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a  b  s  t  r  a  c  t

Albendazole  (ALB)  is a broad-spectrum  anthelmintic,  which  exhibits  two solid-state  forms  (Forms  I  and
II). The  Form  I is the  metastable  crystal  at room  temperature,  while  Form  II  is  the  stable  one.  Because  the
drug  has  poor  aqueous  solubility  and  Form  II is  less  soluble  than  Form  I, it is  desirable  to  have  a method
to  assess  the  solid-state  form  of the  drug  employed  for manufacturing  purposes.

Therefore,  a Partial  Least  Squares  (PLS)  model  was  developed  for the  determination  of  Form  I of  ALB
in  its  mixtures  with  Form  II.  For  model  development,  both  solid-state  forms  of ALB  were  prepared  and
characterized  by  microscopic  (optical  and  with  normal  and polarized  light),  thermal  (DSC)  and  spectro-
scopic  (ATR-FTIR,  Raman)  techniques.  Mixtures  of  solids  in  different  ratios  were  prepared  by weighing
and  mechanical  mixing  of  the  components.

Their Raman  spectra  were  acquired,  and  subjected  to peak  smoothing,  normalization,  standard  normal
variate  correction  and  de-trending,  before  performing  the  PLS  calculations.  The  optimal  spectral  region
(1396–1280  cm−1) and number  of  latent  variables  (LV  =  3)  were  obtained  employing  a moving  window
of  variable  size  strategy.

The  method  was  internally  validated  by means  of  the  leave  one  out procedure,  providing  satisfactory
statistics  (r2 =  0.9729  and RMSD  = 5.6%)  and  figures  of  merit  (LOD  =  9.4%  and  MDDC  = 1.4).  Furthermore,
the  method’s  performance  was  also  evaluated  by  analysis  of two  validation  sets.  Validation  set  I was
used  for  assessment  of  linearity  and  range  and  Validation  set II, to  demonstrate  accuracy  and  precision

(Recovery  = 101.4%  and  RSD =  2.8%).  Additionally,  a third  set  of  spiked  commercial  samples  was  evaluated,
exhibiting  excellent  recoveries  (94.2  ±  6.4%).

The  results  suggest  that the  combination  of Raman  spectroscopy  with  multivariate  analysis  could  be
applied  to  the  assessment  of the  main  crystal  form  and its quantitation  in samples  of  ALB  bulk  drug,  in
the  routine  quality  control  laboratory.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Albendazole (ALB, methyl [5-(propylthio)-1-H-benzimidazol-
-yl] carbamate) is a wide spectrum benzimidazole-type anti-
elmintic agent, which is effective in nematode (i.e. Ascaris
umbricoides, Ancylostoma duodenalis,  Trichuris trichiur and Necator
mericanus), cestode (i.e. Taenia saginata and T. solium)  and trema-
ode (i.e. Schistosoma mansoni and S. haematobium)  infections of

∗ Corresponding authors.
E-mail addresses: maggio@iquir-conicet.gov.ar (R.M. Maggio),

aufman@iquir-conicet.gov.ar (T.S. Kaufman).

ttp://dx.doi.org/10.1016/j.jpba.2016.07.013
731-7085/© 2016 Elsevier B.V. All rights reserved.
the gastrointestinal tract. ALB is also indicated for treatment of
cystic hydatidosis caused by Echinococcus granulosus [1] and it is
worldwide used in campaigns against filariasis [2], including those
managed by the World Health Organization (WHO).

Because of its wide spectrum of activity, pharmacological pro-
file, good tolerance and low cost, ALB is also a very important
component of the veterinary pharmacological arsenal, especially
for big and small ruminants [3], and companion animals [4]. ALB
is included in the WHO  list of essential medicines [5]; it is also

official in several well-recognized Pharmacopoeias, where infrared
absorption is commonly employed as one of its identification tests
[6–9].

dx.doi.org/10.1016/j.jpba.2016.07.013
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2016.07.013&domain=pdf
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mailto:kaufman@iquir-conicet.gov.ar
dx.doi.org/10.1016/j.jpba.2016.07.013
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Some molecules hold the ability to exist as two  or more phases
n the solid substance, characterized by different arrangements or

olecular conformations [10]. Hence, different solid-state forms
ay  have different physical and chemical properties. These dif-

erences can have direct impact on the processing of the active
rinciples and the quality of the finished drug products, including
heir stability, dissolution and bioavailability [11]. As part of the
ontinuous evolution toward stricter regulations, it is observed an
ncreasing interest of official regulation bodies in the development
f analytical methodologies for the detection and quantitation of
olid-state forms in mixtures.

