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ABSTRACT: Hydrate formation and dehydration phenomena are frequently encountered
phase transformations during manufacturing and storage of the drug products. It is essential
to understand, monitor, and control these transformations to ensure that the quality attributes
of the drug product are not affected. In this work, phase transformations of the solid forms of
amlodipine besylate (AMB) were studied using Raman and near-infrared (NIR) spectroscopy.
AMB exists as anhydrate (AH), monohydrate (MH), dihydrate (DH), and amorphous (AM) form.
Solid form quantification models based on multivariate data analysis of the Raman and NIR
spectra were developed. The AH, MH, and AM form were transformed to the DH during solu-
bility measurements. The AH to DH transformation also occurred during wet granulation. The
transformation kinetics were faster during wet granulation than during the solubility experi-
ments. This was due to the shear forces involved in granulation that can facilitate nucleation
and can enhance the overall transformation. The DH form present in the wet granules persisted
after drying, and final granules contained a mixture of the AH and DH. The relative importance
of the dissolution, nucleation, and growth steps for the transformation was elucidated using
optical microscopy experiments. The transformation kinetics were found to be limited by nucle-
ation and growth. © 2011 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm
Sci 100:2896–2910, 2011
Keywords: hydrate; solubility; Raman spectroscopy; near-infrared spectroscopy; desolvation;
processing; pseudopolymorphism; solid dosage form; water in solids; transition

INTRODUCTION

Phase transformations of pharmaceutical solids are
among the important factors to be considered dur-
ing preformulation and formulation development of a
drug molecule. Examples of various types of phase
transformations are polymorphic changes, desolva-
tion, and amorphization, and in many cases more
than one type of transformation may be observed.1–3

As a part of the preformulation work, activities on
solid form screening and characterization are aimed
to discover as many different solid forms as possi-
ble, and to determine their solubility and stability.
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Afterward, the most suitable solid form is selected
by considering stability, solubility, and processabil-
ity requirements. The thermodynamically most stable
form is usually preferred in order to avoid unintended
changes in the solid form composition of the final drug
product. However, even if the appropriate solid form
is selected, phase transformations during processing
and storage cannot be completely ruled out. Mechan-
ical and thermal stress, and exposure to a variety of
solvents during processing, might stimulate transfor-
mations that are not always easy to predict. In many
cases, these transformations may affect the prod-
uct quality and performance due to changes in the
stability and dissolution behavior. 4–5 It is therefore
important to monitor the solid form during process-
ing, to identify the possible phase transformations,
and to build mechanistic knowledge on these.
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One of the important differences that can be ob-
served between the different solid forms is solubility.
As solubility of an active substance plays an impor-
tant role during the entire drug development, and
in many cases can also dictate the in vivo perfor-
mance, accurate information on the solubility is de-
sired. When solubility is evaluated, it is important
to know whether the measured value is the solubil-
ity of the starting solid form or that of a form pro-
duced due to the transformation, that is, to be able to
distinguish apparent solubility from true thermody-
namic solubility.6 In this manner, solubility and solid
form can be understood properly, and subsequently,
the effect on dissolution can be better determined.7

To achieve this, it is imperative to evaluate the solid
form composition of the undissolved solid during the
solubility measurements.

Moreover, the information obtained on phase trans-
formations during solubility measurements can also
be useful to foresee solvent-mediated transformations
(SMT), which might occur during processing. This
is particularly relevant for the drug substance oc-
curring as both hydrate and anhydrate forms be-
cause exposure to aqueous granulating fluid may fa-
cilitate anhydrate to hydrate transformation, and/
or drying of wet granulated mass may lead to de-
hydration of a hydrate form.8–9 Therefore, the phase
transformations identified during the preformulation
work should be considered in the ensuing formula-
tion development and manufacturing risk assessment
in order to control the solid form in the drug prod-
uct. The pharmaceutical industry is moving toward
quality by design (QbD) based drug development ap-
proaches, and within this framework evaluation of the
processing-induced transformations (PITs) is encour-
aged to develop robust processes and quality prod-
ucts. In this context, spectroscopic techniques such
as near-infrared (NIR) and Raman are increasingly
employed. These techniques provide detailed molec-
ular level information on solid forms, and are highly
suitable in processing setup because of their ability to
provide fast and noninvasive measurements.10–11 Ap-
plications of NIR and Raman spectroscopy to monitor
PITs have been demonstrated.8–9,12–15 Many studies
have dealt with the qualitative determination of solid
form composition during processing. Although the
qualitative approach provides useful trend monitor-
ing, and also helps in process and excipient selection,
quantitative determinations might be required to ful-
fill regulatory requirements and in certain patent
litigation-related issues. With respect to the spec-
troscopic measurements, this would require develop-
ment of an adequate quantitative model(s), and con-
sidering the numerous variables that are present in
the spectral dataset, the preffered approach is to per-
form multivariate data analysis.16

The overall aim of this study was to carry out quan-
titative evaluation of the phase transformations of
amlodipine besylate (AMB) solid forms. AMB is a cal-
cium channel antagonist used in the treatment of
hypertension. We have recently reported four solid
forms of AMB: anhydrate (AH), monohydrate (MH),
dihydrate (DH), and amorphous (AM).17 Our initial
work with AMB solid forms showed phase transfor-
mations during thermal treatment and solubility de-
termination. In the current work, we were interested
in probing the transformations during solubility and
processing experiments using NIR and Raman spec-
troscopy. To achieve this, initially quantitative meth-
ods for AH, MH, and DH in ternary mixtures were
developed using both these techniques, which were
subsequently applied to monitor the phase transfor-
mations. To date, only a few studies have been per-
formed to quantify solid forms in a system more com-
plex than binary mixtures.18–21 Furthermore, optical
microscopy experiments were performed to elucidate
the mechanism of the SMT of AH to DH.

