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a b s t r a c t

The present article describes the spectrofluorimetric determination of galantamine, a widely used
acetylcholinesterase inhibitor, through excitation–emission fluorescence matrices and second-order cal-
ibration. With the purpose of enhancing the fluorescence intensity of this substance, the effect of different
organized assemblies was evaluated. Although the interaction of galantamine with different cyclodex-
trins is weak, it was corroborated that the fluorescence intensity of this pharmaceutical in the presence of
�-cyclodextrin is increased by a twofold factor. Among the studied micellar media, the anionic surfactant
sodium dodecyl sulfate produced the largest signals for the compound of interest (sixfold enhance-
ment), and was selected as auxiliary reagent for the subsequent determinations. The developed approach

−1

ultivariate calibration
alantamine

enabled the determination of galantamine at the ng mL level without the necessity of applying sepa-
ration steps, and in the presence of uncalibrated interferences. The applied second-order chemometric
tools were parallel factor analysis (PARAFAC), unfolded partial least-squares coupled to residual bilin-
earization (U-PLS/RBL), and multidimensional partial least-squares coupled to residual bilinearization
(N-PLS/RBL). The ability of U-PLS/RBL to successfully overcome spectral interference problems is demon-
strated. The quality of the proposed method was established with the determination of galantamine in

l wate
both artificial and natura

. Introduction

Galantamine (GAL, Fig. 1) is a competitive acetylcholinesterase
nhibitor approved for the treatment of mild to moderate
lzheimer’s disease [1]. After its oral administration, unchanged
AL and its metabolites are predominantly excreted (93%) by urine

2]. Since this pharmaceutical is administered to patients with
hronic treatments during long periods of time, GAL unavoidably
eaches the environment through sewage, constituting an emerg-
ng contaminant [3,4].

Although in water compartments pharmaceuticals are generally

resent at rather low levels ranging from ng L−1 to �g L−1 [5,6],
heir continuous input may lead to high long-term concentrations,
hich may promote adverse effects on wildlife and humans.
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ioquímicas y Farmacéuticas, Departamento de Química Analítica, Suipacha 531,
000 Rosario, Santa Fe, Argentina.
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G.M. Escandar).
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GAL has been determined in biological, pharmaceutical and
plant samples by different methods, including a spectropho-
tometric procedure followed for inhibition studies of acetyl-
cholinesterase [7], liquid and gas chromatographies [2–15] and
capillary electrophoresis [15–17]. While GAL fluorescence detec-
tion has been used in some chromatographic methods [2,12], to the
extent of our literature search, a direct spectrofluorimetric method
has not been reported for the analysis of this drug, possibly due to
its low fluorescence intensity.

One strategy for the enhancement of fluorescence signals of
poorly fluorescent compounds is the use of organized media such as
cyclodextrins (CDs) and surfactant micelles [18]. Through the inclu-
sion complex-forming ability of CDs, the luminescence properties
of the complexed analytes can be significantly modified [19]. On
the other hand, micelles are able to include selected molecules into
their amphipathic compartments, altering the microenvironment
of the molecule and, in many cases, improving its luminescence

signals.

With the dual purpose of improving the fluorescence proper-
ties of GAL and developing a new method for its determination, the
effect of CDs and micellar systems on the fluorescence intensity
was investigated. The selected cyclodextrins were �-, �-, �- and
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Fig. 1. Galantamine.

2-hydroxy)propyl �-CDs, while micellar media included anionic,
ationic and non-ionic surfactants. In order to determine the opti-
al working conditions, variables such as pH and temperature
ere also analyzed.

Although organized media could significantly increase the
ensitivity of a luminescent method, the improvement in selec-
ivity in complex matrices is more difficult to achieve because
f the frequent spectral overlap from matrix interferences. In
his context, certain second-order multivariate algorithms are
seful tools for improving the selectivity of analytical methods,
ince they allow concentrations and spectral profiles of sample
omponents to be extracted in the presence of any number of
nsuspected constituents [20,21]. This property, named “second-
rder advantage”, is especially convenient when analysts handle
omplex matrices, and it has been exploited in several real sys-
ems [22–26]. Therefore, the present quantitative analysis was
arried out measuring excitation–emission fluorescence matrices
EEFMs) of GAL under optimal working conditions and in the pres-
nce of additional pharmaceuticals selected as interferences. The
our investigated interferences were ibuprofen (IBU), acetyl sali-
ylic acid (ASA), phenylephrine (PHE) and atropine (ATR), which
ave fluorescence spectra extensively overlapped with that of GAL,
nd maybe present in real water samples. The tested algorithms
ere parallel factor analysis (PARAFAC) [27], unfolded partial least-