Recently, it has been conclusively demonstrated that ALB
xhibits two enantiotropic solid-state forms (Forms I and II), bear-
ng a tautomeric relationship [12]. Chattah et al. have studied these
orms by solid-state NMR, confirming that they are desmotropes
13]. The term desmotropy applies to a substance that has tau-
omers, which can be isolated (crystallized) as separate stable
orms. The phenomenon is also known as tautomeric polymor-
hism. Relatively few and scattered examples of desmotropy have
een published, most of them involving heterocycles [14,15].

The Form I of ALB is the most frequently available, whilst Form
I can be obtained by concentration of a methanolic solution of ALB,

here the drug is sparingly soluble; both forms demonstrated to be
hysically stable [12,16]. However, the solid state landscape of ALB
ould become more complicated, since the presence of up to five
hases in solid ALB has been recently described based on Rietveld
nalysis of powder X-ray diffraction data [17].

It has been conjectured that the structural differences that could
e associated with ALB (Fig. 1A) having different solid-state forms
re of at least four possible types, including (1) tautomeric; (2)
onformational, of either one or both side-chains; (3) molecular dis-
rder and (4) different hydrogen bonding arrangements. Moreover,
ombinations of these should not be discarded [12].

The powder X-ray diffraction, DSC (differential scanning
alorimetry) and melting point data reported in the literature for
ifferent sources of the drug [18–21] suggest that both, Form I and
orm II, and perhaps their mixtures, are available in the market and
ave been concomitantly used, and that both, drug manufacturers
nd regulators, have been paying little attention to the solid-state
haracteristics of ALB. An example of this situation is the proposal
f the use of MeOH as a washing solvent for ALB in a recent patent
ealing with the preparation of the active pharmaceutical ingredi-
nt (API) [22].

Like other benzimidazoles, ALB exhibits low aqueous solubility
∼1.3 mg  l−1) [23] and erratic oral bioavailability mainly due to its
low dissolution rate in aqueous media; therefore, minor solubil-
ty differences among its solid-state forms may  exert an important
ffect on drug absorption [24]. Since Form I has better aqueous sol-
bility than Form II, being also more soluble in methanol and in
.1 N HCl, the former is being assumed the metastable form of ALB
t room temperature.

There is an undergoing conflict regarding the assignment of ALB
o Class II (low solubility and high permeability) [16,19] or Class
V (low solubility and low permeability) [25] in the biopharmaceu-
ics classification system [26], making ALB a unique case of study
nd turning crucial the solid-state characterization of the drug sub-
tance.

Hence, according to current regulations, it is deemed relevant
o unequivocally identify the solid-state form, from which the drug
ormulation will be prepared [27]. This need has been recognized
nd the development of new methods based on spectroscopic tech-
iques as means for identifying and limiting solid-state forms of

LB has been recently set as an industrial goal [28].

Raman is one of the most useful spectroscopies for the analysis
f active pharmaceutical ingredients, because it is not destructive,
ffords rapid results and spectra are rich in information. Chemo-
Biomedical Analysis 129 (2016) 190–197 191

metrics methods are increasingly used to empower the analysis of
Raman spectroscopic data.

The dimensionality reduction properties of multivariate data
analysis techniques turn the association between Raman spec-
troscopy and chemometrics into a valuable and powerful tool
for highlighting minor features, which enables the discrimination
among very close compounds or analytes with highly similar spec-
tral signatures. Further, relating spectral information to chemical
properties of the analytes, the simultaneous analysis of the whole
data set allows the quantification of given compounds in complex
systems [29,30].

