
o-form (Figs. 3 b and 4b). However, when phosphate buffer was
used as the dissolution medium, even after a five hour experiment
the scores still remained close to the score region of the pure amor-
phous form. This could be due to the sampling depth of the Raman
probe. The sampling depth is probably a few hundred micrometers
and somewhat deeper for the amorphous than crystalline material.
Even though there was a thin layer of crystalline IMC on the outer-
most surface of the sample, the laser was penetrating through it
and Raman scattering was detected from both the crystallized
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Weights are offset for clarity.

surface and the amorphous sample that remained below the sur-
face. A similar problem was noted when solid-phase transforma-
tions during dissolution of nitrofurantoin were evaluated [16].
The situation could be improved by using more surface sensitive
methods, where the laser could be better focused on the outermost
layer of the sample.

In phosphate buffer solution only the outermost surface of the
sample crystallized during the dissolution experiment. A previous
study has shown the surface crystallization rate of amorphous IMC
below the T to be about two orders of magnitude faster than the
bulk crystallization rate [30]. This could explain the slow crystalli-
zation of amorphous IMC below the surface of the sample in this
study. Another important factor is that the absorption of water in-
creases the molecular mobility of amorphous IMC, decreases the T,
of amorphous IMC and increases the overall crystallization rate
[31,32]. The contact of the surface with the dissolution medium
would, thus, decrease the Ty and increase the molecular mobility
on the surface. This would increase the crystallization rate of the
amorphous drug on the surface even more compared to the bulk
crystallization rate and explain the faster surface crystallization
rate noted in this study. Another possibility is that the crystalliza-
tion process is solution-mediated. However, this would require a
supersaturated solution [6]. The maximum solubility reported in
the literature for IMC is 0.77 mg/ml in buffered aqueous media
(pH 7.2) at 25 °C [33]. In this study, the maximum measured con-
centrations were about 0.03 mg/ml, which was less than 4% of the

saturation concentration. Even though the amount of IMC in the
solution is well below the saturation solubility, it is possible that
the solution adjacent to the sample is supersaturated. Dissolved
IMC could, thus, crystallize on the surface of the amorphous sam-
ple. At the end of the dissolution experiment, the dissolution rate
of the amorphous sample in the phosphate buffer decreased below
that of the crystalline counterparts, which could indicate the pres-
ence of saturated solution.

The PLS-DA analysis also verified the onset of crystallization to
be less than two minutes in water-ethanol mixture and about
30 min in phosphate buffer solution as at these time points the
scores moved away from the amorphous region. The advantage
in using Raman spectroscopy in combination with the PLS-DA is
that solid-state transitions that could not be detected with XRPD
could be noted. PLS-DA of the Raman spectra also showed that
the amorphous IMC crystallized directly to the a-form in both dis-
solution media. The crystallization of amorphous IMC to the
o-form in buffer solution is in agreement with other studies, since
amorphous IMC crystallizes to the o-form in high humidity condi-
tions [31]. Lower humidity conditions, on the other hand, favour
the formation of the y-form.

3.2. Carbamazepine

3.2.1. Dissolution experiments

All CBZ samples were amorphous after the preparation based on
the XRPD analysis (Fig. 6). However, two types of dissolution pro-
files were obtained from the amorphous samples (Fig. 7). Unlike
with amorphous IMC, the release rate of CBZ was constant from
the amorphous samples as well as the dihydrate tablets, and no
significant improvement on the dissolution rates was noted. Disso-
lution from most of the amorphous samples was even slightly
slower than from the dihydrate compacts (dissolution curve A in
Fig. 7). However, in two experiments the dissolution was faster
from the amorphous samples than from the dihydrate tablets (dis-
solution curve B in Fig. 7). XRPD analysis of the remaining sample
after the dissolution experiment confirmed that the sample surface
had converted to the dihydrate during all experiments (Fig. 6).

3.2.2. Monitoring the solid-state transformations

CBZ is known to exist as a dihydrate and four different anhy-
drate forms (I-IV), with the two principal forms being I (triclinic)
and Il (P-monoclinic) [19]. There is some inconsistency in the
naming of the CBZ polymorphs in the literature. In this study,

Amorphous CBZ
after preparation (A)

Amorphous CBZ
after preparation (B)
1

Remaining CBZ
after dissolution (A)

Remaining CBZ
after dissolution (B)
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CBZ dihydrate
A ﬂ (FEFNOTO02)
A
CBZ form |

(CBMZPN11)
CBZ form lll
A (CBMZPNOU

5 10 15 20 25 30
26 (%)

Intensity

Fig. 6. XRPD patterns of the originally amorphous CBZ samples before and after the
dissolution experiments and the theoretical diffraction patterns of the crystalline
forms.
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the same nomenclature is used as that reported by Grzesiak et al.
[19].