quares coupled to residual bilinearization (U-PLS/RBL) [28,29],
nd multidimensional partial least-squares [30] coupled to residual
ilinearization (N-PLS/RBL). These algorithms, which achieve the
econd-order advantage, are appropriate for dealing with the data
erein evaluated. A comparison between the employed algorithms

s carried out and the feasibility of determining GAL in natural water
amples is demonstrated.

. Experimental

.1. Apparatus

Fluorescence measurements were carried out on a PerkinElmer
Llantrisant, United Kingdom) LS 55 luminescence spectrometer
quipped with a xenon discharge lamp, using a 1.00 cm quartz cell,
nm of excitation and emission slit widths, exciting at 230 nm
nd obtaining the fluorescence emission at 310 nm. The photo-

ultiplier tube (PMT) voltage was set at 650 V. The data matrices
ere collected varying the excitation wavelength between 220 and

58 nm each 2 nm, and registering the emission spectra from 290
o 380 nm each 0.5 nm. Thus, the EEFMs were of size 20 × 182.
he fluorescence measurements were made using a thermostated
82 (2010) 325–332

cell holder and a Lauda (Frankfurt, Germany) ALPHA RA8 ther-
mostatic bath. The pH of solutions was measured with an Orion
(Massachusetts, United States) 410 A potentiometer equipped with
a Boeco (Hamburg, Germany) BA 17 combined glass electrode.
Absorbance measurements were obtained with a PerkinElmer
(Waltham, Massachusetts, USA) Lambda 20 spectrophotometer.

2.2. Reagents and solutions

All reagents were of high-purity grade and used as received.
Galantamine hydrobromide, polyoxyethylene(23) dodecanol (Brij
35), hexadecyltrimethylammonium bromide (HTAB), sodium
dodecylbenzenesulfonate (SDBS) and �-cyclodextrin (�-CD) were
purchased from Sigma–Aldrich (Milwaukee, WI, USA). Hex-
adecyltrimethylammonium chloride (HTAC) and decyltrimethy-
lammonium bromide (DeTAB) were provided by Fluka (Buchs,
Switzerland). Sodium dodecylsulfate (SDS) was obtained from
Merck (Darmstadt, Germany). �- and �-cyclodextrins (�-CD and
�-CD) and (2-hydroxy)propyl �-cyclodextrin (HP-�-CD) were
acquired from Cyclolab (Budapest, Hungary). Ibuprofen, acetyl
salicylic acid, phenylephrine and atropine were obtained from Lab-
oratory of Pharmaceutical Quality Control (Faculty of Biochemistry
and Biological Sciences, National University of Litoral, Argentina).

A 200 �g mL−1 stock solution of GAL was prepared in ultrapu-
rified water (from a Millipore system) and stored in a dark flask at
4 ◦C. In these conditions, this solution was stable for at least two
months.

2.3. Influence of cyclodextrin and surfactant concentrations

Taking into account that the aqueous solubility of �-CD is much
lower than that of the rest of the analyzed CDs, two different
strategies were implemented to study their effect on the fluores-
cence spectrum of GAL. For the �-CD system, suitable amounts of
the stock solution of this CD were added to 2.00 mL volumetric
flasks containing 0.5 �g mL−1 GAL, in order to obtain final �-CD
concentrations between 0 and 0.0090 mol L−1. The samples were
then completed to the mark with water and homogenized. Sub-
sequently, fluorescence spectra were measured for each of the
solutions. On the other hand, for the �-, �- and HP-�-CD systems,
2.00 mL of 0.5 �g mL−1 GAL were added with increasing aliquots
of solutions containing each CD and 0.5 �g mL−1 GAL, in order to
avoid analyte dilution. After each addition, the fluorescence spec-
trum was measured. With the aim of subtracting the corresponding
blank signals, these experiences were also performed without GAL.

For evaluating the effect of each surfactant concentration on
the fluorescence signal of GAL, 2.00 mL of 0.5 �g mL−1 GAL were
spiked with increasing volumes of each of the detergent solutions
containing 0.5 �g mL−1 GAL. After each addition, the fluorescence
spectrum was registered.

