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� Mesalazine is determined by
spectrophotometry using a furan
ring-opening reaction.

� Mesalazine is selectively assayed
with a wide linearity range (155-
fold).

� CCD study showed that absorbance is
dependent to the interactions of the
parameters.

� 1H NMR studies showed that the
colored product is being changed to a
cyclic isomer.

� Density functional theory shows that
the colored product is excited locally.
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a b s t r a c t

A novel and efficient non-azo formation based method was developed for trace sensing of mesalazine
(MES), a pharmaceutical aromatic amine. MES was simply coupled with a Meldrum’s activated furan
(MAF) reagent via a furan ring opening reaction to form a colored product. The intense purple colored
solution was detected at 575 nm. The reaction of MES with MAF was monitored by employing 1H
NMR spectroscopy and mass spectrometry. In addition, density functional theory (DFT) was applied to
optimize the structure of the colored product and its kmax (the wavelength of maximum absorbance)
in dimethyl sulfoxide and water. The colored product was considered in three possible structures, and
the most possible structures in dimethyl sulfoxide and in water were identified by employing the DFT
calculations. Both of the most possible structures indicated only a local excitation in their kmax and no
charge transfer was observed. However, one of the structures in dimethyl sulfoxide presented charge
transfer properties occurring through NAC@CAC moiety. A univariate optimization method was also
used to attain the optimum condition for analysis. In addition, the dependence of the analytical response
on the three main affecting parameters (reaction time (X1), Triton X-100 concentration (X2) and MAF con-
centration (X3)) was identified by employing a central composite design (CCD) approach. The CCD study
showed that the analytical response depends complexly on the parameters. Beer’s law was obeyed within
the range of 0.06–9.30 lg mL�1 of MES (155 fold linearity) at 575 nm, under the optimum condition
introduced by the CCD approach. Also, the limit of detection was obtained 0.04 lg mL�1 of MES. The
method showed precision (as relative standard deviation) and accuracy (as recovery) within the ranges
of 0.6–3.2 % and 96.3–100.8%, respectively. Various organic and inorganic species, amino-
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pharmaceuticals, and amino acids were tested to evaluate the selectivity of the method. The selectivity of
the analytical method was satisfactory. The method was successfully applied for detection of MES in var-
ious water matrices and pharmaceutical tablets.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The colored products during the ring opening reactions of furan
derivatives were first described by Stenhouse [1]. This type of reac-
tion was used for the assay of furfural in food products by Winkler
in 1955 [2]. In the Winkler method, furfural or hydroxymethylfur-
fural (HMF) is mixed with barbituric acid and para-toluidine to
undergo a stepwise reaction. The basic Winkler method was mod-
ified for efficient assay of furfural and HMF in various food samples
[3,4]. However, para-aminobenzoic acid was preferred more than
para-toluidine (para-toluidine is a carcinogen) [3]. Many furan
ring-opening reactions have been performed, and physical and
optical properties of their products were studied [5–15]. In 2000,
a Meldrum’s activated furan (MAF) compound reacted with some
cyclic secondary aliphatic amines to prepare a pair of products
[5]. This type of reaction was studied again (in 2014) when a
new class of T-type organic photochromic molecules named
donor–acceptor Stenhouse adducts (DASAs) were prepared [6,7].
Various donors and acceptors were employed in this type of reac-
tion [8,10,11,14,15]. Beside the studies, the analytical importance
of the reaction type was also considered when MAF was grafted
on amine-functionalized polycarbonate surfaces through DASAs
formation reaction for colorimetric sensing of secondary amines
in tetrahydrofuran (THF) [12]. Analytical assay using MAF was con-
tinued when appropriate amines were detected in THF, on solid
supports and in gas phase [9]. The first example of amine sensing
in aqueous solutions by employing this type of reaction was
reported when poly (oxa-norbornene) backbones were used. The
obtained limit of detection (LOD) for n-butylamine, diethylamine,
indoline and p-methoxyaniline were 10, 20, 20 and 100 lg mL�1,
respectively [16]. A true efficient classical analytical approach for
selective sensing of an amine in aqueous solutions based on the
ring opening furan reaction has not been reported so far.

Mesalazine (MES) is a medicine which is used to cure Crohn’s
disease and inflammatory bowel disease. MES has been known as
a powerful scavenger for reactive oxygen species. Thus, it has an
important role in the pathogenesis of inflammatory bowel disease
and impairment of neutrophil function. In addition, MES inhibits
natural killer cell activity and antibody synthesis, and also affects
the cyclooxygenase and lipoxygenase pathways. It is a safe drug
with very few adverse effects and good tolerances [17,18]. Due to
its medicinal importance, MES has been assayed employing high-
performance liquid chromatography (HPLC) [19–21], electrochem-
istry [22–29], capillary electrophoresis [30,31], chemilumines-
cence [32] and spectrofluorometry [33–35]. However, the sensing
methods suffer some difficulties and limitations on selectivity
[24], sensitivity [24,32], limit of detection [19], speed of analysis
[34] and cost [19–21,30,31].