Amorphous CBZ has been reported to crystallize to several
anhydrate forms, as well as, the dihydrate depending on the envi-
ronmental and processing conditions [34-36]. Amorphous anhy-
drous CBZ crystallized to form 1 (y-CBZ according to Li et al.
[34]) at temperatures below its Ty of 56 °C [19,34]. Immediately,
after the preparation a quench-cooled amorphous CBZ crystal-
lized to form I during DSC experiments [36]. However, after stor-
ing these samples at 25 °C at 75% RH for one week forms III, IV
(form II according to Patterson et al. [36]) and dihydrate were ob-
served. Grinding the dihydrate form in a ball mill resulted in the
formation of amorphous CBZ [35]. The amorphous CBZ crystal-
lized to the monoclinic form III (form I according to Otsuka et
al. [35]) in both high and low humidity conditions. However,
forms I and IIl are the most commonly reported anhydrates in
the literature and, thus, in this study these, as well as the amor-
phous and the dihydrate forms, were included in the spectral
analysis.

Raman spectroscopy is sensitive to the changes in intramolecu-
lar conformations and intermolecular interactions originating from
solid-state structure changes. Although the Raman spectra of the
different CBZ forms are very similar, small changes in the peak
positions and intensities can be observed [24]. Multivariate analy-
sis is, therefore, a good technique for analyzing the Raman spectra
of CBZ, as the interpretation of the spectral changes due to solid-
state transformations would otherwise be difficult. Three factors
were needed to build a PLS-DA model of the Raman spectra that
had R?X, R?Y, and QY values of 99.2%, 99.9% and 99.9%, respec-
tively. The first factor was able to separate all forms to different
clusters (R?X = 69.3%) (Fig. 8a). However, form III and dihydrate
(positive relationship) were located quite near each other as well
as amorphous and form I (negative relationship). The addition of
the second factor (R*X =22.4%) improved the differentiation of
form III (positive relationship) from the dihydrate and the third
factor (R?X =7.5%) separated the amorphous CBZ from form I.
The differentiation of the solid-state forms was mainly based on
the differences in the spectral region 1500 to 1650 cm™! for the
first and third factors (Fig. 8b). In that region characteristic peaks
of the stretching within the aromatic and CONH, groups are noted
(Fig. 1b) [37,38]. Whereas for the second factor, the characteristic
peaks in the spectral region 1200 to 1330 cm™! were also signifi-
cant, such as the deformations of the three ring structures and
some stretching of the tertiary amide [37].

CBZ dihydrate
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Fig. 8. (a) The PLS-DA model for the CBZ samples and scores for the amorphous CBZ
samples following the PLS-DA of the Raman spectra measured during dissolution
experiments. The scores for the samples with slower dissolution (A) are marked
with symbol (®) and for the faster dissolution (B) with symbol (o). (b) The
respective weights plot.

The PLS-DA of the Raman spectra measured in situ confirmed
the surface crystallization of the samples, the surface of the sample
started to crystallize immediately (Fig. 8). During the dissolution
experiments, the scores started to move instantly out of the amor-
phous region towards the anhydrate form I and then later towards
the dihydrate form. Thus, it seems that the amorphous CBZ does
not crystallize directly to the dihydrate during the dissolution
experiment. Instead, first a transition occurs from the amorphous
form to crystalline anhydrate (form I) and then a solution-medi-
ated transformation from form I to dihydrate [9]. The transition
from the amorphous form to the crystalline anhydrate is likely a
solid-state transition as amorphous CBZ has been shown to crystal-
lize to an anhydrate form in dry conditions (25 °C and <10% RH)
[36]. A difference could be noted in how far towards the form I
the scores moved. The scores of the amorphous samples that had
a higher dissolution rate (marked with B in Fig. 8) moved closer to-
wards the scores region of form I than the scores of the amorphous
samples that had a lower dissolution rate (marked with A in Fig. 8).

The faster dissolution from some of the originally amorphous
samples is probably due to larger amounts of form I crystallizing
in the samples as the scores are located nearer to the scores of form
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I. Several studies have confirmed the dissolution rates of the crys-
talline forms to be of the order: form I>form III >dihydrate
[9,39,40]. Even though all samples appeared X-ray amorphous
after preparation, it is possible due to the preparation process of
the amorphous CBZ that some nuclei or nanocrystalline material
still remained in the samples or the sample had already crystal-
lized before the start of the experiment. Forms I and III are enantio-
tropic, with form III being stable at temperatures below 71 °C [41].
Thus, based on Ostwald’s step rule, form I would tend to form,
when a melt is cooled down [2]. We confirmed this with XRPD
by measuring a melted amorphous sample that had partly crystal-
lized immediately after preparation (data not shown). Therefore, it
is probable that if nuclei or small amounts of crystalline material
were present in the X-ray amorphous samples, they would be of
form I. When in contact with the dissolution medium, these sam-
ples would then be more likely to first crystallize to form I before
converting to the dihydrate. The slower dissolution rate from the
other originally amorphous samples compared to the dihydrate is
most likely due to smaller specific surface area and wetting charac-
teristics. The dihydrate samples were made from powder that was
compressed to tablets, whereas the amorphous samples composed
of one solid block.