2.4. Influence of the pH

Both spectrophotometric and spectrofluorimetric titration
experiments were conducted on acidified (pH ∼ 2) solutions con-
taining 5.0 and 0.5 �g mL−1 of GAL, respectively, for solutions with
and without the presence of SDS at its optimal concentration. The
general procedure involves the addition of small aliquots of 0.05
or 1.0 mol L−1 NaOH to 25.00 mL of the stirred original solution, in
order to obtain small pH increments. As each new pH point was
reached, the corresponding spectrum was acquired by extracting

2 mL of solution from the vessel, which were then restored, until
pH ∼ 12 was achieved. At the end of the titration, approximately 20
spectra were recorded for every experiment, which were processed
by means of the PKFIT program [31], useful to obtain deprotonation
constants from multi-wavelength spectroscopic pH titration data.



M.J. Culzoni et al. / Talanta 82 (2010) 325–332 327

F cylsul
a

2

2

S

2

r
0
t
a
c
c
c

c
r

f
s
a
A
t
t
c
i

2

w
l
p
w
B
t
s

a
m
l
[

2

T
t
m
a

the absorbance vs. pH, the changes in the absorbance at a fixed
wavelength (290 nm) is illustrated in the insert of Fig. 2A. The
obtained value [pKa = 8.4 (0.1)] is similar to that informed in lit-
erature (pKa = 8.32, Ref. [35]).
ig. 2. (A) Absorption spectra of GAL alone and (B) in the presence of sodium dode
function of pH. CGAL = 0.5 �g mL−1, CSDS = 0.05 mol L−1.

.5. Chemometric analysis coupled to EEFMs

.5.1. Theory
A brief description of the applied algorithms is given as

upplementary information.

.5.2. Calibration, validation and test samples
A calibration set of 7 samples was prepared by transfer-

ing appropriate aliquots of stock solution of GAL and 200 �L of
.5 mol L−1 SDS to 2.00 mL to volumetric flasks and completing
o the mark with water. The final concentrations between 0.0
nd 333 ng mL−1 were included in the known linear fluorescence-
oncentration range. No attempts were made to establish the upper
oncentration of the linear range since the goal was to detect low
oncentrations of GAL.

A 12-sample validation set was built considering different con-
entrations of GAL than those used for calibration and following a
andom design.

Taking into account that in natural water samples it is likely to
ound GAL in the presence of other compounds, a test set of 12
amples was prepared having concentrations of GAL between 0.0
nd 100 ng mL−1 as well as 98.7, 512, 90.8 and 474 ng mL−1 of IBU,
SA, PHE and ATR, respectively. These concentrations were selected

aking into account they are high and likely to be on the order of
he concentrations found in contaminated natural waters. In the
ases of ASA and ATR, the concentrations were about 500 ng mL−1

n order to enhance their fluorescence signals.

.5.3. Real samples
Real samples were prepared by spiking river, tap and well water

ith standard solution of GAL to have three different concentration
evels. Besides, the interferences IBU, ASA, PHE and ATP were incor-
orated at the concentrations mentioned above. Then, the solutions
ere passed through Whatman filter papers (London, England).
efore recording the EEFMs, 200 �L of 0.5 mol L−1 SDS were added
o 2.00 mL volumetric flasks and completed to the mark with each
ample. This procedure was performed in duplicate.

The GAL concentrations in real samples were corroborated
nalyzing aliquots of the same investigated samples by an HPLC
ethod with fluorescence detection (�ex/�em = 230/310 nm) fol-

owing the chromatographic conditions suggested in the literature
10].

.5.4. Software

All employed algorithms were implemented in MATLAB 7.6 [32].

hose for applying PARAFAC are available in the Internet thanks
o Bro [33]. Both N-PLS/RBL and U-PLS/RBL were implemented by

eans of the integrated chemometric toolbox MVC2 [34], which
lso provides access to a variety of second-order multivariate
fate (SDS) at the indicated pH values. The insets show the absorbance at 290 nm as

methodologies including PARAFAC. The program is available from
the authors on request or in www.chemometry.com. Deprotona-
tion constants were determined using the PKFIT program [31],
which is based on a full-spectrum least-squares procedure. It can
also be obtained from the authors on request.

3. Results and discussion

3.1. Spectral characteristics of GAL

Previous to the quantitative study, and in order to establish ade-
quate working conditions, both the absorption and fluorescence
characteristics of GAL and its acid–base behavior were evaluated.

