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a b s t r a c t

The aim of the study was to develop a reliable quantification procedure for mixtures of three solid forms
of ranitidine hydrochloride using X-ray powder diffraction (XRPD) and Raman spectroscopy combined
with multivariate analysis. The effect of mixing methods of the calibration samples on the calibration
model quality was also investigated. Thirteen ternary samples of form 1, form 2 and the amorphous form
of ranitidine hydrochloride were prepared in triplicate to build a calibration model. The ternary samples
were prepared by three mixing methods (a) manual mixing (MM) and ball mill mixing (BM) using two
(b) 5 mm (BM5) or (c) 12 mm (BM12) balls for 1 min. The samples were analyzed with XRPD and Raman
spectroscopy. Principal component analysis (PCA) was used to study the effect of mixing method, while
partial least squares (PLS) regression was used to build the quantification models. PCA score plots showed
that, in general, BM12 resulted in the narrowest sample clustering indicating better sample homogene-
ity. In the quantification models, the number of PLS factors was determined using cross-validation and
the models were validated using independent test samples with known concentrations. Multiplicative
rincipal component analysis (PCA)
artial least squares (PLS) regression
aman spectroscopy
-ray powder diffraction

scattering correction (MSC) without scaling gave the best PLS regression model for XPRD, and standard
normal variate (SNV) transformation with centering gave the best model for Raman spectroscopy. Using
PLS regression, the root mean square error of prediction (RMSEP) values of the best models were 5.0–6.9%
for XRPD and 2.5–4.5% for Raman spectroscopy. XRPD and Raman spectroscopy in combination with PLS
regression can be used to quantify the amount of single components in ternary mixtures of ranitidine
hydrochloride solid forms. Raman spectroscopy gave better PLS regression models than XRPD, allowing a

ion.

s
r
(
s
s
t
a
t
i

more accurate quantificat

. Introduction

Pharmaceutical solids are known to exhibit polymorphism.
t is also well recognised that different polymorphic forms can
ave differences in pharmaceutically relevant properties such as
tability, solubility and bioavailability [1]. During pharmaceuti-
al development and manufacturing, changes in the solid state
an occur including polymorphic transformation, formation or
ehydration/desolvation of a hydrate/solvent, conversion from
rystalline to amorphous phase or vice versa, and all of these can

ignificantly alter the drug product performance [2]. Thus moni-
oring solid-state properties, both qualitative and quantitative, is
mportant in order to ensure high quality products [3].
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Over the years, a variety of analytical techniques have been
uccessfully used for quantitative solid-state analysis including X-
ay powder diffraction (XRPD), differential scanning calorimetry
DSC), Raman [1] and Fourier transform infrared spectroscopy [4],
olid-state nuclear magnetic resonance [5] and terahertz pulsed
pectroscopy [6]; typically in the context of binary mixtures (crys-
alline/amorphous or crystalline/crystalline). In this study, XRPD
nd Raman spectroscopy were employed. XRPD gives fundamen-
al structural information, while Raman spectroscopy provides an
nsight into the solid materials at the molecular level [7]. Both tech-
iques are non-destructive, easy and relatively fast to use [2]. To
ate, few studies have been carried out to quantify multiple solid
orms (i.e. ≥3) in a mixture using spectroscopic techniques [4,8].
o the best of our knowledge, there are no studies investigating
he ability of XRPD to quantify solid forms in ternary mixtures.

onventionally, quantitative analysis of pharmaceutical solids has
een done by employing uni- or bivariate approaches based on
ither the heights or areas of a single or several characteristic peaks
9–11]. Although uni- or bivariate methods are simple to use, they
re often not feasible due to complicated spectra with overlapping

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:jaakko.aaltonen@uku.fi
dx.doi.org/10.1016/j.jpba.2008.09.054
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eaks, or as is the case of XRPD patterns of amorphous materials,
he absence of peaks. A Raman spectrum of an amorphous mate-
ial is known to have broadened and overlapping spectral bands
hen compared to the crystalline counterparts [12]. To overcome

hese problems, multivariate methods that use the whole spectral
nformation instead of only few peaks can be used. In partial least
quares (PLS) regression, the covariance between the variables X
i.e. whole diffractogram or spectrum) and Y (i.e. concentration)
s maximised to extract as much information as possible, while
he unrelated data is ignored [13]. This enables PLS regression to
imultaneously analyze and quantify mixtures containing several
omponents with no available peaks or with overlapping peaks
14].

