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Abstract. The extraordinary sensitivity of uorescence spectroscopy has brought it
to chemists' attention. Spectra recording at several interval times while the reaction is
preceded, or at di�erent complexing factor concentrations, is one case of policies by which
data (second-order) can be created using the spectrouorometric technique. In the current
case, a mixed uorescence spectrum of two Ca�eic Acid (CA) and Ellagic Acid (EA) target
analytes was documented as a -cyclodextrin (-CD) function (as an inclusion complexing
factor) to produce data (second-order). At this point, Bilinear Least Squares/Residual
Bilinearization (BLLS/RBL), as a second-order calibration technique, due to its bene�ts
of accuracy, rapidity, simplicity, suitable concentration, and spectral resolution estimation
even in the presence of the unknown interference (second-order advantage) was exploited
for trilinear data deconvolution to obtain uorescence spectra and concentration pro�les of
the EA and CA as a function of -CD concentrations. A set of calibrations comprising 10
reference samples was employed to build the BLLS/RBL procedure. By a test set including
6 samples, the predictive ability of the technique was validated. The suggested model was
e�ectively exploited to quantify CA and EA content in four fruit juice samples.

© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Upon the achievement of second-order calibration
through matrices, a novel and revolutionary bene�t is
attained named \second-order advantage" [1]. This cal-
ibration variant is also called `three-way' since sample
set matrices can be joined into a 3-way data array. The
order recognizes the instrumental mode number for one
sample and also, the ways that the modes are quanti�ed
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for a sample set. The second-order advantage indicates
that although the signal of interferents in unknown
samples cannot only be identi�ed, it is exactly modeled
[2{5]. The contribution of interferents can be isolated
from analyte, and consequently the analyte approx-
imation may carefully progress without necessity for
experimental separation of the interferences [3{6].

Multi-way calibration expresses the potential of
realizing the analytical chemistry dream given that:

(i) Selectivity and sensitivity are enhanced as the
number of instrumental modes increases;

(ii) Only small, pure-analyte calibration sets are
demanded instead of huge calibration sets com-
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prising all conceivable interferents (as wanted by
�rst-order multivariate calibration);

(iii) The second-order advantage can be attained;
simply put, analytes are quantitated in the
presence of uncalibrated interferents;

(iv) A full chromatographic resolution is not essen-
tial, separation investigations are shorter and
simpler, and the number of instrumental modes
increases;

(v) Sample clean-up stages may no longer be re-
quired [2{6].

In the current investigation, the authors showcase
a reliable, accurate, cheap, and robust approach to
produce second-order data based on created complexes
(analytes...-CD). The environment dielectric posses-
sions are identi�ed and they a�ect spectral and molec-
ular characteristics including the uorescence position
and the intensity of the peak in the spectra. Therefore,
the molecule possessions entrenched in a cavity of CD
can be projected to vary from those detected in water.
In the existing scheme, uorescence uctuations result-
ing from the di�erences in the -CD concentrations
present the -CD spectra (uorescence)-concentration
matrix data, and binding these data matrices for a
sample set generates a 3-way array [7{9].

Phenolic acids are elaborated in numerous phys-
iological events such as enzyme activity, photosyn-
thesis, protein synthesis, and cytoskeleton assembly
[10,11]. Ellagic acid (EA, 4,4,5,5,6,6-hexahydroxidifenic
acid 2,6,2,6-dilactone) and ca�eic acid (CA, 3,4-
dihydroxycinnamic acid) are phenolic acid examples
that are exploited as additives in pharmaceutical and
cosmetics manufacturing due to their many use cases
like antioxidant, antibacterial, and anticancer [10{
15]. Many analytical methodologies have been em-
ployed for phenolic acid determination, comprising gas
chromatography-mass spectrometry [14,15], capillary
electrophoresis techniques [16], micellar electrokinetic
chromatography [17], and HPLC [18]. The described
performances not only comprise sophisticated equip-
ment but also are time-consuming and challenging to
apply to a multifaceted sample analysis [19].