The absorption spectrum of GAL shows a wide band between
270 and 300 nm and a more intense shoulder located at 233 nm
(Fig. 2A). From pH titration multi-wavelength spectrophotomet-
ric data, the deprotonation constant of GAL in the ground state
could be determined. Although this constant was calculated using
the whole spectrum, with the purpose of showing the variation of
Fig. 3. Excitation (EX) and emission (EM) fluorescence spectra for GAL alone
at pH = 6 (red solid line) and pH = 11 (green solid line), and in the presence of
sodium dodecylsulfate (SDS) [blue solid line; neutral pH]. The blank (water) sig-
nal is indicated with black dotted lines. CGAL = 0.5 �g mL−1, CSDS = 0.05 mol L−1,
�ex/em = 230/310 nm. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of the article.)
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ig. 4. Influence of �-CD (gray triangle up), �-CD (red diamond), �-CD (green circl
black square), HTAC (red diamond), HTAB (green circle), Brij 35 (blue triangle dow
eutral pH. The solid lines in �-, HP-�- and �-CD systems are the non-linear fit of t
f the references to color in this figure caption, the reader is referred to the web ve

Besides, Fig. 3 shows fluorescence spectra of GAL under different
onditions. From this figure several conclusions can be made: (i) a
ather weak native fluorescence emission is obtained at 310 nm,
ii) the fluorescence intensity is higher when GAL remains in its
rotonated form (pH < 8), (iii) the excitation band at about 230 nm
coincident with the maximum absorption at this wavelength) is
igh and more suitable for quantitative determinations, and (iv) the
xcitation band at 280 nm, usually employed in HPLC techniques
ith fluorescence detection [2,12], is coincident with a Raman dis-
ersion when the emission is obtained at 310 nm and, therefore,

nconvenient for analytical purposes.
From the changes of fluorescence spectra as a function of pH

not shown), the deprotonation constant value in the excited state
as calculated. The obtained value [pKa′ = 8.3 (0.1)], similar to that

btained through the spectrophotometric assay, indicates that the
uorescence decay process is faster than the deprotonation in the
xcited state [36].

.2. Influence of organized media

It is relevant to note that the rather weak native fluorescence
f GAL would not allow its quantitation at low concentrations, i.e.
t ng mL−1 units which, in principle, are the pharmaceutical levels
xpected to be found in environmental water samples [5,6]. There-
ore, several organized media were checked as enhancers of the
AL fluorescence.

The three major cyclodextrins, �-, �-, and �-CDs, which com-
rise six, seven, and eight glucose units, respectively, and the
erivative hydroxypropylated �-CD (HP-�-CD) were investigated.

n Fig. 4A it is displayed the intensities of the fluorescence emis-
ions of GAL at different concentrations of the studied CDs. As can
e appreciated, �-CD does not modify the fluorescence properties
f GAL, and therefore this CD is not useful for our purposes. The
emaining CDs modify the fluorescence signal in different degrees.
lthough �-CD showed the best fluorescence enhancement, this

mprovement is not high enough to reach the low GAL concentra-
ions assayed.

From the �-, �- and HP-�-CDs profiles shown in Fig. 4A, the
:1 association constants were determined by applying non-linear
egression analysis [37]. The obtained values, 25 (6), 11 (5) and 19
4) mol−1 L for �-, �- and HP-�-CD complexes, respectively, sug-
est very weak interactions for the three complexes. The values for

oth �- and �-CD agree with those previously reported using other
echniques of inclusion constant determination: 23.90 mol−1 L and
3.98 mol−1 L for the two GAL enantiomers and �-CD [38], and
mol−1 L for �-CD [16]. The previously reported value for HP-�-CD

K = 8 mol−1 L, Ref. [16]) slightly differs from our calculation.
HP-�-CD (blue triangle down) concentrations (A) and SDBS (white circle), DeTAB
d SDS (gray triangle up) concentrations (B) on the fluorescence emission of GAL at
a assuming the formation of 1:1 complexes. CGAL = 0.5 �g mL−1. (For interpretation
f the article.)

