GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/174528/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Abdallah, Nehad A., Al-Haidari, Rwaida A., Alsulaimany, Marwa and Simons, Claire 2024. Utilization of
azamacrocyclic ionophores as recognition elements for the potentiometric determination of gallic acid in
various matrices. Microchemical Journal 207 , 111804. 10.1016/j.microc.2024.111804
Publishers page: http://dx.doi.org/10.1016/j.microc.2024.111804
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Highlights

Utilization of azamacrocyclic ionophores as recognition elements for the potentiometric
determination of gallic acid in various matrices

Rwaida A. Al-Haidari 2, Marwa Alsulaimany 2, Claire Simons ®, Nehad A. Abdallah* & ¢

@ Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-
Madinah Al-Mounawarah 30078, KSA.

b School of Pharmacy and Pharmaceutical Sciences, Cardiff University, King Edward VII Avenue, Cardiff, CF10
3NB UK.

¢ Experiments and Advanced Pharmaceutical Research Unit, Faculty of Pharmacy, Ain Shams University, Cairo
1156, Egypt.

Highlights:

e Azamacrocyclic ionophores are utilized as recognition elements in electrochemical
Sensors.

e A comparative study was performed between cyclen, hexacyclen, and kryptofix-22
ionophores and their sensitivity to the drug approved by molecular docking.

e MWCNTSs/TiO2 nanocomposite was utilized an ion-to-electron transducer.

e The sensors were assessed following IUPAC guidelines.

e Feasible and time-saving application of the proposed sensors in different matrices was
conducted.



https://pubmed.ncbi.nlm.nih.gov/?term=Alsulaimany+M&cauthor_id=38150938

Figure3 Click here to access/download;Figure;Figure 3.tiff



https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905429&guid=6fed5972-1b7a-42d5-a9b3-0df856b89414&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905429&guid=6fed5972-1b7a-42d5-a9b3-0df856b89414&scheme=1

Figure4 Click here to access/download;Figure;Figure 4.tif



https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905430&guid=a4fc6ef4-7204-43d4-9f69-8321d289567f&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905430&guid=a4fc6ef4-7204-43d4-9f69-8321d289567f&scheme=1

Figure1

HO
OH
HO

OH
(a) Gallic acid

(b) Cyclen

N
l/\H/\
NH HN
NH HN

H

(¢) Hexacyclen

Click here to access/download;Figure;Figure 1.tif

)
b

(d) Kryptofix-22


https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905427&guid=e491f805-2066-44ca-b776-0c8cacc6496b&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905427&guid=e491f805-2066-44ca-b776-0c8cacc6496b&scheme=1

Figure 2 Click here to access/download;Figure;Figure 2.tif =

(c)

(b)
=~
3

(a)

| | | | | | |
4000 3500 3000 2500 2000 1500 1000 500
1

Wavenumber cm’


https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905467&guid=6d383be1-ad49-4630-bd45-50ccec47bf2d&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905467&guid=6d383be1-ad49-4630-bd45-50ccec47bf2d&scheme=1

Figure 5 Click here to access/download;Figure;Figure 5.tif =

-&==- Cyclen based CPE

2004 -&— Hexacyclen based CPE
—&— Kryptofix-22 based CPE
100
Z o A
W 10 8 " it 0
C = e -
-100—
-200~

log [Gallic acid]


https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905468&guid=997ee9f4-2061-4b7d-9231-4052a9ffeec7&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905468&guid=997ee9f4-2061-4b7d-9231-4052a9ffeec7&scheme=1

Conflict of Interest

June 2024

Conflict of interest statement

Manuscript title: Utilization of azamacrocyclic ionophores as recognition elements for the
potentiometric determination of gallic acid in various matrices.

Conflicts of Interest: There are no conflicts of interest to declare.

Authors:

Rwaida A. Al-Haidari

Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-Madinah
Al-Mounawarah 30078, KSA

Marwa Alsulaimany

Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-Madinah
Al-Mounawarah 30078, KSA

Claire Simons

School of Pharmacy and Pharmaceutical Sciences, Cardiff University, King Edward VII Avenue, Cardiff, CF10 3NB
UK.

Nehad A. Abdallah*

Pharmacognosy and Pharmaceutical Chemistry Department, Faculty of Pharmacy, Taibah University, Al-Madinah
Al-Mounawarah, 30078, KSA.

Experimental and Advanced Pharmaceutical Research Unit (EAPRU), Faculty of Pharmacy, Ain Shams University,
Cairo, Egypt, Postal code: 11566.

* Corresponding Author Telephone No.: +966560034928

* Corresponding Author e-mail Address: nehad.amin@gmail.com

* Corresponding Author ORCID ID: https://orcid.org/0000-0001-5662-2173



mailto:nehad.amin@gmail.com

Author Statement

September 2024
Editor of Microchemical Journal
Author statement of the Manuscript entitled:

Utilization of azamacrocyclic ionophores as recognition elements for the potentiometric
determination of gallic acid in various matrices

Nehad A. Abdallah* #° Rwaida A. Al-Haidari 2, Marwa Alsulaimany #, Claire Simons ¢,

@ Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-
Madinah Al-Mounawarah 30078, KSA.

b Experiments and Advanced Pharmaceutical Research Unit, Faculty of Pharmacy, Ain Shams University, Cairo
1156, Egypt.