Ranitidine hydrochloride was used as a model compound. It is
nown to exist in two polymorphic forms, form 1 and form 2 and
n amorphous form [15]. The physicochemical properties and the
tability of the solid forms are well characterized and can be found
lsewhere [16,17]. Both form 1 and form 2 are bioequivalent and are
vailable in formulated drug products. Regardless of the fact that
oth forms are bioequivalent, interest has been given to both forms
or intellectual property reasons [18].

The objective of the study was to develop reliable quan-
ification procedures for the mixtures of three solid forms of
anitidine hydrochloride using XRPD and Raman spectroscopy
ombined with multivariate analysis. In addition, the effect of dif-
erent mixing methods of the calibration samples was investigated.

ultivariate analysis, specifically principal component analysis
PCA) and PLS regression combined with various pre-processing
lgorithms and scaling methods were used for the analysis of
iffractograms/spectra.

. Materials and methods

.1. Materials

Ranitidine hydrochloride form 1 (Salutas Pharma, Germany.
atch: 105293/40011298) and ranitidine hydrochloride form 2
Salutas Pharma, Germany. Batch: 556314/10191475) were used as
aw materials.

.2. Methods

.2.1. Sample preparation of crystalline ranitidine hydrochloride
orm 1 and form 2

To prepare solid forms with uniform particle size, the raw mate-
ials of form 1 and form 2 were lightly ground in a mortar. The solids
ere then stored at 70 ◦C for 24 h to remove adsorbed water. After

rinding, XRPD was used to verify no polymorphic transformations
ccurred during the grinding (see Section 2.3.1 for details).

.2.2. Sample preparation of amorphous ranitidine hydrochloride
Amorphous ranitidine hydrochloride was prepared by cryo-

illing ranitidine hydrochloride form 1 in an oscillatory ball mill
MM 301, Retsch GmbH & Co., Germany) at 25 Hz. 1 g of powder was
laced in a 25-ml milling chamber with two 12 mm stainless steel
alls. The milling chambers were then sealed and immersed in liq-
id nitrogen for three min before milling for 60 min. Re-cooling of
he milling chambers was carried out every 20 min. XRPD was used
o confirm the sample was 100% X-ray amorphous (only a halo and
o peaks were present in the XRPD pattern). DSC thermograms also

howed glass transition and crystallization events (data not shown)
ndicating the cryo-milled sample was amorphous. The cryo-milled
amples were stored in an airtight container over silica gel at −20 ◦C
ntil required. The amorphous samples were used within 2 days for
he preparation of ternary mixtures.

F
C
U
G

ig. 1. Ternary diagram showing the 13 mixtures of ranitidine hydrochloride form
, form 2 and amorphous form used.

.2.3. Preparation of ternary calibration and test samples
Thirteen ternary mixtures of ranitidine hydrochloride form 1,

orm 2 and amorphous ranitidine hydrochloride were selected
ased on the triangle experimental design. The ratios (form
:form 2:amorphous) were (1:0:0), (0:1:0), (0:0:1), (2/3:1/3:0),
2/3:0:1/3), (0:2/3:1/3), (0:1/3:2/3), (1/3:0:2/3), (1/3:2/3:0),
1/3:1/3:1/3), (2/3:1/6:1/6), (1/6:2/3:1/6) and (1/6:1/6:2/3) as
llustrated in Fig. 1.

The calibration samples (m = 600 mg) were prepared in a cold
oom (4 ◦C) by manual mixing (MM) and two different ball mill
ixing (BM) methods. In the MM method, the solid forms at appro-

riate ratios were mixed gently for 1 min using a miniature glass
ortar and pestle. In the BM method, the solid forms were weighed

nto a 25-ml milling chamber and either two 5 mm (BM5) or 12 mm
BM12) stainless steel balls were used to mix the samples. The
ernary mixtures were mixed for 1 min at 25 Hz. The prepared sam-
les were then stored in an airtight container over silica gel at
20 ◦C. Measurements by XRPD and Raman spectroscopy were per-

ormed on the same sample within 2 days of sample preparation.
ll ratios were prepared and analyzed in triplicate.