MATERIALS AND METHODS

Materials

Amlodipine besylate, AMB (Batch no. ADP0090807
and ADP0140208, EP/USP grade) was obtained from
Matrix Laboratories Limited, Secunderabad, Andhra
Pradesh, India. It was identified as the AH form
of AMB (CSD refcode: XOZRUZ)22 and was used as
received. Milli-Q (Millipore, Milford, Massachusetts)
water was used for the preparation of MH and DH
forms. For processing studies, "-lactose monohydrate
(LMH; Pharmatose 350M, DMV-Fonterra Excipients,
Goch, Germany) was used. Considering the photosen-
sitivity of AMB, experimental work was performed
with a minimal exposure to light.

Methods

Preparation of Solid Forms

The MH form was obtained by dissolving 25 g of the
AH in 500 mL of water at 85◦C with stirring, followed
by rapid cooling of the solution using an ice bath. The
reaction vessel was kept in the ice bath for 1 h, and the
obtained product was separated by vacuum filtration
and dried in an oven at 40◦C for 3 h. To prepare the
DH form, 25 g of the AH was suspended in 500 mL of
water and was kept on stirring at 25◦C for 2 days. The
obtained crystals were separated by filtration under
vacuum and were dried at 40◦C for 3 h in an oven.
Two separate batches of MH and DH were prepared.
The AM form was obtained by quench cooling of the
dehydration-induced melt from the MH.17 The batch
size was about 500 mg and multiple batches were pre-
pared to obtain the required quantity. The individual
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batches were measured with X-ray powder diffraction
(XRPD) to verify the solid form.

Development of Solid Form Quantification Method

Two independent sets, for calibration and validation,
comprising ternary mixtures of AH, MH, and DH
forms were prepared to develop a method for quan-
tification of the single component in samples. The cal-
ibration and validation mixtures were prepared from
two separate batches of each solid form, and in this
manner, independent model validation could be ob-
tained. The compositions of calibration mixtures were
derived from an axial extended design constructed
using commercial software (Modde version 8.0.2.0,
Umetrics AB, Umeå, Sweden), which was modified
to include additional mixtures. In total, 66 samples
(22 mixtures in triplicate) with concentrations of 0%,
8.3%, 16.7%, 33.3%, 41.7%, 66.6%, 83.4%, and 100%
for each component were prepared (Fig. 1).

All batches were passed through a 300-:m sieve be-
fore preparing the mixtures. Each calibration sample
(total weight = 1 g) was prepared by first weighing the
individual components (AG 204 deltarange, Mettler-
Toledo, Greifensee, Switzerland), followed by geomet-
ric mixing using a spatula. Afterward, the mixture
was passed from a 300-:m sieve and was again mixed
using the spatula. The mixtures were stored in glass
vials and were measured directly in the vials without
further manipulation. The validation samples were
prepared in a similar manner. The composition of val-
idation samples was optimized in such a way that
a proper distribution covering the entire calibration
space could be obtained and the full calibration range
could be tested. Thirteen mixtures were prepared in
triplicate to make a validation set (Fig. 1).

Figure 1. Modified extended axial design showing the
22 calibration samples and 13 validation samples. Num-
bers are identifiers for the calibration samples.

All samples were directly measured in the glass
vials using NIR and Raman spectroscopic methods
as described below, and the spectral data were evalu-
ated using multivariate data analysis. Calculations
were performed with Matlab version 7.9.0 (Math-
Works Inc., Natick, Massachusetts) installed with
PLS Toolbox version 6.0 (Eigenvector Research Inc.,
Manson, Washington). Initially, principal component
analysis (PCA) was used to visualize the clustering
of the samples, and to understand the scores and
loadings. The quantification models were then ob-
tained by partial least squares (PLS) regression. To
overcome the scattering and baseline effects, vari-
ous spectral preprocessing methods, such as standard
normal variate (SNV), multiplicative scatter correc-
tion, and first and second derivatives, were applied.
Combinations of the two methods, SNV with first
derivative and SNV with second derivative were also
attempted. The data were mean centered before cal-
culating the PCA and PLS models. To extract per-
tinent information from the spectral data, variable
selection was performed based on visual inspection of
the spectra, as well as using the interval PLS (iPLS)
algorithm.23 In iPLS, several local PLS models are
calculated on the entire spectral range, and the pre-
diction error for each local model is compared. The
spectral ranges giving the lowest prediction errors
are judged as the most suitable ones for the quan-
tification model. The validation samples were used
to test the calibration model. The model performance
was evaluated using the coefficient of explained vari-
ance (R2), coefficient of explained variance after vali-
dation (Q2), root mean square error of cross-validation
(RMSECV), root mean square error of prediction (RM-
SEP), and number of latent variables in the model.

Raman Spectroscopy

A Raman spectrometer (Control Development Inc.,
South Bend, Indiana) equipped with a thermoelectri-
cally cooled CCD detector and a fiber optic sampling
probe (RamanProbeTM; InPhotonics, Norwood, Mas-
sachusetts) was used. The laser source was an en-
hanced diode laser system (Starbright 785S, Torsana
Laser Technologies, Skodsborg, Denmark) operating
at an excitation wavelength of 785 nm. The spectra
were recorded in back-reflectance geometry from 81
to 2200 cm−1 with a 3 s integration time, and each
spectrum was an average of 8 scans. The resolution
of the Raman system was approximately 8 cm−1. The
wavelength accuracy of the equipment was checked
with cyclohexane. The calibration and validation sam-
ples were measured directly in the vials, whereas
other samples were measured using an aluminum
cup. The custom-built sample rotator was used during
the measurements to maximize the effective sampling
volume. The spectra were collected using CDI Spec32
software (Control Development Inc.).
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NIR Spectroscopy

Near-infrared spectra were recorded using a NIR
spectrometer (NIR-256L-2.2T2, Control Development
Inc.) having a thermoelectrically cooled 256 element
InGaAs array detector, a tungsten light source, and
a fiber optic probe (six illuminating optical fibers
around one signal-collecting fiber). The spectra were
recorded in a reflectance mode from 1090 to 2200 nm
with a 10 ms integration time, and each spectrum
was an average of 32 scans. The resolution of the
NIR system was approximately 8 nm. Sample mea-
surement and data acquisition were performed in a
similar manner as described for Raman spectroscopy.