¢ School of Pharmacy and Pharmaceutical Sciences, Cardiff University, King Edward VII Avenue, Cardiff,

CF10 3NB UK.

* Corresponding Author Telephone No. : +966560034928

* Corresponding Author e-mail Address: nehad.amin@gmail.com

The person who meets the authorship criteria is listed as an author, and the authors certify that
they take public responsibility for the content, including the concept, design, analysis,
interpretation of data, writing, or revision of the manuscript. Furthermore, the authors certify
that this material has not been and will not be submitted to or published in any other publication
before its appearance in Microchemical Journal.

Sincerely.

Nehad A. Abdallah


https://pubmed.ncbi.nlm.nih.gov/?term=Alsulaimany+M&cauthor_id=38150938
mailto:nehad.amin@gmail.com

Graphical Abstract Click here to access/download;Graphical Abstract;graphical1000.jpg %

’/_\_
-
.j; [\
';!:.: \~0 '.ﬁf .
oy, 0. 2
- M0 CH~N=CHCH CM yehon based
¥ Cyclen (CPE 1) CrOC - i
oY == Hexacychn based
Il <
o - Tridodecylmethylammonium o= Kerypioli22 based OPY
1 » : chloride 100+
3 . i
- b i
L L] Ll Ll 1
l-lexacyden (CPE 2) Packlng . 10 2 o
' 100 ~
. log [Cathe a0
Paraffin Oil 200~

Graphite Kryptofix-22 (CPE 3)
< SN NG
{ Carbon Paste Composition . =
~ Gallic Acid



https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905425&guid=3405850a-75c1-43fb-917e-6c1fb3a22d85&scheme=1
https://www2.cloud.editorialmanager.com/microc/download.aspx?id=905425&guid=3405850a-75c1-43fb-917e-6c1fb3a22d85&scheme=1

Revised Manuscript (Text Unmarked) Click here to view linked References %

Utilization of azamacrocyclic ionophores as recognition elements for the potentiometric
determination of gallic acid in various matrices

Nehad A. Abdallah* #° Rwaida A. Al-Haidari 2, Marwa Alsulaimany #, Claire Simons ¢,

@ Pharmacognosy and Pharmaceutical Chemistry Department, College of Pharmacy, Taibah University, Al-
Madinah Al-Mounawarah 30078, KSA.

b Experiments and Advanced Pharmaceutical Research Unit, Faculty of Pharmacy, Ain Shams University, Cairo
1156, Egypt.

¢ School of Pharmacy and Pharmaceutical Sciences, Cardiff University, King Edward VII Avenue, Cardiff, CF10
3NB UK.

* Corresponding author:

E-mail address: nehad.amin@gmail.com

ORCID ID: (https://orcid.org/0000-0001-5662-2173)
Tel: +966-56-0034928



https://pubmed.ncbi.nlm.nih.gov/?term=Alsulaimany+M&cauthor_id=38150938
mailto:nehad.amin@gmail.com
https://www2.cloud.editorialmanager.com/microc/viewRCResults.aspx?pdf=1&docID=33623&rev=1&fileID=905435&msid=6859920b-72bb-4342-9599-8b2ed0d25e3e
https://www2.cloud.editorialmanager.com/microc/viewRCResults.aspx?pdf=1&docID=33623&rev=1&fileID=905435&msid=6859920b-72bb-4342-9599-8b2ed0d25e3e

Utilization of azamacrocyclic ionophores as recognition elements for the potentiometric
determination of gallic acid in various matrices

Abstract

Gallic acid is a naturally occurring low molecular weight triphenolic molecule identified as a potent
antioxidant, protecting against various types of reactive species and non-radicals. Three novel carbon
paste electrodes were developed for the potentiometric determination of gallic acid. Azamacrocyclic
ionophors; cyclen, hexacyclen, and kryptofix-22 were utilized as recognition ionophores separately. A
multi-walled carbon nanotubes/ titanium oxide nanocomposite was employed as the ion-to-electron
transducer in the designed sensors. The prepared transducer was characterized by FT-IR and TEM.
Molecular docking was implemented to study the recognition mechanism between these ionophores
and the gallic acid molecule. It revealed promising binding interactions between gallic acid and the
three recognition ionophores, especially hexacyclen and Kryptofix-22. In studying the potentiometric
response of the proposed sensors, they exhibited high stability, sensitivity, accuracy, and precision in
the quantitation of gallic acid. Gallic acid can be accurately quantified over the linearity range of 1x10°
1 1x10° M, 1x102 — 1x10% M, and 1x10 — 1x10® M with a Limit of detection (LOD) 4x10* M,
3x107 M, and 7x107 M, for CPE1, CPE 2 and CPE 3, respectively. The electrodes showed high
efficiency in determining gallic acid in Krameria lappacea root alcoholic extract, black tea, green tea,
and human plasma without sophisticated pretreatment steps.