.3. Characterization

.3.1. X-ray powder diffraction
XRPD analysis was performed using an X’Pert PRO X-ray diffrac-

ometer (PANalytical, The Netherlands; MPD PW3040/60 XRD;
uK� anode; � = 1.541 Å). The samples were gently consolidated

n an aluminium holder and scanned at 40 kV and 30 mA from
to 35◦ 2� using a scanning speed of 0.1285◦ min−1 and a step

ize of 0.0084◦. The diffraction patterns were analyzed using X’Pert
igh Score software (version 2.2.0) and plotted using OriginPro 7.0

OriginLab Corporation, USA).

.3.2. Raman spectroscopy

The FT-Raman instrument consisted of a Bruker FRA 106/S

T-Raman accessory (Bruker Optik, Ettlingen, Germany) with a
oherent Compass 1064-500N laser (Coherent Inc., Santa Clara,
SA) attached to a Bruker IFS 55 FT-IR interferometer, and a D 425
e diode detector. Analysis was carried out at room temperature
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tilizing a laser wavelength of 1064 nm (Nd:YAG laser) and a
aser power of 120 mW. Back-scattered radiation was collected
t an angle of 180◦. Samples were measured in aluminium cups
nd 32 scans were averaged for each sample at a resolution of
cm−1. Sulphur was used as a reference standard to monitor

he wavenumber accuracy. OPUSTM 5.0 (Bruker Optik, Ettlingen,
ermany) was used for the spectral analysis.

.3.3. Standard and modulated differential scanning calorimetry
DSC and MDSC)

DSC was used to probe the presence of amorphous drug in the
ernary samples after mixing. The measurements (sample powders
f 1–3 mg crimped in a standard aluminum pan) were carried out
sing a DSC Q100 (v8.2 Build 268, TA Instruments, USA) at a heating
ate of 10 K per min from 0 to 160 ◦C under a nitrogen gas flow of
0 ml/min. In MDSC, the samples were heated at a heating rate
f 5 K per min from −10 to 40 ◦C. The modulation amplitude was
.5 ◦C and the period was 60 s. Calibration of the DSC instrument
as performed using indium as a standard.

.4. Multivariate data analysis
The suitability of various mixing methods was evaluated by
CA. PCA score plots were used to compare clustering of the XRPD
iffractograms and Raman spectra of the ternary samples. The
RPD score plots were obtained after the diffractograms were cen-

ered. Pre-processing algorithms were not applied here to avoid

a
s
I
X
t

ig. 2. XRPD diffractograms and Raman spectra of form 1, form 2 and amorphous ranitid
. Figure inset shows the Raman spectral region between 1500–1600 cm−1, highlighting t
d Biomedical Analysis 49 (2009) 18–25

osing relevant information [19]. In Raman spectroscopic PCA score
lots, the variables were standard normal variate (SNV) trans-
ormed and centred prior to clustering analysis. SNV transformation
ombined with centering has been shown to improve the Raman
pectral analysis [20,21].

PLS regression was used to create calibration models for quan-
itative analysis. For each XRPD calibration model (MM, BM5 and
M12) 39 diffractograms (13 ternary mixtures in triplicate) were
sed. In Raman spectroscopic calibration models 117 spectra (13
ernary mixtures in triplicate, each sample × 3 spectra) were used
o build each model. Both the diffractograms and spectra were
ubjected to two pre-processing methods, multiplicative scatter-
ng correction (MSC) and SNV transformation. The PLS regression

odel of raw data (i.e. without pre-processing) was also created
o compare with pre-processed data. Both MSC and SNV transfor-

ation were used to correct the baseline shifting and tilting due
o noise and background effects. The difference between MSC and
NV transformation is that MSC requires a ‘reference’ spectrum
typically the mean spectrum of the calibration data), whereas in
NV transformation, each spectrum is normalized by the standard
eviation of the responses across the entire spectral range [22].
o further improve the model quality, three scaling methods were

pplied in combination with the pre-processed data, namely no
caling (none), centering (CTR), and scaling to unit variance (UV).
n CTR, the variables were mean centered but not scaled. In UV, all
-variables were mean centered and scaled to its standard devia-
ion, which gives all the variables equal importance. The number

