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a  b  s  t  r  a  c  t

A  simple,  precise,  economic  and  minimally  operator-dependent  method  was  developed  under  green
analytical  chemistry  principles,  for  the  simultaneous  construction  of  the  dissolution  curves  of  a  pharma-
ceutical  association  in short  time  and  without  employing  organic  solvents,  allowing  important  savings
of  labor  and  resources.  The  carvedilol  (CAR)  and  hydrochlorothiazide  (HCT)  combined  formulation  was
employed  as  a model.  The  method  (OD/UV-MCR)  involves  on-line  sample  dilution  (OD)  and  UV  detection
of  the  analytes,  coupled  to  multivariate  curve  resolution  with  alternating  least  squares  (MCR-ALS).

OD/UV-MCR  proved  to  be robust  and was  successfully  validated  in  accordance  to  ICH  guidelines,  ful-
filling  acceptance  criteria  for specificity  (r2 of  spectral  correlation  >  0.950),  linearity  [r >  0.999  (N = 25)  in
the  ranges  1.00–31.1  mg l−1 and  0.51–15.2  mg  l−1 for CAR  and HCT,  respectively]  and  precision  (RSD <  2%).

Accuracy  was  assessed  by  point-to-point  comparison  between  the  dissolution  profiles  furnished  by  the
proposed  method  with  those  provided  by  HPLC  analysis,  evidencing  the  usefulness  of  this  monitoring
system.

In  addition,  OD/UV-MCR  was  successfully  employed  for the  comparative  analysis  of  three  lots  of  com-
mercial  formulations  of the  CAR–HCT  pharmaceutical  association,  belonging  to  a  couple  of different
brands,  employing  Moore  and  Flanner’s  f2 similarity  indicator.

© 2013 Published by Elsevier B.V.
. Introduction

In vitro dissolution testing has become a relevant strategy for
ssessing the performance of solid oral dosage forms. Construction
f dissolution profiles of pharmaceutical formulations is currently
n established operation, contained in modern pharmaceutical reg-
lations [1–4].

The dissolution profiles gain significance because they are suit-
ble for estimating the availability of the active ingredients and as
ritical means of assessing the similarity between innovator and
eneric products for exchangeability purposes [5]. They are also
seful guides during the development of new formulations, being
mployed to control the lot-to-lot consistency during the manufac-
uring process [6], and serving to confirm its reproducibility after

hanges in location, equipment, lot size and other key manufactur-
ng parameters [1,7,8].

∗ Corresponding author. Tel.: +54 341 4370477x118; fax: +54 341 4370477x112.
E-mail address: kaufman@iquir-conicet.gov.ar (T.S. Kaufman).

731-7085/$ – see front matter ©  2013 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.jpba.2013.10.043
Green chemistry is an established working paradigm which
pursues eco-friendliness of chemical activities, by focusing on
preventing pollution caused by chemicals. Its principles include
diminishing contaminating wastes, using safer solvents and per-
forming analysis in real time. Accordingly, green analytical
chemistry strategies involve direct measurement of untreated sam-
ples, replacement of toxic reagents and automation [9].

Fixed-dose pharmaceutical associations are a special case of
combination products, which are advantageous in terms of better
therapeutic efficiency, reduced adverse effects, convenience of dose
and improved patient compliance. However, their dissolution pro-
filing for quality control purposes faces some practical challenges
[10], including the need of carrying out the simultaneous quan-
tification of their active principles in several samples, in a wide
range of analyte concentrations and under cost-effective condi-
tions. Furthermore, performing this operation without any physical
separation step entails an additional hurdle, due to the possibility

of mutual interference of the formulation ingredients.

Different chromatographic, electrophoretic and spectroscopic
approaches have been developed in recent times toward the elab-
oration of dissolution profiles of drug associations [11,12]. The

dx.doi.org/10.1016/j.jpba.2013.10.043
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2013.10.043&domain=pdf
mailto:kaufman@iquir-conicet.gov.ar
dx.doi.org/10.1016/j.jpba.2013.10.043
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rst group is based mainly on HPLC; however, this methodology
equires skilled manpower and demands the use of significant
mounts of organic solvents, being also time-consuming, poorly
co-friendly and not very cost-effective.

The second alternative is represented by capillary electrophore-
is (CE) [13]; however, it also entails sample conditioning and the
se of expensive equipment. In addition, CE methods often suffer
rom problems of reproducibility and, as for the HPLC determina-
ions, measurements cannot be carried out on-line.