The purpose of the current investigation is to
propose a robust uorescence technique based on com-
plexes of -CD as an advanced performance to fabri-
cate a 3-way data set for simultaneous determination
of multicomponent in the presence of CA and EA.
Determination of CA and EA in nutrition examples
(fruit juice samples) is a signi�cant analytical mission.
Furthermore, to deliver the maximum discrimination
between two analytes spectra, numerous experimen-
tation factors were deliberated and improved. The
concentration deconvolution of -CD-resolved uores-
cence spectra is done using BLLS/RBL. In conclusion,

�gures of merit, predictive ability, and accuracy are
projected to exhibit its prospective as a substitute
for CA and EA determination, even in the presence
of unexpected or unmodeled interferents and without
sample pretreatments [20{22].

2. Experimental

The exploited components were of analytical reagent
grade and acquired from Aldrich (Chemical Co., Mil-
waukee, WI, USA) or Merck (Darmstadt, Germany).
Distilled water was exploited through the investiga-
tions. Marketable fruit juices were achieved from a
superstore. The -CD was recrystallized twice from
double-distilled water before the procedure.

The stock individual solutions (100 mg L�1) of
CA and EA were organized with an ethanol-water
solution of 80% as a solvent. The CA and EA
calibration mixture solutions were arranged by the
stock calibration solutions with an 80% ethanol-water
solution as a diluter. For construction of inclusion
complexes under optimal situations, proper amounts of
CA and EA standard solutions were placed in a 10.0 mL
volumetric ask. Then, the suitable quantity of -CD
(in range 2�10�3�1�10�2 g L�1) solution was mixed
and pH = 4 was adjusted. Each solution was sheltered
from light by aluminum foil and was preserved at 4�C.

By using a Cary Eclipse Xenon lamp 80 Hz
model spectrouorometer organized exploiting a ther-
mostated cell compartment, the uorescence spectra
were achieved. Quantities were achieved in a 1 cm
quartz cell (25 � 0.1�C). The emission uorescence
data of samples were taken in the range of 420
to 470 nm with 1 nm increment in the excitation
wavelength of 285 nm against the blank by spec-
trouorometer with respectable reproducibility. The
spectral area, 420{470 nm, was chosen because of
maximum spectral information about the component
mixture of interest. Furthermore, at this point,
the data were managed by exploiting chemometric
investigation based on the second-order algorithms
employing Bilinear Least Squares/Residual Bilineariza-
tion (BLLS/RBL) in conjunction with MVC2 program,
which is a MATLAB graphical interface toolbox for
second-order multivariate calibration [23]. The pH
of solution was deliberated via pH meter (Metrohm,
model 692, Herisau, Switzerland) systematized with
a glass electrode. A 37-kHz ultrasonic water bath
(Elmasonic E 30H, 240 W, Elma, Singen, Germany)
was employed for supporting the inclusion complex
formation.

The separation between CA and EA was ac-
complished in a Waters 2690 HPLC system equipped
with a Waters AF online degasser and linked to a
Waters model 996 photodiode array detector. Instru-
ment control and data analysis were done exploiting
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Millennium 3.20 software. Separation of CA and EA
was attained on a reverse-phase waters symmetry C-
18 column (250 mm � 4.6 mm) (Millipore, Milford,
MA) at 30�C. Gradient solvent comprising methanol-
double distilled water was employed at a ow rate of 1
mL min�1. Both standard and real samples injection
volume was 20 �L. Retention times were exploited for
the desired compounds documentation and peak zones
determined at various concentrations were employed to
plot calibration lines for each analyte. Before injection
into a column, all solutions were cleaned upon applying
0.45 �m �lters to omit insoluble resources.

3. Theoretical background

3.1. BLLS/RBL
The initial stage is the vectorization of each data
matrix of calibration set X (each of size J � K) and
the Ic calibration samples are grouped in a matrix Vx
of dimension (JK � Ic):

Vx = [vec(X1)jvec(X2)j � � � jvec(XIc)]; (1)

where \vec" is the procedure of unfolding the matrix
into the vector.