ine hydrochloride. The arrows indicate the characteristic peaks of form 1 and form
he differences between form 1, form 2 and amorphous ranitidine hydrochloride.
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Fig. 3. PCA score plots of (a) XRPD diffractograms and (b) Raman spectra. Each
coloured symbol represents a diffractogram or a spectrum. The black, green and
red symbols indicate the three mixing methods by MM, BM5 and BM12, respec-
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f PLS factors for each model was determined by cross-validation.
ine independent samples containing solid forms of ranitidine
ydrochloride at different concentration ratios, prepared using the
rocedures from each mixing method were used to test the cali-
ration model. The quality of the model was evaluated by using the
orrelation coefficient (R2), test set validation coefficient (Q2), root
ean square error of estimation (RMSEE) and root mean square

rror of prediction (RMSEP). The data analysis was performed by
IMCA-P (version 11, Umetrics AB, Sweden).

. Results

.1. Characterization of crystalline and amorphous state of
anitidine hydrochloride

Fig. 2 shows the XRPD diffractograms and Raman spectra of form
, form 2 and amorphous ranitidine hydrochloride. Peaks at 17.0,
1.8 and 24.9◦ 2� are specific for form 1, while 20.2 and 23.5◦ 2�
re peaks of form 2. Amorphous ranitidine hydrochloride showed a
ypical halo diffractogram. In the Raman spectra, the peaks at 1208
nd 1185 cm−1 can be used to identify form 1 and form 2, respec-
ively. Clear spectral differences of the two crystalline drugs can
lso be observed in other regions. The spectral peaks of amorphous
anitidine hydrochloride show some similarity to those of the crys-
alline forms. However, because of the molecular disorder in the
morphous state, the peaks are broader and have extensive overlap-
ing regions. Only a shoulder (at 1545 cm−1) of a peak at 1550 cm−1

hat corresponds to amorphous ranitidine hydrochloride does not
verlap with the crystalline peaks (Fig. 2 inset). Furthermore, nei-
her the 1208 cm−1 nor 1185 cm−1 peak is present. Whole XRPD
atterns (6–34◦ 2�) and Raman spectral regions (1000–1700 cm−1

nd 2700–3250 cm−1) were used to create clustering (PCA) and
uantification (PLS regression) models.

.2. Comparison of mixing techniques

Fig. 3(a and b) shows the PCA score plots of the 13 ternary mix-
ures prepared by MM, BM5 and BM12, analyzed by XRPD and
aman spectroscopy, respectively. Overall, the triangular shape of
he experimental design (Fig. 1) could be observed in the score plots
Fig. 3(a and b), triangle design in dotted line). Comparing the three

ixing methods within each analytical technique, it was apparent
hat MM (Fig. 3(a and b), black triangle) had the most spread clus-
ers, followed by BM5 (green triangle) and BM12 (red triangle). The
mprovement of the clustering was visible in the XRPD score plots,
ut was more obvious in the score plots obtained from the Raman
pectral PCA, where the BM12 yielded the narrowest clusters. A nar-
ow cluster indicates a homogeneous sample, while a spread cluster
uggests a heterogeneous mix. Interestingly, the size of the triangle
esign diagram (i.e. Fig. 1) for the XRPD BM5 and BM12 score plots
ere slightly smaller. A trend was observed that the points were
oving towards the amorphous form. The shift was most profound

or samples containing high amount of crystalline forms (samples
0–13) and were mixed by the BM12 method (Fig. 3(a); red dotted
ine). A closer observation of the individual diffractograms clearly
howed a decrease in the peak intensity of the BM samples com-
ared with the MM samples (Fig. 4; sample point 11), explaining
he shifts. In contrast, this shift was not evident on the score plots
btained by Raman spectroscopy (Fig. 3(b)). In addition, neither a
lass transition nor a crystallization temperature was observed on

he DSC thermograms of the fully crystalline BM5 and BM12 sam-
les (Fig. 5; sample point 11), indicating no amorphous phase was
ormed. However, an earlier onset of the melting endotherm could
e observed, possibly as a result of smaller particle size. Further
xplanation of this finding is given in Section 4.

f
a
i
i
p

hen using BM is indicated by the coloured dotted lines. (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version
f the article.)