Therefore, in pursuit of our continuous interest in studying
the solid state features of pharmaceutically relevant compounds
[31–33], herein we report the development and validation of a
Raman-chemometrics approach, useful for identification and quan-
titation of the different solid-state forms of ALB in bulk drug. Partial
Least Squares (PLS) is employed as the chemometrics tool, and the
scope and limitations of the method are also explored.

2. Material and methods

2.1. Instrumentation

Optical microscopy of the crystal forms was  carried out with the
aid of a Correct optical microscope (Seiwa Optical, Tokyo, Japan),
fitted with 10×,  40× and 100× objectives. Polarized light opti-
cal microscopy was  carried out with an Ernst Leitz model 350
polarizing microscope (Wetzlar, Germany). Both instruments were
equipped with a 5.0 Megapixels Beion CMOS digital camera [Shang-
hai Beion Medical Technology Co., Ltd., Shanghai, China; resolution
2592 × 1944 (H × V)].

The calorimetric determinations were performed in a Shi-
madzu model DSC60 differential scanning calorimeter (Shimadzu
Corp., Kyoto, Japan), operating under a constant flow of nitro-
gen (30 ml  min−1). The sample powders (∼1–5 mg) were placed
in closed aluminum pans perforated with a pinhole to equilibrate
pressure from potential expansion of evolved gases or residual sol-
vents, and heated at a rate of 40 ◦C min−1 between 30 and 270 ◦C.
An empty pan was used as a reference.

The FTIR spectra were acquired in a Shimadzu Prestige 21 spec-
trometer (Shimadzu Corp., Kyoto, Japan) over a wavenumber range
of 4000–600 cm−1. The ATR experiments were carried out with a
diamond-based ATR accessory (GladiATR, Pike Technologies, Madi-
son, USA), fitted with a Pike temperature control unit.

The Raman spectra were measured with a Thermo Scientific DXR
Raman microscope at room temperature, with the samples placed
on gold-coated sample slides. The Raman spectral data were col-
lected using a diode-pump, solid state laser of 532 nm (at 5 cm−1

spectral resolution), a confocal aperture of 25 �m pinhole, and a
10× objective, in the spectral range 3420–100 cm−1. To achieve a
proper signal to noise ratio, 30 expositions of 2 s each were accumu-
lated during the measurements, with the laser power maintained
at 10 mW.  The Raman spectra were individually exported in .txt
format for their further processing and analysis.

2.2. Chemicals

Two  different lots of pharmaceutical grade ALB were used. They
were received as kind gifts from the Pilot Plant of Drug Production,

School of Biochemical and Pharmaceutical Sciences-UNR. All other
chemicals were of analytical grade and were used as received. Dur-
ing the experiments, the APIs were kept in a desiccator, protected
from light.
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.3. Preparation of the ALB crystal forms

Both lots of ALB were analyzed, proving to contain only Form I;
herefore, they were used as received. A stock amount of Form II
as obtained from lot I of ALB according to literature, by dissolving

 sample of the bulk drug in methanol and warming at 40 ◦C until
 clear solution (1 mg  ml−1) was obtained. Then, the solution was
ltered and the filtrate was allowed to concentrate spontaneously
nder ambient conditions until crystallization was  complete [12].
uring the experiments, Form II of ALB was kept in a desiccator,
rotected from light.

.4. Preparation of mixtures containing different solid-state forms

In order to develop a quantitative method for the determination
f the content of Form I in the commercial API, training and vali-
ation sample sets were prepared, containing different mixtures of
oth solid-state forms.