The subsequent step uses direct least squares [20]
to gain information on the pure-analyte matrices at
the unit concentration (VS) in a technique analogous
to �rst-order classical least squares:

VS = VxY+; (2)

where Y is an I � NC matrix of the reference con-
centrations and NC the number of calibrated analytes.
VS(JK�NC) contains the required Sn matrices in the
vectorized form:

VS = [vec(S1)jvec(S2)j � � � jvec(SNc)]: (3)

To get the spectral pro�les from the estimated matrix,
Singular Value Decomposition (SVD) is employed at
each estimated matrix (Sn) obtained after appropriate
reshaping of the unfolded vec (Sn) [20]:

(bn; gn; cn) = SV D(Sn); (4)

where gn is the �rst singular value; bn and cn are J�1
and K � 1, the �rst left and right singular vectors of
Sn, respectively.

The concentration in an unknown sample (whose
matrix data are Xu) can be estimated, provided that
no interference occurs through direct least squares
procedure [20]:

Yu = S+
calvec(Xu); (5)

where Yu is an NC � 1 vector of the estimated

concentration of the NC analytes in the sample and
Scal is a calibration JK �NC matrix given by:

Scal=[g1(c1
b1)jg2(c2
b2)j � � � jgNc(cNc
bNc)j; (6)

where 
 indicates the Kronecker product.
If there are uncalibrated compounds in a test sam-

ple, residual bilinearization (RBL) should be coupled
with BLLS [2]. The RBL technique is an iterative
procedure that analyzes the matrix of residuals of
the prediction least squares �t to approximate the
interference pro�les. Furthermore, this process serves
to progress the loadings and to correctly approximate
the analyte concentrations.

In this e�ort, two �gures of merit namely sen-
sitivity and Limit Of Detection (LOD) are estimated
based on second-order calibration models. The sensi-
tivity of (SEN) can be computed through a general
expression [2]:

SEN = znf[(BTB)(CTC)]�1g�1=2: (7)

For the BLLS, zn is the �rst singular value gained
by the SVD decomposition and B and C are the
uorescence and concentration pro�les, respectively,
for the calibrated analytes obtained by BLLS.

The LOD can be estimated using the expres-
sion [4]:

LOD = 3:3SD(0); (8)

where SD(0) is the estimated standard error in the
predicted concentration for samples of zero or low
analyte concentration [22]. Given that various samples
have a di�erent value of SD(0), an average value over
a calibration set of LOD is reported.

The Root Mean Squares Error of the Calibration
(RMSEC) and Prediction samples (RMSEP) are two
statistical parameters that express the accuracy of the
model [22]. They report the closeness of agreement
between the reference value and the value found by the
model. These parameters can be written as follows:

RMSEC =

vuuut IP
i=1

(ci � ĉi)2

I � 1
; (9)

where ci and ĉi are the real and predicted concentra-
tions of the given analyte in the ith calibration sample,
respectively.

RMSEC =

vuuut HP
h=1

(ch � ĉh)2

H � 1
; (10)

where ch and ĉh are the real and predicted concentra-
tions of the given analyte in the hth test sample set,
respectively. H is the total number of samples in the
test set.
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4. Results and discussion

4.1. Analytical process
The CDs (cyclic oligosaccharides with D-glucose units)
comprise a hydrophilic outer platform and a mod-
erately hydrophobic inside cavity [8]. This peculiar
structure characteristic allows CDs to build host-
guest inclusion complexes with an extensive range of
compounds via non-covalent forces such as van der
Waals forces, hydrophobic interactions, and hydrogen
bonds [8,9]. The dominant complex formation driving
power is the enthalpy-rich water molecules release from
the internal cavity [24,25]. Water molecules that are
replaced by more hydrophobic guest molecules exist
in the solution consequences in the inclusion complex
construction between the host and the guest. The
inclusion complexing factor gives the outcomes and
the degree of variation between analytes spectra. �,
�, and -CDs are considered as complexing mediators.
Among the three CDs, the comparison was done under
the �nest circumstances. It was obtained that the
di�erentiation grade between analytes spectra was very
low when �, �-CDs were exploited as complexing
factors. Accordingly, -CD was selected.

Furthermore, in this case, for a mixture of CA
and EA, bilinear data is attained by documenting
uorescence spectra at various concentrations of -
CD, given the formation of the inclusion complex.
Then, the data of uorescence jointed the second-order
calibration algorithms for simultaneous CA and EA
analysis in complex real samples. To accomplish the
formation of maximum inclusion -CD complexes with
CA and EA targets, initially, numerous investigational
factors were considered and improved. Besides, under
optimum circumstances, BLLS/RBL algorithms were
exploited for CA and EA simultaneous determination.