In general, PCA was able to differentiate the two polymorphic
orms (crystalline) and the amorphous form based on the first
wo principal components (PCs). Looking at XRPD PCA loadings
Fig. 6(a)), PC 1 differentiated between form 1 (downward peaks)
nd form 2 (upward peaks), while PC 2 accounted for the differ-
nces between the amorphous form (halo shaped loadings) and
rystalline forms (upwards peaks). Similarly, but in a different
rder, PC 1 in Raman loadings (Fig. 6(b)) differentiated the two
rystalline (upward peaks at 1185 and 1208 cm−1) and amorphous
orm (downward peak at 1545 cm−1) while PC 2 accounted for
he differences between form 1 (upward peak at 1208 cm−1) and

orm 2 (downward peak at 1185 cm−1). The third PC for both XRPD
nd Raman spectroscopy appeared to account mainly for the peak
ntensity differences within the diffractograms/spectra. The load-
ngs of both PC 3’s were relatively low and had a residual-peak
attern similar to PC 1 or 2 (Fig. 6(a and b)).
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ig. 4. Comparison of XRPD peak intensity (sample point 11 from the ternary dia-
ram in Fig. 1) of MM (black line), BM5 (green line) and BM12 (red line). (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of the article.)

.3. Quantification by XRPD

Table 1 presents the results of the PLS regression models of MM,
M5 and BM12 samples constructed using XRPD data. Overall the
uality and the performance of the models according to R2 and
2 were relatively good with all the values greater than 0.922 and
.902, respectively. In the MM samples, cross validation determined
hat up to 5 PLS factors were required to construct a reliable model.

hen the ternary mixtures were mixed by BM methods, on average,
he number of PLS factors required was reduced to 3 or 4. According
o Table 1, the best calibration model was achieved when the BM12
alibration samples were subjected to MSC transformation, with-
ut scaling. The RMSEE values ranged from 4.6 to 6.5% and RMSEP
alues between 5.0 and 6.9%.
Although the BM12 samples combined with MSC transforma-
ion and no scaling yielded the best model, no specific correlation
ould be found between the mixing technique and the pre-
rocessing and scaling methods to obtain a superior quantitative

ig. 5. DSC thermograms of sample point 11 in the ternary diagram (Fig. 1) prepared
sing different mixing methods MM (black line), BM5 (green line) and BM12 (red

ine). The thermograms are offset for clarity. Figure insets show the reversing heat
ow thermograms obtained with MDSC of sample point 11 prepared by BM5 and
M12. (For interpretation of the references to colour in this figure legend, the reader

s referred to the web version of the article.)
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ig. 6. PCA loading plots of (a) XRPD diffractograms and (b) Raman spectra. The
umbers and arrows in the loading plots indicate the characteristics of ranitidine
ydrochloride polymorphs. The dotted line in XRPD loadings indicates the halo
attern of the amorphous form. The loading plots are offset for clarity.

odel. On the other hand, RMSEE and RMSEP seemed to have a nar-
ower estimation and prediction window when the samples were
etter mixed using the BM12 method.

.4. Quantification by Raman spectroscopy

Table 2 presents the results of the PLS regression models
onstructed using the selected regions of the Raman spectra.
xclusion of the baseline region between 2000 and 2700 cm−1

nd regions below 1000 cm−1 and above 3250 cm−1 resulted in
slight improvement of the models compared to using whole

pectra. Overall all PLS regression models had R2 and Q2 values
reater than 0.921 and 0.911, respectively. In the MM samples, 4

LS factors were required for the non-pre-processed, non-scaled
pectra yet the RMSEP values were still extremely high (up to
3%). Applying MSC or SNV transformation to the MM samples
ollowed by scaling by UV or CTR reduced the number of PLS



N. Chieng et al. / Journal of Pharmaceutical and Biomedical Analysis 49 (2009) 18–25 23

Table 1
Performance of the XRPD PLS regression models using different mixing, pre-processing and scaling methods.