Keywords: Carbon Paste Electrode; Potentiometry; Azamacrocyclic ionophores; MWCNTS; Gallic
acid

Introduction

Gallic acid (GA) (3,4,5-trihydroxybenzoic acid), a naturally occurring triphenolic molecule, has been
identified as a potent antioxidant. It offers significant defense against oxidative damage induced by
reactive species often found in biological systems, comprising hydroxyl, superoxide, and peroxyl, as
well as non-radicals, hydrogen peroxide, and hypochlorous acid [1, 2]. Because of its redox properties,
this phenolic naturally occurring compound appears to be a powerful antiradical agent, working as a
hydrogen donor, reducing agent, and metal chelator. It possesses many biological activities, including
anticancer, antifungal, antibacterial, antiviral, antiulcer, and cholesterol-lowering effects [3, 4].

Several synthetic substances can mitigate the harmful effects of oxidative stress but can also result in
adverse side effects. Therefore, the emphasis has turned to discovering antioxidant compounds with
therapeutic potential that have minimal or no adverse effects for prophylactic treatments. As a result,
considerable attention is being devoted to naturally occurring antioxidants such as GA [5, 6]. GA has
been discovered as one of the major antioxidant molecules responsible for many herbal extracts'
significant antiradical, anti-inflammatory, cardioprotective, neurological, and anticancer properties. GA
is considered one of the principal natural phenolic acids present in tea leaves, grapes, and many other
processed herbs and drinks [7]. Rhatany (Krameria lappacea) is a given name to various species of
Krameria, a hemiparasite plant found in South America, particularly in Peru, Ecuador, and Bolivia [8,
9]. Many studies reported that Krameria extracts are rich in GA and other phenolic constituents with
hepatoprotective, antioxidant, antimicrobial, and anti-inflammatory activities [10, 11].

Regarding all of these different biological and pharmacological impacts, determining GA is extremely
important. Chemiluminescence [12, 13], HPLC [14-19], LC-MS/MS [20, 21], UV-Vis
spectrophotometry [22-24], potentiometry [25, 26], and voltammetry [27-33] were used for assessing
the GA. Though most of these techniques are quite sensitive, some necessitate expensive tools and
complex pre-treatment measures. Therefore, this work focused on the quantitative determination of GA
in different herbal extracts and other matrices with high accuracy and sensitivity without requiring
extensive sample preliminary treatment. Potentiometric sensors have recently acquired popularity due
to their sensitivity, simplicity, quick response, and selectivity.
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The literature revealed that two potentiometric electrodes were applied for GA quantitation [25, 26].
Both of them were designed as classical liquid contact ion-selective electrodes with polyvinyl chloride
(PVC) membrane sandwiched between an internal filling solution and the sample to develop a liquid-
contact interface. This classical electrode configuration requires additional maintenance due to the
evaporation of the inner filling solution, and the leaching of some membrane components over time
[34, 35]. In this work, GA was determined in Krameria lappacea root alcoholic extract and other
matrices utilizing cutting-edge potentiometric carbon paste electrodes (CPEs).

CPE is considered one of the most important analytical techniques because of its rapid and
straightforward construction, durability due to its regenerable surface capabilities, and low background
current [36, 37]. To achieve high selectivity and sensitivity to the target analyte, functional components
would be added to the carbon paste to boost the CPE's electrochemical performance and specificity.

The ion-to-electron transducer is the first vital element in constructing solid-contact ion-selective
electrodes, The interaction between the analyte-sensing paste and the electron conductor is facilitated,
and the transducer confidently converts the concentration of ions into electron signals, effectively
stabilizing the potential at the substrate/ion-selective paste interface [38-42]. In the presented study, a
nanocomposite of multi-walled carbon nanotubes (MWCNTS) and titanium oxide nanoparticles (TiO2)
was synthesized and used as an ion-to-electron transducer for the designed CPEs. MWCNTSs are
distinguished by their mechanical and electrical properties, high charge transfer capacity, large surface
area, and electronic transport properties, in addition to their mechanical and thermal stability [43, 44].
The hydrophobic characteristic of MWCNTSs avoids the development of a water layer at the metal
conductor/carbon paste interface, boosting the CPE's stability. Incorporating metal oxide nanoparticles
onto the surface of MWCNTSs enhances their electrical, magnetic, catalytic, and optical properties [45-
47]. TiO nanoparticles exhibit remarkable electrical properties, significantly improving the transfer of
electrons, electrode conductivity, and analytical response [38].

The ion recognition element is the second critical component of the proposed CPEs. It is vital to select
an effective ligand/ ionophore upon the fabrication ofa new chemical sensor. The
ionophore is responsible for specific analyte binding as well as ensuring sensor stability, repeatability,
and durability. In this study, three CPEs were designed utilizing three different azamacrocyclic
ionophores: cyclen, hexacyclen, and kryptofix-22, separately. The protonated amines of
azamacrocyclic ionophores can bind a wide range of anions, depending on their size through the
formation of ionic hydrogen bonding [48].

The effective application of these ionophores as recognition elements for determining the GA is
dependent on the pH of the medium and the pKa of the GA. The protonation of the GA reduces its
anionic charge and negatively influences its binding/coordination with the cationic center in the
ionophore. At the same time, the anion recognition sites of the azamacrocyclic ionophores require
protonation to bind an anion. In light of these two opposing variables, the anion recognition
process often occurs at an optimal pH level [48]. Cyclen with pKa values of 10.7 and 9.7, hexacyclen
with pKa values of 10.2, 9.2, and 8.7, kryptofix-22 with pKa values of 9.3 and 8.2 are protonated at pH
values below their pKa values [49-51]. GA is a weak acid with a pKa value of 4.4. It exists in molecular
form at low pH (pH < 4.4) and becomes ionized as pH increases [52, 53]. Hence, it should be considered
that the recognition of the gallic anion by the protonated azamacrocyclic ionophores is pH-dependent.
Fig. 1 represents the chemical structure of the gallic acid and the three azamacrocyclic ionophores.