X-Ray Powder Diffraction

Measurements were carried out on a powder X-ray
diffractometer (PANalytical X’Pert Pro, PANalytical
B.V., Almelo, the Netherlands) consisting of a θ/θ go-
niometer and a solid-state PIXcel detector. The ra-
diation was CuK" (λ = 1.5418 Å) generated at tube
voltage and a current of 45 kV and 40 mA, respec-
tively. A continuous 2θ scan was performed in the
range of 2◦–40◦ 2θ with a step size of 0.039◦ 2θ and at
a speed of 0.05◦ 2θ/s. Samples were measured at am-
bient conditions using zero background silicon plates,
and sample spinning was employed during measure-
ments to minimize preferred orientation effects. Data
were collected using X’Pert data collector version 2.2
and were analyzed with X’Pert highscore plus version
2.2.4 (both from PANalaytical B.V.).

Solubility Determination and Aqueous Slurry
Experiments

Solubility measurements and SMT studies were car-
ried out in water at 37◦C. All materials were passed
from a 300-:m sieve to reduce the effects related to
the particle size differences. An excess (100 ± 10 mg)
of each solid form was suspended in water in glass
vials. The vials were kept at 37◦C (±0.02◦C) under
continuous agitation (100 rpm) using a shaking wa-
ter bath (Julabo SW23, Julabo Labortechnik GmBH,
Seelbach, Germany). Samples were taken at various
time points and were filtered using a 0.20 :m sy-
ringe filter. The filtrates were measured with ultravio-
let visible spectrophotometer (Evolution 300, Thermo
Scientific, Madison, Wisconsin), whereas solid resid-
uals were measured with Raman and NIR spec-
troscopy. At selected time points, XRPD measure-
ments were also performed on solid residuals to verify
the spectroscopic findings. The solid residuals were
dried at 30◦C for 1 h in an oven before the measure-
ments. The effect of this drying condition on the sta-
bility of AMB solid forms was checked using XRPD,
and no transformation was observed.

Wet Granulation

A laboratory scale high-shear granulator (Glatt HSG,
Glatt GmBH, Binzen, Germany) with a 1-L conical
bowl was used. The batch composition was 50% AH
form of AMB and 50% LMH, and deionized water was
used for granulation. The batch size was 300 g and the
amount of water used was 0.2 g/g of the dry blend.
Both solid materials were passed from a 700-:m
sieve before loading into the granulator. After dry
mixing for 10 min, water was added at the rate of
20 g/min (addition time = 3 min). Afterward, the wet
mass was granulated for an additional 27 min (total
granulation time = 30 min). The wet granules were
spread out in an approximately 1–3 cm layer on dry-
ing trays, and half of the granules were dried at 40◦C
and the remaining at 70◦C using a tray dryer. Sam-
ples were taken out at various time intervals during
granulation and drying, and were immediately mea-
sured with NIR and Raman methods. The same sam-
ples were then analyzed with XRPD. Moisture content
was determined at 105◦C for 15 min using a Mettler
Toledo LJ16 moisture analyzer (Mettler-Toledo).

Polarized Light Microscopy

Phase transformations were monitored using a Zeiss
Axiolab microscope (Carl Zeiss, Göttingen, Germany)
and samples were observed under cross polarizers. A
small quantity of the solid form was put in an in-house
built measurement cell, and 500 :L of the solvent was
added. Pictures were taken at various time intervals
using a DeltaPix digital camera and Deltapix soft-
ware version 1.6 (Maaloev, Denmark).

RESULTS

Solid Form Characterization

All four solid forms of AMB, AH, MH, DH, and AM,
were characterized using XRPD, Raman, and NIR
spectroscopy. The results from these techniques are
shown in Figure 2.

The AMB solid forms have distinctly different
XRPD patterns (Fig. 2a). The experimental patterns
of AH and DH matched the patterns calculated
from the crystal structures (CSD ref. code: XOZRUZ
for AH,22 CSD deposition no.: CCDC-78552017). The
XRPD pattern of MH closely resembled the previously
reported pattern, and the diffractogram of AM showed
a characteristic “ amorphous halo” devoid of sharp re-
flections. The characteristic peaks were observed at
5.8◦, 11.6◦, and 13.0◦2θ for the AH; 4.9◦, 13.4◦, 19.4◦,
and 24.9◦2θ for the MH; and 4.8◦, 9.6◦, and 13.9◦2θ for
the DH. The AM form was characterized by a glass
transition at 74 ◦C in differential scanning calorime-
try measurements.

The Raman spectra also support distinct phases
(Fig. 2b) based on differences in Raman shifts.
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Figure 2. (a) X-ray powder diffraction patterns, (b)
Raman spectra, and (c) NIR spectra of the AMB solid forms.

A detailed interpretation of the Raman spectra has
been given in the previous report,17 and only key dif-
ferences in the spectral range of 900–1700 cm−1 are
presented in Table 1. With increase in the hydrate
level, the stretching peak of conjugated C C showed
downward shift, and for the AM this peak was located

in-between the AH and MH peak positions. There are
also numerous other differences in the Raman spectra
that are useful to distinguish the AMB solid forms.