The effect produced by micelles on the fluorescence intensity of
GAL was also evaluated by keeping a constant concentration of GAL
and increasing the surfactant concentrations (Fig. 4B). Among the
studied surfactants, SDS at concentrations higher than 0.01 mol L−1

produced the best results, with a signal enhancement factor of 6.1
[39]. The micelles formed by HTAC, HTAB and Brij35 produced a
slight increase in the GAL fluorescence signal, while DeTAB did not
modify the signal, and SDBS showed a quenching effect. Therefore,
to ensure stable and high fluorescence signals, 0.05 mol L−1 SDS
solution was selected as auxiliary reagent for quantitative deter-
minations (see Fig. 3).

Since micelles can modify the acid–base properties of a com-
pound in both ground and excited states [39], the deprotonation
constant value of GAL in the presence of SDS was evaluated by
spectrophotometry and spectrofluorimetry. In Fig. 2B, it can be
appreciated that the addition of SDS does not produce signifi-
cant changes in the absorption spectrum of GAL. The fact that
the deprotonation value obtained by spectrophotometric titration
[pKa = 9.3 (0.3)] is higher than that the one previously calculated
in the absence of SDS [pKa = 8.4, see above] may be explained
in terms of the stabilization of the protonated form of GAL by
ion pair formation between this positively charged structure and
the anionic surfactant. On the other hand, the acidity constant of
GAL in the SDS system evaluated from spectrofluorimetric titra-
tion, with a value of pKa′ = 9.2 (0.4), is similar to that obtained by
spectrophotometry, indicating again that the fluorescence decay
process of GAL in the micellar medium is faster that the depro-
tonation in the excited state. It is necessary to point out that the
fluorescence emission intensity in the SDS system is higher at
pH below 8 and, therefore, the work was carried out in micellar
aqueous solutions, without the necessity of using buffer solu-
tions.

Finally, it was corroborated that a temperature decrease does
not significantly modify the fluorescence signals of the studied sys-
tem in both the presence and absence of micellar media. Therefore,
the experiments were conducted at 20 ◦C.

3.3. Multivariate calibration results

The quantitative study was carried out by chemometric analysis
with three algorithms which achieve the second-order advantage,
namely, PARAFAC, U-PLS/RBL and N-PLS/RBL. On the basis of the
experiments described above, the conditions applied for the deter-

mination of GAL by chemometric analysis are those given in Table 1.

3.3.1. Validation and test samples
In order to build a second-order calibration model, EEFMs were

recorded for the calibration samples. In Fig. 5A a three-dimensional
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Fig. 5. Three-dimensional plots for excitation–emission fluorescence matrices correspon
sample containing 45 ng mL−1 GAL, 98.7 ng mL−1 IBU, 512 ng mL−1 ASA, 90.8 ng mL−1 PHE

Table 1
Instrumental and chemical parameters for the chemometric analysis.

Values

Selected excitation range (nm) 220–250
Selected emission range (nm) 290–350
Slits (excitation/emission) (nm) 5/5
Photomultiplier voltage (V) 650

p
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S

CSDS (mol L−1) 0.05
pH ∼7
Temperature (◦C) 20

lot of the EEFM is shown for a typical studied sample in the appro-
riately selected wavelength ranges.

While the number of responsive components to be included
n the PARAFAC model was selected by the so-called core consis-
ency analysis [40], the number of optimum latent variables for
oth U- and N-PLS was obtained through leave-one-sample-out
ross-validation [41]. In all cases, the number of components in val-
dation samples was 2, attributed to the analyte and the background
ignals.

In Fig. 6A–C the prediction results corresponding to the appli-
ation of PARAFAC, U-PLS and N-PLS, respectively, are shown to
he same set of 12 validation samples. In Fig. 6E the ellipses of the
JCR analyses are shown for the slope and intercept of the corre-
ponding plots. While the ellipses corresponding to PARAFAC and
-PLS include the theoretically expected point (1,0) suggesting a

igh-quality prediction, the one corresponding to N-PLS does not

nclude this point, indicating a deficient accuracy. This latter fact
emonstrates that in the system under study it is not appropriate to
aintain the tridimensional nature of the data for the quantitative

nalysis in order to successfully quantitate the analyte.

able 2
tatistical results for GAL in validation samples and in samples with IBU, ASA, PHE and AT

ma ha Rb

Validation samplesg

PARAFAC 1.2 −19 0.984
N-PLS 1.2 −13 0.978
U-PLS 1.1 −9 0.993

Samples with interferencesg

U-PLS/RBL 0.9 2.9 0.989

a m and h are the slope and intercept of the linear regression of predicted vs. nominal c
b Correlation coefficients of the linear regressions of predicted vs. nominal concentratio
c RMSEP, root-mean-square error of prediction in ng mL−1.
d REP, relative error of prediction in %.
e LOD, limit of detection in ng mL−1 calculated according to Ref. [25].
f LOQ, limit of quantitation in ng mL−1 calculated as (10/3.3) × LOD.
g Number of samples = 12.
ding to a typical validation sample containing 45 ng mL−1 GAL (A) and a typical test
and 474 ng mL−1 ATR (B).