The pure solid-state forms were separately sieved with an
R1920 Zonitest Vibration system (Rey & Ronzoni, Buenos Aires,
rgentina), fitted with ASTM-certified stainless steel sieves, to a
article size between 50 and 100 mesh, and four groups of samples
Training, Validation I, Validation II and Commercial) were pre-
ared by weighing and mixing the solids. All samples were mixed

n a rotatory Z mixer at 40 rpm for 30 min.
The Training set contained physical mixtures of Form I and Form

I, made by weight, ranging from 0 to 100% ALB Form I, at five levels
0, 20, 40, 60, 80 and 100% w/w). Analogously, the Validation I set
as made of ALB Form I at five levels (10, 30, 50, 70 and 90% w/w).

amples of both sets were prepared in triplicate, rendering a total
f 18 and 15 samples, respectively.
The Validation II set was  prepared in duplicate samples at three
evels of Form I (60, 70 and 80% w/w) in Form II. Finally, the Com-

ercial set of samples was  also prepared in duplicate, by spiking
LB lot II (Form I) with Form II, to give mixtures containing 25, 50

ig. 1. (A) Conventionally accepted chemical structure of ALB. Characterization of the so
onventional (C) and polarized light (D).
Biomedical Analysis 129 (2016) 190–197

and 75% w/w of Form I. During the experiments, the samples were
kept in a desiccator, protected from light.

2.5. Chemometrics and graphics software

The computer routines involving spectral data manipulation
(normalization, Savitzky-Golay smoothing, variable selection) and
the PLS method were run in the Matlab R2010a (Mathworks,
Natick, USA) environment. Statistical data analyses and miscella-
neous graphics were performed using Origin 8.5 (OriginLab Co.,
Northampton, USA).

3. Results and discussion

3.1. Characterization of the solid-state forms

The solid-state Forms I and II of ALB were obtained following
the procedures described in Section 2.3. Preparation of ALB crystal
forms. The solid-state forms were designated according to Pranzo
et al. (Forms I and II) [12], being equivalent to the names ALB I and
ALB II coined by the group of Chattah [13]. Their characterization
was performed by optical microscopy, DSC, ATR-FTIR spectroscopy
and Raman spectroscopy, under standardized measurement con-
ditions of temperature, particle size and amount of sample. The
characteristic data of the different forms are collected in Table 1.

When the identity of the crystal forms was  ascertained using
optical digital microscopy, Form I was observed as small prismatic
crystals (Fig. 1B) and Form II appeared as big platelets (Fig. 1C). The
characteristic shapes of both forms were in agreement with the
literature [12]; additionally, it was noticed that when the crystals
were examined under polarized light, Form II showed birefringence
(Fig. 1D) [34].
In the DSC analysis, Form I exhibited a single endothermic peak
(Fig. 2A) without shoulders, at 214.0 ◦C, corresponding to its melt-
ing point. On the other side, Form II displayed a small endotherm
at 155 ◦C followed by an exotherm with a peak at 165 ◦C. According

lid-state forms of ALB by digital optical microscopy. Form I (B) and Form II under
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Table  1
Data summary of the main microscopic, thermal and FTIR features of the different crystal forms of ALB.

Parameter Form I Form II

Optical microscopy Small prismatic crystals Big platelets
Polarized light microscopy No birefringence Birefringence
DSC, ◦C (observation) 214.0 (endotherm) 155.0 (endotherm)

165.0 (exotherm)
218.8 (endotherm)

FTIR  main peaks, cm−1 (assignment) 3319 (N H stretching) 1711 (C O stretching) 1441 (C H bending)
1628, 1585 (C N stretching) 1614, 1574 (C N stretching)
2955, 2926 (C H stretching) 2955, 2911 (C H stretching)

Fingerprint region 885, 862, 847, 804, 759, 729, 611 880, 866, 845, 754, 731

TR-FTIR spectra of Forms I (—) and II (—) of ALB in the 3700–600 cm−1 region.
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Fig. 2. (A) DSC thermograms of Form I (—) and Form II (—) of ALB. (B) A

o different authors [12,35], these correspond to a transition which
ncludes the melting of Form II and its conversion into Form I.

This event is followed by an endothermic peak at 218.8 ◦C, which
elates to the melting point of Form I [36]. These main endotherms
ere in agreement with the images recorded by digital microscopy
hen a temperature ramp was applied to samples of the solid-state

orms.
In the FTIR spectra (Fig. 2B), showed slight differences between

oth forms. The most noticeable differences were found in the
egions related to C N stretching (1630–1570 cm−1), C H stretch-
ng (2960–2910 cm−1) and the fingerprint region (900–600 cm−1).
hese observations were in agreement with the results of Chattah
t al. [13], and provided confirmation of the identity of Form I and
orm II (Table 1).