The NIR spectra exhibit large differences in O H
combination and overtone regions (Fig. 2c). In the NIR
spectra of MH and DH, an O H combination bands
from the water of crystallization were observed at
1941 and 1946 nm, respectively. The O H 1st over-
tone band appeared at 1440 and 1460 nm for MH and
DH, respectively. A peak due to the O H group was
not observed in the NIR spectrum of AH, whereas the
AM form showed broad O H peaks due to the pres-
ence of absorbed water. These differences in O H re-
gion are able to aid visual identification of the solid
forms. However, the O H region was not found very
useful for obtaining a good calibration model, as dis-
cussed in a later section. The differences in hydrogen
bond interactions in AMB solid forms have been de-
scribed earlier.17 As a result of the hydrogen bond-
ing differences, the 1st overtone of N H stretching
vibration appeared at different positions in order of
AH (1537 nm) > MH (1529 nm) > DH (1524 nm) >

AM (1503 nm). This order corresponds with the po-
sitions of the fundamental N H stretch observed in
the Fourier transform infrared spectra. There were
also subtle differences in the C H combination and
overtone regions of the NIR spectra.

Quantification Model Development

The quantification models for the AH, MH and DH
were built based on the Raman and NIR spectroscopic
datasets using PLS regression. As explained before,
Raman spectra of the solid forms involve relatively
small peak shifts, which lead to modest differences
in the spectra of calibration mixtures (Fig. 3). In this
type of dataset, which is dominated by numerous over-
lapping peaks, multivariate data analysis is particu-
larly suitable. As mentioned in the Methods section,
various spectral preprocessing methods were applied
on the raw Raman spectra. Among all methods tested,
SNV correction followed by mean centering provided
the best results.

The resulting scores and loadings plots are shown
in Figure 4. As can be seen in Figure 4a, calibra-
tion samples have grouped according to the amount of
solid form present. Although the groping of replicate
samples is not close, the overall shape of the calibra-
tion design (Fig. 1) is still preserved. Two principal
components (PCs), PC1 and PC2, were able to sep-
arate all three forms in PCA, explaining 63.8% and
21.5% variance, respectively. PC1 separates the sam-
ples based on the AH and DH content, whereas PC2
differentiates the samples according to the MH con-
tent. The corresponding loading plots in Figure 4b
reflect the spectral differences due to the changing
composition. In PC1, two upward loadings at 1482
and 1640 cm−1 are positively correlated with the DH,
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Table 1. Differences in Raman Spectra of the AMB Solid Forms

Assignment AH (cm−1) MH (cm−1) DH (cm−1) AM (cm−1)

<(C O) 1695 1695 1696 1697
<(C C), conjugated 1651 1647 1642 1649
<(C C) + <(pyridine ring) 1589 1588 1590 1590
<(C C) 1496 1485 1484 1486
<(C N) + <(C C) 1210 1206 1211 1212
<(C O C) 1129 1134 1129 1129
<(C Cl) 1038 1044 1037 1038
<(C C) + $(C H), aromatic 1002 1002 1000 1000
D(CH3) 952 950 952 944

AH, anhydrate; MH, monohydrate; DH, dihydrate; AM, amorphous; <, stretching;
$, in-plane deformation; D, rocking.

whereas two downward peaks at 1498 and 1652 cm−1

account for the AH content (see Table 1 for peak as-
signment). The upward loadings in PC2 correspond to
the spectral features of the MH. For PLS quantifica-
tion models, PC3 and PC4 accounted for the intensity
variation and baseline slope that may affect the ro-
bustness of the model. However, in the current work,
baseline variation was expected due to change in par-
ticle size and density of the sample. Thus, inclusion
of PC3 and PC4 (total 4 PCs) showed improvement in
the model parameters without affecting the robust-
ness of the model.The parameters for the best models
for Raman data are given in Table 2, and these mod-
els were used for prediction of the phase composition
during solubility measurements. For process monitor-
ing, however, the spectral range used in the models
was from 1300 to 1700 cm−1. This was to remove any
interference from the LMH that is present in the pro-
cessing samples. In this manner, it was possible to use
the models based on the drug solid forms for the pro-
cessing samples. The RMSEP values for the models
based on 1300–1700 cm−1 were 4.3, 2.8, and 3.8 for
AH, MH, and DH, respectively, and all three models
contained four PCs.

Figure 3. Standard normal variate (SNV) corrected
Raman spectra of the 22 calibration mixtures.

The variable selection in NIR spectra was rather
complicated. On the basis of spectral differences in the
solid forms (Fig. 2c), it would be logical to choose O H
combination and overtone regions for the quantifica-
tion. However, keeping these regions in the model
gave poor RMSEP values. Furthermore, in addition
to the visual observation-based spectral region selec-
tion, a forward iPLS algorithm was used for the vari-
able selection.23 On the basis of iPLS, two regions,
1325–1825 nm and 2090–2220 nm, were found to give
the lowest RMSEP values. Considering that the mod-
els were going to be used for the samples that con-
tain water, the region from 1325 to 1525 nm was fur-
ther excluded to avoid interference from water. The
improvement of prediction power of the NIR models
by excluding O H region has been reported for the
quantification models of indomethacin solid forms.21

Figure 5 shows SNV corrected spectra for the spectral
region used in PLS models. The difference in the spec-
tra is too small to be perceived by visual observation,
but it was still possible to extract relevant informa-
tion using multivariate data analysis.

The NIR PCA plot in Figure 6a shows a clear sep-
aration of the samples according to the solid form
composition. The replicate samples at each composi-
tion have grouped much closer in NIR PCA compared
with the PCA plot of the Raman dataset. PC1 and
PC2 explain 66.8% and 31.9% of the spectral varia-
tion, respectively. PC1 differentiated between AH and
DH, whereas PC2 provided separation of MH from
the other two solid forms. The spectral regions used,

Table 2. Parameters of the Raman Spectroscopy Based PLS
Models

Solid form
Number of
PLS factors R2 Q2 RMSECV RMSEP

Anhydrate 4 0.997 0.996 1.6 2.2
Monohydrate 4 0.994 0.987 2.3 2.3
Dihydrate 4 0.996 0.992 1.8 2.6

Spectral range: 900–1700 cm−1, preprocessing: standard normal
variate, scaling: mean centering.