Comparison of the statistical results obtained from U-PLS with
those obtained by applying both N-PLS and PARAFAC to the valida-
tion samples (Table 2) shows that the former renders significantly
better results.

With the purpose of analyzing the potentiality of the evaluated
second-order algorithms, the determination of GAL was carried out
in the presence of selected pharmaceuticals with either direct or
indirect relationship with Alzheimer disease (IBU [42,43], ASA [44],
PHE [45] and ATR [46,47]), which overlap their spectra with GAL,
and could be concomitantly present in the same samples. Fig. 5B
shows a three-dimensional plot of the EEFM for a typical test sam-
ple containing GAL and the four interferences, under the applied
working conditions and in the selected wavelength ranges. Fig. 7
shows the individual contour plots of the EEFMs for these interfer-
ences. For clarity these latter plots are shown separately.

Twelve test samples containing the studied analyte and IBU,
ASA, PHE and ATR were prepared and evaluated with PARAFAC,
U-PLS/RBL and N-PLS/RBL algorithms. The selection of PARAFAC
factors for these samples was also carried out through the analysis
of the core consistency. The results obtained established that the
number of total components required by PARAFAC in samples with
the studied interferences was three. Unfortunately, the GAL predic-
tion ability of PARAFAC in samples with interferences was worse
than that obtained in the validation samples (data not reported).

On the other hand, when U- and N-PLS/RBL algorithms were
applied to the test samples, in addition to the number of latent vari-

ables estimated for the calibration set, these samples required the
introduction of the RBL procedure with four unexpected compo-
nents in most cases. While N-PLS/RBL rendered bad results (which
were not considered further) the U-PLS/RBL predictions were in
good agreement with the corresponding nominal values (Fig. 6D).

R as interferences, using the indicated chemometric algorithms.

RMSEPc REPd LODe LOQf

16 10 3 9
16 10 4 12

8 5 4 12

6 4 8 24

oncentration, respectively.
n.
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ig. 6. Plots of GAL predicted concentrations in validation samples as a function o
nterferences using U-PLS/RBL. (E) Elliptical joint regions (at 95% confidence level) fo
ine), N-PLS (blue solid line) and U-PLS/RBL (red dashed line) results. Black point ma
olor in this figure caption, the reader is referred to the web version of the article.)

oth the EJCR for the slope and intercept of the above plot (Fig. 6E,
ed dashed line) and the statistical results shown in Table 2, with
ery satisfactory values for RMSEP and REP, support this conclusion.
hese results are not completely surprising since in previous works
24,25,48,49], U-PLS/RBL has already demonstrated to be superior
o N-PLS/RBL, especially when there is a strong spectral overlapping

etween the analyte and interferences. Further studies should be
ade in order to gain a deeper insight into this interesting aspect

f second-order multivariate calibration.
The LODs obtained by U-PLS/RBL in the absence (4 ng mL−1)

nd in the presence of interferences (8 ng mL−1), are very accept-

ig. 7. Two-dimensional contour plots of the excitation–emission fluorescence matrices
DS 0.05 mol L−1. GAL (A), ATR (B), ASA (C), IBU (D) and PHE (E). CGAL = 60 ng mL−1; CATR =
nominal values using (A) PARAFAC, (B) U-PLS (C) N-PLS, and (D) in samples with
slope and intercept of the regression of PARAFAC (green solid line), U-PLS (red solid
e theoretical (intercept = 0, slope = 1) point. (For interpretation of the references to

able taking into account that a simple methodology is applied
to complex samples. A wide range of limits of detection have
been previously informed for GAL in different matrices: 11 ng mL−1

(HPLC with fluorescence detection in plasma samples, Ref. [12]) and
184 ng mL−1 (flow injection determination by immobilised acetyl-
cholinesterase inhibition, Ref. [7]). A chiral HPLC method with UV

−1
detection allowed a limit of detection of 210 ng mL for the R-
enantiomer in pharmaceutical formulations [14]. After repeated
liquid–liquid extraction, a GAL level of 5 ng mL−1 was the mini-
mum detectable concentration in serum by HPLC with UV detection
[8]. Following liquid–liquid extractions of human plasma samples,

for samples containing the studied analyte and interferences, all in the presence of
474 ng mL−1; CASA = 512 ng mL−1; CIBU = 98.7 ng mL−1; CPHE = 90.8 ng mL−1.
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Table 3
Recovery study of GAL in spiked water samples in the presence of IBU, ASA, PHE and
ATR.a.