However, they were considered minor and insufficient for
etermination of the forms in their mixtures. Therefore, another
pectroscopic alternative was sought.

A priori, X-ray diffraction seemed a suitable tool, but it
emonstrated to be not good enough to confirm solid-state form
ifferences in ALB, since it provided consistent results only when
oupled with DSC and TG/DTG [16,37]. Hence, the attention was
ocused on Raman spectroscopy.

As depicted in Fig. 3A, Forms I and II exhibited differences in
heir Raman spectra. Particularly, peaks at 2926 and 2900 cm−1

ere observed to have different intensities in each solid-state
orm. The same phenomenon was observed among the pairs
f peaks at 1574.8 and 1537.7 cm−1. Additionally, in the range
639–1600 cm−1, Form I exhibited a single peak, but Form II dis-
layed a peak and shoulder.

A peak at 1361 cm−1 was typically found in Form II while a

houlder at 1324 cm−1 was characteristic for Form I (Fig. 3B). In
ddition, a small peak found at 1122 cm−1 in Form I, appeared
hifted to 1130 cm−1 in Form II. Further differences were observed
n the region comprised between the valleys at 920 and 820 cm−1,
Fig. 3. (A) Raman fluorescence spectra of the solid-state forms of ALB, Form I
(—)  and Form II (—). (B) Spectral region with useful quantitative information
(1396–1280 cm−1).

where Form II showed two  peaks at 900 and 866 cm−1, while Form
I exhibited two small overlapped peaks at 866 and 855 cm−1.

On the other hand, the peaks at 769 cm−1 and 756 cm−1 were
found to be typical of Form II and only one signal was found in this
region of the spectrum of Form I (764 cm−1). Finally, the peaks at
719 cm−1 and 638 cm−1 are present only in Form I and the sig-
nal at 697 cm−1 is of lower intensity in Form I than in Form II.
The hypothesis that chemometrics-assisted enhancement of these

minor differences in the Raman spectra (Table 2) could be useful for
distinguishing among the solid state forms, encouraged the devel-
opment of an analytical method to quantitate Form I in bulk drug,
by coupling a chemometrics stage to the Raman spectroscopic data.
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Table 2
Main signals and differences in the Raman spectra of Forms I and II of ALB.

Raman signal (cm−1) Form I Form II

2926–2900 Peaks with different height proportions
1639–1600 Peaks Peak and shoulder
1575–1538 Peaks with different height proportions
1361a – Peak
1324a Shoulder –
1309a Peak with different size in each Form
1130b – Peak
1122b Peak –
900 – Small peak
866 Small peak Medium sized peak
855 Small peak –
769 – Small peak
764 Small peak –
756 – Small peak
719 Peak –
697 Small peak Medium sized peak
638 Peak –

a Quantitative information.
b Solid-state form-dependent peak shift.
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(60, 70 and 80% w/w). Finding that the recoveries were not statisti-
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.2. Development of a quantitative method for estimating crystal
orm content

.2.1. Data acquisition and pre-processing
In order to develop a quantitative method for the determina-

ion of the abundance of Form I (commercial form) in the bulk API,
raining and validation sets were prepared according to the pro-
ortions and number of replicates depicted in Table 3. The whole
et of samples (n = 45) was measured at random in triplicate by
aman fluorescence microscopy, yielding a grand total of 135 spec-
ra. Spectra belonging to the different sets of samples were grouped
nd arranged as a single matrix.

In order to reduce the instrumental noise inherent to Raman
pectroscopy, the data were subjected to several pre-treatments.
irst, the spectra were smoothed applying the Savitzky-Golay algo-
ithm. The average of 3 measurements for each sample was taken
o decrease dispersion and the mean spectra were used for further
alculations.

Then, the intensity of the spectra was normalized using as refer-
nce the peak at 1307 cm−1, which holds similar intensity in both
olid-state forms (Fig. 3B). Additionally, the spectra were standard

ormal variate (SNV) correction and finally, irregular baseline ten-
encies were removed by an automatic de-trending procedure [38].

able 3
etails of the training and validation samples of ALB.