PLS, partial least squares; RMSECV, root mean square error of
cross-validation; RMSEP, root mean square error of prediction.
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Figure 4. Principal component analysis plots of the Raman dataset (a) scores and (b) loadings.
The numbers correspond to the calibration sample identifiers shown in Figure 1.

1525–1825 nm and 2090–2220 nm, mainly represent
the C H combination and overtone bands, respec-
tively.

The appearance of PC1 and PC2 loadings corre-
sponds with the spectral differences between the solid
forms. Two PCs were judged appropriate for the NIR
PLS models, and corresponding model parameters are
listed in Table 3. These models were used for the pre-
diction of the samples collected during solubility mea-
surements.

As processing samples contain LMH, separate PLS
models were required in order to avoid the interfer-
ence from lactose. It was observed that lactose had a
minimal interference with the AMB solid form spec-
tra in the region above 2050 nm, and thus PLS models
using the 2050–2220 nm spectral range were devel-
oped. Moreover, because of many overlapping peaks
in this narrow range, only SNV correction was not

Figure 5. Standard normal variate (SNV) corrected NIR
spectra of 22 calibration mixtures. The inset figure shows
spectra in the 2090–2220 cm−1 range.

sufficient to obtain good models. Therefore, combina-
tion of two spectral pretreatment methods, such as
SNV and derivatives, were attempted. Among all the
different approaches, SNV followed by first derivative
(window size 15) was found to give the best models.
The PLS models based on this approach with 2 PCs
had RMSEP values of 3.5%, 3.0%, and 2.8% for AH,
MH, and DH, respectively.

Phase Transformations During Solubility and Aqueous
Slurry Experiments

The solubility profiles measured at 37◦C in water
are shown in Figure 7. The solubility behavior of
AMB solid forms has been discussed in the previ-
ous report,17 and in this work the phase transforma-
tions are further elaborated. The profiles of AH and
MH show two stages: initially with rapid dissolution,
maximum solubility is achieved, which is followed by
a drop in solubility that finally matches with the DH
solubility. This would mean that both the AH and the
MH transformed into DH. In the case of the AM form,
the solubility initially increases to the level of MH and
then decreases to the solubility of DH. The solubility

Table 3. Parameters of the NIR Spectroscopy Based PLS
Models

Solid form
Number of
PLS factors R2 Q2 RMSECV RMSEP

Anhydrate 2 0.989 0.988 3.2 3.4
Monohydrate 2 0.989 0.988 3.2 2.7
Dihydrate 2 0.990 0.988 3.2 3.8

Spectral range: 1525–1825 and 2090–2220 nm, preprocessing: SNV,
scaling: mean centering.

PLS, partial least squares; RMSECV, root mean square error of
cross-validation; RMSEP, root mean square error of prediction.
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Figure 6. Principal component analysis plots of the NIR dataset (a) scores and (b) loadings.
The numbers correspond to the calibration sample identifiers shown in Figure 1.

results of the DH remain fairly constant throughout
the measurement.

At each time point, solid residuals from the vials
were analyzed using Raman and NIR spectroscopy,
and the solid form compositions were determined us-
ing the developed PLS models. The results from these
techniques at selected time points were also verified
using XRPD. The phase compositions determined by
Raman spectroscopy are shown in Figure 8. No trans-
formation was detected for the AH till 44 h, but at
52 h, the solid phase composition was 75% AH and
24% DH (Fig. 8a). The AH to DH transformation was
complete at 72 h, and during this the MH form was
not detected. It is worth to note that the AH solubility
profile in Figure 7 shows a decrease between 10 to 30
h time point, which is probably due to the variability
in measurements. The MH form also showed transfor-
mation to the DH, but in this case the transformation

Figure 7. Solubility profiles of the AMB solid forms. En-
larged data points in anhydrate, monohydrate, and amor-
phous curves indicate beginning of transformation to the
dihydrate.

was faster as compared with that of the AH (Fig. 8b).
During the transformation period, variability in the
solid phase composition of the AH and MH was higher
between the replicates. As observed in Figure 8c, the
DH form was stable throughout the measurement. On
the basis of the preliminary experiments, the AM form
was found to completely convert to the MH within 1
min. Therefore, even though the AM form was not in-
cluded in the PLS models, quantification was still pos-
sible because the AM form was not present in the solid
residuals. The MH crystallized from the AM showed
relatively fast conversion to the DH (Fig. 8d). At 1
h, 6% DH was observed, and the transformation was
complete at 30 h. Because of the very fast AM to MH
transformation, the maximum solubility of the AM
determined matches with the MH solubility (Fig. 7).
Overall, the transformation profiles of AH, MH, and
DH agree with the change in the respective solubility
profile.

Figure 9 shows solid-state phase transformation
profiles determined using NIR measurements. The
overall trends observed here are similar to the results
from Raman spectroscopy discussed earlier. However,
variability within the replicates was higher in the
NIR predictions, particularly for the MH form. Dur-
ing the solubility measurements, the particle size dis-
tribution changed due to dissolution and recrystal-
lization. The NIR measurements are more sensitive
to sample morphology (particle size and shape) than
Raman spectroscopy, which might explain the vari-
ability in the NIR predictions.

The solubility difference and associated phase
transformations among the AMB solid forms can be
of importance with respect to the drug product per-
formance. Depending on the type of dosage form,
the suitable solid form for the development as well
as the impact of solubility difference may differ. For
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Figure 8. Measured phase composition of the solid residuals from solubility measurements
of (a) anhydrate, (b) monohydrate, (c) dihydrate, and (d) amorphous using Raman spectroscopy.

example, for an immediate release tablet dosage form
anhydrate form may offer a higher dissolution rate.
However, as shown in the later section the AH may
transform to the DH during granulation, and it would
be logical to adopt a direct compression processing
or other water free approach for the tablet manufac-
turing. On the other hand, for an aqueous suspen-
sion formulation the stable DH form is more relevant
to avoid any phase transformations during storage.
Nevertheless, the actual effect of solubility difference
is not straightforward and it is a complex interplay
of dosage form type, formulation variables, and drug
pharmacokinetics. Understanding of these factors is
required to determine effect on the drug product.