The third choice involves using spectroscopic means. Despite
eing fast and their use inexpensive, they are sensitive to inter-
erences due to the presence, in the dissolution medium, of other
bsorbing active ingredients or excipients from the dosage form
nder test.

Some of these drawbacks can be overcome by chemometrics
rocessing of the spectroscopic signals. Although NIR, Raman and

R spectroscopies have been employed for monitoring drug disso-
ution [14–16], UV–vis is the most used spectroscopic approach.

e  and others have developed UV-chemometric strategies to the
oint-by-point acquisition of dissolution curves and dissolution
rofiles from pharmaceutical associations [17].

However, in order to deal with the wide range of analyte con-
entrations in the dissolution samples, different treatments were
mployed, including sample dilutions [18], use of multiple calibra-
ors [19] and asymmetric calibration designs [20], rendering the
verall strategy too laborious, hence time-consuming, less user-
riendly and more prone to errors.

The association between fiber optics and UV–vis detection
21,22], an alternative which became an area of interest in dissolu-
ion testing technology since it enables on-line monitoring of the
rocess, has attracted attention among the pharmaceutical analysts
nd has found some use for the elaboration of dissolution curves
f drug associations [23]. However, the fiber-optics setups demon-
trated not to be versatile enough to deal with the scatter produced
y undissolved materials and with detector saturation due to high
nalyte concentrations.

Recently, we have also reported a simple and efficient on-line
onitoring strategy for the simultaneous construction of two dis-

olution curves from a binary drug association, entailing a closed
irculation system with a flow cell associated to a UV–vis detection
ystem, and a chemometrics application for data analysis (UV-MCR-
LS) [24]. However, we have observed that this experimental setup

s not general. One of its important practical limitations becomes
vident when high concentrations of the analytes must be quanti-
ed; in these cases, the direct determination of the active principles

n the dissolution media is hindered by detector saturation or
mpeded by lack of linearity of the detector response. In these cases,
ignal adjustment becomes mandatory.

One of such scenarios is the dissolution testing of the carvedilol
CAR) and hydrochlorothiazide (HCT) association (Fig. 1), where
oss of linearity followed by detector saturation, only allows unat-
ended monitoring of the initial stages of the dissolution.

The CAR–HCT association, which combines a non-
ardioselective �-adrenergic blocker [25] and a benzothiadiazine
iuretic, respectively, has been patented for the treatment of
ardiac and cardiovascular disorders, such as hypertension,
ngina pectoris and cardiac insufficiency [26]. The combination
s indicated when the monotherapy fails to achieve arterial
lood pressure normalization. However, CAR is poorly soluble
0.02 mg  ml−1 at pH 7.4) and the association must be administered
n very carefully adjusted doses for each patient; hence, dissolution
tudies are needed to guarantee manufacturing consistency and

hat proper amounts of the drugs are made bioavailable.

The simultaneous quantification of CAR and HCT has received
uch attention, and several spectrophotometric [27–29] and chro-
atographic [30,31] methods have been reported for that purpose
Fig. 1. Chemical structures and 3D graphical representation of the dissolution pro-
cess of tablets containing the CAR–HCT association employing the system described
in  Ref. [21].

in combined dosage forms or in biological fluids [32,33]; how-
ever, while the former are not very well suited for dissolution
testing purposes, the latter require sophisticated equipment and
were designed for aims other than routine pharmaceutical quality
control.

Therefore, as a natural evolution of our previous study, herein
we report the development and validation of a simple and effi-
cient chemometrics-assisted alternative for the on-line monitoring
of the pharmaceutical dissolution of a drug association, especially
when the amounts of the dissolved drugs saturate the detector.

The strategy (OD/UV-MCR), which complies with green ana-
lytical chemistry principles and strategies, and allows the
simultaneous construction of the dissolution curves of the active
components, is based on performing on-line sample dilution and
requires minimal operator intervention. The association between
CAR and HCT was  employed as an example.

2. Materials and methods

2.1. Reagents

2.1.1. Chemicals
All the experiments were performed with pharmaceutical-

grade CAR and HCT. HPLC-grade acetonitrile (ACN) was  acquired
from Panreac (Barcelona, Spain). Water was  obtained from a Milli-
Q system (Millipore, Bedford, USA) and was  employed for HPLC
experiments and for preparing the samples and dissolution media.
All other chemicals were of analytical grade and were used as
received. Three lots of tablets (A1, A2 and B) belonging to two  dif-
ferent brands of the commercial CAR–HCT association (25 mg  CAR
and 12.5 mg  HCT) were acquired in a local pharmacy.