Colorimetric methods are generally simple, cheap, and are
widely accessible for quality control. However, the methods may
suffer some drawbacks and limitations on sensitivity, selectivity,
analytical time, accuracy, reproducibility, cost of the reagents and
sample manipulation protocol (including heating, cooling, control
of temperature, and extraction or clean-up steps) [36–39]. MES,
as an aromatic amine, is diazotized and then, appropriately forms
an azo dye to develop a colorimetric approach [36]. Some of the
other types of MES colorimetric methods use vanillin and Folin-
Ciocalteu reagent [36], alizarin red sulfonate and 1,2-
2

naphthoquinone-4-sulfonate [37], 7-chloro-4,6-dinitrobenzofurox
ane [40] and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) [21].
Development of a colorimetric procedure for MES assay having
low sample manipulation and cost, and with high sensitivity and
selectivity is very important. In addition, simple and cheap prepa-
ration of an appropriate chromogenic reagent in order to develop
an analytical method is highly desirable. Meldrum’s acid is easily
synthesized using a condensation reaction between malonic acid
and acetone in the presence of acetic anhydride and sulfuric acid
[41]. On the other hand, furfural, a well-known and cheap bypro-
duct compound prepared from the acidic process of biomass, is a
commercially available starting material for many useful syntheses
[42]. Furfural condenses safely with Meldrum’s acid in water at
70 �C in good yield to form MAF.

Through the last two decades, density functional theory (DFT)
approach has been widely used to predict and explain some phys-
ical, chemical and biological properties of materials and biomateri-
als. DFT provides low cost computations and prepares reasonable
results in comparison with the other ab initio methods [43]. Along
with the widespread applications of DFT methods, time dependent
DFT (TDDFT) approach has special importance for studying the
excited states of molecules; especially vertical electronic excita-
tions which are essentials for UV–Vis spectra [44].

The present work has studied the reaction of MES with MAF for
understanding some spectrochemical properties of the formed col-
ored product and analytical importance of the reaction. Along with
the experimental studies, DFT and TDDFT calculations have been
employed to study the vertical electronic excitations of the colored
product. The affecting parameters on MES-MAF reaction were
identified and then, the CCD method as a powerful chemometric
approach has been applied to define a mathematical equation.
According to the MES-MAF reaction in an aqueous mixture of Tri-
ton X-100 and sodium acetate, a colorimetric approach has been
developed for sensing of MES in pharmaceuticals and water sam-
ples (Scheme 1). Important features of the method such as simplic-
ity, sensitivity, selectivity, analysis time and economics have been
investigated. The method is the first applicable and efficient furan
ring-opening reaction based analytical method for assaying of a
primary aromatic amine in aqueous media. The other furan ring-
opening based methods have only been successful in detection of
secondary amines in organic or gaseous samples [9,12].
2. Experimental section

2.1. Apparatus

UV–vis spectra were recorded by utilizing a Shimadzu double
beam spectrophotometer model UV-1650 PC equipped with a pair
of matched quartz cells with 10.0 mm path length (Hellma). Absor-
bances were measured at 575 nm by a single beam spectropho-
tometer Jenway model 6305. Structure of appropriate
compounds were identified by 1H NMR spectroscopy (INOVA-
500) using DMSO d6 as solvent. Chemical shifts were given in
ppm (d) relative to TMS as an internal standard. Coupling constants
(J) were also reported in Hertz. Thin layer chromatography was
carried out using commercially available Merck F254 aluminum
backed silica plates. Melting points (un-corrected) were measured
with a Stuart SMP-3 apparatus. Mass spectra were recorded with



Scheme 1. Reaction of MES with MAF.
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an Agilent Technology (HP) 5973 Network Mass Selective Detector
mass spectrometer operating at an ionization potential of 70 eV.
Ultrasonic bath (Bandeline model Sonorex Digiplus DL 102H) was
used to disperse and dissolute the reagents. Rotary vacuum evap-
orator (4011 Digital, Heidolph Company, Germany) and hotplate
magnetic stirrer (Heidolph MR 3001 K) were also employed.
2.2. Reagents and solutions

THF, ethanol, hydrochloric acid, sodium acetate (NaOAc),
sodium dodecyl sulfate (SDS), Triton X-100, furfural, barbituric
acid, 2-thiobarbituric acid and 1,3-dimethylbarbituric acid were
purchased from Merck (Germany). Cetylpyridinium chloride
(CPC) and MES were purchased from Loba-Chemie (India) and Alfa
Aesar (Germany), respectively.