Phase Transformations During Processing

The PITs of AMB have not been reported before. Con-
sidering that the AH, MH, and AM forms transform
to the stable DH form during the solubility measure-
ments, it is logical to evaluate the solid form stability
in aqueous processing environments. Exposure to the
water-based fluid, which is by far the most commonly
used granulation medium, during wet granulation

can lead to conversion of the other solid forms to DH.
In this work, we have studied processing effects on
the AH form using at-line NIR and Raman measure-
ments. Figure 10a shows Raman spectra collected at
various time intervals during granulation and drying.
The spectrum of dry blend shows characteristic peaks
of the AH, and the first spectrum after water addition
(at 3 min) shifted toward the DH spectrum. The spec-
tra collected during drying of the granules at 40◦C and
70◦C resemble to the spectrum of DH. Furthermore,
because there is no significant interference from lac-
tose in the spectral range from 1300 to 1700 cm−1,24

solid form content could be quantified using the PLS
models described earlier. The measured solid form
content is shown in Figure 10b. As can be seen, soon
after water addition was finished at 3 min, about 80%
AH was converted to DH. The content of AH and DH
remained fairly constant during the remaining gran-
ulation period. During the subsequent drying, the DH
content only decreased marginally, and thus the final
dried granules contained a mixture of AH and DH.
The transformation to the MH form was not detected
during granulation and drying. The loss on drying
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Figure 9. Measured phase composition of the solid residuals from solubility measurements
of (a) anhydrate, (b) monohydrate, (c) dihydrate, and (d) amorphous using NIR spectroscopy.

measurements (at 105◦C for 15 min) showed 0.6%,
16.0%, 4.0%, and 4.1% water content in dry blend,
wet granules, granules dried at 40◦C, and granules
dried at 70◦C, respectively.

Because of the very high sensitivity of NIR spec-
troscopy toward water, it is often difficult to monitor
phase transformations during granulation using NIR
measurements.8 In this work, we tried to minimize
the influence of water by using the spectral range
from 2050 to 2220 nm. Moreover, by using this re-
gion, interference from lactose was also minimized.
As mentioned earlier, in order to resolve the over-
lapping peaks in this narrow region and to extract
relevant information, spectral preprocessing was per-
formed using SNV, followed by first derivative (Fig.
11a). Upon addition of water, the peaks at 2041 and
2087 nm, corresponding to the DH can be observed,
and these peaks are also present in the spectra mea-
sured during the drying stage. The sample collected
at 3 min during granulation was found to contain 22%
AH and 70% DH (Fig. 11b). The sum of the AH and

DH amounts predicted for the granulation samples
was only about 90%. This could be due to the measure-
ment uncertainty, particle size changes, and presence
of water in the samples. Even though the influence
of the water signal was minimized by spectral region
selection, it could not be completely removed. With in-
crease in drying time, the AH content increased with a
simultaneous decrease in the DH amount, and this is
more prominent when drying was performed at 70◦C.

The results based on Raman and NIR spectroscopy
were also qualitatively verified using XRPD measure-
ments. The XRPD patterns during processing are
shown in Figure 12. The lactose peaks did not ob-
scure prominent diffraction peaks of any of the solid
forms, and thus phase transformation could be mon-
itored with XRPD. In the pattern of dry blend, only
AH peaks were present, whereas peaks from both AH
and DH were observed for the granulation and drying
samples. No MH was detected in the XRPD measure-
ments, which is in agreement with the findings in the
Raman and NIR measurements.
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Figure 10. Phase transformations of the anhydrate form monitored using Raman spec-
troscopy (a) raw data, (b) measured content of the anhydrate and monohydrate forms.

DISCUSSION

Quantification Method Development

Development of a robust calibration model is a pre-
requisite for reliable quantification of the solid forms
during phase transformations. In this work, satisfac-
tory calibration models were obtained using Raman
and NIR spectroscopy for the solid form quantifica-
tion in ternary mixtures. During the model develop-
ment, attention should be paid to the quantification
range required for the individual components, physi-
cal properties (particle size, shape, and moisture con-
tent) of the samples, and environmental conditions to
which samples would be exposed. To obtain reliable
quantification in the entire range, it might be neces-
sary to optimize a calibration set design. Here, this
was performed by introducing additional samples in

the axial extended design. This is particularly impor-
tant for the prospective model development, where
detailed information about the actual sample compo-
sition is not available.

Ideally, the calibration samples should reflect the
characteristics of the system on which the model
is applied. However, in the case of solubility and
processing-related transformations, it is often diffi-
cult, if not impossible, to prepare calibration samples
in this manner. Particle size and shape of solid forms
formed by transformation are often completely differ-
ent from the size and shape of an isolated batch of the
given form used in the calibration mixtures. Further-
more, if calibration samples are exposed to process-
ing conditions then their composition may change,
which is not desirable. This issue can partly be ad-
dressed by proper selection of the spectral range and

Figure 11. Phase transformations of the anhydrate form monitored using NIR spectroscopy
(a) raw data, (b) measured content of the anhydrate and monohydrate forms.
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Figure 12. X-ray powder diffraction patterns of the sam-
ples collected during granulation and drying.