This study is considered unique in using azamacrocyclic compounds as recognition elements for GA
potentiometric assessment. The generated CPEs were successfully employed to selectively detect GA
in pure form, Krameria lappacea root alcoholic extract, tea extracts, and spiked human plasma.



2. Experimental

2.1. Apparatus

Potentiometric measurements were conducted using a CLEAN digital ion analyzer PH 600, model
007747 (China). The potentiometer was linked to the fabricated indicator electrode and the reference
electrode (Ag/AgCl -Thermo-Orion, model 900201). A magnetic stirrer (Heidolph MR Hei, model
100818877) was used for stirring GA samples during the measurement.

2.2. Materials and chemicals

Analytical-grade chemicals were used. Titanium oxide TiO,, multi-walled carbon nanotubes
(MWCNTSs), N, N- dimethylformamide (DMF), and graphite powder were acquired from Sigma
Aldrich, USA. Tridodecyl(methyl)ammonium chloride (TDMAC) was purchased from Acros Organics.
Cyclen, hexacyclen, and kryptofix 22 were obtained from Merck, USA. The standard material of GA
monohydrate (HPLC > 98%) was supplied from Alpha Chemika, Mumbai-400002 (India). Salicylic
acid and vanillic acid were obtained from Fluka. The Britton-Robinson aqueous buffer solution was
prepared by mixing the appropriate volumes of phosphoric acid (0.04 M), boric acid (0.04 M), and
acetic acid (0.04 M). Sodium hydroxide solution (0.2 M) was used for pH adjustment.

2.3. Preparation of standard solutions

The GA standard solution (1 x 107! M) was prepared by dissolving 1.7 g of the standard material in bi-
distilled water. Concentrations ranging from 1 x 107 M to 1 x 102 M were obtained by dilution of the
stock solution with pH 6 Britton-Robinson buffer.

2.4. Procedure
2.4.1. Preparation of a nanocomposite of MWCNTs and TiO>

The preparation of MWCNTSs/TiO, nanocomposite was conducted as described in our prior work [45-
47]. Briefly, the carboxylation of pristine MWCNTSs was carried out using a blend of HNO3 and H,SO4
(2:3 v/v). Deionized water was used to wash the produced MWCNTs-COOH which was subsequently
vacuum-dried and ultrasonically mixed with TiO, nanoparticles in DMF solvent for 12 h at room
temperature before being magnetically stirred at 700 rpm. The MWCNTSs/TiO, nanocomposite was
washed and vacuum dried at 70°C for 24 h.

2.4.2. Fabrication of the proposed CPEs

The optimal potentiometric response was obtained through the preparation of a carbon paste using
50:10:7:3: 30 % wi/w graphite, MWCNTSs/TiO>, ionophore, TDMAC, and paraffin oil. Three different
ionophores (cyclen, hexacyclen, and kryptofix-22) were utilized for the fabrication of CPE1, CPE2, and
CPES3; respectively. To eliminate any air gaps, the paste components were thoroughly mixed and
carefully placed in the Teflon chamber of the CPE's metallic spacer. The paste surface was
polished with clean filter paper. Before measurement, each CPE was conditioned in 1x10* M GA
aqueous solution for 1 hour. Following multiple measurements, a new paste surface would be obtained
by scrapping off 2 to 3 mm of the old surface to regenerate the electrode surface.

2.5. Study the selectivity of the proposed CPE

The CPE's selectivity in the presence of structurally similar molecules and interferents was assessed by
the matched potential approach. The selectivity coefficient (KP* ga, inerferent) Was calculated as the
exact proportions of the primary ion (GA) and the interfering ion that produce an equal change in a
reference solution potential value under precisely the same conditions. The selectivity coefficient is
calculated following the IUPAC criteria using Equation (1) [54]:
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KpOt(A’ B) - a’Aa_BaA (1)
The symbols A and B represent GA and interfering ions, respectively. The symbol a, indicates the
activity of the reference GA solution, while a’, denotes the activity of the additional GA that changes
the potential reading. ag is the interfering ion's activity that is added to the reference solution, causing
an equivalent potential shift.

2.6. Molecular Docking Study

A combined flexible alignment and molecular docking study for GA complexes with cyclen,
hexacyclen, and kryptofix-22 (ionophores) was performed using Molecular Operating Environment
(MOE) 2022 [55] (Chemical Computing Group, Montreal, QC, Canada). The three-dimensional
structure of cyclen was obtained from the crystal structure (pdb code: 3I8Y) [56] after removing the
protein of human chromobox homolog 2 (CBX2). The three-dimensional structure of hexacyclen and
kryptofix-22 were used after the modification of 18-crown-6 which was extracted from the crystal
structure of the DMP19 complex (pdb code: 3WUR) [57]. The modification was achieved by using a
builder in which all oxygens in 18-crown-6 were changed to nitrogen in the case of hexacyclen while
only two oxygens were changed for kryptofix-22. GA was built in MOE using the builder. To prepare
the three ionophore structures for the flexible alignment process, partial charges were added
(protonation at pH = 6). Potential energy was minimized by applying the force field MMFF94x and
refinement at gradient RMS of 0.1 Kcal/mol/A2. Finally, join chains were applied to generate the ligand
complexes with complete flexibility. Molecular dynamic simulation (MDS) was performed on the
optimal flexible alignment pose using the Nosé-Poincaré-Andersen (NPA) algorithm for creating the
trajectory from O picoseconds (ps) to 1500 ps [58].