2.1.2. Sample preparation
Stock standard solutions of CAR (5020 mg  l−1) and HCT

(2530 mg  l−1) were independently prepared in 10 ml  volumetric
flasks, by dissolving accurately weighed amounts of the drugs in
methanol. Working solutions (100.4 mg  l−1 for CAR and 50.6 mg l−1

for HCT) were prepared by transferring appropriate volumes of the
stock solutions to separate 50 ml  volumetric flasks and diluting to
their marks with 0.1 N HCl.

Two sets of five calibration samples each were prepared in
volumetric flasks, by mixing appropriate volumes of the working

solutions of the drugs and diluting to the mark with 0.1 N HCl. The
concentration levels obtained for CAR were 1.00, 8.03, 16.1, 24.1
and 31.1 mg  l−1 and those for HCT were 0.51, 2.02, 8.10, 12.1 and
15.2 mg  l−1.
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.2. Dissolution testing

The dissolution tests were carried out with a Hanson SR8-Plus
issolution test station (Hanson Research, Chatsworth, USA), con-
gured with paddles (USP apparatus II) [3]. The dissolutions were
erformed in 900 ml  of 0.1 N HCl as dissolution medium, ther-
ostatized at 37 ◦C, and at a paddle rotation rate of 75 rpm. The

issolution medium was degassed before use by sonication in a
ole Parmer 8891 ultrasonic bath (Cole Parmer, IL, USA). Each test
omprised the dissolution of a lot of 12 tablets.

For sample analysis by HPLC, 3 ml  aliquots were withdrawn from
he dissolution medium at eight pre-established times (2, 5, 7, 10,
2, 15, 20 and 25 min), filtered and injected in the chromatograph.

.3. On-line dilution system and UV measurements

The spectroscopic determinations in the UV were carried out
ith a Shimadzu UV-1601PC double beam spectrophotometer (Shi-
adzu Corp., Kyoto, Japan) controlled by Shimadzu’s UV-Probe

version 2.00) software and fitted with an 80 �l flow cell of 10 mm
ptical path length (Hellma, Müllheim, Germany). The determi-
ations were performed against a blank of dissolution medium
ontained in a 10 mm optical path length quartz cuvette placed
n the reference cell holder.

The dissolution medium was continuously withdrawn from the
issolution vessel through the sampling probe at a 1.10 ml min−1

ow-rate, by means of a Gilson Minipuls 3 peristaltic pump. Con-
omitantly, fresh dissolution medium contained in an external
eservoir was pumped at the same rate and mixed with the disso-
ution solution coming from the vessel through a three way  switch
alve. The mixed solution was discarded after passing through
he flow cell [34]. Degassing of the dissolution media and on-line
ample filtration avoided potential interferences due to bubbles or
ndissolved particles.

Spectra were collected after a standard 3.1 min  pre-established
elay time, corresponding to the tubing dead volume. The dissolu-
ion experiments were monitored every 0.5 min  during 30 min  and
pectra were acquired at 2 nm intervals in the 238–400 nm range
82 data-points per spectrum). The acquired data were saved as a

atrix in CSV format.

.4. Calibration and dissolution procedures: input data
rrangement

The calibration solutions of each analyte were sequentially run
hrough the system for periods of 5 min  each. Ten spectra per con-
entration level were collected. The full calibration data of each
nalyte were saved in CSV format, read into Matlab and stored as
atrices (DcCAR(50×82) and DcHCT(50×82)). Analogously, the dissolu-

ion of 12 tablets per lot was monitored. The acquired data were
tored in CSV format and read into Matlab as a matrix (Dt(60×82))
or each dosage unit.

.5. Chromatographic analysis

A Varian Prostar 210 liquid chromatograph (Varian Inc., Palo
lto, USA) equipped with two isocratic pumps, a 20 �l injection

oop and a variable dual-wavelength UV-detector, was  used for
PLC analysis. The chromatograms were acquired and processed
ith Varian’s Galaxie software (version 6.41).