4.2. pH e�ect on formation of inclusion
complexes

The hydrophobic cavity of CDs allows for exceptional
capacity to snare a guest molecule inside its cavity.
Nevertheless, the fabricated complex stability is pH
dependent [24,25]. Owing to the existence of acidic
group in the CA and EA structure, the corresponding
species forms are adjustable with respect to pH values
(more details in supplementary information). CA
and EA exist as neutral molecules in acidic media
because of ionization prevention. In a basic situation,
this condition is overturned. As -CD cavity is
hydrophobic, inclusion complexes are positively made
with CA and EA neutral forms. The outcomes of -
CD including CA (1 �g mL�1) and EA (1 �g mL�1)
in 0.006 M -CD at di�erent pH values (attuned by
NaOH and HCl) are exposed, as given in Figure 1.
The consequences illustrate that extreme uorescence
intensities are performed at pH 4.0 and reduced with

Figure 1. The uorescence intensities of CA (1 �g mL�1)
and EA (1 �g mL�1) in 0.006 M -CD concentration at
di�erent pH values.

the growing pH values. Based on Figure 1, pH 4.0 was
selected for additional experiments.

4.3. Ionic strength e�ect on -CD including
CA and EA

Employing a series of experiments in the presence of
NaNO3 allows investigating whether anion or cation
has a powerful inuence on the complex construction.
If so, the ionic strength is operative. The concen-
tration of NaNO3 varies from 0.01 to 0.1 M. The
consequences show a slight uctuation in uorescence
once the NaNO3 concentration varies (Figure 2). The
ionic strength has a minor inuence on the inclusion
of target phenolic acids in -CD. Subsequently, no
salt was added to later surveys. In addition, the
temperature e�ects and sonication time were added

Figure 2. NaNO3 salt concentration e�ect on 0.006 M
-CD including CA (1 �g mL�1) and EA (1 �g mL�1).
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Table 1. \Calibration samples" for prediction by BLLS/RBL method.

Ca�eic acid (�g mL�1) Ellagic acid (�g mL�1)

Samples Real
concentration

BLLS/RBLa

result
Real

concentration
BLLS/RBL

result
1 3.00 3.00 (100.00) b 3.00 3.10 (103.30)
2 4.00 4.10 (102.50) 2.00 1.90 (95.00)
3 0.00 0.00 ({) 6.00 5.90 (98.30)
4 6.00 5.90 (98.3) 1.00 1.00 (100.00)
5 1.00 1.00 (100.0) 7.00 7.10 (101.40)
6 2.00 2.00 (100.0) 4.00 4.00 (100.00)
7 0.00 0.00 ({) 8.00 8.00 (100.00)
8 5.00 5.10 (102.0) 0.00 0.00 ({)
9 7.00 7.10 (101.4) 0.00 0.00 ({)
10 2.00 2.10 (105.0) 5.00 4.90 (98.00)
RMSEC (�g mL�1) { 0.07 { 0.07
Mean recovery { 101.10 { 99.50
Sensitivity (a.u. mL �g�1) { 2e+002 { 1.1e�002
Selectivity { 0.13 { 0.13
LOD ((�g mL�1)) { 1.2e{006 { 3.3e{007
 (analytical sensitivity, mL �g �1) { 1.5e�015 { 1.1e�016

a BLLS/RBL (2 analytes + 0 interferences); b Recovery in parenthesis.

to the supplementary information. In addition, in the
supplementary information, the impacts of pH, ionic
strength, and temperature on CA and EA uorescence
intensity were investigated using Response Surface
Methodology (RSM).