Meldrum’s acid was synthesized according to a previously
reported procedure by a condensation reaction between acetone
and malonic acid in acetic anhydride and sulfuric acid [41]. 5-(2-
Furylmethylene)-2-thioxo-1,3-dihydropyrimidine-4,6-dione
(TBAF), 5-(2-furfurylidene)barbituric acid (BAF), 5-(furan-2-ylme
thylene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (DiBAF)
and MAF (in Scheme 2) were synthesized according to the reported
procedures [6,45,46]. Briefly, furfural (2 mmol) was added to a stir-
red aqueous solution of barbituric acid (2 mmol) or 2-
thiobarbituric acid (2 mmol). After 5 min (1 hr in case of 2-
thiobarbituric acid), the produced solids were isolated by a simple
filtration and then, were dried [45,46]. For preparation of DiBAF, an
aqueous dispersion of 1,3-dimethylbarbituric acid (10.5 mmol)
was reacted with furfural (10 mmol) at room temperature (20 �C,
2 h). In case of MAF, reaction between Meldrum’s acid (10.5 mmol)
and furfural (10 mmol) was performed at 75 �C for 2 h. The crude
DiBAF and MAF solid products were filtrated and washed with cold
deionized water. Then, the solids were dissolved in CH2Cl2 and
then, washed sequentially with a saturated aqueous solution of
NaHSO3, water, a saturated aqueous solution of NaHCO3 and brine.
Then, the organic layer was dried over CaCl2 and filtered. Finally,
the organic solvent (CH2Cl2) was evaporated to give DiBAF and
MAF as the pure bright yellow powders [6].
Scheme 2. Chemical structures o
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Standard stock solution of 500 mg mL�1 of MES was prepared in
dilute hydrochloric acid. The fresh different concentrations of
DiBAF and MAF were prepared in ethanol or THF by keeping soni-
cation for 10 min. The solutions of the surfactants were prepared in
deionized water.

All analytical experiments were carried out at room tempera-
ture. All of the other solvents and materials used were purchased
from commercial suppliers and were used as received. Deionized
water was used throughout all of the appropriate dilutions.
2.3. Analytical procedure

Sample solution (7.5 mL), 150 lL of NaOAc 2.0 mol L�1, 1.5 mL
of Triton X-100 aqueous solution (20.0%, wt/v) and 0.5 mL of MAF
solution in ethanol (4.0 � 10–2 mol L�1) were added to a 10 mL vol-
umetric flask. The reaction mixture was made up to the mark with
deionized water. The solution was allowed to stand for 10 min at
room temperature prior to absorbance measurement at 575 nm
against the appropriate blank (in the absence of MES). The net
absorbence was used to assay MES by using the appropriate cali-
bration equation.
2.4. Sample preparations

Four tablets (equivalent to 500 mg of MES in each tablet) were
weighed and their average weight was estimated and ground to a
homogeneous fine powder in a mortar. A quantity of powder
equivalent to 100 mg of the drug was transferred to a 50 mL volu-
metric flask and dissolved in 20 mL of 0.1 mol L�1 HCl by ultrason-
ication for 30 min. The solution was filtered, and the filter paper
was washed with 10 mL of 0.1 mol L�1 HCl. The solution was added
to the filtrate and the final volume was made up to 50 mL with
deionized water [23]. After appropriate dilution, the analytical pro-
cedure was obeyed.

Tap, lake and river water samples were collected from Ardabil
tap water, Shorabil Lake and Baliqly Chay river. All of the water
samples were immediately filtered by Whatman filter paper no.
40 before use.
f TBAF, BAF, DiBAF and MAF.
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2.5. Central composite design (CCD) analysis

The MINITAB statistical package (Minitab Inc. Release 17.0)
software was employed for data analysis and corresponding dia-
gram plotting.
3. Results and discussion

3.1. Characterization of the colored product

According to previously reported results on the reaction
between MAF and amines [5–15], it is expected that the colored
compound 1 could be formed by the reaction of MES and MAF.
Fig. 1 displays the proposed mechanism for this transformation.
The reaction starts with the nucleophilic attack of MES to MAF to
form the intermediate I [47,48]. This intermediate undergoes ring
opening reaction to produce the intermediate II. Intramolecular
proton transfer in the intermediate II generates the colored pro-
duct 1. The loss of color over time can be attributed to the cycliza-
tion of the colored molecule 1 [1]. Accordingly, compound 1
undergoes intramolecular cyclization over time to produce a color-
less compound 2 [49].

Since the reaction of primary anilines and primary aliphatic
amines with MAF produces unstable and inseparable products
[6], the formation of colored compound 1 and colorless compound
2 is confirmed by examining the 1H NMR spectrum of the mixture
of MES and MAF in deuterated DMSO. For this purpose, both of the
MAF and MES were mixed together in deuterated DMSO. Then, 1H
NMR spectroscopy was carried out in the first 5 min and also after
one hour. Fig. 2b depicts some significant 1H NMR signals of the
MES-MAFmixture within the first 5 min and also after 1 h reaction.
The e, f, g, h and OH-enol signals are attributed to the colored com-
pound 1, while the i, j, k, l and m signals can be related to the col-
orless cyclic form 2 [50]. As shown in Fig. 2b, the integrals of the
NMR signals of the compound 2 within the first 5 min are negligi-
ble, but after one hour the signals associated with the compound 2
increase. These observations are consistent with the changes in the
UV–vis spectrum of the MES-MAF mixture over time. This change
in UV–vis absorption spectrum (Fig. 2a) can be attributed to the
conversion of the colored compound 1 to the colorless cyclic form
2. The formation of the expected products was also confirmed by
employing the mass spectrometric analysis (Fig. S3).
Fig. 1. The proposed mechanism for the formation of compou
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3.2. Results of DFT studies