Sample Set Scope No. of Levels Co

Training Calibration 6 0, 

Validation I Method performance 5 10
Validation II Accuracy/Precision 3 60
Commercial Method Suitability 3 25
Grand total 

able 4
nalytical summary of the calibration parameters and statistical data for the PLS determi

Parameter Value 

Spectral range (cm−1) 1396–1280 

Linear  range (%, w/w) 28–100 

N◦ of PLS factors (LV) 3 

N◦ of training samples 18 

PRESS  566.3 

RMSD  (%) 5.6 

REC  (%) 11.2 
Biomedical Analysis 129 (2016) 190–197

3.2.2. Multivariate calibration (PLS) method development and
validation

Once the Raman spectra were normalized, a suitable Partial
Least Squares (PLS) model was developed using the Training set.
First, a PRESS-minimization guided moving window of variable size
variable selection strategy [39] was carried out in order to find opti-
mal  conditions for the PLS model. The so found optimal spectral
region was  1396–1280 cm−1 (Fig. 3B).

Then, the optimal number of PLS factors was obtained by explo-
ration of the cumulative explained variance plot. It was  observed
that a single factor explained 93.2% of the variation in the X axis
and 69.2% in the Y axis, whereas three factors accounted for 99.8%
of the variation in X and 99.1% of the total variance in the Y axis.
The explained variance did not suffer any significant increment by
increasing the number of factors; hence, the number of factors (LV)
was set at 3 (Fig. 4A).

Once the PLS parameters were established, an intensive process
of model validation was  carried out. First, an internal validation was
carried out, by examination of the figures of merit obtained from
the cross-validation procedure. As displayed in Table 4, acceptable
root-mean-square deviation (RMSD, 5.6%) and residual error dur-
ing calibration (REC, 11.2%) values were obtained. In addition, the
coefficient of correlation (r2 = 0.9729) was close to 1.0, evidencing
a good fit of the PLS model to the data, and the computed selec-
tivity (SEL = 0.220) also showed that the method is suitable for its
purpose.

Furthermore, low values of the minimum detectable differ-
ence of concentration (MDDC = 1.37%), and the limits of detection
(LOD = 9.4% w/w) and quantitation (LOQ = 28.5% w/w) suggested
that the method holds wide operative range. This range results suit-
able for the daily work, especially because the expected abundance
of Form I in the API of commercial bulk drug samples is higher than
80% w/w.

In a second step, an external validation stage was carried out by
examination of the validation sets. The range and linearity of the
method were evaluated by plotting the actual vs. predicted values
for the Validation I set. It was  observed that the elliptical joint con-
fidence region [40] for the slope and intercept of the curve contains
the point (0, 1). This fulfilled the test (Fig. 4B) and confirmed that
the method is devoid of systematic and bias errors.

The accuracy and precision of the PLS-based method were eval-
uated using the Validation II set (Table 5). The former was assessed
cally different from 100% confirmed the accuracy of the proposed
method.

ntent of Form I (% w/w) No. of Replicates No. of Samples

20, 40, 60, 80, 100 3 18
, 30, 50, 70, 90 3 15
, 70, 80 2 6
, 50, 75 2 6

45

nation of ALB Form I.

Parameter Value

r2 (actual vs. predicted) 0.9729
SEL 0.220
Sensitivity (SEN) 0.023
Analytical sensitivity (�, %−1, w/w) 0.730
MDDC (%, w/w) 1.37
LOD (%, w/w) 9.4
LOQ (%, w/w) 28.5
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ig. 4. (A) Cross-validation of the Training set. PRESS value vs. number of PLS facto
ts  mixtures with Form II, using the optimized Raman/PLS model for the Training (�

f  the fitting lines for the Training and Validation I sets. (D) Distribution of the spec

On the other hand, in order to evaluate method precision, data
ispersion was monitored at the same 3 levels. It was observed that
he overall standard deviation (SD, %) was 2.83% and the relative
rror of the predictions (REP, 3.99%) was lower than 10%.