2.7. Determination of gallic acid in different matrices.
2.7.1. Quantitation of gallic acid in the alcoholic extract of Krameria Lappacea

Krameria lappacea roots were purchased from a local herb store in Al-Madinah Al-Munawarah, Saudi
Arabia. The identity of the plant was identified by a taxonomist at the College of Science, Taibah
University, Al-Madinah Al-Munawarah. The roots were cut into small pieces and pulverized with a
grinder. 1 g of the powder was extracted with 200 mL of ethanol at room temperature for 48 h. The
extract was filtered with Whatman filter paper, and the ethanol solvent was evaporated at 50 °C. The
produced residue was redissolved in a minimum amount of ethanol and completed with 100 mL of 0.1
M Britton-Robinson buffer (pH 6). Standard aliquots of different concentrations of GA were added to
10 mL of the plant extract and the electromotive force (e.m.f) was recorded by immersing each of the
CPE2 and CPE3, separately in conjunction with the Ag/AgCl reference electrode.

2.7.2. Quantitation of gallic acid in tea samples

The concentration of GA in tea samples was determined by taking 1 g of dried powdered green and
black tea leaves bought from the local market and mixing it with 25 mL of double distilled water. The
samples were then heated to 80 °C for 10 minutes and cooled to room temperature. After that, the tea
extracts were filtered and diluted to 100 mL in pH 6 Britton-Robinson buffer. Potentiometric
measurements are carried out by spiking 10 mL of tea extract with known concentrations of standard
GA and recording the e.m.f. using CPE2 and CPE3.

2.7.3. Quantitation of gallic acid in spiked human plasma



The concentration of GA in plasma samples was measured directly with no need for extensive extraction
processes. 1 mL of plain plasma samples (provided by Experiments and Advanced Research Unit,
Cairo, Egypt) was spiked with different aliquots of standard GA, followed by 1 mL of acetonitrile and
centrifuged at 5000 rpm for 10 minutes. In 10 mL volumetric flasks, 0.5 mL of the clear supernatants
were diluted with Britton-Robinson buffer and their e.m.f was recorded by using CPE2 and CPE3. The
corresponding regression equation was applied for the quantitation of GA.

3. Results and discussion
3.1. Characterization of the ion-to-electron transducer element

The FT-IR spectrum of TiO2 nanoparticles in Fig. 2(a) shows broadband at 578 cm™, which is attributed
to Ti-O-Ti stretching and bending modes. In Fig. 2(b), a stretching vibration of the C=0 group is
observed at 1726 cm™. The band at 3482 cm™* indicates an O-H stretching vibration. Additionally, the
peaks ranging from 2850 to 2920 cm ™ suggest stretching vibrations of C-H. These observations indicate
the successful introduction of carboxyl groups onto the surface of MWCNTS after the reaction with
nitric acid. Furthermore, the FT-IR spectrum of MWCNTs@TIiO- in Fig. 2(c) reveals a wide band
centered at 584 cm™, demonstrating the adhesion of TiO, nanoparticles to the surface of MWCNTSs.
Decreasing the intensity of C=0 stretching at 1718 cm™* demonstrates the consumption of COOH of
MWCNTS by co-precipitation with TiO2 nanoparticles.

In the TEM image, Fig. 3(a), the MWCNTs displayed characteristic tubular structures with
predominantly smooth surfaces. The clarity of the MWCNTSs sidewalls was notable. After the reaction
of TiO, with MWCNTs-COOH, the metal oxide spherical nanoparticles effectively coated the surface
of MWCNTS, increasing the thickness of their sidewalls, as shown in Fig. 3(b).

3.2. Molecular dynamic simulation (MDS)

The molecular dynamic studies showed promising binding interactions between GA and all three
electron recognition elements, individually, with a preference for hexacyclen and kryptofix. As shown
in Fig. 4, binding interactions were observed between the carboxylate moiety of GA and the protonated
N of the ionophores. H-bonding was obtained between the carbonyl O of GA and NH?*, in addition to
strong electrostatic interactions between carboxylate anion O- of GA and the positively charged
nitrogen in the three ionophores. Owing to the presence of six nitrogens in hexacyclen (Fig. 4b),
multiple electrostatic interactions were observed compared with cyclen (Fig. 4a) and Kryptofix-22 (Fig.
4c). Nevertheless, based on the size-fit, the size of kryptofix-22 is slightly larger than that of hexacyclen,
which may allow gallic acid to interact with kryptofix-22 cavity more easily compared to hexacyclen.
Size differences were measured according to the average distance of three diameters for the two amino
groups and four oxygens in kryptofix-22 (5.85 A), and six amino groups in hexacyclen (5.70 A) mainly
after energy minimizing by Moe. Additionally, the electrostatic repulsion between adjacent NH?*
groups in hexacyclen may play a crucial role in delaying the interaction between gallic acid and
hexacyclen experimentally, providing an advantage for kryptofix-22 to interact faster with gallic acid.
Thus, the charge distribution on hexacyclen could affect its stability and the rate of binding interaction
with gallic acid.