3.2.3. Quantification of different solid-state forms

As the Raman spectra of the different solid-state forms of CBZ
are very similar, a univariate or bivariate approach cannot be used
for quantification. A multivariate approach has been used previ-
ously in our research group to quantify the different solid-state
forms of CBZ appearing during dehydration [15]. In this study, this
model was modified by including unground amorphous samples in
the model, and was then applied to the Raman spectra gathered
during the dissolution experiments of amorphous CBZ. In addition,
a fifth PLS factor was included in the model. The dissolution med-
ium flowing over the sample increased the noise level of the spec-
tra gathered during the dissolution test compared to the spectra
used in the calibration model. The addition of the fifth PLS factor
improved the model performance (Fig. 9). Although the weights
for this factor appear noisy, there still appears to be some system-
atic variation correlated with the sample concentrations. The mod-
el created had R?X, R?Y, and Q?Y values of 97.0%, 96.2%, and 95.5%,
respectively. In PLS analysis, the R%Y explains how well the data in
the X matrix (spectra) predict the Y matrix (concentrations). The
root mean square errors of prediction set (RMSEPs) for the amor-
phous CBZ, form I, form III, and the dihydrate were 7.4%, 6.0%,
6.5%, and 2.4%, respectively. Even though the model was modified
slightly, the scores plot and the observed vs. predicted concentra-
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Fig. 9. The weights plot for the CBZ PLS model. Weights are offset for clarity.

tions were similar to those in the study by Kogermann et al. [15]
and are, thus, not shown here.

The results supported the previous findings from the XRPD
analysis and the PLS-DA of the Raman spectra. The amount of dihy-
drate formed at the end of the experiment was higher in the sam-
ples that had a higher dissolution rate (marked with B in Fig. 7) as
about 35% of the surface had converted to the dihydrate and only
about 25% had converted in the samples with a lower dissolution
rate (marked with A in Fig. 7) (Fig. 10). As discussed in Section
3.1.2, some Raman scattering slightly below the surface is also de-
tected. Thus, the uncrystallized sample below the surface affects
the quantification. It is, therefore, likely that the amount of CBZ
converted to the dihydrate on the surface was underestimated.
CBZ dihydrate was formed on the surface of all the amorphous
samples during the dissolution experiments. However, at the
beginning of the dissolution experiment, more anhydrate form I
crystallized in the samples where the dissolution was faster
(marked with B in Fig. 7) (Fig. 10). The small amounts of crystalline
residue in these samples functioned as seeds for crystallization and
thus, induced crystal growth. Since form I is known to convert to
the dihydrate in an aqueous environment [9], more dihydrate
was also formed in these samples than the other originally amor-
phous samples (marked with A). Both the form I and the dihydrate
have a needle-like morphology [42,43], and consequently the
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Fig. 10. The amount of different solid-state forms of CBZ appearing during the
dissolution experiments based on the PLS regression analysis: (a) slower dissolution

(A) and (b) faster dissolution (B).
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appearance of these needle-like crystals on the amorphous sample
surface increased the specific surface area. The crystalline layer
formed on the sample surface, where water can penetrate and dis-
solve the drug, was thus thicker in samples marked with B. A pre-
vious study has shown that an increase in the specific surface area
due to crystal growth increased the dissolution rate of CBZ dihy-
drate significantly [42]. This increase in the specific surface area
could, thus, explain the higher dissolution rate observed from
these samples.

A slight increase in the amount of form I could also be observed
in the amorphous samples that had a lower dissolution rate. How-
ever, it is not possible to definitely say whether the amorphous
form in these samples also initially crystallized to form I due to
the RMSEP for quantification of form I being 6.0%. Nonetheless,
the PLS-DA findings support this assumption that during dissolu-
tion in an aqueous environment the amorphous CBZ crystallizes
first to the anhydrate form I through a solid-state transformation
and then transforms to the dihydrate via a solution-mediated
transformation. Amorphous CBZ converts to the CBZ dihydrate in
aqueous solution [9]. However, to our knowledge the crystalliza-
tion pathway has not been reported previously. Several studies
confirm the transformation of both the anhydrate forms I and III
to the dihydrate during dissolution experiments [9,39,44,45]. This
conversion from the anhydrate to the dihydrate is a solution-med-
iated phase transformation [9].

4. Conclusion

There is an increasing interest in formulation approaches to im-
prove the dissolution rate of poorly soluble drugs. Formulating the
drug in an amorphous form is often presented as a possibility to try
to improve dissolution properties of poorly soluble drugs. How-
ever, if the amorphous form transforms to a crystalline form during
dissolution, the advantage is lost as the dissolution rate will grad-
ually change to that of the crystalline form. This phenomenon was
observed for both IMC and CBZ. However, IMC had slow crystalli-
zation kinetics and therefore, preparation of the amorphous form
still improved the dissolution rate.

In situ Raman spectroscopy combined with multivariate tech-
niques, such as PLS regression analysis and PLS-DA, offers a deeper
insight into the phenomena that occur during the dissolution of
amorphous materials. It is a fast and convenient way to detect
the solid-state changes happening on the surface of the drug prod-
uct during dissolution testing. Furthermore, multivariate tech-
niques combined with Raman spectroscopy can be used to
monitor the changes in the solid-state that remain unnoticed with
XRPD.
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