preprocessing. For example, in Figure 2c, there are
obvious differences between the solid forms in O H
regions. However, the models having these regions in-
cluded showed poor RMSEP values. A closer look at
Figure 2c indicates that the area/intensity of the O H
combination band does not increase proportionally
with increase in the hydrate level, and this may affect
the quantification models. Moreover, the O H region
is also affected by the change in free water, which is
highly likely to occur for the samples of the solubil-
ity and granulation experiments. Therefore, the NIR
quantification models were developed excluding the
O H regions. With this approach, it was possible to
use the at-line NIR measurements during granula-
tion. The iPLS algorithm was found to be useful for
variable selection in NIR spectra, and it aided the
visual inspection-based spectra region selection. The
Raman model development was relatively straightfor-
ward. Because of the sharp peaks in Raman spectra,
and minimal interference from water and lactose, se-
lection of the spectral region was easy. Moreover, a
simple preprocessing, such as SNV, was sufficient to
remove undesired variations in the Raman spectra.
It should also be considered that both the techniques
have limitations in terms of the sample volume mea-
sured. The sample volume is affected by instrument
setup (laser spot size, laser power, etc.), particle size,
shape and packing density of the sample. The sam-
pling problem was minimized by employing the sam-
ple rotation during the measurements. However, it
would be logical to suggest that in this work the sam-
ple volume measured by NIR should be higher than
Raman spectroscopy. This is due to the larger spot size
of the NIR laser as well as greater penetration depth
of the NIR radiation. The effective sampling volume of
the measured calibration/validation samples can be
increased by using a larger spot size Raman probe,
thus making it more comparable to the well-known
large sampling volume of NIR.25

Phase Transformations During Solubility and Processing
Experiments

For several compounds, phase transformation occurs
on contact with water, and the chances of this to
happen are higher during solubility determination.
In such a case, the solid phase should also be an-
alyzed to obtain reliable information on solubility,
which is usually accomplished by XRPD measure-
ments. Though XRPD provides reliable information
on the solid phase, the method is slow and also re-
quires at least a little sample preparation. In a typical
industrial setup, where several solubility determina-
tions are performed on different compounds and their
solid forms on a routine basis, the ability to carry out
fast and reliable solid phase analysis is an advantage.
Both NIR and Raman measurements are fast and re-
quire minimal sample preparation. In this context,
Raman spectroscopy in particular is highly suitable
because it is not affected by the presence of water.

Using spectroscopic methods, the phase transfor-
mations of AH, MH, and AM to DH during solubility
measurements were successfully monitored. We have
recently reported that the DH form of AMB is the sta-
ble phase in water below 71◦C, and thus the observed
transformations are logical. As expected for the DH,
no transformation is observed. In all cases, change in
the solid form corresponds to a change in the solubil-
ity profile. The transformation kinetics of MH were
faster compared with the AH. Moreover, It is also
interesting that the AH directly transformed to the
DH, whereas the AM to DH transformation occurred
with intermediate formation of the MH. We have pre-
viously reported that the MH form is produced by
dominance of the kinetic factors over the thermody-
namics. The MH was obtained by very fast cooling
of the super-saturated solution. It can be postulated
that dissolution of the AM generated higher super-
saturation that leads to the MH formation, while the
super-saturation generated by the AH was not suf-
ficient to facilitate generation of the MH. However,
due to the very fast AM to MH transformation the
actual kinetic solubility of the AM could not be deter-
mined. Further work is required to obtain this data
and also to get better understanding on the transfor-
mation pathways of the AM form. In the absence of
solid phase analysis, the solubility data could have
been misinterpreted. Thus, in order to obtain com-
plete information on solubility behavior, it is useful to
monitor a solid form for any transformation.

The transformation of AH to DH was very fast dur-
ing granulation, and almost 80% of the AH was con-
verted to DH within 3 min. If the total amount of
water added (0.2 g/g of dry blend) and the solubility
of the AH in water at 25◦C (3.0 mg/mL) are consid-
ered, then at any point not more than 0.2 g or 0.12%
of the total mass of AMB can be dissolved, assuming
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that all the water is available for dissolving the drug
substance. In this case, the transformation should oc-
cur via the solvent-mediated route, which is discussed
in a later section. Hydrate formation was not com-
plete during granulation, which could be explained as
follows. As agglomerates are formed during granula-
tion, some of the starting AH particles can be trapped
within the lactose particles, and these AH particles
may not have enough supersaturation to convert to
the DH. However, this phenomenon is highly depen-
dent on the granulation parameters such as batch
size, impeller/chopper speed, amount of water added,
and water addition rate and total granulation time.

Although both the spectroscopic techniques were
able to quantify the solid forms, the performance of
Raman spectroscopy was superior. The predictions
based on the NIR showed higher variability during
the solubility measurements, and for the granulation
samples it could not provide a reliable quantification.
Overall, in this work, Raman spectroscopy showed su-
perior quantification performance in comparison with
NIR spectroscopy.

Understanding Hydrate Formation

The transformation of AH to DH was faster during
the granulation than the solubility experiments. We
sought to gain a deeper mechanistic understanding
on this transformation, and to identify critical factors
affecting it. For this purpose, the transformation was
monitored in situ using optical microscopy. In order
to capture the separate events of the transformation,
it was desirable to use a solvent medium in which
transformation is relatively fast. During preliminary
screening of ethanol–water mixtures of different com-
positions (from 0 to 90 mol % ethanol), it was found
that the AH to DH transformation was fastest with
10 mol % ethanol (aw ∼ 0.90), and therefore this
composition was chosen for in situ microscopy experi-
ments. Figure 13 shows photomicrographs taken dur-
ing the AH to DH transformation.

The optical microscopy picture at 1 min shows sur-
face erosion and increase in surface roughness of the
particles due to partial dissolution of the AH. At
5 min, the first signs of DH formation can be seen
with the appearance of a prismatic crystal that
clearly shows a different morphology than that of
plate-shaped AH crystals. Afterward, the DH crys-
tal grew continuously at the expense of AH, and
after 150 min no AH could be observed. These ob-
servations suggest that initially dissolution of the
AH creates supersaturation with respect to the sta-
ble DH, which is followed by the nucleation and
growth of the DH. It should be noted that the
appearance of DH crystals was random and the
crystals were scattered across the entire sample.
In the case of the solvent-mediated AH to hydrate
transformations of theophylline,26 carbamazepine,27

and siramesine hydrochloride,28 the growth of the hy-
drate was found to occur on the AH surface, which is
not observed here.