Mixing methods Pre-processing
methods

Scaling # PLS Factors R2 Q2 Amorphous Form 1 Form 2

RMSEE (%) RMSEP (%) RMSEE (%) RMSEP (%) RMSEE (%) RMSEP (%)

MM

None None 4 0.985 0.979 4.8 7.4 5.3 7.3 7.3 6.5
UV 3 0.975 0.968 4.9 9.2 3.6 4.6 6.6 6.6
CTR 3 0.971 0.955 5.6 8.0 4.6 5.8 6.4 7.0

SNV None 3 0.955 0.947 6.3 12.8 11.3 12.4 11.8 17.0
UV 5 0.974 0.935 4.8 11.9 5.6 16.7 5.9 18.1
CTR 3 0.944 0.902 5.4 12.5 6.8 9.0 10.3 13.8

MSC None 3 0.963 0.955 10.0 13.8 8.0 7.0 9.5 12.2
UV 5 0.982 0.934 3.8 17.2 3.7 7.2 5.8 13.2
CTR 2 0.922 0.906 9.9 13.8 7.9 7.0 9.3 12.2

BM5

None None 3 0.973 0.969 4.8 11.5 6.8 6.2 10.5 8.6
UV 3 0.981 0.974 4.0 8.2 4.2 2.6 5.4 7.3
CTR 3 0.970 0.961 5.6 11.6 4.3 5.6 6.9 8.5

SNV None 3 0.961 0.955 8.8 9.2 9.9 9.5 9.8 11.2
UV 3 0.947 0.918 7.1 9.2 8.4 8.8 7.3 10.1
CTR 4 0.961 0.942 6.0 11.4 7.1 8.1 6.7 9.0

MSC None 3 0.969 0.965 10.4 10.4 7.6 6.1 7.0 8.0
UV 4 0.974 0.948 4.5 13.2 5.4 7.7 6.3 10.3
CTR 2 0.934 0.927 10.3 10.4 7.5 6.1 6.9 8.0

BM12

None None 4 0.983 0.972 6.8 5.2 5.9 8.1 6.4 12.4
UV 4 0.984 0.967 4.7 4.7 3.4 4.9 4.2 2.9
CTR 2 0.957 0.954 8.5 9.7 4.4 9.4 6.8 5.3

SNV None 4 0.977 0.970 5.5 5.2 8.6 9.7 7.8 8.0
UV 3 0.974 0.956 5.3 6.0 5.5 7.5 5.3 8.1
CTR 3 0.969 0.956 5.5 5.3 5.9 6.8 6.2 6.5

MSC None 4 0.987 0.983 6.5 6.9 4.6 5.4 5.2 5.0
UV 3 0.984 0.971 4.7 9.0 3.7 7.6 4.3 6.7
CTR 3 0.973 0.964 6.5 6.9 4.5 5.4 5.1 5.0

MM: manual mixing; BM5: ball mill mixing using two 5 mm stainless steel balls; BM12: ball mill mixing using two 12 mm stainless steel balls; SNV: standard normal variate
transformation; MSC: multiplicative scattering correction; UV: unit variance scaling; CTR: centering; RMSEE: root mean square error of estimation; RMSEP: root mean square
error of prediction.

Table 2
Performance of the Raman spectroscopic PLS regression models using different mixing, pre-processing and scaling methods.

Mixing methods Pre-processing
methods

Scaling # PLS Factors R2 Q2 Amorphous Form 1 Form 2

RMSEE (%) RMSEP (%) RMSEE (%) RMSEP (%) RMSEE (%) RMSEP (%)

MM

None None 4 0.952 0.951 9.0 29.6 12.3 15.7 8.9 16.1
UV 4 0.921 0.912 8.2 32.9 10.9 20.1 9.0 18.9
CTR 4 0.927 0.918 7.7 26.9 9.6 16.4 8.4 17.4

SNV None 4 0.969 0.968 7.9 6.5 8.8 6.0 8.3 7.4
UV 3 0.935 0.933 7.1 7.0 9.1 9.0 7.9 7.8
CTR 3 0.935 0.932 7.0 6.8 9.0 8.8 8.2 8.1

MSC None 4 0.971 0.969 6.8 10.8 8.9 8.2 8.1 10.5
UV 3 0.937 0.935 6.7 16.0 9.0 8.6 8.0 14.0
CTR 3 0.937 0.934 6.7 11.1 8.9 8.2 8.1 10.4