The possible structures of the colored product 1 obtained from
the reaction between MAF and MES were optimized by DFT
method. Accordingly, xB97 functional with long range (LC) and
exact local exchange corrections were applied with 6–31++G
(3df,3pd) basis set [51–53]. For all calculations, the GAMESS quan-
tum chemistry program was applied [54]. After a gas phase opti-
mization, the calculations were continued in the solution using
the polarizable continuum model containing integral equation for-
malism (IEFPCM) in conjunction with the solvation model based on
density (SMD) approach in DMSO and water as solvents [55,56].
Three different structures of product 1 (Fig. 3) were considered
for the computational studies. As can be seen, A and B forms are
tautomers of each other, and A and C forms are conjugated acid-
base forms. The optimized structures of these molecules are pre-
sented in Fig. 4. After that, time dependent density functional the-
ory (TDDFT) was exerted to study the vertical excitations of the
forms [57]. Table 1 shows the complete obtained results as brief.
Also, the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) of these different forms
of product 1 are shown in Table 2. Further, in order to determine
the types of the electronic excitation (local or charge transfer),
the wavefunctions of these forms were analyzed by Multiwfn pro-
gram [58].

MES and sulfasalazine are two compounds containing salicylic
acid moieties. The compounds show pKas related to ACOOH acidic
groups on their salicylic acid moieties as 2.30 and 2.81 in water at
25 �C, respectively [59,60]. According to the pKas, the compounds
in aqueous solutions are present preferably as anions (salicylate).
Product 1 has a salicylic acid moiety similar to those of MES and
sulfasalazine. Thus, product 1 is strongly accepted to be present
as an anion in aqueous sodium acetate solution (form C). In addi-
tion, salicylic acid has a dissociation constant (pKa) equal to 6.6
in DMSO [61]. Thus, product 1 in DMSO is strongly accepted as
form A. On the other hand, the basic concepts of hydrogen transfer
in tautomerism predict that hydrogen transfer from nitrogen of
MES moiety to oxygen of Meldrum’s acid moiety in product 1
has low probability [62,63]. According to the statements, the most
possible forms of product 1 in DMSO and sodium acetate aqueous
solutions are form A and form C, respectively.
nd 1 and 2 through the reaction between MES and MAF.



Fig. 2. Reaction with time: a) Absorption spectra of MES-MAF mixture after 5 and 60 min in DMSO and b) 1H NMR spectra of MES-MAF mixture after 5 and 60 min in
DMSO d6.

Fig. 3. Considered different forms of product 1.
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The results obtained by the TDDFT analysis in DMSO including
the length of charge transfer (LCT) through the electronic excita-
tion from HOMO to LUMO are also reported in Table 1. The dis-
5

tance for charge transfer of form A is shorter than a normal C@C
bond length of this form (1.37 Å). Thus, it is concluded that excita-
tion of this form at kmax does not exhibit a charge transfer charac-



Fig. 4. The optimized structures of product 1 in different forms (A–C).

Table 1
Details of TDDFT calculations results for different forms of product 1 (A–C).

Molecule Calculated kmax (nm) f mg (Debye) me (Debye) transition LCT (Å)

AD 490.7 1.1511 4.88 15.30 HOMO(p) ? LUMO(p*) 0.382
BD 332.1 1.0370 15.89 21.78 HOMO(p) ? LUMO(p*) 2.397
CD 526.8 1.1850 28.89 20.69 HOMO(p) ? LUMO(p*) 2.525
CW 508.9 1.1970 29.02 21.34 HOMO(p) ? LUMO(p*) 0.978

AD-CD: the results obtained for different forms of product 1 in DMSO.
CW: the results obtained for form C in water.
f is the oscillator strength; mg is dipole moment of the ground state; me is dipole moment of the excited state.
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Table 2
Orbital structures of HOMOs and LUMOs for different forms of product 1.

Form HOMO LUMO

AD

BD

CD

CW

AD-CD: the shapes of HOMOs and LUMOs obtained for different forms of product 1 in DMSO.
CW: the shape of HOMO and LUMO obtained for form C in water.
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teristic and it is taken place a local p ? p* excitation. However,
form B can exist in DMSO with LCT larger than C@C bond length
through NAC@CAC moiety, see Tables 1 and 2. Therefore, the
charge transfer can occur only in a form with less possibility (form
B). The shapes of HOMO and LUMO for form B in Table 2 confirm
the fact. Otherwise, in DMSO both LCTs and the shapes of HOMOs
and LUMOs in Tables 1 and 2, confirm the charge transfer property
of the excitations for form B and form C.