The dissolution samples were filtered through a 0.47 �m
embrane filter before injection and their determination was
arried out according to Haggag and co-workers [31]. The sep-
ration was performed with a C-8 column thermostatized at
0.0 ± 0.2 ◦C, employing a 50:50 (v/v) mixture of ACN:phosphate
uffer (0.05 M,  pH = 4.0) as mobile phase, pumped at 1.0 ml  min−1.
 Biomedical Analysis 89 (2014) 213– 220 215

The approximate retention times for HCT and CAR were 3.2 and
7.3 min, respectively. The calibration equations were obtained by
linear regression of the peak areas against the analyte concentra-
tions in the corresponding standard solutions.

2.6. Computational methods

Chemometrics computations were carried out using MCR-ALS
routines [35] written for Matlab R2010a (Mathworks, Natick, USA).
Statistical data analyses were performed with Origin 8.5 (OriginLab
Co., Northampton, USA).

3. Results and discussion

3.1. Theoretical background

MCR  is a bilinear second order calibration method. Detailed the-
oretical background information regarding its operation has been
given elsewhere [36]. The following is a brief rationale of its appli-
cation to the elaboration of dissolution curves and profiles.

The dissolution test can be regarded as an evolving process,
where the dissolving analytes maintain their spectral charac-
teristics over time while changing their concentrations up to a
maximum. Monitoring of the dissolution test of a pharmaceuti-
cal dosage form containing n relevant analytes, and collecting i
spectra over time at j wavelengths per sample, yields a series of
data that can be arranged as a matrix (D(i×j)). The rows of this
matrix represent the overall contribution of the dissolving species
to the absorbance of the dissolution medium recorded at differ-
ent times, while its columns contain the combined dissolution
curves acquired at different wavelengths. This chemical system can
be described by a bilinear model based on the multi-wavelength
extension of Lambert–Beer’s absorption law Eq. (1).

D(i×j) = C(i×n)S
T
(n×j) + E(i×j) (1)

MCR  can perform the decomposition of the above matrix into the
product of two  smaller matrices. These are the scores matrix C(i×n),
which contains information on the evolution of the concentration
(dissolution curves) of the active principles and the loadings matrix
S(j×n), which hosts the pure spectra of the active pharmaceutical
ingredients of the drug association. Every vector of C is associated
with a vector of S through a product which represents a system
component. Matrix E(i×j) contains the error of the model.

During the MCR  operation, C and S are iteratively optimized
by an alternating least square regression procedure, based on ini-
tial estimations [37] of C or S and some mathematical constraints.
New estimations of the dissolution curves and the pure spectra are
obtained after every iteration, by solving Eqs. (2) and (3),

C = D(ST )
+

(2)

ST = C+D (3)

where C+ and (ST)+ are the pseudoinverses of matrices ST and C,
respectively. Computation of C and ST is carried out until a conver-
gence criterion is reached.

The augmented experimental data matrix (Daug), shown in Eq.
(4), is a multiset structure obtained by organizing the data of the
m calibration (Dc1. . .cm) standards and all the dissolution (Dt1. . .t12)
runs in such a way  that the data matrices are placed one aside each
other [24].

T
Daug = [Dc1; Dc2; . . .;  Dcm; Dt1; Dt2; . . .;  Dt12] = CaugS + E (4)

By analogy with Eq. (1), the MCR-ALS algorithm is used to
decompose Daug into the product of matrices Caug, and ST. Caug

is the matrix which contains the concentration contributions of
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ig. 2. (A) UV–vis spectra of CAR (31.1 mg  l−1), HCT (15.2 mg  l−1) and their mixture
f  the number of components for initialization of the MCR-ALS algorithm.

he analytes for all sub-matrices (m calibration standard sets and
2 dissolution curves), while S houses the spectra of the analytes
resent in all test matrices.
.2. System configuration for monitoring the dissolution process

Quantitative analysis by UV–vis spectroscopy requires fulfilling
wo main requirements. These include that the detector response

ig. 3. Diagram of the flow system and coupled data acquisition setup employed for the c
 = sample; D = diluent; SV = switch valve and DF = data flow.

ig. 4. (A) Data arrangement in the input supermatrix (sensors 1–50 for HCT and senso
issolution curves (data arranged time-wise). (B) Representation of the concentration pr
urves  of the test tablets.
 225–400 nm region, before and after a 1:1 dilution. (B) PCA-based determination

must follow the Lambert–Beer law and that the analyte’s signal
should not be interfered.