BM5

None None 3 0.952 0.950 8.9 6.0 12.7 11.2 8.3 13.0
UV 4 0.942 0.911 6.1 7.4 9.2 9.0 7.4 10.4
CTR 4 0.943 0.930 6.2 7.8 9.1 8.6 7.2 10.4

SNV None 3 0.977 0.975 6.4 6.4 7.9 6.6 6.8 6.9
UV 3 0.960 0.959 4.9 6.4 7.5 5.9 6.2 7.1
CTR 3 0.962 0.958 4.6 6.0 7.4 5.7 6.4 7.1

MSC None 3 0.978 0.976 6.4 6.3 7.9 6.7 6.4 6.3
UV 3 0.961 0.959 5.0 6.8 7.3 5.6 6.4 7.4
CTR 3 0.962 0.959 4.7 6.1 7.2 5.5 6.3 6.6

BM12

None None 3 0.967 0.966 8.5 6.1 8.4 9.6 8.3 9.3
UV 4 0.960 0.949 6.8 7.3 6.6 9.1 5.6 5.7
CTR 3 0.950 0.945 8.1 6.6 7.2 8.1 5.7 5.5

SNV None 3 0.987 0.986 7.2 7.1 5.3 5.6 2.4 2.3
UV 3 0.986 0.985 4.6 5.6 3.9 3.7 2.5 3.5
CTR 3 0.987 0.986 4.4 4.5 3.8 3.6 2.3 2.5

MSC None 3 0.987 0.986 6.7 6.7 5.9 6.4 5.9 2.5
UV 3 0.979 0.978 5.6 5.5 4.9 4.6 2.8 3.4
CTR 3 0.980 0.979 5.4 4.7 4.9 4.5 2.6 2.6

MM: manual mixing; BM5: ball mill mixing using two 5 mm stainless steel balls; BM12: ball mill mixing using two 12 mm stainless steel balls; SNV: standard normal variate
transformation; MSC: multiplicative scattering correction; UV: unit variance scaling; CTR: centering; RMSEE: root mean square error of estimation; RMSEP: root mean square
error of prediction.
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actors required to three, but at the expense of a poorer model
ccording to the R2 (∼0.93). The RMSEP values were halved but
ere still considerably high (16%). When the samples were mixed

y BM methods, the models created were much better (higher R2

nd Q2) and had a smaller RMSEE and RMSEP compared to the MM
odels. Further improvement of the ternary calibration model was

btained when the BM mixed samples were subjected to MSC or
NV transformation. Comparing the PLS regression models created
y the two BM methods, a better model was obtained when the
amples were mixed using 12 mm balls (BM12).

According to Table 2, the best calibration model was achieved
hen the BM12 samples were subjected to SNV transformation and

caled by CTR (R2 = 0.987 and Q2 = 0.986). Two other models, cre-
ted by MSC and SNV transformation of the BM12 samples, without
caling resulted in similar R2 and Q2 values. However, SNV trans-
ormation combined with CTR scaling appeared to be superior, as
emonstrated by the smaller and narrower range of RMSEE and
MSEP values (RMSEE of 2.3–4.4% and RMSEP of 2.5–4.5%).

. Discussion

When the three solid forms were mixed by various mixing
ethods, PCA score plots showed that mixing by BM, in general,

roduced a narrower cluster, indicating better sample homogene-
ty. BM12 was superior to BM5. In contrast, samples mixed by MM

ere spread widely. This finding was not unexpected because pre-
ious studies have shown that high energy BM mixing can result
n improved powder homogeneity through the formation of fine
owder mixtures [23,24]. However, high energy mixing could cause
hanges in the physical state of the sample [25], and in some cases
olymorphic transformation [26]. In this study, XRPD was able to
etect a reduction in the peak intensity of BM5 and BM12 sam-
les and thus a shift of scores in the PCA score plot as observed in
ig. 3(a) (green and red dotted lines). However, neither a glass tran-
ition nor crystallization was detected on the DSC thermograms
Fig. 5), which confirmed that there was no conversion to amor-
hous form after 1 min of BM. The absence of a glass transition was
urther confirmed by MDSC analysis (Fig. 5). Raman spectroscopic
CA score plots (Fig. 3(b)) showed that, regardless of the mixing
ethods used, no shifting of the scores towards the amorphous

orm was noticed. In addition the reduction in peak intensity or
roadening of peaks was not detected in the Raman spectra upon
M, further confirming the absence of amorphization.