The faster transformation observed in ethanol–wa-
ter mixture (10 mol % ethanol) compared with the
pure water provides some insight into the AH to DH
transformation. The SMT proceeds in three steps: (1)
dissolution of the less stable form, creating supersatu-
ration with respect to the stable form, (2) nucleation of
the stable phase, and (3) growth of the stable phase.29

From the solubility profile of AH (Fig. 7) and the op-
tical microscopy picture at 1 min, it is evident that
the dissolution is fast, and therefore the transforma-
tion should not be dissolution limited. For the second
step, according to the classical nucleation theory, nu-
cleation rate is governed by temperature, degree of
supersaturation, and interfacial tension.30 As such it
is virtually impossible to determine the true nucle-
ation rate because nuclei are virtually undetectable
by known techniques. So, for practical purposes, the
induction time for the appearance of the stable form is
used, which is inversely related to the nucleation rate.
The induction time for the appearance of DH dur-
ing the microscopy experiments at room temperature
was 5 min and 9 h, respectively, for ethanol–water
and water alone. As the temperature was constant
during these experiments, it should not contribute to-
ward differences in the induction time. During SMT,
supersaturation is dictated by the solubility of the
metastable and the stable form according to Eq. 1,

σ = �c
c

= c − c∗

c∗ (1)

where σ is the supersaturation, c is the solubility of
the metastable form, and c∗ is the solubility of the
stable form. The kinetic/apparent solubility of the
metastable form is used for c, as the equilibrium sol-
ubility could not be measured. The �c is the concen-
tration driving force for the transformation that can
critically influence the SMT.

In the SMT of a polymorphic pair, supersaturation
is identical in different solvents at constant temper-
ature and pressure. 31 For sulfamerazine form I to
form II transformation, it was observed that the in-
duction time was shorter and overall transformation
was faster in the solvent giving a higher solubility.
For the SMT of an anhydrate–hydrate system, an ad-
ditional factor, namely water activity, has to be consid-
ered. In this case, supersaturation in solvent systems
giving same water activity should be identical, keep-
ing temperature and pressure constant. The solubility
of AH and DH at 25◦C in water was 3.0 and 1.7 mg/
mL, respectively, whereas solubility in ethanol–water
mixture with 10 mol % ethanol was 13.6 mg/mL for
AH and 7.7 mg/mL for DH. On the basis of Eq. 1,
supersaturation with respect to the DH is calculated
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Figure 13. In situ monitoring of AH to DH transformation in ethanol–water mixture (10 mol %
ethanol) using an optical microscopy with polarized light. The bar at bottom right corner denotes
200 :m. A dihydrate crystal at 5 min is marked with a red circle.

as 0.8 in both the solvent systems. But, the concen-
tration driving force, �c, is noticeably different with
values of 5.9 and 1.3 mg/mL for ethanol–water and
water alone, respectively. The nucleation step for the
AH to DH transformation, therefore, is facilitated in
ethanol–water mixture due to the higher solubility,
which effectively increases the concentration differ-
ence (�c). On the basis of the above discussion, over-
all transformation of AH to DH can be considered to
be limited by the nucleation and growth of the DH.
Moreover, it can be realized that any factor positively
affecting these factors may enhance the transforma-
tion. Shear forces are considerably high during high-
shear granulation, which can help in the formation
of nucleation sites due to the friction and particle
breakage. This could be a reason for the fast transfor-
mation observed during the granulation as compared
with the solubility measurements. Furthermore, this
phenomenon highlights a need to evaluate solid form
stability during the processing because, as observed
here, processing-related stress can affect the trans-
formation kinetics.

Understanding Dehydration

We have earlier reported the dehydration behavior
of DH.17 In thermogravimetric analysis of the DH,
the water loss was found to occur in two steps,
40◦C–75◦C and 75◦C–100◦C, and during each step,
approximately 1 mol of water was removed. After the
first step, the resultant material was an unstable MH,
whereas on complete water removal (i.e., after the
second step) melting was observed. Subsequently, the
AH crystallized from the molten phase at higher tem-
peratures. In this work, the DH which was formed
during granulation persisted in the dried granules,
although at the employed drying temperatures (40◦C
and 70◦C), it is expected that 1 mol of water could

be removed. However, as the resultant material is
unstable, it immediately picks up moisture from at-
mosphere and reverts back to the DH. Similar ob-
servations are reported for the dehydration of rise-
dronate hemipentahydrate, in which removal of 1 mol
of water produced a new metastable hydrate form.32

Therefore, the DH during tray drying can be under-
stood to remain in a dynamic state, which can con-
vert to the unstable form due to the removal of water
that immediately picks up moisture from the envi-
ronment to transform back to the DH. Because of this
phenomenon, the DH form is retained in the final
granules.

CONCLUSIONS

The phase transformation of AMB solid forms were ef-
fectively monitored by Raman and NIR spectroscopy.
With both the techniques, suitable quantification
models were obtained by PLS regression. The model
development for the Raman data was relatively sim-
ple but, in the case of NIR, selection of the spectral
range and preprocessing were found to be critical to
obtain a reliable model. Spectroscopic measurements
enabled determination of transformation profiles dur-
ing solubility measurements, and that helped to ob-
tain complete knowledge on the solubility behavior
of the different solid forms. Furthermore, monitoring
of granulation and drying processes showed that the
AH form converts to DH during granulation, and the
generated DH form does not dehydrate during subse-
quent drying performed at low temperatures. There-
fore, the final granules consisted a mixture of the AH
and DH. This indicates the need for appropriate pro-
cess selection, monitoring, and control to ensure con-
sistent solid form in the final product.
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