Beside the shapes of HOMO and LUMO in Table 2, form C shows
a LCT less than 1.37 Å (in Table 1) in water. Thus, there is not
charge transfer property for the excitation.
3.3. Study on absorption spectra

Four different reagents from the group of activated furans
(TBAF, BAF, DiBAF and MAF) were synthesized [6,45,46] and tested
for reaction with MES. Preliminary experiments showed that TBAF
and BAF could form colored products with MES, but their solubili-
ties in aqueous micellar solutions, THF and ethanol were insuffi-
cient to develop a MES sensing method. In establishment of a
spectrophotometric procedure, solubility of the reagents and prod-
ucts in the final solution is essential. Thus, TBAF and BAF were not
considered for further studies.

The other reagents (DiBAF and MAF) were also tested. The
reagents formed colored products with MES having sufficient solu-
bility in the aqueous micellar solutions, THF and ethanol. Thus,
DiBAF and MAF were considered for further investigations.

Also, the tests showed that the presence of surfactants in the
media increases the absorbance of the solutions and offers more
stability for the formed products. Figs. 5–7 display the spectra of
the solutions (sample and blank) together with time correlation
of the measured absorbances. The surfactants applied were SDS
(an anionic surfactant), Triton X-100 (a non-ionic surfactant) and
CPC (a cationic surfactant). According to the spectra in Fig. 5, it is
observed that MAF causes more sensitivity than DiBAF in SDS
7

media (at their kmax). Also, Fig. 6 shows that in Triton X-100 solu-
tions, the colored product of MES-MAF reaction was more stable
than that of MES-DiBAF reaction. In Triton X-100 media, MAF
and DiBAF showed the same sensitivity, but less blank signal was
observed for MAF. Fig. 7a showed that the spectra of the sample
and blank solutions related to DiBAF reagent in CPC media were
the same. In CPC, MAF reacted with MES and formed a yellow col-
ored solution (a shoulder was observed in the UV–vis spectrum of
the sample and no kmax was observed). As we know, colorimetric
measurements at kmax offer some advantages on sensitivity, cali-
bration linearity and selectivity [64]. The net absorbance of the
sample solution was obtained at 431 nm in CPC media (inset graph
in Fig. 7b). The inset graph showed that the absorbance was
increasing with time (the kinetics of the MES-MAF reaction was
slow). Such the slow reaction kinetic causes limitation on the
speed of analysis.

The series of experiments compared different chromogenic
reagents and surfactants to make a decision on selecting the most
efficient chromogenic reagent and surfactant. For further experi-
ments, MAF and Triton X-100 were selected as the best chro-
mogenic reagent and surfactant, respectively.

The photoswitching reactions of the colored Stenhouse adducts
depend on the nature and composition of the solutions [6,7,42,50].
Therefore, the effect of light on MAF-MES reaction in Triton X-100
solutions was studied. Fig. 8 depicts the results of the experiments.
As can be seen, the sensitivity of the method does not depend on
the presence or absence of laboratory light during the experiments.
3.4. Univariate optimization method

In addition to the univariate method, many chemometric meth-
ods have been applied for optimization in analytical chemistry. The
methods process some experimental results using a computer pro-
gram to predict the optimum condition. The effects of parameters
on the analytical response are presented as an equation for some of



Fig. 5. Absorption spectra of the manipulated MES containing solutions in SDS
media using a) DiBAF and b) MAF. Condition: chromogenic reagent 1.0 mmol L�1,
SDS 1.0% (wt/v), MES 20.00 lg mL�1, THF 10% (v/v) and NaOAc 0.02 mol L�1.

Fig. 6. Absorption spectra of the manipulated MES containing solutions in Triton X-
100 media using a) DiBAF and b) MAF. Condition: chromogenic reagent 1.0 mmol
L�1, Triton X-100 1.0% (wt/v), MES 20.00 lg mL�1, THF 10% (v/v) and NaOAc
0.02 mol L�1.
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the chemometric approaches. In this research, both the central
composite design (CCD) optimization method and the univariate
method were used to optimize the condition of the MES detection
system. The results obtained by the univariate method prepared
some information about the relationship between the sensitivity
and the effective parameters. Also, the results of the univariate
optimization method were applied to define the ranges of the
parameters that must be considered during applying the CCD opti-
mization method. The univariate optimization method was applied
step by step. Every experiment was performed three times. The
absorbance was monitored at 575 nm when concentration of Tri-
ton X-100 as the solubilizing and stabilizing agent was varied.
The results of the experiment are shown in Fig. 9a. As can be seen,
the best sensitivity was obtained when Triton X-100 had a concen-
tration of 2.0% (wt/v). Thus, 2.0% (wt/v) was selected as the opti-
mum concentration of Triton X-100.

The concentration of MAF was changed and absorbance was
detected. The results in Fig. 9b show the dependency of absorbance
on the MAF concentration. The results show that the optimal con-
centration of MAF was 2.0 mmol L�1.
8

NaOAc as the major constituent in the final solution not only
normalizes matrix of the solution but also controls the pH of the
solution. The concentration of NaOAc was varied and the sensitiv-
ity was investigated. The obtained results in Fig. 9c show that
0.030 mol L�1 of NaOAc caused the best sensitivity. Thus,
0.030 mol L�1 of NaOAc was chosen for the next optimization
steps.