When the dissolution test of CAR–HCT tablets was performed
employing the original setup of the on-line monitoring sys-

tem [24], it was observed that high absorbances quickly caused
detector saturation, hindering the correct determination of the
dissolved species (Fig. 1). Therefore, two  alternative solutions
were considered, including the use of a narrower part of the

hemometrics-assisted simultaneous evaluation of the dissolution of CAR and HCT.

rs 51–100 for CAR). Detector responses corresponding to the calibrators and two
ofiles of HCT (- -) and CAR (—) in the calibrators and the deconvoluted dissolution
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Table 1
Results of method validation. Range, linearity and figures of merit.

Parameter Analyte

CAR HCT

Range
Concentration levels (mg  l−1) 1.00, 8.03, 16.1,

24.1, 31.1
0.51, 2.02, 8.10,
12.1, 15.2

Range (mg  l−1) 1.00–31.1 0.51–15.2
Number of replicates/level (N) 5 5

Linearity (pseudo-univariate regression)
Slope ± SD (mg l−1 AU) 0.136 ± 0.002 0.1009 ± 0.0007
Intercept ± SD (mg  l−1) 0.14 ± 0.04 0.071 ± 0.007
r  (N = 50) >0.999 >0.999
sR  0.051 0.012

Figures of merit
Sensitivity (mg l−1 AU) 0.136 0.101
Analytical sensitivity (� , l mg−1) 2.59 8.60
N.L. Calvo et al. / Journal of Pharmaceutic

pectrum and performing a continuous on-line sample dilution
trategy.

Since the first choice invariably reduces the amount of infor-
ation and may  not be a general solution, the second option was

onsidered more appropriate and was investigated, with the disso-
ution medium as diluent. A 1:1 dilution was estimated convenient
or achieving the analytical goal. Under these conditions it was
emonstrated that the resulting concentrations of the analytes
beyed Beer’s law in the region of interest (Fig. 2A).

.3. Data acquisition and resolution of the dissolution curves

Fig. 3 outlines the methodology employed for data acquisition.
ixing of the dissolution medium with the diluent after the pump

nsured better robustness and reproducibility of the results. The
rocess did not require organic solvents, thus minimizing waste
isposal costs.

MCR-ALS was chosen as the chemometrics algorithm for decon-
olution of the dissolution curves based on its proven ability to
xtract information about the components involved in evolving
ixtures, attribute the resulting spectra to chemical compounds,

uantify their individual contributions, and use these data to
evelop dynamic models of the process with or without an a priori
nowledge of the system [36]. In order to convey physical meaning
o the results, working conditions including the preferred spec-
ral region, number of components and operating restrictions were
efined.

.3.1. Selection of the operational range
Fig. 2A depicts the UV–vis spectra of pure CAR and HCT and their

ixture in the proportion found in their combined commercial
ablets, between 225 and 400 nm.  The spectra are strongly over-
apped, and large differences were observed at lower wavelengths
225–250 nm). However, both spectra exhibit absorption profiles
f the same order of magnitude between 250 and 350 nm,  and the
rugs become transparent beyond 350 nm.  Therefore, the spec-
ral interval between 238 and 400 nm,  where Absmax < 1.80, was
elected as the operational zone. The 350–400 nm region, where
one of the analytes exhibits relevant absorbance, was included in
rder to have a proper baseline reference.

.3.2. Input data matrix and constraints
A correct arrangement of the input data is crucial for meaningful

esults. The signals of the calibration samples (sensors 1–50 for HCT
nd 51–100 for CAR) were placed together with the data of the dis-
olution samples in the Daug matrix; the latter were accommodated
long the time-wise direction (60 sensors per sample). Fig. 4A rep-
esents the structure of the MCR-input supermatrix, exhibiting the
bsorbances of the calibration solutions and those of two tablets.

The dissolution analysis was performed in the presence of sev-
ral constraints, which were put in place in order to avoid rotational
mbiguities, thus ensuring the proper physicochemical sense of the
esulting dissolution curves. These included ‘non-negativity’, which
equires that spectra and analyte concentrations must be non-
egative, taking into account that the dissolution curves exhibit

 monotonously growing, S-shaped behavior until they reach a
lateau and that the concentrations of the analytes involved are
lways positive.

In agreement with previous knowledge of the chemical system,
CA of the input supermatrix of lot A1 revealed that two compo-

ents explained more than 95% of the overall variance (Fig. 2B);
herefore, this information was employed for system modeling.