On the other hand, the ‘bigger’ MM triangle design relative to
he BM models in Fig. 3(a) could also be explained by the larger
article size in MM samples, possibly resulting in preferred orien-
ation of the solid powder during sample preparation, leading to
igher XRPD peak intensity. Preferred orientation is a well-known

imitation of XRPD analysis and can be minimized by grinding the
amples [7]. However, reduction in particle size can also cause a
roadening of X-ray lines, which in turn affects the peak intensity
7]. According to Raman spectroscopy and DSC analysis, BM5 and
M12 mixing did not result in a change of the crystalline forms
owards the amorphous form. Therefore, it is possible that the shift
f the crystalline points towards the amorphous points in XRPD
ernary diagrams is likely due to particle size diminishing dur-
ng BM, leading to broadening of the XPRD peaks. Further study
s required to evaluate the particle size of the mixtures prepared by
he various mixing methods.

Nevertheless, regardless of the mixing method used, both ana-

ytical methods combined with PLS regression were found to be
lmost equally effective in quantifying the solid forms in the ternary
ixtures. Applying MSC resulted in a better calibration model with
RPD, whereas SNV transformation combined with centering was

he preferred way for the Raman spectroscopic model to lower and

F

R

d Biomedical Analysis 49 (2009) 18–25

arrow the RMSEE and RMSEP values. The best R2-value for both
echniques was 0.987. However, the model quality for Raman spec-
roscopy stood out slightly, with a Q2-value of 0.986 compared
o 0.983 with XRPD. The RMSEE and RMSEP values of the best
RPD model were between 4.6–6.5% and 5.0–6.9% respectively,
hile the best Raman spectroscopy model had values between

.3–4.4% (RMSEE) and 2.5–4.5% (RMSEP). The performance of the
RPD model could not be compared with literature data as, to

he best of our knowledge, similar studies have not been pub-
ished. On the other hand, in a study of ternary solid-state mixtures
f indomethacin (two crystalline and the amorphous form) using
aman spectroscopy, the authors reported RMSEP value range of
.3–6.5% [12]. The best RMSEP range in the current study is slightly
etter than the previously reported RMSEP range, most likely due
o the optimized mixing method (BM12).

Raman spectroscopy appeared to have lower RMSEE and RMSEP
alues but sample homogeneity was more crucial. Campbell
oberts et al. [1], Heinz et al. [12], and Wang et al. [27] have reported
ample homogeneity is one of the major sources of error in the
uantification by Raman spectroscopy. In this study, sample homo-
eneity could be improved by the BM12 method although this
rocess is a little more tedious than MM. Other possible ways to

ncrease sampling homogeneity would be using a rotating sample
older during measurement [28] or a wider area of illumination
29] to increase the effective sampling area. On the other hand,
ample homogeneity was not a major issue for XRPD analysis pos-
ibly because of the larger sample size (>100 mg). The sample is thus
ore representative of the mixture and less prone to sub-sampling.
XRPD provides information about the crystal packing and is

nown as the ‘gold standard’ technique used in the study of poly-
orphism. However, although providing mostly intramolecular

nformation, Raman spectroscopy may have advantages over XRPD
ue to its better accuracy and precision, ability to perform on-line
onitoring, higher throughput and a lower cost.

. Conclusions

BM12 for was found to be the preferred mixing method over
M and BM5. BM12 was sufficient to reduce preferred orientation

n XRPD (with some reduction in peak intensity) and to attain good
omogeneity in the calibration samples without changing the phys-

cal state of the crystalline samples. XRPD and Raman spectroscopy
n combination with PLS regression can be used to quantify the
mount of solid form components in ternary ranitidine hydrochlo-
ide mixtures. XRPD was more sensitive to packing of the powder
uring sample preparation (preferred orientation), while sample
omogeneity was crucial in Raman spectroscopic analysis. Raman
pectroscopy gave slightly better PLS regression models than XRPD,
llowing a more accurate quantification of the three solid forms of
anitidine hydrochloride.
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