4.4. Second-order multivariate calibration
technique

4.4.1. Calibration and validation sample sets
To exhibit the linearity between uorescence data and
concentrations of analyte and to obtain each analyte
linear range, a calibration plot was generated for both
phenolic acids. The standard solution uorescence data
were achieved through the following steps: addition of
-CD and changing of pH to 4.0. A calibration curve
was designed with numerous points for each analyte
as uorescence in the range of 420{470 nm with 1 nm
increment in excitation wavelengths of 285 nm against
the blank versus sample concentrations. Through
linear regression analysis, the plot was assessed. With
squared correlation coe�cients of 0.9996 and 0.9997,
the linear range was detected from 0{7 to 0{8 �g mL�1

for CA and EA, individually.
After improving the inclusive circumstances,

second-order multivariate calibration performances
were employed to examine the CA and EA spectra for
their simultaneous measurement. The primary stage is
to plan and generate a calibration matrix (samples)
� uorescence � concentration of -CD), which is
exploited for model training. Randomly, ten binary

standard solutions were designated. The analytes
concentrations were between 0{7 and 0{8 �g mL�1 for
CA and EA, individually. The con�gurations of cali-
bration mixtures are o�ered (Table 1). Randomly, the
fabricated model was authenticated with 6 synthetic
binary mixtures preferred (Table 2). The applicability
of the model has also been studied for simultaneous CA
and EA analysis in real samples.

4.4.2. Analytes spectral performance accompanied
with data pretreatment

Figure 3 shows the normalized pro�les of pure CA
and EA recorded under optimum circumstances. The
spectra display an extraordinary degree of overlap
between CA and EA uorescence peaks. Such an
overlapping degree obstructs these analytes analysis in
their mixture by the traditional univariate technique.
To overcome this obstacle, a separation done through
a mathematical process can be employed based on
chemometrics techniques. To this end, second-order
data such as the concentration of -CD-resolved uo-
rescence data matrices were reached and treated with
BLLS/RBL, attaining the second-order advantage.

For the data with no planned pre-processing, in
the present case, the 3-way data in the form of samples
� uorescence � concentration of -CD were gathered
into 3 data cubes called calibration set (size 10�51�5
(I � J �K)), validation set with the dimension of 6�
51 � 5 (I � J �K), and real samples of size 4 � 51 �
5(I � J �K) making 2550, 1530, 1020 data points for
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Table 2. \Calibration samples" for prediction by BLLS/RBL method.

Ca�eic acid (�g mL�1) Ellagic acid (�g mL�1)
Samples no.

(type of interference)
Real

concentration
BLLS/RBLa

Result
Real

concentration
BLLS/RBL

Result
1 (1 �g mL�1 vanillic acid) 5.50 5.40 (98.10) b 0.00 0.00 ({)
2 (1 �g mL�1 ascorbic acid) 0.00 0.00 ({) 4.50 4.40 (97.00)
3 (1 �g mL�1 gallic acid) 4.50 4.50 (100.00) 1.50 1.50 (100.00)
4 (1 �g mL�1 coumaric acid) 1.50 1.60 (106.60) 6.00 5.90 (98.30)
5 (1 �g mL�1 ferulic acid) 3.00 2.90 (96.60) 2.50 2.40 (96.00)
6 (1 �g mL�1 p-hydroxy benzoic acid) 2.50 2.50 (100.00) 5.00 5.10 (102.00)
RMSEP (�g mL�1) { 0.07 { 0.08
Mean recovery { 100.20 { 98.60

a BLLS/RBL (2 analytes + 0 interferences); b Recovery in parenthesis.

Figure 3. The normalized pro�les of pure CA and EA,
recorded under the optimum conditions: (a) Emission
pro�le and (b) normalized -CD concentration pro�le.

each system. The present investigation displayed the
uorescence of EA and CA variations upon variation in
the concentration of -CD. Second-order multivariate

calibration employing BLLS/RBL was done using the
MVC2 program. Before running MVC2, the spectral
data were kept in a particular setup, which is well-
matched with MVC2.