Finally, the mean spectra (N = 10) of the central concentra-
ion levels of the calibration curves of CAR and HCT (16.1 and
MCD  (�−1, mg l−1) 0.39 0.12
LOQ  (mg l−1) 0.90 0.27

8.10 mg  l−1, respectively) were also feed as initial estimations of
the spectra before triggering the MCR  algorithm.

3.3.3. Resolution of pure spectra and dissolution curves by
MCR-ALS

Once the initial conditions were established, the MCR-ALS algo-
rithm was used to deconvolute Daug into the set of spectra of
the analytes and solve their individual contributions over time to
the whole dissolution process. Comparisons between the refer-
ence spectra of CAR and HCT and the spectra resulting from MCR
analysis of the input supermatrix allowed the unequivocal iden-
tification of the corresponding analytes and assignment of their
contributions. Interferences were not observed, since no additional
components were found when MCR  was initializated with 3 com-
ponents. Nevertheless, being a second order method, it is expected
that MCR-ALS could be able to selectively determine the analytes
even in the presence of unknown interferents, exploiting its second
order advantage [38].

Pseudo-univariate calibration curves were obtained by plotting
the amplitude of the MCR-concentration component of each ana-
lyte (sensors 1–50 for HCT and sensors 51–100 for CAR) against
their actual concentrations. In turn, these were employed to esti-
mate the dissolution curves of the analytes (Fig. 4B). Finally, the
dissolution profiles were computed as the means of 12 dissolution
curves.

3.4. Method validation

In order to guarantee the suitability of the entire procedure,
the method was  validated in agreement with ICH guidelines
[39]. Pseudo-univariate calibration curves were built from the
responses of the standards, in the ranges 1.00–31.1 mg l−1 and
0.51–15.2 mg  l−1 for CAR and HCT, respectively [40]. These ensured
coverage of sample concentrations from a minimum of 5% up to
110% with regards to complete tablet dissolution (approximately
27.8 mg  l−1 and 13.9 mg  l−1 for CAR and HCT, respectively).

The regression curves exhibited correlation coefficients (r)
exceeding 0.990 (N = 50); in addition, the residues were distributed
at random and the intercepts were close to zero, confirming method
linearity (Table 1).

Additionally, figures of merit such as limit of quantification
(LOQ), sensitivity, analytical sensitivity (�) and the minimum

−1
concentration difference (MCD, � ), were obtained from the
pseudo-univariate calibration curves [41]. These were considered
satisfactory, confirming method suitability for the intended pur-
pose across the linear range (Table 1).
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ig. 5. Assessment of method specificity. Comparison among normalized UV–vis s
nalysis of the dissolution curves for CAR (�) and HCT (�).

Method specificity refers to its ability to properly resolve each
nalyte, free from interferences of other analytes and the matrix.
his was confirmed by statistical comparison between the spectra
btained by MCR-ALS and those of the corresponding standards,
hrough the squared correlation coefficient (r2), a numerical value
sed to characterize the degree of spectral dissimilarity [42]. Linear
egression analysis furnished r2 values of 0.991 and 0.966 (N = 82)
or CAR and HCT, respectively. The excellent agreement (r2 > 0.950)
etween the pairs of curves (Fig. 5) evidenced that the determina-
ion was specific.

Method precision at the repeatability level was  assessed by
valuating the relative standard deviations of 20 determinations
f solutions containing mixtures of the standards of CAR and
CT at three different concentration levels (low, medium and

igh). The observed RSD values (Table 2) were lower than 2%,
eing considered satisfactory. In addition, at the same levels
nalyte recoveries were almost quantitative, yielding low bias
esults.

ig. 6. Verification of method accuracy. Concentration profiles obtained by HPLC (- -�- -) fo
y  MCR-ALS (–©–).
a. Spectra obtained with solutions of pure CAR (- -) and HCT (—) and by MCR-ALS

In order to further assess method accuracy, a batch of commer-
cial tablets was simultaneously evaluated by OD/UV-MCR and HPLC
as a reference [39], at eight time-points, and the resulting dissolu-
tion profiles (Fig. 6) were subjected to Student t-tests on a point by
point basis. No statistically significant differences were observed
along the curves, demonstrating the accuracy of the chemometrics-
based method.