Nominal (ng mL−1) Found (ng mL−1)b

EEFM–U-PLS/RBL HPLC

River waterc 30.0 32 (9) [107] 29 (2) [97]
72.0 65 (4) [90] 72 (1) [100]

108 106 (2) [98] 109 (1) [101]

River waterd 30.0 33 (9) [110] 35 (1) [117]
72.0 71 (2) [92] 74 (2) [103]

108 108 (3) [100] 106 (1) [98]

Tap watere 30.0 31 (1) [103] 34 (2) [113]
72.0 71 (3) [99] 73 (1) [101]

108 103 (4) [95] 110 (1) [102]

Well waterf 30.0 27 (3) [90] 31 (1) [103]
72.0 80 (3) [111] 71 (1) [99]

108 108 (9) [100] 110 (1) [102]

a CIBU = 98.7 ng mL−1, CASA = 512 ng mL−1, CPHEN = 90.8 ng mL−1 and
CATR = 474 ng mL−1.

b Experimental standard deviation of duplicates, in the last significant figure, in
parentheses. The recoveries (in square brackets) are based on the added amounts.
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Salado River (Santa Fe, Argentina).
d Coronda River (Sauce Viejo, Argentina).
e From Santa Fe City (Santa Fe, Argentina).
f From Colastiné City (Santa Fe, Argentina).

AL was determined by HPLC–MS and HPLC–MS–MS with lim-
ts of quantification of 0.5 and 1.00 ng mL−1 respectively [13,10].
C–MS and non-aqueous capillary electrophoresis methods were
pplied to the quantification of galantamine in the bulbs of Narcis-
us species, with LODs of 1800 and 2000 ng mL−1, respectively [15].

method based on solvent extraction and HPLC with UV detec-
ion allowed the determination of GAL in plants at levels of about
2,800 ng mL−1 [11].

In conclusion, we can assert that taking into account the
nstrumental simplicity of the proposed method and that pre-
oncentration steps were not performed, the levels of measured
oncentrations are more than satisfactory.

.3.2. Real water samples
According to the obtained results with artificial samples, U-

LS/RBL was selected as the algorithm to be applied to real samples.
ecause of the analyzed water samples were found to be free

rom GAL residues, spiked samples were prepared and a recov-
ry study was performed. In addition to inorganic and organic
ompounds which may be present in each type of water, the
our selected pharmaceuticals were also incorporated to the sam-
les.

Table 3 summarizes the results obtained from duplicate analy-
es of three different GAL levels in real matrices. The equivalence
mong the recoveries demonstrates the ability of U-PLS/RBL to cope
ith interferences from the concomitants in the real samples. The

alues obtained are statistically comparable to those provided by
reference method when a paired Student t-test is applied at a

5% confidence level. The calculated t-coefficient [t(0.05,23) = 1.60]
ompares favourably with the tabulated value [tcrit(0.05,23) = 2.07],
uggesting that the proposed method is appropriate for the deter-
ination of GAL.

. Conclusions
The relatively weak fluorescence of GAL is significantly
nhanced using micellar medium formed by SDS. The combination
f excitation–emission fluorescence matrices of GAL in the pres-
nce of SDS with a selected second-order algorithm (U-PLS/RBL)
llowed the successful determination of this acetylcholinesterase

[
[
[
[
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inhibitor in samples with and without spectral interferences. While
PARAFAC yield good results in validation samples, a deficient
recovery is provided when foreign compounds are present, which
significantly overlap their spectra with the analyte. On the other
hand, N-PLS/RBL, which is similar to the unfolded U-PLS method but
original data matrices are not unfolded, yields inadequate results
in both types of samples. The developed method is very simple,
possesses high selectivity and is able to determine GAL at levels
of the ng mL−1 without the necessity to apply either extraction or
pre-concentration steps.
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