4.4.3. Prediction of CA and EA in the calibration set
Because of inadequate space, 3 data sets in the cali-
bration set (Table 1) are as follows: 1, 7, and 9 are
shown in Figure 4(a), (b), and (c). At �rst, the 3-
way calibration data set was vectorized and unfolded
in the sample direction to a size 10 � 255 matrix
and BLLS/RBL was employed to model the data.
The analyst's concentrations were identi�ed and each
analyte sensitivity vector was measured according to
Eq. (2). By matricizing each sensitivity vector and
applying SVD to it, each analyte pure pro�le was
acquired. The calibrated analytes number and pre-
dictable interferences in BLLS/RBL modeling were set
to 2 and 0, respectively. The interference number was
supposed to be 0 because binary calibration mixtures
were free from any interferences. After the model
development, it can be exploited to estimate analytes
concentrations in calibration, test, or any unknown
samples consistently in the presence of interfering
species. All �gures of merit for the projected methods
are projected in Table 1 where the net-analyte signal
concept was employed [4]. In Table 1, RMSEC was
considered as an indicator of the model accuracy. The
calculated RMSEC values for the calibration set were
0.07 and 0.07 �g mL�1 for CA and EA, respectively.
Low RMSEC values for the calibration set illustrated
that the predictive ability of the BLLS/RBL model was
appropriate. Sensitivity rates were computed as 2e+002

and 1.1e+002 a.u. mL �g�1 for CA and EA, respec-
tively. Thus, it can be comprehended based on the
consequences that the present model is very sensitive
to the simultaneous quanti�cation of CA and EA. In
addition, from the selectivity result, it can be perceived
that the current model is very selective for determining
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Figure 4. Calibration sample graphs: (a) Calibration 1, (b) calibration 7, (c) calibration 9, and (d) pomegranate juice 1.

CA and EA simultaneously. As implied earlier, a very
noble �tting was achieved for both components. This
fact reects the high calibration power of the model.

4.4.4. Prediction in validation samples
The validation set was employed to survey the capabil-
ity of the exploited procedure to determine CA and
EA in the presence of interferences such as vanillic
acid, ascorbic acid, gallic acid, coumaric acid, ferulic
acid, and p-hydroxybenzoic acid (Table 2). The
interference number of components was considered as
1 in samples in BLLS/RBL method. The outcomes
of 6 validation samples are presented in Table 2 and
Figure 5. Current technique can be used to predict the
analytes concentration in mixtures. The RMSEP was
deliberated as statistical factors to display the accuracy
of consequences, as shown in Table 2. The calculated
RMSEP values for the validation set were 0.07 and 0.08
�g mL�1 for CA and EA, respectively. The RMSEP
results represent excellent values.

4.4.5. Prediction in real samples
The fruit juice samples were kept at 4�C before usage.
Each of fruit juice samples (5 mL) was centrifuged

for 20 min at 3000 rpm. Through a 0.45 �m pore
size membrane �lter, the supernatant was cleaned
and diluted to 50 mL. All of these real samples were
clear and no sediments or suspensions were identi�ed.
Lastly, accurate volume of each organized real sample
(10 mL) was investigated under the suggested process,
and the precise CA and EA concentrations in the
original samples were then measured with the aid of
BLLS/RBL as a 2-order calibration technique. Figure
4(d) displays the 3D plot of pomegranate juice.

Our main goal in the present survey was the
simultaneous quanti�cation of CA and EA with in-
tensely overlapped spectra in real samples which cover
uncalibrated interferences. Now, the BLLS/RBL per-
formance capability to study real samples was studied.
Real samples containing 4 types were deliberated, and
to check the applied method accuracy, the concentra-
tions of the known analytes were spiked in certain
samples, as described in Table 3, and the analyte
recovery were considered.

By exploiting BLLS/RBL in the data analysis,
the interference numbers for real samples were set
as 1 and the outcomes were assumed, as given in
Table 3. Perfect recoveries for all the spiked samples
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Figure 5. The resolved pro�les from BLLS/RBL for the validation sample number 5.

Table 3. \Real samples" for prediction by BLLS/RBL and HPLC methods.