Figures 4d, 4e, and 4f illustrate the conformational stability of GA with cyclen, hexacyclen, and
Kryptofix-22 during the 1500 ps simulation time. The trajectories showed that there was no deviation
as well as the consistency during the simulation.

3.3. Potentiometric response characteristics of the proposed CPE

3.3.1. Optimum composition of the designed CPEs



The crucial step in constructing the CPE is the determination of the optimal structure of the electrode
paste. Several experiments were conducted utilizing CPEs having different component ratios as shown
in Table 1. The hexacyclen ionophore was used as a model recognition element to establish the best
electrode composition. Sensor 1 was created by uniformly mixing 70% w/w of graphite powder with
30% w/w of paraffin oil. A homogenous and durable paste is produced. Sensors 2, 3, and 4 were
developed by mixing different proportions of hexacyclen and TDMAC. The presence of TDMAC as a
lipophilic cationic additive demonstrated an appropriate anionic Nernstian slope and optimal
potentiometric response. Sensor 2 demonstrated a better Nernstian response than sensor 1 owing to the
presence of 7% hexacyclen. The influence of transducer composition was investigated by the design of
three sensors (sensors 5, 6, 7) with MWCNTSs, TiO,, and MWCNTS/TiO, composite; respectively.
Overall, the influence of MWCNTS/TiO; on the CPE response was remarkable. It resulted in a better
Nernstian slope, a shorter response time, and higher sensitivity. The optimal response was obtained by
combining graphite, paraffin oil, MWCNTSs/TiO,, ionophore, and TDMAC at a ratio of 50:30:10:7:3%
wi/w. This ratio was taken into account when fabricating the Other CPEs using cyclen and kryptofix-22
ionophores.

3.3.2. Potentiometric response characteristics of the recognition elements

As previously stated, using polyazamacrocycles as recognition elements is extremely promising.
Polyazamacrocycles are protonated at lower pH to produce cationic sites -NH* (pKa = 9.8), which bind
anionic guests via electrostatic and H-bonding interactions. In this investigation, three CPEs with three
distinct polyazamacrocycle ionophores, cyclen (CPE 1), hexacyclen (CPE 2), and kryptofix-22 (CPE
3) were developed and used to selectively recognize the GA at pH 6. The potentiometric responses of
the CPEs were studied following IUPAC criteria [54] and summarized in Table 2.

Figure 5 shows that CPE 2 and CPE 3 had linear potentiometric responses with perfect Nernstian slopes
of 59.8 + 0.74 and 57.478 + 0.82 mV/decade, respectively. CPE 3 demonstrated greater stability and
sensitivity at LOD 1x107 M. Two aspects may contribute to GA's efficient identification with
hexacyclen and kryptofix-22. First, there is an electrostatic and hydrogen bonding between the
protonated versions of the ionophores and the GA. Second, the size-fit of the ionophores and the guest
GA molecule. However, by using the larger spacer groups in kryptofix-22, the protonated forms of
kryptofix-22 can act as anion receptors that sense the anionic form of GA faster than hexacyclen-based
CPE.

Three quality-control standards of concentrations 1x10° M, 1x10* M, and 1x10° M were utilized for
testing the precision of CPE 2 and 3. While 1x10* M, 1x10 M, and 1x10° M were used in the case
of CPE 1. The RSD % was below 2%, particularly in CPE 2 and 3. The reproducibility was evaluated
using three separately prepared sensors for each of the studied CPEs under the same conditions and the
RSD % was less than 2%. It proved the agreement of the results from replicate analysis of the same
sample upon using different electrodes of the same composition.

The dynamic response time is the time needed for the electrode to attain £ 1.5 mV of the original
equilibrium potential values after a 10-fold increase in the analyte concentration. CPE 3 was found to
have the fastest response time within 10 seconds. The time required to reach equilibrium values
following a 10-fold decrease in GA concentration was considered and found to be longer. It took
approximately 160 s, 100 s, and 40 s for CPE 1, CPE 2, and CPE 3, respectively as shown in Fig. S1.
It ensures the reversibility and the fast response of the designed CPEs.

The stability of the proposed CPEs was detected by continuously monitoring their calibration slope,
linearity range, and response time without surface renewal of the electrodes’ paste. For CPE 1, CPE 2,
and CPE 3, electrode responses remained within £ 2% of their initial values after 41, 63, and 80 days,
respectively.



3.4. pH effect on the response of the CPEs

The efficient alignment of GA with the recognition element directly affects the response of the studied
sensors. GA is a phenolic compound with a pKa value of 4.4 [52, 53]. It is represented as a weak acid
and existed in the molecular form at pH values lower than 4.4 and became ionized as the pH of the
solution increased. In addition, the anion recognition sites very often need protonation for anion
binding. Because of these two opposing factors, the pH value is considered a key factor for the anion
recognition that generally occurs at an optimum pH value.