.2.3. Application. Assignment of solid-state form identity in

ommercial samples

The proposed methodology was employed for the evaluation of
 different lot of a market sample of ALB (Commercial set). Because
his kind of samples ALB containing Form II could not be obtained,

able 5
inearity, accuracy and precision analysis on prediction data of the validation sets.

Validation Set I (linearity) Actual vs. predicted curve

Concentration levels (%, w/w) 10, 30, 50, 70 and 90
Number of samples 15
r2 0.9164
Intercept (y0) 6.8 ± 4.4
Slope (k) 0.92 ± 0.08

Validation Set II (accuracy and precision) Level 1 

Concentration (%, w/w) 60 

Number of samples 2 

Summary of statistics
Recovery of Form I (%) 104.6 

SD  (%) 0.16 

Mean  recovery (%) 101.7
Overall SD (%) 2.83
REP (%) 3.99
 optimal number of factors is 3. (B) Actual vs. predicted content of Form I of ALB in
 Validation I (©) sets. (C) Ellipses of the joint confidence regions for the parameters
sidues vs. calibration sample number.

the commercial lot 2 was  spiked with Form II at levels of 75, 50 and
25% w/w and their contents of Form I were determined employing
the Raman-PLS method.

As exhibited in Fig. 5A, the method was  able to satisfactorily
predict the richness of Form I in all the spiked commercial sam-
ples. The overall recovery was  almost quantitative (94.2% w/w) and

the dispersion of the results (6.4%) was  not different from that
observed during the validation procedure. Additionally, the joint
confident test for the slope and intercept of the actual vs. predicted

Level 2 Level 3

70 80
2 2

102.2 98.4
0.48 0.90
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Fig. 5. (A) Actual vs. predicted content of Form I in spiked Commercial samples of
A
(
A

l
a

4

c
i
q
o
i
a

t
o
t
s
s

e
p
u
t
d
d
c
o
w
r

t
b
s
n
w
l
a
s
p

A

t
N

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

LB (�) and in the Training set (�). (B) Joint confidence region for the parameters
slope and intercept) of the actual vs. predicted curve in the Commercial samples of
LB.

ine adjusting the results revealed the absence of significant bias
nd systematic errors in the predictions (Fig. 5B).

. Conclusions

Summing up, this study was aimed to develop a facile and effi-
ient method to assess and determine the main crystal form of ALB
n solid-state mixtures of its drug forms, based on an optimized
uantitative multivariate model. To that end, both solid-state forms
f ALB were obtained and unambiguously characterized using dig-

tal optical microscopy (with and without polarized light), thermal
nalysis (DSC), as well as infrared and Raman spectroscopies.

Raman spectra were acquired and a PLS model was built with
he calibration samples, containing varying amounts of both forms
f ALB. The optimal parameters of this multivariate model included
he use of 3 PLS factors in the 1396–1280 cm−1 spectral window, on
amples subjected to successive spectral pre-treatments, including
moothing, normalization, SNV correction and de-trending.

The suitability of the Raman-PLS model was assessed by an
xhaustive process, comprising internal and external validation
rotocols. The internal cross-validation procedure furnished fig-
res of merit that were considered satisfactory. On the other hand,
he external validation was performed with the aid of two indepen-
ent sets of samples (Validation I and Validation II). The method
id not show any systematic or bias errors, the recovery rate was
lose to 100% and data dispersion was lower than 3% (101.7 ± 2.8%)
ver a wide range. Additionally, a set of spiked commercial samples
as evaluated, evidencing that the method consistently provides

eliable results.
In conclusion, the proposed PLS-Raman method is a suitable

ool, able to assess the abundance of the solid-state form I in ALB
ulk drug. This non-destructive determination requires minimal
ample manipulation; it also features low processing time, does
ot use polluting solvents and is devoid of production of hazardous
aste, thus complying with many of the principles of green ana-

ytical chemistry. The method, which is a valuable alternative for
ssigning the solid-state identity and quantitating the main solid-
tate form in ALB bulk drug, is amenable for routine use in the
harmaceutical quality control laboratory.
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