Samples
BLLS/RBLa HPLC

Spiked (�g mL�1) Predicted (�g mL�1) Recovery% Predicted (�g mL�1)
Ca�eic

acid
Ellagic

acid
Ca�eic

acid
Ellagic

acid
Ca�eic

acid
Ellagic

acid
Ca�eic

acid
Ellagic

acid
Purple grape juice

NO. 1 { { 1.00 2.00 { { 0.90 2.00
NO. 2 2.00 { 2.95 2.00 97.00 { 3.00 2.01
NO. 3 2.00 2.00 3.10 3.98 105.00 99.00 3.00 3.98

Strawberries juice
NO. 1 { { 3.02 2.00 { { 3.00 1.98
NO. 2 1.00 { 4.12 2.00 110.00 { 4.10 1.99
NO. 3 1.00 2.00 3.98 4.01 96.00 100.00 3.99 4.00
NO. 4 2.00 1.00 5.05 2.99 101.50 99.00 4.99 3.02

Apple juice
NO. 1 { { 5.00 2.00 { { 4.99 1.99
NO. 2 1.00 1.00 6.01 3.05 101.00 105.00 5.98 2.99
NO. 3 1.00 { 5.98 2.03 98.00 { 5.97 2.01
NO. 4 { 1.00 5.00 2.93 { 93.00 4.98 2.99

Pomegranate juice
NO. 1 { { 1.50 4.50 { { 1.50 4.50
NO. 2 2.00 1.00 3.40 5.55 95.00 105.00 3.50 5.48
NO. 3 1.00 1.00 2.50 5.49 100.00 99.00 2.49 5.48

a BLLS/RBL (2 analytes + 1 interferences).

were detected. The analytes recovery was considered
according to Eq. (11):

%Recovery =
hp � hreal
hadded

� 100; (11)

where hp is predicted concentration (sum of real con-
centration and added amount), hreal the real sample

concentration without any added amount, and hadded
the concentration amount which is added to real the
concentration.

Figure 6 exhibits the achieved pro�les for each
analyte along with the interference pro�le. Consid-
ering the provided spectra presented in Figure 6, the
high similarity between the attained analytes spectral



1316 M. Abedi et al./Scientia Iranica, Transactions C: Chemistry and ... 29 (2022) 1308{1318

Figure 6. The resolved pro�les from BLLS/RBL for the
pomegranate juice (An1:CA, An2:EA).

pro�les and their real pro�les (Figure 3), regardless
of the complexity of the studied matrix, demonstrated
the reliability and accuracy of the proposed approach,
which is a fully employed second-order advantage.
Moreover, the data were investigated by PARAFAC
whose consequences were compared with BLLS/RBL
in the supplementary information.

4.4.6. Real samples HPLC analysis
To prove the capability of the current performance
in samples to determine CA and EA phenolic acids
simultaneously and to approximate the result of the
sample matrix on the analytes recovery, the analysis of
the fruit juice samples was conducted. The HPLC con-
sequences acquired were compared with those achieved
from BLLS/RBL. The predicted CA and EA concen-
trations are shown in Table 3 and the chromatograms
are presented in Figure 7. The results show no
substantial di�erences between the reference method
(HPLC) and the approach designated in the current
case. The exceptional combination of original analyses
and outcomes of high-resolution measurable procedures
with a great prospective for upcoming surveys would be
exploited [26{32].

5. Conclusion

A robust technique for the simultaneous quanti�cation
of CA and EA in fruit juice examples from uorescence
spectra in 80% ethanol-water mixed solvents using
BLLS/RBL was established. Until now, numerous
approaches have been exploited for the fabrication of
second-order data. This investigation described the
utilization of -CD complexes as an original attitude to
generate 3-way data, jointed with 2-order calibration
based on the BLLS/RBL algorithm, employing the
second-order advantage. This combination can be

Figure 7. Pure chromatogram for (a) 3 �g mL�1

solutions of EA and CA and (b) for sample of apple juice.

e�ectively implemented for multicomponent quanti�ca-
tion in the presence of unexpected sample matrix com-
ponents. Second-order calibration approaches could
expect exact concentrations and a sensible resolution
of spectral pro�les for the analytes of interest from any
uncalibrated interferences on account of \second-order
advantage". The projected technique was e�ectively
exploited to measure CA and EA simultaneously in
the spiked fruit juice samples with high recoveries
and low prediction errors. It was also employed to
analyze real fruit juice samples with the results close
to those obtained by the HPLC technique. Although
only applied to quantify simultaneously CA and EA
in fruit juice samples as designated in this paper, the
advanced second-order data species may be normally
appropriate to measure simultaneously other analytes
in foodstu�s using second-order calibration algorithms
or other chemometric performances.
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