A standard concentration of 1x10°2 M was prepared at different pH values ranging from 2 to 10 and
applied to study the impact of pH. CPE 2, and CPE 3 showed stable, constant readings over the range
of 4.5 to 6.5 and 4.5 to 6, respectively, as shown in Fig. S2. In the case of CPE 1, it showed a stable
potential response over the pH range of 5 to 7. Thus, pH 6 was chosen as the recommended pH value
for the suggested sensors. The observed CPE's stable response over these ranges can be related to the
protonation of the ionophores and the presence of GA in anionic form. It promotes the binding of
anionic guests via electrostatic and H-bonding interactions. Above pH 9, potential measurements were
reduced due to the presence of non-protonated ionophores, which resulted in restricted interaction with
GA. Nonetheless, below pH 3, the ionophores are fully protonated, whereas GA is non-ionized,
reducing the potentiometric reading of the sensors.

3.5. Selectivity Study

The selectivity of the studied CPEs was assessed by the matched potential method. The method involved
the addition of a known amount of GA solution (ax") to a reference solution of 1x10° M GA for CPE1
and 1x10* M GA for CPE 2 and CPE 3. The subsequent potential change (AE) was calculated. This is
followed by the addition of the interfering ion solution with an activity of (ag) to the reference
solution to generate an equal change in the CPE potential (AE). The selectivity coefficient

(log K(’;’Z‘t Iterferent) Was calculated according to IUPAC guidelines [54]. Table 3 displays the values

of the selectivity coefficient, demonstrating the great selectivity of CPE 2 and CPE 3 towards GA in
the presence of other interferents.

Table S1 demonstrates a short comparison of the response characteristics between the proposed CPEs
and the previously published ones. All the literature-stated sensors were designed as classical liquid
contact ISEs with PVC membrane sandwiched between an internal filling solution and the sample to
develop a liquid-contact interface. The PVC membrane in one of the reported electrodes is based on the
application of molecularly imprinted polymer for GA as a recognition element [25]. The other reported
one utilized calix-6-arene and 2-hydroxy propyl B-cyclodextrin separately as ionophores in a
polymeric PVC membrane [26]. The biggest obstacle for the classical liquid contact ISEs is the
difficulty of the miniaturization, fragility, the need for additional maintenance due to evaporation of the
inner filling solution, and the leaching of some membrane components over time [34, 35]. All these
factors passively affect the stability and the sensitivity of the ISE.

The results demonstrated that the suggested CPE 2 and CPE 3 exhibited remarkable responses to GA
and demonstrated a wider linearity and sensitivity than the other reported ones. The proposed sensors
exhibited higher stability and longer lifetimes for 63 and 80 days of CPE 2 and CPE 3, respectively,
without any surface renewal steps. The lifetime of the proposed sensors could be extended by surface
renewal 3 to 4 times for the same paste.

3.6. Water layer test

The water layer test focuses on the detection of any potential drift caused by the water layer
between the carbon paste and the conducting copper element [59]. In this experiment, the potential
reading of 1X10° M of the GA standard solution was examined for 3 hours. This was followed by



exposing the electrode to 1X10% M of acetylsalicylic acid as an interfering ion for another 3 hours and
then returning to 1X10- M of GA standard solution for 3 hours. Fig. S3 indicates that the response of
the three sensors remained constant after 3 h of exposure to the interfering ion, showing the non-
existence of a water layer. This could be ascribed to the hydrophobic character of the produced paste,
which prevents the development of a water layer at the interface between the paste and the CPE body's
conducting surface.

3.7. Analytical applications

As previously mentioned, CPE 2 and CPE 3 are characterized by high sensitivity, stability, and a wider
linearity range. It makes them successful candidates for the quantitation of GA in various matrices. 10
mL of Krameria Lappacea extract, black tea, and green tea extracts were spiked separately with known
concentrations of standard GA. The emf of the solutions was measured and the GA concentration was
estimated using the standard addition method. In the case of plasma samples, the developed sensors
were applied for the determination of GA concentrations using the corresponding regression equation
in plasma. The results in Table 4 displayed the efficiency and accuracy of the CPEs in the determination
of GA in various matrices.

A statistical comparison between the results of the studied CPEs and the reported method [15] for the
determination of GA in standard solution was applied using the F-test and the student’s t-test at p 0.05.
As represented in Table S2, no significant differences have been recorded.

4. Conclusion

GA is among the most significant polyphenols, with biological characteristics that make it popular in
the food, cosmetic, and pharmaceutical industries. Thus, simple, rapid, and sensitive CPES were used
to determine GA in various matrices. Aza-macrocyclic ionophores were used as GA recognition
elements at pH 6. Hexacyclen and kryptofix-22 demonstrated great selectivity and sensitivity in the
presence of MWCNTSs/TiO, nanocomposite transducer. The examined sensors provided a challenging
response for quantifying GA in various matrices including bulk, Krameria Lappacea extract, black and
green tea extracts, and human plasma, with no requirement for any pretreatment measures. The LOD
values for CPE 1, CPE 2, and CPE 3 were 4x10* M, 3x10”" M, and 7x10°" M, indicating great sensitivity
and selectivity to GA. The proposed sensors would accurately determine GA in the routine operations
of quality control laboratories and different healthcare activities.
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Figure Captions

Fig.1. Chemical structures of (a) gallic acid, (b) Cyclen, (c) Hexacyclen, and (d) Kryptofix-22.
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Fig. 2. FT-IR spectra of (a) TiO2 nanoparticles, (b)) MWCNTSs, and (c) MWCNTSs/TiO2 nanocomposite.
Fig. 3. TEM images of (a) MWCNTSs and (b) MWCNTSs/TiO2 nanocomposite.