THF has been used as co-solvent in preparation of the stock
solution of MAF. Thus, THF is present in the final solution prior
to the measurement of absorbance. Ethanol as a common water
miscible solvent was also examined in the preparation of the
MAF stock solution. Different volumes of ethanol or THF were
added to the final solution, separately, while the final concentra-
tion of MAF was constant (2.0 mmol L�1). The results have been
shown in Fig. 10a. The results show that the sensitivity is inversely
dependent on the volume of the organic solvent added. The results
also reveal that ethanol offers more sensitivity against THF. Thus,
the lowest possible volume of ethanol (0.5 mL) was selected for
further experiments.

The reaction period between MAF and MES was changed and
absorbance was monitored. The results of the study are given in



Fig. 7. Absorption spectra of the manipulated MES containing solutions in CPC
media using a) DiBAF and b) MAF. Condition: chromogenic reagent 1.0 mmol L�1,
CPC 1.0% (wt/v), MES 20.00 lg mL�1, THF 10% (v/v) and NaOAc 0.02 mol L�1.

Fig. 8. Effect of light on the absorbance of the solution. Condition: MAF 0.5 mmol
L�1, Triton X-100 1.0% (wt/v), MES 10.00 lg mL�1, THF 10% (v/v) and NaOAc
0.01 mol L�1 at room temperature.

Fig. 9. Effect of: a) Triton X-100, b) MAF and c) NaOAc on the sensitivity of the
method. Condition for (a): MES 17.5 lg mL�1, NaOAc 0.04 mol L�1, MAF 1.5 mmol
L�1, THF 10% (v/v) and reaction period of 6 min. Conditions were consecutively
changed for the study of the other parameters according to the univariate
optimization method.
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Fig. 10b. As seen, the greatest sensitivity has been attained after
10 min.

A 10 min reaction period was considered and the effect of ionic
strength was investigated. The results in Fig. 10c showed that the
lowest ionic strengths caused the greatest sensitivity.
3.5. CCD method for studying MES-MAF reaction

In order to evaluate the dependence of absorbance on the
affecting factors and to understand how the parameters interact
with each other, the CCD chemometric method was applied. The
modeling was established for three factors involving five levels
[65].

The involved factors with the true and encoded quantities at
diverse levels are shown in Table S1. A fixed concentration of



Fig. 10. Effect of: a) Co-solvent, b) Reaction period and c) NaCl on the sensitivity of
the method. Condition for (a): MES 17.5 lg mL�1, NaOAc 0.03 mol L�1, MAF
2.0 mmol L�1, Triton X-100 2.0% (wt/v) and reaction period of 6 min. Conditions
were consecutively changed for the study of the other parameters according to the
univariate optimization method.
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MES (8.75 mg mL�1) was used through all the experiments. Table S2
lists the CCD matrix in 39 experimental runs for these variables
and responses. The results of the analysis of variance (ANOVA)
and P-values by the CCD optimization procedure are presented in
Tables 3 and 4. The polynomial equation which describes the
absorbance of the solution in terms of significant variables is:

A ¼ Constant � b1X1 þ b2X2 þ b3X3 � b11X
2
1 � b22X

2
2

þ b12X1X2 � b13X1X3‘ þ b23X2X3 ð1Þ

The ANOVA results in Tables 3 and 4 revealed that the model is
highly significant. The good predictability of the model shows that
10
the lack of fit is insignificant. The value of determination coefficient
(R2 = 0.8585) also indicated that the fitting is well. Finally, based on
ANOVA, the reliability of the model was concluded. According to
Equation (1), X1, X2 and X3 factors linearly affect the response. Also,
the squares of X1 and X2 are significant. In addition, it was found
that the interactions of X1, X2, and X3 with each other affect the
response. Three-dimensional response surfaces in Fig. 11 clearly
illustrate the obtained outcomes. CCD predicted the optimal values
of time, and Triton X-100 and MAF concentrations. They were
10.0 min, 3.0% (wt/v) and 2 � 10-3 mol L-1, respectively.

MES at the concentration of 8.75 lg mL�1 was selected and two
series of experiments were conducted. Initially, the univariate opti-
mization condition was applied. The measured absorbance was 0.
710 ± 0.034 (n = 8). Also, some measurements were conducted
when the condition proposed by the CCD method was applied.
The measured absorbance was 0.890 ± 0.031 (n = 8). The paired
t-test at 95% confidence interval confirmed the presence of a signif-
icant difference between the means of the both results. Thus, the
condition proposed by the CCD method was selected to be
employed in the subsequent experiments.

3.6. Analytical characteristics

The optimized condition (obtained by the CCD approach) was
applied and important analytical features of the method were eval-
uated. Initially, different concentrations of MES were prepared, the
procedure was obeyed and the absorbance of the solutions was
measured at 575 nm. A linear calibration plot was obtained within
the wide range of 0.06–9.30 lg mL�1 (Fig. S4).