Method robustness, referred to its ability to remain immune to
small variations in critical parameters, was assessed by evaluation
of the effect of modifying several operational variables, includ-
ing the spectral region of interest (±5 nm), the manifold length
(±10 cm), the flow rate (±0.1 ml  min−1) and the spectral acquisi-
tion speed (±5 s). To that end, a solution of dissolution medium
containing a fully dissolved tablet was monitored under the dif-

ferent conditions, changing one variable at a time, and the analyte
recoveries were evaluated by a one way ANOVA test. The results
(F = 0.51 and 0.69 for CAR and HCT, respectively; Fcrit = 3.87) con-
firmed method robustness.

r the dissolution of a commercial HCT-CAR tablet. Comparison with those furnished
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Fig. 7. Dissolution profiles comparison among brands and lots of CAR–HCT tablets. Profiles obtained by MCR-ALS method for CAR (A) and HCT (B).

Table 2
Results of method validation. Assessment of precision (repeatability).a

Analyte Low level Medium level High level

Rec (%) RSD (%) Bias (%) Rec (%) RSD (%) Bias (%) Rec (%) RSD (%) Bias (%)

CAR 98.5 0.1 −1.5 101.3 0.3 +1.3 101.8 0.6 +1.8

mg  l−1

3

fi
(
p
n
d
e
i
m
t

a
t
u

l
t
B
s

4

(
c
a
l
f
l
a

a

HCT  97.8 0.4 −2.2 99.1 

a The lowest, medium and highest concentration levels were 5.02, 16.1 and 24.1 

.5. Evaluation of commercial samples

According to the WHO, a comparative in vitro dissolution pro-
le similarity can be used to document equivalence of a multisource
generic) with a comparator (ethical) product [5]. The ability of the
roposed OD/UV-MCR monitoring scheme to acquire an important
umber of dissolution data-points, is advantageous for comparing
issolution profiles, since the official Moore and Flanner’s f2 param-
ter [43] is sensitive to the number of data-points [44]. Therefore,
t was applied for the evaluation of three lots (A1, A2 and B) of com-

ercial tablets of the CAR–HCT association (Fig. 7), corresponding
o two commercial brands, using f2.

OD/UV-MCR was run as before, with the same initialization data
nd restrictions, and PCA analysis confirmed the presence of only
wo components in all of the tested lots, ensuring the absence of
nexpected interferences that may  affect the results.

Analysis of the dissolution profiles revealed similarity between
ots A1 and A2 (f2 = 84 and 75 for CAR and HCT, respectively), since
heir f2 values exceed the threshold of 50. On the other hand, lot

 exhibited f2 = 71 for CAR and f2 = 37 for HCT, suggesting that it
hould not be considered as similar.

. Conclusions

A rapid, inexpensive and general chemometrics strategy
OD/UV-MCR) for the simultaneous construction of dissolution
urves of a pharmaceutical association was developed under green
nalytical chemistry principles. The strategy, which hinges on on-
ine sample dilution, avoids drug quantification errors stemming
rom saturation of the detector and lack of linearity due to high ana-

yte concentrations. Tablets of the carvedilol–hydrochlorothiazide
ssociation (CAR–HCT) were employed as a model.

The absorbances of the on-line diluted samples were acquired in
 pre-selected region of the UV–vis spectrum. Their chemometrics
0.2 −0.9 102.0 0.5 +2.0

for CAR and 2.53, 8.10 and 12.1 mg l−1 for HCT, respectively.

processing with MCR-ALS furnished qualitative and quantitative
information of the pure components, including their spectra and
time–concentration profiles (dissolution curves). The so obtained
pure component spectra were in excellent relation with those of
standard samples, while the dissolution curves showed not statis-
tical differences with those obtained by HPLC analysis.

On-line dilution avoided lack of linearity or detector satura-
tion due to high concentration of the dissolved analytes, while
eliminating the need to further handling process samples. With
the exception of system calibration, the whole operation did not
require for laboratory personnel to come in contact with sam-
ples. Furthermore, the quantification of the dissolved drugs over
the entire dissolution range was accomplished with a few external
standard solutions covering the expected concentration span of the
analytes.

The dissolution profiles of three different lots of commercial
CAR–HCT tablets were built with the OD/UV-MCR approach and
compared, confirming that it is a powerful and versatile tool for
gaining better understanding of the quality of multicomponent
pharmaceutical products.

Being amenable to be carried out without the need of sophis-
ticated instrumentation or complex sample pre-treatments, the
proposed alternative can be easily implemented in a routine qual-
ity control laboratory, suggesting that it may  find use within the
current pharmaceutical quality assurance paradigm.
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