Figure 4: A three-dimensional representation of gallic acid (yellow) forming Hydrogen-bonding and
electrostatic interactions (light blue bold lines) with (a) cyclen, (b) hexacyclen, and (c) kryptofix-22.
Overlapping several trajectories of (d) cyclen, (e) hexacyclen, and (f) kryptofix-22 show conformational
stability during 1500 ps simulation time.

Fig. 5. The potentiometric response of the carbon paste electrodes over gallic acid concentration range of
1x107° M to 1x1072 M.
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Graphite MWCNTSs TiO2 MWCNTSs/TiO2 Hexacyclen ~ TDMAC Paraffin Linearity range LOD (-) Slope Response
(% wiw) (% wiw) (% wiw) composite (Yow/w) (% wiw) Oil (M) (M) (mV/decade) time (s)
(% wiw) (Yow/w)

1 70 - - - - - 30 9x101-1x10? 2x107? 22.64 140

2 60 - - - 7 3 30 1x10° - 1x101 5x10* 50.76 100

3 60 - - - 8 2 30 1x102-1x10* 9x10% 48.69 100

4 60 - - - 5 5 30 1x102 - 1x101 6x10° 49.05 110

5 50 10 - - 7 3 30 1x10% - 1x10? 6 x 10° 51.47 60

6 50 - 10 - 7 3 30 1x10% - 1x102 8x10° 53.04 50

7 50 - - 10 7 3 30 1 %10 - 1x102 3x107 59.44 25

8 52 - - 8 7 3 30 1 x105- 1x10? 7x10°® 53.71 35

9 48 - 12 7 3 30 1x10 - 1x102 8 x 107 55.04 30

*
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Table 2. The potentiometric response characteristics of the studied CPEs.

Parameter Cyclen based CPE Hexacyclen-based CPE Kryptofix 22-based CPE
(CPE 1) (CPE2) (CPE3J)
Concentration range (M) 1x101 - 1x10°3 1x10%2 — 1x106 1x102 — 1x106
Slope (mV/decade) 50.7 £1.14 59.8 £0.74 57.5+0.82
Intercept 131.23 272.13 204.87
Correlation coefficient (r) 0.9993 0.9995 0.9997
LOD (M) 4x10* 3 x107 7 x107
Response time (s) 42+3 25+2 10+3
Stability (days) 41 63 80
Working pH range 5-7 45-6.5 45-6
Average recovery! 98.77 £0.78 99.68 £ 0.94 98.01 £0.92
Intraday precision? (RSD %) 1.87 0.75 1.04
Interday precision? (RSD %) 1.94 0.87 1.15
Reproducibility® (RSD %) 1.76 1.32 1.59

1 The average of five measurements of five different concentration levels.
2 The average of five determinations of three quality-control samples.

3 The mean of five determinations of three quality-control samples using three independently fabricated sensors.



Table. 3. Potentiometric selectivity coefficient (log K»°¢ ) for the studied CPEs

gallic acid, Interferent

n - pot
Interfering ions 108Ky interferent

Cyclen based CPE  Hexacyclen-based CPE Kryptofix-22-based CPE

(CPE 1) (CPE 2) (CPE 3)
Acetyl Salicylic acid -3.78 -4.33 -4.65
Salicylic acid -2.76 -4.17 -3.96
Ascorbic acid -3.54 -3.22 -3.88
Vanillic acid -2.63 -4.32 -4.18
Caffeic acid -3.61 -4.01 -4.45
MgCl2 -2.88 -4.66 -4.18
ZnCl2 -3.45 -4.98 -3.93
Sucrose -3.07 -3.96 -4.29
Rutin -2.81 -3.99 -4.33
Glucose -3.15 -4.32 -4.87
Lactose -2.66 -4.76 -4.28

Table 4. Application of CPE 2 and CPE 3 for the quantitation of gallic acid in different matrices.



Hexacyclen-based CPE (CPE 2)

Kryptofix-22-based CPE (CPE 3)

sample Spiked ' Total fou _nd Total foupd
concentration concentration* Recovery % concentration* Recovery %
(1M) (1M) (1M)

K . 0 54.5 - 56.3 -
Lapp;‘;eg'zract 100 156 100.97 155 99.17
200 253 99.41 258 100.66

0 30.6 - 28.4 -
Green tea extract 50 83.4 103.47 80.2 102.56
100 128.3 98.24 125.7 97.89

0 43.6 - 45.0 -
Black tea extract 50 92.1 98.39 93.2 98.11
100 144.4 100.56 142.6 98.34
20 18.8 94.00 19.1 95.50
Human plasma 50 48.7 97.40 47.7 95.40
100 98.6 98.60 97.6 97.60

* Average of three determinations
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