To obtain the precision and accuracy of the method, different
concentrations of MES at 0.70, 1.00 and 8.40 lg mL�1 were tested.
Also, the reproducibility of the method for 1.00 lg mL�1 of MES
was investigated.

The minimum concentration of MES that can be detected (LOD)
is another important analytical index. LOD was obtained
0.04 lg mL�1 of MES when ten times repetitive analysis of blank
was performed. The important analytical characteristics of the
method are given in Table 5. Therefore, the satisfactory efficiency
of the MES sensing approach is validated.

3.7. Selectivity of the method

The effects of different species on the detection of MES were
investigated under optimum experimental conditions when the
other species were added individually. MES concentration was
2.00 lg mL�1 in all of the experiments. A specie was considered
as an interferent when it caused �±5% error on the MES concentra-
tion. The results in Table 6 indicated that the frequently added
cations, anions and organic chemicals did not interfere at 200-
fold (wt/wt) ratio. In addition, some pharmaceutical amines such
as procaine, procainamide, metoclopramide, sulfamethazine and
dapsone were also tested. The results showed that the pharmaceu-
tical amines did not cause considerable interferences on the MES
detection.

3.8. Sample analysis

Various pharmaceutical samples and three different water sam-
ples were tested to evaluate the applicability of the MES detection
method. In the analysis of water samples, 5.0 mL of the water sam-
ples (after filtration with Whatman filter paper no. 40) were
employed. The results of the study are reported in Table 7. MES
was not found in the water samples. Thereafter, the water samples
were spiked with two different concentrations of MES (1.0 and
5.0 mg mL�1) and were analyzed (n = 6) according to the analytical
procedure. The obtained recoveries and relative standard devia-



Table 3
Analysis of variance for the experiments in Table S2.

Source DFa AdjMSb Fc Pd

Model 10 0.157415 24.05 0.000
Blocks 1 0.028042 4.29 0.048
Linear 3 0.430996 65.86 0.000
Square 3 0.043242 6.61 0.002
Interaction 3 0.039551 6.04 0.003
Residual error 27 0.004259 – –
Lack-of-fit 18 0.005324 2.17 0.199
Pure error 10 0.006544 – –
Total 38 – – –
R2 0.8585 – – –

a Degree of freedom;
b Adjusted mean of squares;
c F test;
d Probability value.

Table 4
Analysis of variance (coded coefficients).

Term Coefficient SE Coefficienta T-valueb P-valuec

Constant 0.4281 0.0233 18.35 0.000
X1 �0.0099 0.0166 �0.60 0.556
X2 0.1302 0.0155 8.41 0.000
X3 0.1741 0.0155 11.25 0.000
X1X1 �0.0492 0.0166 �2.97 0.006
X2X2 �0.0473 0.0152 �3.12 0.004
X3X3 �0.0281 0.0152 �1.85 0.075
X1X2 0.0425 0.0202 2.10 0.045
X1X3 �0.0459 0.0202 �2.27 0.031
X2X3 0.0592 0.0202 2.93 0.007

a Standard error;
b t-statistics;
c Probability value.

Table 5
Analytical characteristics of MES assay method.

Slope of calibration curve 0.128

Intercept of calibration equation 0.006
Square of correlation coefficient (R2) 0.9981
Limit of detection (lg mL�1) 0.04
Linear dynamic range (lg mL�1) 0.06–9.30

Repeatability (RSD%)a:
0.70 lg mL�1

1.00 lg mL�1

8.40 lg mL�1

3.2
2.5
0.6

Recoverya:
0.70 lg mL�1

1.00 lg mL�1

8.40 lg mL�1

96.3
98.9
100.8

Reproducibility (RSD%)b:
1.00 lg mL�1 3.5
Recoveryb:
1.00 lg mL�1 100.6

± Amounts are standard deviations.
a For 8 replicate measurements;
b For 7 day period;

Table 6
Influence of foreign species on the detection of 2.0 lg mL�1 MES.

Foreign species (Wtspecies/
WtMES)

Mg(II), Ca(II), Ni(II), Fe(III), K(I), Na(I), Cl-, SO4
2-, H2PO4

- , NO3
�,

Serine, Glycine, Alanine, Methionine, Glutamic acid,
Leucine, Asparagine, Sucrose, Citrate, Procaine,
Procainamide, Metoclopramide

200a

Sulfamethazine, Glucose 200
L-Cysteine 100
Dapsone 50

a The maximum tested concentration. The ratio did not show any interference in
the mentioned level.

Table 7
Detection of MES in water samples.

Sample MES, mg mL�1 (n = 6) Recovery, %

Taken Found

Tap water – NDa –
1.00 0.96 ± 0.05 96.0
5.00 5.16 ± 0.12 103.2

River water – NDa –
1.00 1.02 ± 0.03 102.0
5.00 5.11 ± 0.17 102.2

Lake water – NDa –
1.00 1.03 ± 0.02 103.0
5.00 5.25 ± 0.18 105.0

a Non-determinable; ± Amounts are standard deviations.
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tions (RSDs) were in the ranges of 96.0–105.0 % and 1.9–5.2%,
respectively (Table 7). Different pharmaceutical tablets were also
analyzed. The results in Table 8 show satisfactory accuracy and
reproducibility of the method. The recovery of the method was
in the range of 99.3–102.3 %.

3.9. Comparison with the other spectroscopic MES sensing methods

The characteristics of the simple MES sensing method should be
compared with some of the previously reported methods to define
its analytical efficiency. The efficiency of the presented method has
been compared with some spectroscopic methods in Table 9. The
methods show some limitations on cost [21,37,40], simplicity
(condition must be precisely controlled) [36,66], LOD [37,40,66]
and linear dynamic range (LDR) [21,40]. The presented method
can be easily employed in a general laboratory for MES detection
in pharmaceutical and polluted water samples. In this method,
Fig. 11. Three-dimensional (3D) response surfaces obtained based on the model for optimization of chemical variables.
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Table 8
Analysis of MES in pharmaceutical preparations.

Sample Amount, mg tablet�1 (n = 4) Recovery, %

Taken Found

Sample 1a 500 497 ± 2 99.4
Sample 2b 500 511 ± 6 102.2
Sample 3c 500 505 ± 9 101.0

± Amounts are standard deviations.
a Tablet (500 mg); Iran hormone company; average mass of each tablet was 0.657 g.
b Tablet (500 mg); Chemidarou company; average mass of each tablet was 0.773 g.
c Tablet (500 mg); Arya company; average mass of each tablet was 0.698 g.

Table 9
Comparison of the MES analytical method with the other spectroscopic methods.

Characteristics of method kmax, nm LDRa, mg mL�1 LODb, mg mL�1 Samples Ref.

Colorimetry-uses DPPH radical 517 0.4–3 – Tablet [21]
Colorimetry-uses Folin-Ciocalteu reagent 655 1–30 0.004 Tablet [36]
Colorimetry-uses a Diazo-coupling reaction 510 1–15 0.006 Tablet [36]
Colorimetry-uses a Schiff base formation reaction 395 2–30 0.021 Tablet [36]
Colorimetry-uses ARS reagent 600 15–98 4.92 Tablet [37]
Colorimetry-uses NQS reagent 470 2–22 0.56 Tablet [37]
Colorimetry-uses 7-Chloro-4,6-dinitrobenzofuroxane 500 0.32–4.6 0.3 Urine [40]
Colorimetry-FIAc- uses o-coumaric acid 659 5–150 1.48 Tablet [66]
Fluorimetry-uses N/P-doped carbon dots 487d 0.076–19.9 0.02 Tablet, Blood [67]
Colorimetry-uses MAF reagent 575 0.06–9.3 0.04 Tablet, Water This work

a Linear dynamic range;
b Limit of detection; DPPH: 1,1-Diphenyl-2-picrylhydrazyl; ARS: Alizarin red sulfonate; NQS: 1,2-Naphthoquinone-4-sulfonate;
c Flow injection analysis;
d Emission wavelength.
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MAF is employed as a chromogenic reagent. MAF can be simply
prepared from furfural (a biomass derived reagent) as a starting
material.
4. Conclusions

Easy preparation of a chromogenic reagent from the natural
compounds for developing an analytical method is an advantage.
A simple, sensitive and selective colorimetric method was devel-
oped for MES sensing based on the coupling of MES with MAF.
The major reagent in the preparation of MAF was furfural (a bio-
mass derived reagent). The obtained NMR spectra at different
times revealed that the colored product was being converted to a
colorless isomer. The optimum condition obtained by the univari-
ate optimization method was employed to attain the best sensitiv-
ity. Besides applying the univariate method, the CCD method was
employed to obtain the dependency of the method sensitivity on
the affecting parameters. The CCD model was employed to discuss
the effects of the reaction parameters on the sensitivity of the
method. The study revealed that the response has been linearly
dependent to the concentrations of Triton X-100 and MAF. Further-
more, squares of the reaction period and Triton X-100 had negative
effects on the response. Also, the analytical response was depen-
dent on X1 X2, X1 X3 and X2 X3. The efficiencies of the optimum
conditions attributed to the CCD and univariate methods were
compared with each other and the optimum condition proposed
by the CCD method was chosen due to greater sensitivity.

DFT calculations were employed on three possible structures
attributed to the colored product. Neutral and anionic forms are
the most possible structures in DMSO and aqueous solutions,
respectively. TDDFT calculations indicated that the most possible
forms in the studied media are locally excited at their kmax. How-
ever, the TDDFT calculations on the other neutral form in DMSO
predicted that charge transfer is taken place through NAC@CAC
moiety.
12
The developed method showed a wide calibration range for
mesalazine. In addition, the method revealed high selectivity for
mesalazine against some common ions, biologically active materi-
als and pharmaceutical amines. MES was determined in different
water matrices and pharmaceutical samples using the analytical
method. The method is the first applicable sensing method for an
amine in aqueous solutions based on a furan ring-opening reaction.
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